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Notation

Latin Letters
Symbol Unit Meaning

a - exponent
ai - parameter of the general constitutive equation
A m2 area
A1 Pa amplitude
A2 Pa amplitude
A - coefficient matrix
b m axial flight thickness
bi - parameter of the general constitutive equation
b - inhomogeneity
B m minor droplet axis
Be m axial distance between extruder flights
c∗ - critical concentration of polymer overlap
C m2 conformation tensor
C̃ - dimensionless conformation tensor
d m diameter of coil
D m inner diameter of extruder barrel
D - deformation tensor
e m normal flight thickness
f - arbitrary function
fRTD - RTD function

continued on next page
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Notation

Symbol Unit Meaning
(cont.) (cont.) (cont.)

fc - probability of a coalescence process
F - dynamic model variables
F - functional vector
Fz N normal force
Fi N normal force acting on inner stem
FRTD - cumulative RTD function
G Pa relaxation modulus or constant elastic modulus
Gi Pa relaxation modulus of mode i
G∗ Pa complex modulus
G′ Pa storage modulus
G′

d Pa storage modulus of disperse phase
G′

c Pa storage modulus of continuous phase
G′′ Pa loss modulus
G Pa relaxation modulus tensor
h m height between two parallel plates
H J Hamiltonian
Hm J mechanical Hamiltonian
He m gap between extruder screw and barrel
i - complex number, index
IX
x - x-th invariant of tensor X

j - index
J - Jacobi matrix
k - power law index
kB J K−1 Boltzmann constant
K N m−1 elastic constant
l m lead length
L m major droplet axis
Le m length of screw

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

m kg mass
M N m torque
M kg m−2 s−1 momentum density
Mu - Muller matrix
Mw g M−1 average molecular weight
Mn g M−1 number molecular weight
n - normal vector
n m−3 number density of droplets
ñ - dimensionless number density of droplets
n0 m−3 number density of droplets at its quiescent state
n′ - slope of viscosity in a double logarithmic plot
N - number of leads
NA - Avogadro number
N1 Pa first normal stress difference
N2 Pa second normal stress difference
p Pa pressure
p1 - parameter of Weibull distribution function
p2 - parameter of Weibull distribution function
p† Pa distinguished pressure
q0 - number droplet size distribution
q3 - volume droplet size distribution
q - interfacial tensor
Q - dimensionless volumetric flow rate
r m radius
R m droplet radius
Rp m plate radius
R0 m average droplet radius
Ri m inner stem radius

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

Ro m outer stem radius
Rs m melt sample radius
R̃ m maximum of the droplet size distribution
s - Stokes vector
si - incoming Stokes vector
so - outcoming Stokes vector
S - droplet shape tensor
S̃ - dimensionless droplet shape tensor
t s time
t̃ - dimensionless time
t̄ s mean product residence time
T ◦C temperature
Tf - fraction of time
T Pa total stress tensor
v m s−1 velocity field
V m s−1 velocity of upper plate
V m3 volume
W m intermediate or vorticity droplet axis
We m normal distance between extruder flights
x50,0 µm median of the number droplet size distribution
x50,3 µm median of the volume droplet size distribution
x m spatial coordinates
x̃ - dimensionless spatial coordinates
X (w/w) mass fraction
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Greek Letters
Symbol Unit Meaning

β rad cone angle
γ - deformation
γR - deformation at r = R
γ - deformation tensor
γ̂ - amplitude of deformation
γ̇ s−1 shear rate
γ̇R s−1 shear rate at r = R
γ̇ s−1 rate of deformation tensor
Γ′ Pa elastic modulus of the interface
Γ N m−1 interfacial tension
δ m flight clearance gap width
δo - phase shift
δ - unity tensor
ε - measure for asphericity of droplets
ζ - vector consisting of dynamical model variables
η Pa s viscosity
η0 Pa s zero shear viscosity
ηd Pa s viscosity of disperse phase
ηc Pa s viscosity of continuous phase
η∗ Pa s complex viscosity
η′ Pa s dynamic viscosity
η′′ Pa s out-of-phase viscosity
η† Pa s interfacial viscosity
[η] - intrinsic viscosity
θ rad helix angle
Θ - coupling model parameter
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

ι - index
κ - index
λ s relaxation time
λk s relaxation time of mode k
λc s relaxation time associated with the continuous phase
λs s relaxation time of droplet deformation
λn s characteristic time for breakup and coalescence process
µ - index
ν - index
ξ - vector consisting of dynamical variables
π - Pi-number
ρ kg m−3 density
τ Pa unidirectional shear stress
τ Pa shear (or extra) stress tensor
τ̃ - dimensionless shear stress tensor
φ - volume fraction of disperse phase
Φ - angular displacement
Φo - phase shift
ϕ - orientation angle of droplet
χ - position of particle in the extruder channel
χC - complimentary position of particle in the extruder channel
χ∗ - distinguished position of particle in the extruder channel
Ψ1 Pa s2 first normal stress coefficient
Ψ2 Pa s2 second normal stress coefficient
ω rad s−1 frequency
ω′ s−1 rotational speed of extruder barrel
Ω s−1 rotational speed
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Operator

Symbol Meaning

∇ nabla operator
: tensor contraction

Dimensionless Numbers
Symbol Meaning

Ca Capillary number
CaC critical Capillary number
CaT critical Capillary number based on the thread radius
Def deformation of droplet
Def0 deformation of droplet before relaxation
p∗ viscosity ratio
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Summary

Emulsions are a fundamental multiphase structure form of industrially processed food.
In order to produce tailored emulsions, it is important to understand the evolution of
the microstructure during processes since the microstructure defines the texture and
the texture defines the product properties of the emulsion.

A recently developed model based on non-equilibrium thermodynamics (NEQT)
was adopted to better understand the rheology-microstructure relationship of emul-
sions under transient, non-equilibrium processing conditions. In this study, the model
predictions of this relationship are for the first time experimentally tested.

The NEQT emulsion model defines a multiple droplet morphology in a viscoelas-
tic matrix phase. The thermodynamically consistent model includes macroscopic
variables (describing the velocity field and the related stress field) as well as mi-
crostructure variables (describing the matrix polymer conformation, the drop shape,
and the droplet number density). The flow equations were solved for simple shear
flow using a Newton-Raphson algorithm. Such calculations were then used to com-
pare the model predictions with experimental data. In addition, the flow equations
were solved for a non-symmetric process flow as encountered in the conveying zone
of a single screw extruder. The resulting mix of Couette and Poisseuille flow was
numerically solved using a shooting algorithm. Macroscopic flow characteristics such
as the velocity and stress fields are discussed along with morphological characteristics
such as oblate/prolate droplet configurations as well as break-up/coalescence rates.
Furthermore, the velocity fields were used to derive process characteristics such as the
volumetric flow rate and the residence time distribution. These calculations showed
that the NEQT model flow equations can be solved for complex process flows.

A model emulsion system, satisfying the model assumptions, was selected and char-
acterized with respect to its rheology and microstructure. The matrix phase consists
of the bio-polymer guar and the disperse phase of silicon oil. In order to perform
transient, steady-state, and oscillatory shear measurements using cone/plate geome-
try, special measuring procedures were developed to increase the shear rate window.
Measurements in the linear and non-linear domain were performed in order to get a
complete picture of the viscoelastic behavior.

Within this study, the second normal stress difference N2 plays an important role:
the emulsion model predicts unusual high values, it is a sensitive quantity to test
the model predictions, and it is an experimental challenge to measure it sufficient
accurately. The applied measurement procedure was based on the combination of a

xvii



Summary

cone/plate and plate/plate geometry. N2 was negative and its absolute value was
smaller than the first normal stress difference N1. It was observed that the ratio
|N2|/N1 of the emulsion was increasing with increasing volume fraction of disperse
phase and decreasing with increasing shear rate. As with suspensions, the ratio
|N2|/N1 was found to be significantly higher than for polymeric solutions.

The microstructure of the emulsion was characterized through several experimen-
tal investigations: the droplet size distribution was measured using a light scattering
method, the deformation of a single droplet was quantified in a parallel bands appa-
ratus, and a novel rheo-optical device was applied to measure droplet deformations
of turbid multi-droplet systems during shearing. The same magnitude of drop defor-
mation, as a function of the capillary number, was observed for the single and the
multi-drop systems.

Hence, the rheological behavior and the emulsion morphology was fully charac-
terized. Then, the NEQT model predictions were compared with the experimental
data. Specific model parameters were derived experimentally to maintain a physically
meaningful basis for the model predictions. Calculations were repeated with varying
material parameters and their influence on the results was described. The analysis
of the model predictions points out the ability of the NEQT model to describe with
satisfaction some of the rheology-microstructure relationships. E.g. the slope of the
the viscosity and of both normal stress differences change at the same shear rate as
the droplet starts to deform significantly. Or prolate droplets become oblate due to
an exceptional rise of N2. However, for the material used in this study, the measured
rheological and microstructure behavior of the emulsion was only partly predicted by
the NEQT model: the model predictions were generally higher than the experimen-
tal data but qualitatively in agreement. The accordances and the discrepancy are
identified and listed. Model modifications are proposed and crudely implemented.
Those test calculations show a quantitatively improvement of the model predictions.
Hence, this study provides important insights into the NEQT emulsion model and
propositions for further studies are suggested in order to fully exhaust the model’s
potential to describe the rheological-microstructure relationship.

xviii



Zusammenfassung

In der industriellen Lebensmittelverarbeitung sind Emulsionen ein wichtiger und fes-
ter Bestandteil. Da die Emulsionsmikrostruktur die Konsistenz eines Lebensmittel
und diese wiederum die Produkteigenschaften definiert, ist es notwendig, die Ent-
wicklung der Mikrostruktur während des Produktionsprozesses zu verstehen.

Ein kürzlich entwickeltes Emulsionsmodell, basierend auf der Nichtgleichgewichts-
Thermodynamik (NGT), wurde verwendet, um die Beziehung zwischen Rheologie
und Mikrostruktur unter transienten und nichtgleichgewichts Prozessgegebenheiten
zu verstehen. Die Modellvorhersagen bezüglich dieser Beziehung sind in dieser Studie
zum ersten Mal experimentell getestet worden.

Das NGT Emulsionsmodell definiert eine Vieltropfen-Morphologie in einer visko-
elastischen Matrixflüssigkeit. Das thermodynamisch konsistente Modell beinhaltet
makroskopische Variablen, wie das Geschwindigkeitsfeld und das dazugehörige Span-
nungsfeld, sowie mikroskopische Variablen, wie die Matrixpolymerkonformation, die
Tropfenform und die Anzahltropfendichte. Die Strömungsgleichungen wurden für den
einfachen Scherfluss mittels Newton-Raphson-Algorithmus gelöst. Diese Berechnun-
gen werden gebraucht, um die Modellvorhersagen mit den experimentellen Daten zu
vergleichen. Zusätzlich wurden die Strömungsgleichungen für nichtsymmetrische Pro-
zessströmungen gelöst, wie sie beispielsweise in der Förderzone eines Einschnecken-
extruders vorliegen. Der resultierende Fluss ist eine Mischung aus dem Couette- und
dem Poiseuillefluss und wurde mit dem numerischen Verfahren Shooting-Algorithmus
berechnet. Makroskopische Eigenschaften werden zusammen mit der oblaten und pro-
laten Tropfenform sowie der Aufbruch- und Koaleszenzrate diskutiert. Zusätzlich wur-
den aus dem Geschwindigkeitsprofil Prozesscharakteristika, wie die Durchflussrate
und die Verweilzeitverteilung hergeleitet. Diese Berechnungen haben gezeigt, dass die
Bewegungsgleichungen auf komplexe Prozessflüsse angewendet werden können.

Ein Modellmaterial, das alle Voraussetzungen des theoretischen Modells erfüllt,
wurde verwendet, um die rheologische und mikrostrukturelle Entwicklung zu charak-
terisieren. Die rheologischen Messungen, basierend auf Kegel/Platte Messgeometrie,
wurden mit einer speziell angepassten Messprozedur durchgeführt. Auf diese Weise
konnte das Scherraten-Messfenster vergrössert werden. Das rheologische Verhalten der
Emulsion wurde mittels Messungen im linearen sowie nicht-linearen Bereich ermittelt.

In dieser Studie spielt die zweite Normalspannungsdifferenz N2 eine wichtige Rolle,
weil das NGT Modell ungewohnt hohe Werte vorhersagt und sie ein sensibler Parame-
ter zur Überprüfung von Modellvorhersagen ist. Allerdings ist es eine Herausforderung
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Zusammenfassung

N2 zu messen. N2 wurde in Kombination von Platte/Platte und Kegel/Platte Mess-
geometrien bestimmt. Die gemessene Normalspannungsdifferenz N2 ist negativ und
ihr Betrag ist kleiner als der der ersten Normalspannungsdifferenz N1. Das Verhältnis
|N2|/N1 nimmt mit steigendem Volumenanteil der dispersen Phase zu und mit zu-
nehmender Scherrate ab. Wie für Suspensionen ist das Verhältnis |N2|/N1 signifikant
grösser als für polymere Flüssigkeiten.

Die Mikrostruktur der Emulsion wurde in mehreren Experimenten folgendermas-
sen charakterisiert: die Tropfengrössenverteilung wurde in Streuversuchen gemessen,
die Tropfendeformation eines Eintropfensystems wurde in einem Bandscherapparat
beobachtet und die Tropfendeformation eines undurchsichtigen und konzentrierten
Mehrtropfensystems im Scherfeld wurde in einer neuartigen rheo-optischen Messan-
lage gemessen. Eine Übereinstimmung der Tropfendeformation, in Abhängigkeit der
Kapillarzahl, des Ein- und Mehrtropfensystems konnte aufgezeigt werden.

Das rheologische Verhalten und die mikrostrukturelle Entwicklung ist hiermit um-
fangreich charakterisiert. Die experimentellen Erkenntnisse wurden schliesslich ver-
wendet, um die Gültigkeit der Modellvorhersagen zu überprüfen. Die Modellpara-
meter wurden experimentell bestimmt, um den Modellvorhersagen eine physikalische
Bedeutung zu geben. In zahlreichen Berechnungen wurden die Parametergrössen ge-
ändert und der Einfluss der Parameter auf die Modellvorhersagen untersucht. Die
Modellvorhersagen unterstreichen die Möglichkeit das Rheologie-Mikrostruktur Ver-
hältnis zu beschreiben. Zum Beispiel steht die Scherverdünnung und Änderung der
Steigung beider Normalspannungsdifferenzen im direkten Zusammenhang mit einem
drastischen Anstieg der Tropfendeformation. Oder oblate Tropfenformen stehen im
Zusammenhang mit einem hohen |N2|/N1 Verhältnis. Jedoch wird für das hier ver-
wendete Modellmaterial das gemessene rheologische und mikrostrukturelle Verhalten
nur teilweise durch das Modell quantitativ richtig vorhergesagt. Übereinstimmungen
und Unterschiede zwischen Modellvorhersagen und experimentellen Daten wurden
identifiziert und darauf basierende Verbesserungen empfohlen. Diese Studie bietet
wichtige Erkenntnisse zum thermodynamischen Emulsionsmodell. Auf deren Basis
werden Vorschläge für weiterführende Studien präsentiert, um das Potential des Mo-
dells voll auszuschöpfen.

xx



1 Introduction

Emulsions and polymer blends are used in a wide range of our daily life: we eat
chocolate, ice cream, and salad sauces; we shower hair with liquid soap, hair condi-
tioner, and cover ourself with skin creams, gels, and sun screens all packed in PET
bottles. The microstructure of all of those complex multiphase systems determines
the texture. And for food products the texture distinguishes the taste. Microstruc-
ture is formed and may be changed during the production process of these goods. An
understanding of the microstructure morphology of an emulsion during process flow
is therefore essential (Friberg et al., 2004).

Models combining non-linear rheology with droplet morphology are interesting for
scientific and industrial applications to save time and money by reducing trial and
error processes in tailoring new emulsion and blend products (Dressler et al., 2008).
Emulsions and blends are however difficult to describe theoretically due to the com-
plex interplay between fluid dynamics, droplet morphology, and non-linear viscoelastic
properties.

Rheological models describing emulsions and blends can be divided into different
classes. i) There are various models describing the dynamic behavior of single droplets
surrounded by a continuous phase during shear and elongational flows (Cox, 1969;
Hinch and Acrivos, 1980; Maffettone and Minale, 1998; Taylor, 1934). The advantage
of such models is that appropriate experiments are easy carried out in optical flow
cells, such as the four roll mill (Bentley and Leal, 1986), the parallel band appara-
tus (Birkhofer et al., 2005), concentric cylinders (de Haas et al., 1998; Kaufmann,
2002), or parallel transparent plates (Guido and Villone, 1998). Such models and
experiments help to understand the droplet deformation during flow. However, they
do not take into account the influence of the droplets on each other and are only
partly applicable for concentrated emulsions. ii) Another class of models describe the
behavior of emulsions and blends during small amplitude oscillatory flows (Graebling
and Muller, 1990; Palierne, 1990). Small amplitude oscillatory flows do not affect the
morphology and, therefore, may be used to study the effect of morphology on rheol-
ogy in a nondestructive manner (Vinckier et al., 1999). However, during processes,
the stresses acting on the fluids are often high enough to affect the morphology (e.g.
during the emulsification process). Therefore, models describing the morphology in
combination with non-linear rheology are of great interest. iii) Only a few models
are able to describe the non-linear rheological behavior of emulsions in combination
with its morphology (Almusallam et al., 2000; Doi and Ohta, 1991; Dressler and Ed-
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1 Introduction

wards, 2004a; Wagner et al., 1999). Recently, several models were derived using the
framework of non-equilibrium Thermodynamics to describe complex fluids with in-
ternal microstructure (Beris and Edwards, 1994; Dresssler, 2006). Such models are
distinguished to analyze the rheology-microstructure relationship and are, therefore,
very valuable for industrial applications.

From a theoretical aspect, combining the rheological behavior with the dynamics
of the disperse phase is a challenge. From an experimental aspect, analyzing the
disperse phase behavior during flow experiments is a difficult task due to small length
scales and turbidity of the systems. Therefore, it is important to have reliable models
available which allow to determine the microstructure morphology form rheological
measurements in order to avoid complicated experiments (Filipe et al., 2006; Vinckier
et al., 1999). Such experiments are often based on rheo-optical set ups which consist
of a shear cell coupled with a light microscope (Caserta et al., 2007) or a scattering
device (Baravian et al., 2007b; Christ and Schurtenberger, 1994) and allow to analyze
the flow behavior as well as the morphology.

Characterizing emulsions rheologically is more or less a standard procedure. To
measure the second normal stress difference (N2) is an experimental challenge. How-
ever, it is worth to measure N2 since it contributes to the droplet deformation (Cherd-
hirankorn et al., 2004) and shear flow instabilities (Larson, 1992). The difficulty of
measuring N2 is that standard rheometers cannot measure N2 in a single experimen-
tal run. Stand alone rheometers need to be modified in both geometry and function.
This implies the use of several samples which increases the error rate.

This study is an experimental and theoretical work of bio-polymer based emulsions
to better understand the fundamental rheology-microstructure relationship. An exist-
ing theoretical model is adopted and, for the first time, its rheological and microstruc-
ture predictions are compared with experimental data. Therefore, a model material
satisfying the model assumptions is chosen and rheological and microstructure exper-
iments are performed. To compare the experimental data with model predictions, it
is avoided to perform sample calculations with fitting parameters. Instead, the model
input parameters are determined experimentally.

This thesis is structured as follows:

Chapter 2 summarizes relevant literature of some rheology fundamentals (fo-
cusing on modeling, particular on emulsions), of rheological measurement tech-
niques (especially to investigate the second normal stress difference), and of the
droplet morphology of single as well as of multi-droplet systems during simple
shear flow.

Chapter 3 describes the adopted emulsion model. The derivation of the set
of flow equations is summarized, whereas the main focus is on extending the
numerical scheme of solving the flow equations for simple shear flow to complex

2



process flows. These studies have been already published in (Braun et al., 2008;
Dressler and Edwards, 2004a).

Chapter 4 focuses on the experimental part of this study. Experiments are
performed to evaluate the linear and non-linear rheological behavior (in partic-
ular both normal stress differences), and the droplet deformation of single and
multi-droplet systems, as well as to determine all the necessary model input
parameters.

Chapter 5 compares the model predictions (using experimentally determined
model parameters) with experimentally gained data. Accordances and discrep-
ancies between predictions and experimental findings are listed and model mod-
ifications are proposed.
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2 Background

The first section of this chapter deals with rheology. The basics of rheology are sum-
marized and important quantities are defined. A main focus is on modeling viscoelas-
tic fluids: a brief overview of such models is given. As an example of a viscoelastic
fluid, the generalized Maxwell model is presented. The next subsection focuses on
rheology of emulsions and blends: theoretical descriptions as well as experimental
findings are presented. The basic principles of a shear rheometer are described in
terms of the set-up, of the steady shear flow between plate/plate and cone/plate
geometries, as well as of the small oscillator shear flows.

The second section summarizes the basics of emulsion microstructure investigations.
Understanding the droplet morphology helps to understand the general rheological
behavior and functionality of emulsions. However, due to small length scales and fluid
turbidity it is a difficult task to measure the microstructure of emulsions. Therefore,
most studies deal about single droplets exposed to shear flow to analyze the basics of
droplet deformation and dynamics. A few experimental set-ups are able to measure
the droplet deformations of multi-droplet systems. Those experimental techniques
are described in the end of this section.

2.1 Rheology

The concepts of rheology are described in several textbooks and publications (e.g.
Bird et al., 1987; Larson, 1999; Macosko, 1994). Rheology is the study of flow and
deformation. The word rheology comes from the greek verb, ρειν, to flow, and was
coined by Bingham in 1920 (Macosko, 1994). Rheology deals mostly with complex
fluids but meanwhile the field was extended to solids (e.g. in geology). Complex fluids
include polymeric liquids and melts, suspensions, emulsions, foams, surfactant solu-
tions etc. Such fluids can be found in polymer, colloidal, foods, and pharmaceutical
science, as well as in medicine to name only a few fields. Rheology is essential in food
process engineering since the rheological behavior may confine treatment methods of
the fluid. E.g. shear thinning and shear thickening fluids are stirred at different rota-
tional speeds in order to achieve a maximal performance or stressing food emulsions
in pipes and extruders can change its microstructure and hence its functionality.
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2 Background

2.1.1 Basics of rheology
The main type of flow commonly found in rheology is simple shear flow. The idea
is illustrated in fig. 2.1: the fluid is trapped between two parallel plates. The upper
plate is moved by a shear force leading to the shear stress, τ , whereas the lower plate
is fixed. The upper plate is then moving with a constant velocity V1 in x1-direction.
In laminar flow, the fluid between the plates is having the velocity v1 = (V1/h)x2 and
a shear rate of γ̇ = V1/h. The shear rate is the characteristics of the simple shear
flow. Simple shear flow is also called viscometric flow.

V
1

h

x
3

x
1

x
2

Figure 2.1: Simple shear flow between two parallel plates.

Rheology allows to describe the relationship between the shear stress, τ , and the
shear rate, γ̇. A linear description is the so-called Newton‘s law:

τ = ηγ̇, (2.1)

where the proportionality factor η is a material function and called viscosity. If the
viscosity is constant and independent of the shear rate, the fluid is called Newtonian
fluid. A non-Newtonian fluid is a fluid with the viscosity being dependent of the shear
rate: η = η(γ̇).

Another important material characteristics is described by Hook’s law. This law
expresses the deformation (or shear strain) of a solid which is exposed to a shear
stress:

τ = Gγ, (2.2)

where G is the shear modulus and γ the deformation. This law is restricted to small
deformations. Such a material does not flow and is linear elastic.

It might be an unusual idea to introduce material characteristics of solids when talk-
ing about fluids. However, experiments have shown, that complex fluids show a flow
behavior between Newtonian fluids and Hookean solids. Such fluids are viscoelastic
and time dependent.

Both relationships (2.5 and 2.4) are written in scalar form and exposed to simple
shear flow. In the following, the equations are generalized to describe the shear stress
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Figure 2.2: Shear and normal stresses acting on a cubic fluid element.

in tensor form since a more profound material description is then allowed. First, the
tensors referring to the deformation, the rate of deformation, and the shear stress
tensors are introduced.

The elements of the deformation tensor are γij = ∂xi/∂x′j with x being the present
and x′ is the past position. The rate of deformation tensor is γ̇ = 1/2(∇v + (∇v)T ),
with v being the velocity field, ∇ the nabla operator, and the index ′T ′ denotes the
transpose of a matrix. The shear rate of the simple shear flow is then γ̇12 = γ̇ =√

(1/2)γ̇ : γ̇, with ′ :′ being the tensor contraction operation.
To describe the stress tensor, an infinitesimal small cubic element of fluid is intro-

duced in fig. 2.2. The stresses normal to the surface (τii) are called normal stresses,
whereas stresses tangential to the surface (τij , i 6= j) are called shear stresses. The to-
tal stress tensor T is split in an diagonal and and in a symmetric non-diagonal tensor
(basic laws of mechanics can be used to prove that the stress tensor is symmetric):

T = −pδ + τ , (2.3)

where p is the hydrostatic pressure, δ the unity tensor, and τ the shear (or extra)
stress tensor. If the cubic element is not stressed, the shear stress tensor vanishes and
only normal pressures (due to fluid pressure) are acting on the element. If the fluid
element is stressed (e.g. due to shear flow), the shear stress tensor elements are non
zero.

The Newton’s and Hook’s law are then generalized to following form:

τ = 2ηγ̇, (2.4)

and
τ = Gγ. (2.5)
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2 Background

However, changing scalars with tensors should be performed with care since the the
rule of frame invariance should be followed. This problem is briefly discussed in 2.1.3

Rheological modeling deals about describing the stress tensor τ . The equation
describing the relationship between the shear stress and the deformation is called
constitutive equation. In particular, rheological models are often referred only to
the constitutive equation. But the complete model also consists of the mass, the
momentum balance equations, and the boundary conditions.

The two constitutive equations 2.5 and 2.4 describe a linear relationship between
deformation and stress, i.e. the rheological model is a linear model. The linear relation
implies that the deformation is small in order to keep linearity. The derivation of
constitutive equations can be of phenomenological nature (i.e. the measured curves
are mathematically described) or of physical and chemical nature (e.g. by taking
molecular structures and forces between particles into account).

Complex fluids are consisting of a viscous as well as an elastic part and are called
viscoelastic fluids. Those fluids are time dependent and a general form of the consti-
tutive equation may be given in a differential form:(

a0 + a1
∂

∂t
+ a2

∂2

∂t2
+ ... + an

∂n

∂tn

)
τ =

(
b0 + b1

∂

∂t
+ b2

∂2

∂t2
+ ... + bm

∂m

∂tm

)
γ, (2.6)

where a0, ..., an and b0, ..., bm are parameters, or in integral form:

τ (t) =
∫ t

−∞
G(t− t′)γ̇(t′)dt′, (2.7)

where G(t − t′) is the relaxation modulus. This relation is called the general linear
viscoelastic model and the integral implies that all the past history has been taken
into account. Examples for models derived within the linear rheology are the Maxwell
and Jeffreys model.

Of course, most of the real complex fluids show a non-linear behavior if the defor-
mation becomes large or fast enough. The deformation at which the fluid behaves
non-linear is material dependent. The flow is then fast compared to the liquids re-
laxation time. This implies that polymeric liquids with rather large molecules or
entanglements tend to show a non-linear behavior such as shear thinning or shear
thickening effects. The reason for such a behavior are changes in the structure: hy-
drodynamic forces are overcoming the structural forces. For example polymers of a
dilute solution start to elongate in the flow, droplets of emulsions deform, or particles
in suspensions arrange. The configuration of the microstructure is based on reaching
the state of the lowest energy.

In polymer science, non-linear models are often derived by replacing partial deriva-
tives with convected derivatives for the differential form of the constitutive equa-
tions (i.e. ∂τ/∂t → D/Dt − {(∇τ )T τ + τ (∇τ )}) or by replacing the infinitesi-
mal strain tensor with relative strain tensors at integral models (i.e. γij → δij −
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2.1 Rheology

∑
∂xi/∂x′m∂xj/∂x′m, where x and x′ are the spatial coordinate of a particle at time

t and t′, respectively). These models are also called quasi-linear models. In the
limit of very small displacement gradients, the models reduce to their appropriate
ordinary linear models. Examples for such models are convected Jeffreys model (or
Oldroyd’s B fluid) or the generalized Maxwell model (Bird et al., 1987). Models other
than quasi-linear are derived in order to describe non-linear flow behaviors. E.g. the
retarded-motion expansion is an expansion of the Newtonian fluid by taking higher
order terms of the deformation into account. Examples are Giesekus, K-BKZ models,
Oldroyd six-constant model etc.

The quasi-linear and the retarded-motion expansion models are often only empirical
relations. They are designed to describe a wide variety of experimental data. Models
can also be derived from a molecular basis. Mechanical models for macromolecules
are used to obtain relationships between the mechanical model parameters and the
macroscopic properties of the fluids. It seems that models are most satisfactory if they
are derived (or at least inspired) by molecular theories (Bird et al., 1987). Examples
of such models are the temporary network model, the elastic dumbbell model, the
reptation theory etc.

During last few years, several non-linear models were derived within a Hamiltonian
framework of non-equilibrium thermodynamics. The thermodynamically consistent
models are based on physical processes describing liquids such as polymeric liquids,
blends and emulsions, liquid crystals etc. The main feature of such models is that
they take dissipation (irreversible) processes into account. The expression for the
shear stress tensor arises naturally from the mathematical structure. Non-equilibrium
thermodynamics is often used to describe fluids with an internal structure.

The method extends the Poisson bracket formalism which allows to derive dynam-
ical equations of motion for almost any physical area. The poisson bracket formalism
is derived using Hamilton’s principle of least action and is accounting only for conser-
vative processes. Therefore, another bracket is proposed: the dissipation bracket
accounting for non-conservative (irreversible) processes. Contrary to the poisson
bracket, which is a defined expression derived within the Hamiltonian theory, the
dissipation bracket is postulated and has to be formulated for each model.

The generalized Poisson theorem has then following form:

dF

dt
= {H,F}+ [H,F ], (2.8)

where F is an arbitrary functional of the system dynamic variable, H the Hamil-
tonian of the system, {., .} the traditional Poisson bracket (i.e. accounting for the
reversible processes), and [., .] the postulated dissipation bracket (i.e. accounting for
the irreversible processes). Eq. 2.8 is called the master equation.

The Hamiltonian is the extended free energy and is the generator of the dynam-
ics. By formulating the Hamiltonian and postulating the dissipation bracket, the
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physically relevant processes which are taken into account are defined. The func-
tional F represents the dynamic variables of the system. The variables can be of
macroscopic (e.g. velocity) and of microscopic nature (e.g. a tensor describing an
ellipsoidal droplet or describing polymers in form of coils). The advantage of this
theory is the combination of macroscopic as well as microscopic aspects. Of course,
the variables have to be thermodynamically applicable. And the brackets need to sat-
isfy certain mathematical properties such as non-negative entropy production (Beris
and Edwards, 1994).

An explicit concept of deriving the master equation is called GENERIC (general
equation for the non-equilibrium reversible-irreversible coupling, Oettinger, 2005).
Many publications are referring to this concept when they derive their models within
the framework of non-equilibrium thermodynamics (e.g. Gu et al., 2008; Wagner
et al., 1999).

An example how an emulsion model within this method can be derived is described
and discussed in chap. 3. More examples can be found in literature (Beris and
Edwards, 1994; Dresssler, 2006; Oettinger, 2005).

2.1.2 Material characteristics of non-newtonian fluids

In the previous part, general concepts to describe the shear stress for arbitrary flows
were introduced. In this part, the flow is restricted to viscometric (simple shear) flow.
In particular, more material characteristics, which can be determined experimentally,
are defined. The focus is on steady shear flow (which allows to check both, linear and
non-linear constitutive relationships) and on small amplitude oscillation shear flow
(which allows to check the linear relationships without destroying the microstructure
of the fluid).

For a Newtonian fluid, all but the stress elements τ12 and τ21 vanish. For a non-
Newtonian fluid, the diagonal elements of the stress tensor τii may be non-zero. If
the diagonal elements are unequal (τ11 6= τ22 6= τ33 6= 0), they can not be absorbed in
the hydrostatic pressure. Therefore, following definitions are introduced:

N1 = τ11 − τ22, (2.9)

and
N2 = τ22 − τ33, (2.10)

where N1 is called the first normal stress difference and N2 the second normal stress
difference. τ12, N1 and N2 are the only three independently, experimentally accessible
quantities in simple shear flow (Bird et al., 1987). In particular, the shear stress
accounts for viscous effects and the first and second normal stress difference for elastic
effects.

10



2.1 Rheology

Alternatively, both normal stress differences are divided by the squared shear rate
leading to the first and second normal stress coefficient:

Ψ1 = N1/γ̇2, (2.11)

and
Ψ2 = N2/γ̇2, (2.12)

If Ψ1 is constant, the fluid is called second order fluid.
In a next step, non steady shear flow is analyzed in order to define more material

characteristics. Therefore, small-amplitude oscillation is applied on the fluid. The
deformation is then:

γ = γ̂ sin ωt, (2.13)

where γ̂ is the amplitude and ω the frequency, and the shear rate is:

γ̇ = γ̂ω cos ωt = ˆ̇γ cos ωt. (2.14)

For non-Newtonian fluids, a phase shift between the applied strain and the material
response is observed. Hence, the two phase angles δo and Φo are introduced and the
assumption that the shear stress is linear to the strain or rate is made. Corresponding
to eqs. 2.13 and 2.14, the shear stress is written:

τ = A1(ω)γ̂ sin(ωt + δo), (2.15)

with 0 ≤ δo ≤ π/2, and
τ = A2(ω)ˆ̇γ cos(ωt + Φo), (2.16)

with 0 ≤ Φo ≤ π/2 and Φo = π/2− δo.
An alternative form to describe the shear stress is

τ = G′(ω)γ̂ sinωt + G′′(ω)γ̂ cos ωt, (2.17)

and
τ = η′(ω)ˆ̇γ sinωt + η′′(ω)ˆ̇γ cos ωt. (2.18)

The argument of the trigonometric functions are now only dependent on the initial
oscillation. Furthermore, the complex modulus is introduced:

G∗ = G′ + iG′′, (2.19)

where i2 = −1 and the complex viscosity

η∗ = η′ + iη′′. (2.20)
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The complex modulus G∗ is related to A1 and δo and the complex viscosity η∗ to
A2 and Φo:

A1(ω) =
√

G′ + G′′ = |G∗|, (2.21)

tan δo = G′′/G′, (2.22)

A2(ω) =
√

η′ + η′′ = |η∗|, (2.23)

and
tanΦo = η′′/η′. (2.24)

These relations are derived with the Euler’s formula and by expressing one trigono-
metric function (i.e. sin and cos) by another (i.e. tan) (Bronstein and Semendjajew,
1967). Since G′ is phase with the shear stress, G′ is called the storage modulus (re-
ferring to the elastic spring in the Maxwell model, see 2.1.3). G′′ is in phase with
the shear rate and called the loss modulus (referring to the damper in the Maxwell
model).

With the formalism describing the shear stress in form of eq. 2.17 and eq. 2.18,
respectively, and introducing the complex modulus and viscosity, two sets of linear
viscoelastic material functions G′, G′′ and η′, η′′ were defined. The complex viscosity
and the complex modulus are in following relationship:

G∗(ω) =
|η∗(ω)|

iω
. (2.25)

The material functions G′ and G′′ are defined, but it is still not obvious how to
measure them. Comparing eqs. 2.15 and 2.17 leads to the following expression for
the storage and loss modulus:

G′ =
τ

γ̂
cos δo, (2.26)

and
G′′ =

τ

γ̂
sin δo. (2.27)

By measuring the shear stress τ , the displacement γ̂, and the retardation of the
response δo both material functions are determined. In sec. 2.1.5 it is explained how
the shear stress τ is derived from measuring the torque and including the form factor
of the appropriate measurement geometry.

2.1.3 Generalized Maxwell model as example for a viscoelastic fluid

The Maxwell model is a combination of a Hookean solid (elastic spring) and a New-
tonian fluid (damper) connected in series and is often used to describe the linear

12
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viscoelasticity of fluids. The derivation of the Maxwell equation is described in many
textbooks, e.g. Mezger (2006), whereas the equation is written in a scalar form.

τ + λ
∂τ

∂t
= ηγ̇, (2.28)

where η is the viscosity and G the elastic spring constant or the relaxation modulus.
The relaxation time is defined as λ = η/G. The Hookean law is only valid for small
deformation, hence, eq. 2.28 is subjected to the same restriction.

The solution of eq. 2.28 leads to the integral form of the stress tensor:

τ(t) =
∫ t

−∞

(η

λ
e−(t−t′)/λ

)
γ̇(t′)dt′. (2.29)

The part within the bracket is called the relaxation modulus of a Maxwell fluid
(compare with eq. 2.7). This implies that the shear stress is depending on all the
shear rates of the past times t′ with a weighting factor decaying exponentially. The
viscosity η is constant and independent of the shear rate γ̇.

This model describes the linear part of a viscoelastic fluid with a constant viscosity
and a single relaxation time. Since the relaxation modulus of most real polymeric
fluids tend to be influenced by more than one relaxation time (e.g. due to a distri-
bution of the polymeric length in solutions), it is obvious to construct a generalized
Maxwell model including several relaxation times. This can be done by connecting
several Maxwell elements leading to a n-mode Maxwell model:

τk + λk
∂τk

∂t
= ηkγ̇, (2.30)

and

τ(t) =
n∑

k=1

τk(t) =
∫ t

−∞

( n∑
k=1

ηk

λk
e−(t−t′)/λk

)
γ̇(t′)dt′. (2.31)

The zero shear viscosity is the sum over all the weighted viscosities ηk in case of a
discrete relaxation time spectrum (Bird et al., 1987).

For the generalized Maxwell model, the loss and storage modulus can be expressed
in terms of the relaxation time spectrum, λi, its appropriate relaxation moduli, Gi,
and the frequency, ω:

G′(ω) =
n∑

i=1

Gi
ω2λ2

i

1 + ω2λ2
i

, (2.32)

and

G′′(ω) =
n∑

i=1

Gi
ωλi

1 + ω2λ2
i

. (2.33)
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In the case of 1 Maxwell mode (i.e. n = 1) the relaxation time is equal to the
inverse frequency at which G′ and G′′ cross (i.e. G′(ω) = G′′(ω) ⇒ λ = 1/ω). In the
rest of this study, the Maxwell relaxation time is referring to this characteristic time.

The equations above are written in scalar form. In a next step, the equations should
be expressed in a tensor form. However, to replace scalars with tensors is dangerous
since the rule of frame invariance (material objectivity) should be followed. The
partial time derivative written in tensorial form does not transform invariantly when
the frame of reference is changed from a stationary to a rotating frame. Therefore, the
partial derivative should be replaced by a frame invariant derivative, e.g. the upper
convected derivative. This leads to the frame invariant Upper convected Maxwell
model. A detailed discussion about the limitation of the generalized Maxwell model
and the derivation of the Upper convected Maxwell model can be found in Morrison
(2001). The (1 mode) Upper convected Maxwell model is still predicting a constant
shear viscosity but non-zero normal stress coefficients: η = η0, Ψ1 = 2η0λ, and
Ψ2 = −Ψ1 (Bird et al., 1987).

2.1.4 Rheology of emulsions and blends

This section briefly summarizes the rheology of emulsions and blends. The focus is on
theoretical studies, i.e. on summarizing models describing emulsions. The challenge is
to combine the macroscopic flow with the microstructure conformation. Experimental
studies are described in a further section.

An early attempt to combine viscosity with microstructure of dilute emulsions
was done by analyzing the velocity flow field around a solid droplet (Einstein, 1906)
and its adoption on a small Newtonian droplet (Taylor, 1932). The presence of the
Newtonian droplets influences the viscosity of the suspension η in the following way:

η = ηc

(
1 +

1 + 2.5p∗

1 + p∗
φ
)
, (2.34)

where φ is the volume fraction of disperse phase, p∗ the viscosity ratio, p∗ = ηd/ηc,
ηd the viscosity of disperse phase, and ηc the viscosity the continuous phase. By
setting p∗ → ∞ (i.e. the droplets are of solid nature), Einstein’s result is recovered:
η = ηc(1 + 2.5φ).

Oldroyd (1953, 1955) developed a theory for the linear viscoelastic behavior of
suspensions of two Newtonian fluids in another. The elastic moduli G′ and G′′ are
described in terms of 3 constants: the viscosity, relaxation time (which is the time
taken for a material to recover from an applied force or stress), and retardation time
(which is the delay response to an applied force or stress and is described as delay of
elasticity (Mezger, 2006). Those constants are dependent on the interfacial tension,
the droplet radius, the concentration, and the viscosities of both phases. The interface
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itself supports viscous as well as elastic stresses. Taylor’s theory can be recovered from
Oldroyd’s expression.

Choi and Schowalter (1975) modified Oldroyd’s linear theory and derived more
accurate expressions for the 3 constants mentioned above (the viscosity, relaxation
time, and retardation time) by using a cell model (i.e. the cell is using a contin-
uous velocity as boundary condition of each cell and is therefore also accounting
for nondilute suspensions, unlike Taylor and Einstein’s theories) and by applying a
perturbation expansion in the droplet concentration and deformation. The droplet
deformation phenomena increases the first and second normal stress differences, which
are quadratic in shear rate. A characteristic relaxation time of the droplet shape λd

for a fluid with a viscosity ratio of order unity or less is (Larson, 1999):

λs =
Rηc

Γ
, (2.35)

where R is the droplet radius and Γ the interfacial tension.
Palierne (1990) derived a linear viscoelastic model of an emulsion (dilute and nondi-

lute) consisting of two immiscible, viscoelastic phases. The theory includes a poly-
dispersity of droplet sizes and the interfacial tensor is dependent on the variation of
area and shear rate (i.e. the inclusion of surfactants are taken into account). The
model contains Oldroyd’s expression for the complex viscosity and is calculating the
loss and storage modulus of the blend as a function of the two moduli of both phases
as well as the volume fraction of disperse phase and the interfacial tension divided
by the average droplet size. The model is able to predict a second plateau of the
storage modulus at lower frequencies, i.e. relaxation shoulders. The shoulder form
is influenced by the interfacial tension as well as the polydispersity of the droplet
sizes. A detailed discussion about the influence of the model input parameters on
the moduli (in particular on the relaxation shoulders) can be found in Graebling and
Muller (1990); Jacobs et al. (1999). Slightly modified versions of the Palierne model
were derived during the last few years, e.g. Bousmina (1999).

The models described above, account for spherical droplets with no or very small
deformation and the droplet characteristics is given as an external parameter. Doi
and Ohta (1991) took the influence of non-spherical droplets into account by adding
an additional term (consisting of the interface tensor q) into the equation of the stress
tensor:

τ = 2η0γ̇ − Γq. (2.36)
A differential equation is taking the transient behavior of the interface tensor q into
account. Hence, the model describes the non-linear transient viscoelasticity of emul-
sions. However, the model is designed for immiscible fluids having the same viscosity
and density as well as equal volume fractions. The scaling properties of the Doi-Ohta
model predicts a linear dependency of the shear stress with the shear rate and a lin-
ear dependency of the first normal stress difference with the absolute shear rate. The
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reason for the anomalous scaling is that the droplet size is determined dynamically
as ∝ 1/γ̇ (instead of being fixed as in other theories) by break-up and coalescence
(Aggarwal and Sarkar, 2008b). Several authors brought up modified versions of the
Doi-Ohta model or similar interface theories (Peters et al., 2001; Wetzel and Tucker,
1999) and showed the parameter regime, where the model fails (Larson, 1999).

Maffettone and Minale (1998) introduced a phenomenological model for the de-
formation of an ellipsoidal droplet in a viscous fluid subjected to a flow field with
a uniform, but otherwise arbitrary, velocity gradient (MM model). The volume of
a droplet must be preserved. The critical condition for break-up is calculated: for
capillary numbers high enough, the real and positive definite droplet shape tensor
becomes complex which is the mathematical formulation for break-up. In the limit of
slow flows as well as for high viscosity ratios, the model degenerates into the Taylor
theory. The MM model was generalized for blends of non-Newtonian fluids by Minale
(2004) and Maffettone and Greco (2003).

The advantage of a MM model is that appropriate experiments are easy to imple-
ment. The deformation and break-up behavior of a single droplet was analyzed in
different set ups (four roller: e.g. Hu, 2008, parallel band apparatus: e.g. Birkhofer
et al., 2005, parallel plates: Sibillo et al., 2006). But no predictions about the macro-
scopic behavior can be made due to the missing of an expression for the stress tensor.
Jansseune et al. (2000) combined the MM model with an extra stress tensor from
literature (Batchelor, 1970). With this approach, a relationship between the stresses
at the interface and the droplet orientations was found. Almusallam et al. (2000)
derived a "constrained volume" model by combining a phenomenological formulation
for droplet shape relaxation with the description of affine deformation of interfaces
developed by Doi and Ohta (1991).

Nevertheless, the above mentioned models were either from phenomenological or
from continuums mechanics nature and it is difficult to derive a theory describing the
macroscopic flow behavior and the disperse phase morphology simultaneously. The
framework of non-equilibrium of thermodynamics is an excellent theory to solve this
problem.

Grmela et al. (2001) uses the GENERIC formalism (Grmela and Ottinger, 1997)
to derive a set of equations describing the morphology at local level (a Doi-Ohta type
picture) and at the macroscopic level (a MM dispersion type picture). The governing
equations, which also include an expression for the extra stress tensor, agree with
the conservation laws and with the observed compatibility with thermodynamics.
Yu et al. (2002) performed calculations based on this model for steady state and
oscillatory shear flow. Wagner et al. (1999) used the GENERIC framework to analyze
the Doi-Ohta model from a thermodynamic perspective. The full set of transport
equations can be derived from a thermodynamic basis. A modification to the original
equations is derived that enables direct comparisons with rigorous asymptotic theories
and numerical comparison with resent simulations, enabling a rigorous validation of
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the accuracy.

2.1.5 Shear rheometry

This section focus on rotational shear rheometry which enables to measure material
functions to characterize the material and to compare rheological model predictions
with experimental data. Cone/ plate and plate/plate geometries are distinguished
to measure viscous as well as elastic characteristics and can be used in combination
with an additional optical set-up to investigate the microstructure behavior during
shear flow. In the following, the basic concepts of shear rheometry are presented.
The detailed measuring procedures applied in this study are explained in chap. 4.

Shear rheometers can be divided into drag flow (e.g. sliding plates, falling ball,
concentric cylinder, parallel plates, cone/plates etc.) and pressure driven flow (e.g.
capillary, slit etc.) rheometers. One of the first person using a rheometer was Maurice
Couette. The Rheometer was consisting of two concentric cylinders with the outer
cylinder rotating. The fluid was sheared in the narrow gap between the cylinders.
The torque acting on the inner cylinder was then measured by observing the twist of
the torsion wire with a system of light reflecting mirrors (Macosko, 1994; Piau et al.,
1994).

A typical shear rheometer is working following: a motor is rotating one of the tools
and a transducer, often fixed onto the other tool, is measuring the torque and the
normal force. The torque and the normal force are the answer of the material which is
driven by the motor. There are two different drive mechanisms: the strain and stress
controlled motors. The strain controlled motor is guided by a constant straining
of the material, i.e. the applied rotational speed of the motor and shear rate are
constant. No adjustment due to deformation of the fluid structure is taken into
account. The stress controlled motor is guided by the transducer deflection, i.e. the
measured torque remains constant. This implies that a constant stress is applied on
the material. The shear rate is only constant when a steady state of the deformation
was reached. Such rheometers are often used to perform creep experiments, whereas
they are inappropriate for oscillation measurements. The following explanations are
given for strain controlled motors.

With knowing the three quantities (rotational speed, Ω, torque, M , and normal
force, Fz) the following material functions can be derived. Those relations are de-
rived from the equation of motion with boundary conditions defined by the different
geometries. The exact derivation of the working equations can be found in Macosko
(1994).

First, the focus is on the cone/plate geometry (see fig. 2.3) where the shear rate
is constant over the whole sample. The shear rate is only dependent of the angular
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Figure 2.3: Cone/plate geometry.

speed, Ω, and cone angle, β:
γ̇ =

Ω
β

, (2.37)

whereas the shear strain is dependent on angular displacements, Φ, and cone angle,
β:

γ =
Φ
β

. (2.38)

The shear stress, τ12 , is proportional to the torque, M :

τ12 ≡ τ =
3M

2πR3
p

, (2.39)

and the first normal stress difference is proportional to the normal Force, Fz, acting
on the transducer:

N1 =
2Fz

πR2
p

. (2.40)

Cone/plate geometries are often used for non-linear viscoelastic measurements,
since normal stresses are measurable. High viscosity fluids are limited by edge failure
and low viscosity fluids by inertia corrections, secondary flows, and loss of sample at
edges.

Next, the focus is on plate/plate geometry (see fig. 2.4). Due to the boundary
conditions of two parallel plates, the shear strain and rate are not constant over the
whole plate, i.e. they are dependent on the position r. The material functions are
normally calculated for the position at the edge of the plate, i.e. r = Rp. The shear
rate is then:

γ̇Rp =
ΩRp

h
, (2.41)
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Figure 2.4: Plate/plate geometry.

and the shear strain is
γRp =

ΦRp

h
, (2.42)

where h is the the gap heights (see fig 2.4).
The non-homogenous shear rate implies a non-homogenous viscosity distribution

over the plate for non-Newtonian fluids. Therefore, a correction term taking the non-
Newtonian fluid behavior into account has to be added in order to derive the real
shear stress:

τ12 ≡ τ =
M

2πR3
p

(
3 +

dlnM

dlnγ̇Rp

)
. (2.43)

For Newtonian fluids, the term dlnM/dlnγ̇Rp is equal to 1 and the apparent shear
stress is then:

τa =
2M

πR3
p

. (2.44)

The normal force measurement is now in relation with the difference of the normal
stress differences:

N1 −N2 =
Fz

πR2
p

(
2 +

dlnFz

dlnγ̇Rp

)
. (2.45)

As for the cone/plate geometry, inertia and secondary flows can occur and edge
failures may be a problem. The advantage of the parallel plates geometry is that the
shear rate can be changed by changing independently the rotational speed or the gap
height. This allows to increase the measuring range. Wall slip can be determined by
running measurements at different gap heights.

Both geometries can be used to perform steady state, transient, and oscillatory
measurements. The first two mentioned are used to characterize the linear as well
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as the non-linear behavior of fluids. Results are typically presented in flowcurves:
material characteristics such as the viscosity and the normal stress differences are
plotted vs. the shear rate. The oscillatory measurements are mainly used to describe
the linear viscoelastic behavior of fluids. Keeping the linear regime implies that
the material is stressed without destroying the microstructure. Results are typically
presented in loss and storage modulus vs. frequency plots.

Since G′ accounts for elasticity and G′′ for viscosity, an interesting question arises:
can those variables be put in a relation to the viscosity and the first normal stress
difference? De facto, Cox and Merz (1958); Laun (1986) proposed such relations:

η(γ̇) = |η∗(ω)|ω=γ̇ =
G′′(ω)

ω

[
1 +

(
G′

G′′

)2]0.5∣∣∣∣
ω=γ̇

, (2.46)

which is called the Cox-Merz rule, and

N1(γ̇) = 2G′(ω)
[
1 +

(
G′

G′′

)2]a∣∣∣∣
ω=γ̇

, (2.47)

is called Laun’s rule and where a is a power law index. The interesting part of these
two empirical rules is to predict non-linear rheological behavior from linear viscoelastic
measurements (i.e. oscillation tests).

Indeed, the steady state and the complex viscosity are in good agreement for
monodisperse Polystyrene solutions and for high viscous silicon oils. For polydisperse
polystyrene solutions and for suspensions, the Cox-Merz rule shows discrepancies in
the non-linear (shear thinning) regimes (Bird et al., 1987; Gleissle and Hochstein,
2003). Osaki et al. (2000) found that the Cox-Merz rule is a good approximation for
entangled systems.

Laun (1986) investigated entangled, polydisperse melt systems (i.e. low- and high
polyethylene) and found for the power law index of a = 0.7 good agreement of Laun’s
rule. On the other hand, for monodisperse, entangled polystyrene, Wen et al. (2004)
found that the relationship is good for the power law index a = 0.5. Polydisperse
entangled solutions show a positive deviation at higher shear rates as it could be seen
for the Cox-Merz rule. Wen et al. (2004) proposed that this behavior is due to chain
stretching effects (in form of overshoot during transient tests). The power law index
a = 0 implies that the first normal stress difference is only dependent on the storage
modulus G′. None of the experiments could verify Laun’s rule for the index a = 0.

2.1.6 Second normal stress difference
In the previous section, a method to measure N1 was described. Consequently, N2

should also be measured. The research (analysis) of the viscoelastic instabilities show
an apparent influence of N2 on the stability of viscoelastic flow (Larson, 1992): N2

20



2.1 Rheology

plays a critical role for edge fracture in cone/plate and plate/plate flows (Keentok and
Xue, 1999; Tanner and Keentok, 1983) as well as extrudate distortions and fracture.
In addition, N2 has an influence on the droplet deformation (Guido et al., 2003).
Furthermore, N2 can be used to provide a sensitiveness test for constitutive models
(Brown et al., 1995). However, it is difficult to measure N2, because N2 is smaller
than N1 and N2 can not be measured in a single experimental run: the experiments
need to be coupled with another measuring device or experiments should be repeated
with changed measuring parameters. Therefore, accurate N2 measurements are rare,
especially for emulsions and for high shear rates (Baek and Magda, 2003).

In the following list, the most important experimental methods to determine N2

are presented:

• Combination of plate/plate and cone/plate geometries: Combining
plate/plate and cone/plate measurements enables to derive N2: N1 is measured
using the cone/plate geometry and the difference of the normal stress differences
N1−N2 using the parallel plates geometry. By subtracting the two values, N2 is
determined (Ginn and Metzner, 1969; Mall-Gleissle et al., 2002). This method
is used in this study and will be described in detail later.

• Cone/plate-distance: This method uses only the cone/plate geometry, but
a gap between the lower plate and the cone tip will be varied from rather large
gaps (Peterson et al., 1975: 1 mm) to no gap at the same set of shear rates. The
standard relation for cone/plate-distance method rheometers allows to derive
N2 (Peterson et al., 1975; Zarraga et al., 2001).

• Cone and partitioned plate: The plate is partitioned into an inner stem
with radius Ri connected to the transducer and an outer stem with radius Ro

(same radius as the cone) attached to the frame of the rheometer. The trans-
ducer measures only the normal force Fi acting on the inner cylinder whereas
the normal force Fz exerted by the whole sample has to be measured separately.
The melt sample with radius Rs should be Ri < Rs < Ro. The ratio Fz/Fi re-
flects the ratio of the two normal stress differences N2/N1. By testing samples
of different radii at the same shear rate, the two normal stress differences can
be separated (Meissner et al., 1989; Schweizer, 2002, 2003).

• Rheo optical methods: N2 can be measured by combining rheological
and optical methods. This method is based on the stress-optical rule which
relates the anisotropic refractive index to the stress tensor, τ . By performing
birefringence measurements, the stress tensor is determined by directing laser-
beams under different incident angles through the flow cell (Brown et al., 1995;
Fuller, 1995).
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• Radial pressure distribution: Mounting a small pressure transducer flush
on the plate of a cone/plate geometry allows to measure the radial distribution
of the normal stress as well as the torque and the normal force. Knowing those
quantities enables to derive N1 and N2 by using only a single sample (Baek and
Magda, 2003).

The disadvantage of the first 4 methods are that measurements parameters (i.e.
the geometry, the distance between the tools, the sample radii, and the laser incident
angle) need to be varied which mostly implies changing the sample. This procedure
increases possible measurements errors. In order to perform the last 3 methods, an
additional experimental set-up is necessary. The challenge with additional set-ups is
that they might not be available and they need to be synchronized with the rheometer
set-up.

The Doi-Edwards model predicts N2/N1 = −2/7 at low shear rates and N2/N1 =
−1/7 when the "independent alignment approximation" is dropped. For both cases,
the ratio is predicted to decrease to zero with increasing shear rates. For dilute and
entangled solutions, the ratio is predicted to be close to zero (Larson, 1999). For
suspensions, Choi and Schowalter (1975) predict a ratio of −0.218 for p∗ → ∞ and
−0.446 for p∗ → 0.

N2 was measured in the past for several melts and solutions as well as for a few
suspensions. In Schweizer (2002), a list of some measurement results for different
polysoprene melts (which are shear thinning fluids) using different set-ups are pre-
sented. The normal stress difference ratio −N2/N1 was found to be between 0.05 and
0.29, whereas the ratio decreases with increasing shear rates. Normal stress difference
ratios for high viscous silicon oils (Tanner and Qi, 2005) and for other different dilute
solutions (Keentok et al., 1980) were in the same magnitude. Note, that N2 was found
to be negative. In contrast, Laun (1994) found for a shear thickening dispersion that
N1 is negative, whereas N2 is positive and N2 ≈ −0.5N1.

N1 and N2 measurements for suspensions were found in a few publications (Mall-
Gleissle et al., 2002; Ohl and Gleissle, 1992; Zarraga et al., 2001). Mall-Gleissle et al.
(2002) used glass beads in silicon oil. The ratio for the continuous phase is around
0.1 and the ratio increases with increasing volume fraction of disperse phase. The
normal stress difference ratio at φ = 0.25 for suspensions based on different silicon
oils was between 0.52 and 0.7. Those ratios fur suspensions are much higher than for
solutions or melts. However, no N2 data for emulsions were found in literature.

2.2 Microstructure investigations of emulsions
Methods to measure and describe macroscopic characteristics of emulsions were dis-
cussed in the previous two sections. In this section, the focus is on the investigation
of the microstructure of emulsions. The emulsions analyzed in this study are assumed
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to have a small volume fraction of disperse phase (i.e. the concentration is smaller
than the maximum packing density) in order that the droplets have a spherical form
in the absence of flow.

The microstructure of the emulsions and suspensions may be characterized by the
droplet size distribution. Measuring the droplet size distribution is a standard mea-
surement technique and is often performed using a commercial device. Such a set-up
is described in sec. 4.2.3.

The difference between emulsions and suspensions is that the emulsion droplets
deform and may break-up or coalescence during flow. However, measuring the mi-
crostructure (in particular the droplet deformation) is a challenge due to small length
scales of the droplets and turbidity of the fluid. Therefore, it its easier to study
isolated droplets. Such fluids are less turbid due to the absence of other droplets
scattering the light. In this section, methods to investigate single as well as multi-
droplet systems are described.

Several books and review publications are discussing microstructure investigations.
In Rallison (1984), a table summarizes the state of art of theoretical and experimental
studies of the deformation of single droplets. A review paper about emulsion droplets
in flow fields was published by Fischer and Erni (2007) with the main focus on the
role of interfaces. The emulsion processing with the focus on the droplet deformation
is discussed in Windhab et al. (2005). A summary of the influence of viscoelasticity
in either phase on the droplet deformation can be found in Cherdhirankorn et al.
(2004). Detailed descriptions about the rheo-optical set-ups can be found in Fuller
(1995) and explicitly for food systems in van der Linden et al. (2003).

2.2.1 Deformation of a single droplets during shear flow
When a spherical droplet is sheared, its deformation is based on the interplay between
the shear force (tending to extend the droplet) and the interfacial force (tending to
contract the droplet). The interplay is represented by the dimensionless capillary
number Ca:

Ca =
ηcγ̇R

Γ
, (2.48)

where R is the radius of the droplet in its initial spherical shape.
The droplet form is described by an ellipsoid with L being the major, B the mi-

nor, W the intermediate droplet axis, and the orientation angle ϕ (see fig. 2.5).
The droplet deformation is characterized by the dimensionless deformation parame-
ter Def :

Def =
L−B

L + B
. (2.49)

Taylor (1934) analyzed the internal and external velocity flow fields of an buoyant
droplet (consisting of a Newtonian fluid) in simple shear flow. In the limit of small
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Figure 2.5: Scheme of droplet deformation in simple shear flow with γ̇ = V/h. ϕ
is the orientation angle and L and B are the semiaxis of the ellipsoidal
droplet.

capillary numbers and small deformations, the deformation and the orientation angle
are expressed by

Def = Ca
19p∗ + 16
19p∗ + 19

, (2.50)

and
ϕ = π/4. (2.51)

An agreement between theory and experiment was found for Ca < 0.1 and Def <
0.1. The experimental set-up of Taylor (1934) is consisting of two parallel bands
generating the shear flow. The droplets were made of syrup, whereas the continuous
phase was a lubricating oil.

Cox (1969) derived a theory calculating the internal and external flow fields of a
droplet in shear flow for an arbitrary capillary number. The theory is including an
equation for small deformation and the orientation angle of the droplet. Thereby, the
deformation is linear with the capillary number. Barthès-Biesel and Acrivos (1973)
modified this theory to a quadratic relationship between deformation and capillary
number. Flumerfelt (1980) used a similar approach as Cox, except that a more general
boundary condition is used at the droplet interface, i.e. possible interfacial tension
variations on the drop surface are taken into account.

Maffettone and Minale (1998) derived a phenomenological model (MM model) to
describe the droplet deformation of a Newtonian droplet in a Newtonian continu-
ous phase. Guido et al. (2003) modified this model for Newtonian droplet in non-
Newtonian matrix phase and Minale (2004) for a mix of non-Newtonian fluids. All
three models assume that the droplets have the form of an ellipsoid and are described
by a second rank tensor with the constraint of volume preservation. Guido and Villone
(1998) showed that the ellipsoidal droplet form is a justifiable assumption. For shear
flows, the models have analytical solutions and are easy to implement into numeri-
cal schemes. The predicted deformations are quadratic with the capillary number.
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However, the models account only for small deformations.
Exemplarily, the effect of a viscoelastic matrix phase on the droplet deformation is

described using the model from Guido et al. (2003) which was experimentally tested.
Besides the viscosity ratio, the model is also depending on the normal stress difference
ratio in order to include the elasticity of the matrix fluid. Compared to Taylor’s
theory, the deformation curve at small capillary numbers is flattening with increasing
capillary numbers. An increase of the second normal stress difference (i.e. increase
of |N2|/N1) implies an increase of the deformation. Furthermore, the model predicts
an enhancement of the droplet orientation towards the flow direction compared with
the Newtonian case.

The theories mentioned above are describing only small deformations whereas only
a few publications are dealing with large deformations. Hinch (1979); Hinch and
Acrivos (1980) derived a theory describing long slender drops in shear flow. The
model assumes that a droplet has already been extended and predicts the subsequent
deformation and break-up of the thread (Jackson and Tucker, 2003). The model is
valid only for small viscosity ratios and high capillary numbers. The deformation
behavior is obtained by solving the Stokes flow equations for flows inside and outside
the droplet with the appropriate boundary conditions depending on the interfacial
tension. The critical capillary number based on the thread radius at break-up is
CaT = 0.0505p∗−0.5. Furthermore, the break-up in shear flow is caused by a dis-
turbance after having reached a pseudo-steady state (Zhao, 2007). However, unlike
Taylor’s theory or the MM model, no direct relationship between the deformation
and the capillary number is reported. Therefore, the long slender drops theory is
not easy implemented into a numerical scheme (see e.g. Janssen, 2009). Bentley and
Leal (1986) performed experiments using a four-roll mill for p∗ = 0.001, whereas the
predictions for the critical capillary number and the normed thread length at burst
are accurate to within about 15%.

Feigl et al. (2003, 2007) used the boundary integral method (BIM) to calculate
deformation and orientation of droplets in flow fields. The model equations are ac-
counting for Newtonian fluids and include an equation for the surfactant dynamics
and the droplet shape. Calculations were performed for simple shear flow and com-
pared with experimental data. The material used is PVP as continuous phase, silicon
oil as disperse phase, and Tween 20 as surfactant. The experimental set-up is con-
sisting of a parallel band apparatus. Various viscosity ratios were tested and the
experiment and simulations are in good agreement.

When droplets are exposed to shear flow and the deformation is high enough, they
tend to break into smaller droplets. The break-up occurs when the flow has reached
a critical capillary number CaC , which is dependent on the viscosity ratio and the
viscoelasticity of both fluids (Cherdhirankorn et al., 2004; Grace, 1982). When both
phases consist of Newtonian fluids and the viscosity ratio p∗ ∼ 1, CaC is around 1
as well. When p∗ > 4 no break-up occurs and the droplets behave as solids. The

25



2 Background

droplets rotate instead of deform in shear flow. For p∗ < 1, CaC increases in a power
law fashion. In case of viscoelastic phases, higher CaC are reached than in the case
of Newtonian fluids.

For viscoelastic matrix phases, an interesting phenomenon could be observed: drop-
let widening. The droplet has the form of an oblate and is extended in the vorticity
direction. Levitt et al. (1996) noticed that the smaller the viscosity ratio (all below
1), the larger the widening. They believe that the normal stresses exerted by the
matrix on the drop cause the widening. They further noticed, that the widening of
the drops is inversely proportional to the ratio of drop/matrix elasticity, G′

d/G′
C . A

relationship between the N2 of both phases and the degree of widening was derived.
Migler (1999) observed that for Boger fluids (with a viscosity ratio around 1 and the
elasticity ratio between drop and matrix is greater than 100), some droplets transform
their alignments from the flow to the vorticity axis while others that are similar sized
do not. The reason for this behavior is unclear, but an instability in which the drops
exhibit vorticity alignment are disturbed from their flow alignment shape, either by
a breakup process or by collision with another droplet, is assumed. Simulations of
Aggarwal and Sarkar (2008a); Verhulst et al. (2009) support the thesis, that the ma-
trix viscoelasticity suppresses droplet deformation and promotes droplet orientation.
Despite all these studies, the conditions required to produce droplet elongation in
the vorticity direction are still unclear. Further experiments and simulations should
resolve this issue as suggested by Tanpaiboonkul et al. (2007).

When the applied flow is stopped, the deformed droplet relaxes towards an equilib-
rium spherical form. The droplet deformation should not exceed a critical deformation
in order to avoid Rayleigh-instabilities which cause break-up of the droplet (Kauf-
mann, 2002). Using Rallison (1984) theory, an equation for the deformation during
relaxation was derived:

Def = Def0e
−t/λ, (2.52)

where Def0 is the deformation at cessation and λ is the relaxation time of the de-
formed droplet:

λ =
ηcR

Γ
(19p∗ + 16)(2p∗ + 3)

40(p∗ + 1)
. (2.53)

The relations 2.52 and 2.53 are valid only for Newtonian fluids. However, if the
the relaxation rate is sufficient slow and the elastic relaxation of the materials after
deformation is faster than the ellipsoidal droplet relaxation those relations can be
used to describe viscoelastic materials (Luciani et al., 1997). As discussed later in
sec. 4.2.6, Taylor’s and Rallison’s theories will be used to derive the interfacial tension.
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2.2.2 Deformation of droplets of a multiple droplet system during shear
flow

In the previous section, single droplets experiments were performed. The gained
knowledge can be applied on multi-droplet system, by assuming a single droplet is
an isolated droplet in a multi-droplet system as encountered for dilute emulsions.
However, the interactions between droplets, as occurring in concentrated emulsions,
are not taken into account .

A few experimental studies describe the droplet deformation in multi-droplet sys-
tems. The experimental set-ups can be divided into two categories: an optical light
technique or a scattering device both coupled to a shear cell. The first mentioned
method allows to observe single droplets within the multi-droplet system. The typical
length scale involved is 0.1− 1000 µm (van der Linden et al., 2003).

Caserta et al. (2007) used such a set-up as described in Guido and Villone (1998) to
investigate droplet deformations in sheared polymer blends. The blends were made of
the Newtonian Polybutene as continuous phase and the Newtonian Polydimethylsilox-
ane as dispersed phase (0− 10% of disperse phase, whereas 0% can be interpreted as
a single droplet system). They found, that the droplet shape oscillates around an av-
erage configuration due to hydrodynamic interactions and collisions among droplets.
They compared the droplet deformation of a single droplet with the deformation of
a droplet in nondilute blends and found that the average deformation parameter vs.
capillary number data would collapse on a single curve, if for the calculation of capil-
lary number the viscosity of the blend instead of the continuous phase is taken. Tufano
et al. (2008) used a similar set-up to study the morphology evolution in confined ge-
ometries. For all their investigated emulsions, they found the transition between a
bulk-like behavior and a confinement effect.

The second mentioned method is measuring the anisotropy of the systems using
scattering techniques. The typical length scale involved is 0.001-1 µm (van der Linden
et al., 2003). The challenge is to put the anisotropy into relation with the deformation
of the droplets (Vermant et al., 1998; Yang et al., 1998). A relatively new method is
based on the static scattering of incoherent light in the multiple scattering limit and
called steady light transport (SLT). This method does not require dilution and diam-
eters between tens of nanometers and several micrometers can be measured reliably
(Parker et al., 2007). The rheo-optical set-up and the analysis of the scattering image
is described in sec. 4.2.5. This method was already successfully applied to determine
the sizes and orientation of concentrated suspensions (Baravian et al., 2007b) and
to determine simultaneously the aggregated sizes, the deformation and orientation of
human red blood cells (Baravian et al., 2007a).
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In this section, an emulsion model is adopted to investigate the rheology-microstructure
relationship. Such a study is not only interesting from an academic point of view, but
also for industrial applications. Tailoring new emulsion products is a process of trial
and error and therefore expensive and cost intensive. Using models allows to predict
the stresses acting on the fluid during processes and, therewith, the microstructure
conditions after the processes. Since the microstructure is often an important quality
parameter, it is essential to be able to understand the rheology and microstructure
relationship. Therefore, the main task of this chapter is to show that the adopted
flow equations is solved for complex process flows.

The publications which are cited in this section are often referring to polymer blends
instead of emulsions. Both systems (blends and emulsions) are multi-phase systems.
Traditionally, blends are referring to a mix of immiscible melts, whereas emulsions are
referring to a mix of immiscible solutions. The theories cannot be strictly separated.
Since foods are rather a mix of solutions than melts, the word emulsion is favored
within this study and can be used as a synonym for polymer blends.

In the first section of this chapter, a review of the derivation of the model equations
is given. In the second section, the equations are solved for simple shear flow, as
encountered in shear rheometry. Those calculations are used to compare the model
predictions with experimental data. In the third section, the equations are solved
for a complex process flow as encountered in the conveying zone of a single screw
extruder. Process flows are usually complex, non-homogeneous flows and therefore a
more complex numerical method is adopted. For both cases, the flow geometry along
with the numerical scheme are described and sample calculations are performed. The
sample calculations should illustrate the potential of the model predictions and are
here not used to compare the predictions with experimental data. This will be done
in chap. 5.

3.1 Emulsion model with matrix-phase viscoelasticity and
droplet morphology

The emulsion model (Dressler and Edwards, 2004a) is an emulsion model accounting
for matrix viscoelasticity, with oblate and prolate droplet configurations, and taking
droplet break-up and coalescence into account. It is derived within the Hamiltonian
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framework of non-equilibrium thermodynamics (NEQT). In this section, the deriva-
tion of the emulsion model is briefly summarized. A detailed description can be found
in Dressler and Edwards (2004a) and a more general description of deriving flow equa-
tions for complex fluids with internal microstructure variables is published in Beris
and Edwards (1994).

First, the dynamical variables are described. The thermodynamic variables are
statistical mechanical averages over all microstructural components (such as the
molecules or droplets) of the continuum. The macroscopic flow is described by the
momentum density M = ρv, where ρ is the density and v the velocity field. The
microstructure is described by internal variables such as the contravariant second
rank conformation tensor, C, the contravariant second rank droplet shape tensor, S,
and the average droplet number density, n. The scalar, n, is indicating if break-up
or coalescence of the droplets has occurred. The droplet shape tensor S has the
constraint det(S) = 1, i.e. the volume of the droplets is preserved. The droplet
shapes are defined as ellipsoids with the squared semiaxis being the eigenvalues of
S. The conformation tensor, C, is accounting for the orientation and deformation of
the matrix molecules. Note that C and S are symmetric tensors. Hence, the set of
thermodynamic variables is [M ,C,S, n].

The droplet size distribution is assumed to be described by the Weibull distribution
function (Dressler and Edwards, 2004a):

f(R) =
1
V

p2p1R
p1−1e−p2Rp1

, (3.1)

where R is the droplet radius, V the volume, and p1 and p2 are positive real numbers.
The two parameters p1 and p2 are specified by the location of the maximum R̃ ≡ trS/3
and by height of the maximum of the distribution, n ≡ f(R̃).

The system studied in this thesis is based on a superposition of a Maxwell fluid
(with a characteristic elastic constant K), an elastic droplet interface (with interfa-
cial tension Γ), and a non-linear coupling of matrix and interfacial elasticity. The
Hamiltonian H, which is the extended free energy of the emulsion, is then:

H ≡ Hm[M ,C,S, n] =
∫ [
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)
+

1
2
φΓ′

n

n0
IS
2 −

1
6
φΓ′

K

kBT
ln

(
n

n0

)
IC
1 ε(IS

1 , IS
2 )

]
d3x, (3.2)

where IC
i and IS

i represent the i-th invariant of C and S, respectively. φ is the
constant total volume fraction of disperse phase, G the elastic modulus of the matrix,
Γ′ = Γ/R0 the elastic modulus of the interface and R0 the average radius of the
droplets, n0 the the number density of droplets at equilibrium, kB the Boltzman
constant, and T the temperature. ε = ε(IS

1 , IS
2 ) is a measure for the asphericity of
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3.1 Emulsion model with matrix-phase viscoelasticity and droplet morphology

the droplets. In this study, the first invariant of the droplet shape tensor, ε = IS
1 , is

taken. The expression for the asphericity can be modified by including the second
invariant of the droplet shape tensor.

The first term in the integral of eq. 3.2 represents the kinetic energy of the system,
the second and third terms are a linear superposition of the Helmholtz free energy
of a system of Hookean springs (consisting of the energetic and entropic part), the
fourth term is the energy of the elastic interface (IS

2 is associated with the surface
area of the droplet), and the fifth term is taking the number density of the droplets
away from the equilibrium into account. This last term is a mixing term, depending
on both microstructural variables C and S, since the matrix phase influences the
deformation and break-up/coalescence process of the droplets.

The subscript ”m” in the Hamiltonian implies that the description of the emulsion
is purely mechanical and no transfer of mechanical energy into internal degrees of
freedom is considered. In a next step, the master equation (eq. 2.8) is used to
construct the set of equations of motion. The postulation of the dissipation bracket is
given in Dressler and Edwards (2004a). The postulation introduces following model
parameters: three characteristic times (λC is the relaxation time associated with the
continuous phase, λS the relaxation time of the droplet deformation, and λn the
characteristic time for the break-up and coalescence process), an extended White-
Metzner (EWM) power law index k accounting for the shear thinning behavior, a
coupling parameter Θ, and the probability of a coalescence process fc. The parameter
p∗ is defined as the negative viscosity ratio p∗ = −ηd/ηC . The viscosity ratio is
negative in order to fulfill the necessary condition dHm

dt = [Hm,Hm] ≤ 0.
The resulting equations of motion are then:

ρ
∂vµ

∂t
= −ρvν∇νvµ −∇µp +∇ντµν , (3.3a)

∂Cµν

∂t
= −vι∇ιCµν + Cµι∇ιvν + Cνι∇ιvµ

− 1− φ

λC
(trC̃/3)−kCµν + (1− φ)

kBT

λCK
(trC̃/3)−kδµν

+
φΓ′

3λCG
(trC̃/3)−kln

( n

n0

)
IS
1 Cµν

− 1
2

√
Γ′

G

(1 + p)2φΘ√
λCλS

(trC̃/3)−k/2

−
{ n

n0

[
(IS

1 δικ− Sικ)(CµιSνκ + CνιSµκ)− 4
3
IS
2 Cµν

]
− K

3kBT
ln

( n

n0

)
IC
1

(
CµιSνι + CνιSµι −

2
3
IS
1 Cµν

)}
, (3.3b)

∂Sµν

∂t
= −vι∇ιSµν −

2
3
∇ιvιSµν + Sµι∇ιvν + Sνι∇ιvµ
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− (1 + p∗)2pφ
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+
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∂n

∂t
= −∇µ(nvµ)− φfcI

S
2

λn
n +

φfcKIC
1 IS

1

3kBTλn
n0. (3.3d)

Note that the Einstein’s summation convention for repeated indices is used. Eq.
3.3a is the momentum balance equation, where p is the pressure and τ is the extra
stress tensor. The pressure and velocity are thus viewed as averaged quantities at
each location in space-time coordinates; i.e. they are coarse-grained averages of the
matrix fluid particles and droplets contained in the fluid particle at coordinates (x, t).
The word fluid particle might be difficult to understand: the "fluid particle" is here
not a real particle, it is meant to be an infinitesimal small volume of the material
system, and in this case the particle is containing matrix phase material and droplets.
The extra stress tensor is given by:

τµν = (1− φ)G
K

kBT
Cµν − (1− φ)Gδµν

+ φΓ′
n

n0

(
IS
1 Sµν − SµιSιν −

2
3
IS
2 δµν

)
− φΓ′K

3kBT
ln

( n

n0

)[
IC
1 Sµν + IS

1 Cµν −
1
3
IC
1 IS

1 δµν

]
. (3.4)

Eq. 3.3b is the conformation tensor equation describing the average deformation
and orientation of polymer molecules in the matrix. For Θ = 0, k = 0, and n = n0

the upper convected Maxwell model is recovered. The first 3 terms originate from the
Oldroyd-B derivative of the contravariant tensor C and are of conservative nature.
The remaining terms are of dissipative nature: the fourth and fifth term describe the
relaxation of matrix molecules and the last terms account for the effects of droplet
deformation and break-up/coalescence on the matrix conformation.

Eq. 3.3c is the droplet shape tensor equation. The first four terms account for
reversible processes and originate from the Oldroyd-B derivative of the contravariant
second rank tensor S, the fifth term accounts for oblate droplets, the sixth term
accounts for prolate droplets, and the last term accounts for the influence of the
polymer conformation and break-up/coalescence on the droplet dynamic.

Eq. 3.3d is the number density equation. The first term accounts for the reversible
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3.2 Shear flow

processes, the second for the coalescence processes (negative sign), and the third term
for the break-up processes (positive sign).

Hence, a physical model describing emulsions is herewith introduced. The main ad-
vantage of this model is the prediction of the macroscopic as well as the microstructure
flow behavior simultaneously. The model is thermodynamically consistent, since it is
derived within the framework of non-equilibrium thermodynamics. The viscoelastic
matrix phase is defined as a 1 mode Maxwell fluid (i.e. one relaxation time of the
matrix fluid is taken into account) with a zero shear viscosity η0 = GλC and a power
law index taking shear thinning into account. The droplets are assumed to be small
compared to the fluid system and no interactions between the droplets are described.
Hence, the model accounts for dilute systems. The elastic droplet interface is de-
scribed by the interfacial tension. In addition, the model is taking the influence of
the droplet dynamics (deformation as well as break-up and coalescence) on the poly-
mer conformation of the matrix phase into account and vice versa. In the limit of a
very small volume fraction of the disperse phase, the Maffettone and Minale (1998)
model is recovered.

3.2 Shear flow
The model equations described above are now solved for simple shear flow as en-
countered in shear rheometry. Within this section, the numerical scheme is illus-
trated along with sample calculations. The sample calculations should illustrate the
potential of the emulsion model to predict the rheological simultaneously with the
microstructure behavior.

3.2.1 Numerical scheme
The flow equation are solved for a simple shear flow with the velocity profile v =
(v1(x2), 0, 0). The appropriate shear rate is γ̇ = ∂v1/∂x2. The velocity profile is
assumed to be time independent and the flow equations are solved for steady, fully
developed, incompressible, and laminar flow.

Until now, the set of flow equations eq. 3.3a - 3.3d consists of physical vari-
ables. To obtain dimensionless quantities, following relationships are introduced:
C̃ = K/(kBT )C, S̃ = S, ñ = n/n0, t̃ = t/ 3

√
λCλSλn, and τ̃ = τ/

√
GΓ′. Within this

section, only dimensionless quantities are used and the tildes are skipped.
The non-linear and coupled set of flow equations (eqs. 3.3b - 3.3d) are rewritten

in the following mathematical form:
Fi(ζ1, ..., ζ13) = 0 or F (ζ) = 0, (3.5)

with i = 1, ..., 13. The vector ζ consists of following dynamical variables:
ζ = (C11, C12, C13, C22, C23, C33, S11, S12, S13, S22, S23, S33, n)T . (3.6)
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Figure 3.1: Newton’s method to extrapolate the local derivative to find the next es-
timate of the root. 1 is a good starting point. The local minimum 1’ is a
bad starting point since the slope at this point does not cross the x-axis.

Note that the tensors C and S are symmetric and therefore 6 coefficients fully describe
each tensor. The functional F consists of the 13 equations (eqs. 3.3b - 3.3d for steady
flow and neglecting inertias). The resulting equations are non-linear. Therefore the
Newton-Raphson algorithm was used with the Fortran subroutines provided by Press
et al. (1992).

The Newton-Raphson algorithm is a powerful tool to find the roots of a function
of the form 3.5 due to its quadratic convergence. However, local extrema of F (ζ) can
lead to inaccurate and meaningless results. Therefore, the starting point has to be
chosen carefully and favorable close to the expected result.

The principle of the Newton-Raphson algorithm is following (see fig. 3.1): an initial
guess (close to the root, (1)) is chosen and the slope of the function at this point is
determined. The intersection of the slope with the x-axis (2) defines a new starting
value (3), for which the slope of the function is again determined. This is repeated
until the root is approximated good enough.

Mathematically, the Newton-Raphson method is based on the Taylor series expan-
sion (Press et al., 1992):

F (ζ + δζ) = F (ζ) + J · δζ + O(δζ2), (3.7)

where J is the Jacobi matrix: Jij = ∂Fi/∂xj . By setting F (ζ + δζ) = 0 and by
neglecting the terms of order δζ2, a set of linear equations for the correction δζ is
obtained: J · δζ = −F . This matrix equation is solved using the LU decomposition.
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3.2 Shear flow

The corrections are then added to the solution vector, ζnew = ζold + δζ, and the
process is iterated to convergence.

The subroutines provided by the Numerical recipe require the implementation of
the so called "usrfun" (user function) containing the function F (ζ) and its derivative
F ′(ζ). The algorithm is solved the first time for a small shear rate in order to avoid
numerical difficulties. The starting point is chosen as follows: in the absence of any
flow, the tensors C and S are unity tensors, and the dimensionless number density
of droplets is equal to one; hence, tensors close to unity and a scalar close to one are
chosen as starting points. After solving the Newton-Raphson algorithm, the shear
rate is increased and the solutions of the lower shear rate are used as new starting
point in order to solve the algorithm again for a higher shear rate. Depending on
the model parameters, the iteration may stop at a certain shear rate, since the LU
decomposition can not be carried on.

3.2.2 Sample calculations

To present sample calculation results, the following set of model parameters was
chosen: φ = 0.1, Θ = 0.001, G = 4, Γ′ = 1, k = 0, fc = 1, and λC = λS = λn = 1.
The viscosity ratio was varied between p∗ = −0.25 (solid line) and p∗ = −1.25
(dashed line). Fig. 3.2 shows the macroscopic and microstructural result of the
sample calculation. Note that all the variables are dimensionless. The x-axes of the
figures range from γ̇ = 0.001 − 6 s−1. No higher shear rates are plotted, since the
calculations stopped because the LU decomposition could not be performed anymore.

All the quantities in fig. 3.2 are dimensionless. The droplet axis were normed with
the spherical droplet radius. Hence, a prolate droplet has following axis: L ≥ 1,
B ≤ 1, and W ≤ 1; and an oblate droplet: L ≥ 1, B ≥ 1, and W ≤ 1. n > 1 implies
that break-up has occurred, whereas n < 1 implies that coalescence has occurred.

These sample calculations (see fig. 3.2) illustrate that typical flowcurves can be
modeled. Furthermore, the model enables to compare the macroscopic flow behavior
with the microstructure: the shear thinning behavior and the decrease of both normal
stress coefficients are correlated with increasing droplet deformation or a change of
the viscosity ratio implies different droplet forms. Additionally, unusual high ratios
of the normal stress differences are predicted. This prediction will be checked in 5.2.

The goal of this exercise is not to interpret the results in a physical context because
of the following reason. In those sample calculations only one model parameter was
varied at a time. But, in a "real" material, changing one model parameter implies
most of the times a change of other parameters as well: Changing the viscosity ratio
implies changing the relaxation time of one of the two phases as well, because of the
coupling between the viscosity, the polymer size, and the relaxation time (Barnes,
1994; Gillies and Prestidge, 2004; Saiki et al., 2007). An extensive discussion on
sample calculations can be found in sec. 5.2.
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Figure 3.2: Sample calculation for p∗ = −0.25 (solid line) and p∗ = −1.25 (dashed
line). The remaining model parameters are specified in the text. (a) shear
viscosity, (b) first normal stress coefficient, (c) second normal stress coef-
ficient, (d) normal stress coefficient ratio, (e) number density of droplets,
(f) orientation angle of droplet, (g) major droplet axis, (h) minor droplet
axis, and (i) vorticity droplet axis.
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3.2 Shear flow

A first attempt to compare model predictions with experimental data is reported
in (Dressler and Edwards, 2004a) whereas the data were taken from (Vinckier et al.,
1999). However, only the flow characteristic such as the viscosity and the first nor-
mal stress coefficient were compared. Furthermore, not all model parameters were
investigated experimentally. The accordance between the experimental data and the
model predictions are good. A detailed investigation is followed within this study.
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3 The emulsion model

3.3 Extrusion flow

In this section, the flow equations are solved for a specific process flow. The focus
is on extrusion flow as encountered in the conveying zone of a single screw extruder.
Extrusion is an important processing technique for a variety of food processes due to
its high productivity, low costs, and high product qualities. Ice cream, cereals, pasta,
sausage products, and confectionery are typical foods produced with extruders. Mod-
eling extruders for foods can provide important insights into the relationships between
extruder geometry and material properties with volumetric flow rate, pressure drops,
and power consumption. Within this study, the modeling is restricted to the melt
conveying zone of a single screw extruder since within this zone the stresses on the
material and flow characteristics are uniform (Harper, 1979).

First, the flow geometry (adopted from Bigg, 1973; Harper, 1979; Tadmor and
Klein, 1970) is defined. The numerical scheme is presented in the second part (this
method includes an extended method proposed by Dressler and Edwards, 2005). In
the last part, sample calculations are presented (see also Braun et al., 2008).

3.3.1 Flow geometry

The melt conveying zone of a single screw extruder is sketched in fig. 3.3. A rotating
screw is surrounded by a tightly fitted barrel with an inner diameter D and a gap
between the root of the screw and the barrel He. The small gap between the flight
and the barrel is the flight clearance δ. The angle between the flight and the radial
direction of the screw is called helix angle θ. The lead l is then l = πD tan θ. The
flight thickness perpendicular to the flight is e = b cos θ, where b is the flight thickness
in the axial direction. The axial distance between the flights is Be and the distance
between the flights perpendicular to the flights is We = Be cos θ. For typical single
screw extruders a shallow screw channel and negligible leaking flow is assumed, i.e.
δ/He → 0 and He/D � 1. All the characteristics introduced above are assumed to
be constant. The screw is rotating slowly with an angular speed ω′ (as e.g. for food
dough) and therefore centripetal forces are small (Harper, 1979).

Solving the set of flow equations (eq. 3.3) for the extruder geometry as described
above leads to the problem of a non-stationary frame of reference. Therefore, it is
assumed that the barrel is rotating and the screw remains stationary. This is identical
to the actual but reverse situation, except for the radial pressure resulting from the
centripetal forces.

By assuming a shallow channel, the screw channel can be unwound and laid flat.
This procedure leads to a rectangular channel as sketched in fig. 3.4. The effect of the
curvature on Newtonian fluids is investigated in (Booy, 1963), where the flat plane
theory is compared with a theory solving the extrusion flow for Newtonian fluids in
cylindrical coordinates. The comparison is described by the curvature factor, which
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Figure 3.3: Geometry of melt conveying zone of single screw extruder

expresses the influence of the curvature on the drag and pressure flow. The curvature
factor is dependent on the helix angle, the ratio of the channel height, and the diameter
of the screw. For a small helix angle and shallow channel, the influence is small and
therefore the curvature is neglected within this study.

The channel dimensions are given by the height He and the width We (see fig.
3.4). The flight clearing is assumed to be small and therefore no leakage flow is
assumed. The x1-direction of the cartesian coordinate system is parallel to the flights
(the conveying direction), the x2-direction is normal to the barrel and the screw, and
the x3-direction is perpendicular to the flights (the mixing direction).

The flow geometry has the form as follows. The lower infinite plate is corresponding
to the screw, whereas the upper infinite plate is corresponding to the barrel and is
moving in the direction of the helix angle. The die at the end defines a pressure
gradient in the x1−direction. The flights are expressed by the no leakage flow leading
to an additional pressure gradient in the x3−direction.

The upper plate is moving with the velocity V = (V1, 0, V3)T . The velocities are
given by the rotational speed ω′ of the barrel and have the following relationships:
V1 = ω′D cos θ and V3 = ω′D sin θ. No slip at the wall is assumed. The root of the
screw is located at x2 = 0 and the barrel at x2 = He.

Due to the rotating barrel and the die at the end, a mixed flow in x1-direction
consists of shear and pressure driven flow (expressed by the pressure drop ∇1p). The
volumetric flow rate Q is:

Q =
∫ Nl

0

∫ He

0
v1dx1dx2, (3.8)

where N is the number of flights. The pressure drop is defined by the die. For an
open die, ∇1p = 0, the flow field is identical to a shear flow field. For a partially open
die, a pressure is built up in front of the die, i.e. ∇1p > 0, and the volumetric flow
rate is smaller than for extrusion with an open die. For a closed die, the volumetric
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Figure 3.4: Geometry of extruder channel with barrel (upper plate) sliding on top of
screw (lower plate)

flow rate is zero and mixing has occurred.
Due to the no leakage assumption between the flights and the barrel, the volumetric

flow rate in x3-direction is zero and mixing occurs. The pressure drop in the x3-
direction ∇3p

† is such that there is no net flow perpendicular to the flights:∫ Nl

0

∫ He

0
v3dx1dx2 = 0. (3.9)

Eq. 3.9 is the mathematical formulation of the ideal mixing condition and necessary
to model the flights.

3.3.2 Numerical scheme
To obtain dimensionless quantities, following relationships are used: C̃ = K/(kBT )C,
S̃ = S, ñ = n/n0, t̃ = t/ 3

√
λCλSλn, and τ̃ = τ/

√
GΓ′. The spatial coordinates

are normed according to x̃ = Hex. Again, within this section, only dimensionless
quantities are used and the tildes are skipped.

The dimensionless analysis allows scaling of processes. However, scaling extruders
is quite difficult because of the mixing dependencies of surface and volume related
parameters. Elaborated scaling laws can be found in literature, e.g. Dhanasekharan
and Kokini (2003); Rauwendall (1987).

Let us suppose a laminar flow between the parallel plates. The velocity field is then

v = (v1(x2), 0, v3(x2))T . (3.10)

The assumption that the channel width is much larger than the channel height,
We � He, allows to neglect the effects of the flights on the flow in mixing di-
rection, i.e. v3(x2, x3) = v3(x2). Eq. 3.10 fulfills the no-penetration condition,
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3.3 Extrusion flow

v2(x2 = 0) = v2(x2 = He) = 0, for the lower and upper plate. The boundary
conditions are:

v1(x2 = 0) = 0, (3.11a)
v3(x2 = 0) = 0, (3.11b)

v1(x2 = He) = V1, (3.11c)
v3(x2 = He) = V3. (3.11d)

Eq. 3.10 implies that all the dynamical model variables are depending only on
the x2-coordinate and the continuity equation for an incompressible flow, ∇v = 0, is
fulfilled. Since all variables depend on one spatial variable and the flow is station-
ary, the set of partial differential equations (PDE’s) 3.3 reduces to a set of ordinary
differential equations (ODE’s).

By neglecting time derivatives and inertia terms, the set of flow equations 3.3 is
rewritten in following form:

A · ξ′ = b, (3.12)

where A is a 18×18 coefficient matrix, ξ a 18-tuple vector consisting of the dynamical
variables, and b a 18-tuple vector called inhomogeneity. The symbol ′ denotes the
differentiation with respect to the x2-coordinate. The coefficients of ξ are:

ξ = (v1, v
′
1, v3, v

′
3, p, C11, C12, C13, C22, C23, C33, S11, S12, S13, S22, S23, S33, n)T .

(3.13)
The coefficient matrix A and the inhomogeneity b are obtained as follows. The

first four rows of (A,b) corresponding to v1, v′1, v2, and v′2 are the v1, v3 components
of eq. 3.3a and the C12, C23 components of eq. 3.3b , respectively. The fifth row
of (A,b) corresponds to the x2-component of the momentum balance equation 3.3a.
The remaining 13 rows of (A,b) correspond to the non-trivial components of the
microstructural variables and to the number density of droplets, which are identified
by taking the derivative of the microstructural variable in eqs. 3.3b, 3.3c, and 3.3d
with respect to x2.

Due to the boundary conditions 3.11 at the lower and upper plate, the problem is
mathematically formulated a two point boundary value problem (TPBV): the ODE’s
3.3 together with the boundary conditions 3.11 and the ideal mixing condition 3.9 are
solved numerically using the shooting algorithm. The shooting algorithm as well as
the other numerical routines used in this code were adopted from Press et al. (1992).
The code is written in the programming language FORTRAN.

In the shooting method, all dependent variables at one boundary, are chosen con-
sistent with the boundary conditions. The free variables are treated as free parame-
ters whose values are initially guessed. The ODE’s are then integrated to the other
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3 The emulsion model

boundary using an initial value method. Most probably, the obtained values show
a discrepancy to the boundary conditions. Since the discrepancy should be zero, it
is now a root finding problem: find a set of free parameters at the starting point
boundary that zeros the discrepancy at the other boundary (Press et al., 1992).

In Dressler and Edwards (2005), the emulsion equations have been solved for uni-
directional and symmetric shear flows between horizontal plates. Here, the numerical
method is extended to solve the emulsion model for bi-directional and non-symmetric
shear flows. The solution algorithm for the Poisseuille flow developed in Dressler and
Edwards (2005) is combined with the algorithm for the steady shear flow developed
in Dressler and Edwards (2004a) or in the previous section 3.2.1. In the following,
the numerical scheme is discussed in detail.

For the flow equations and flow geometry defined above, the method works as
follows. First, a user supplied subroutine is generating values satisfying the bound-
ary conditions. This subroutine uses the LU decomposition to compute all dynam-
ical model variables, [C,S, n], for a guessed set of initial shear rates in x1- and
x3−direction. The remaining variable p is set to one. Hence, initial values for the
shooting method are defined. Then, the set of ODE’s ξ′ = A−1 · b is integrated
using the Runge-Kutta algorithm from the lower plate (x2 = 0) to the upper plate
(x2 = He). Every Runge-Kutta integration starts with the same initial velocities but
with different wall shear rates on the screw. The shear rates are the independent
variables in the Newton subroutine (same as in the previous section) of the shooting
algorithm. The Runge-Kutta integrations are repeated until the Newton algorithm
converges, i.e. the boundary conditions 3.11 on the barrel are satisfied. The consis-
tency of the new algorithm with the algorithm in Dressler and Edwards (2004a, 2005)
has been checked carefully.

The TPBV problem is solved for a given pressure gradient ∇p = (∇1p, 0,∇3p)
with a fixed pressure drop in the conveying direction, ∇1p. The pressure drop in the
mixing direction, ∇3p, has to fulfill the mixing condition 3.9. Therefore, a bracketing
algorithm is used to find ∇3p

† by computing the shooting algorithm to determine the
flow rate in the mixing direction with each bracketing iteration step. The integral 3.9
is computed using a 10-point Gauss-Legendre integration. Finally, the flow equations
are integrated for ∇p = (∇1p, 0,∇3p

†) to obtain the flow fields.

In literature, other flow geometries and numerical methods can be found: the flow
geometry in cylindrical coordinates (Booy, 1963; Pinto and Tadmor, 1970) or a 3
dimensional finite element code (Dhanasekharan and Kokini, 2003). However, those
studies used Newtonian or power law fluids in contrary to the complex emulsion
model. Therefore, within this study a rather simple extruder geometry is used in
a first step. In a future step, more complicated and accurate flow geometries and
numerical methods may be applied.
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3.3 Extrusion flow

3.3.3 Sample calculations
First the material and the process parameters are specified: φ = 0.1, Θ = 0.001,
G = 4, Γ′ = 1, k = −2, fc = 1, and λC = λS = λn = 1. The viscosity ratio was varied
between p∗ = −0.25 and p∗ = −1.25. The geometry parameters are He = 1 for the
screw channel height and θ = π/6 for the helix angle. Additional calculations have
been performed with θ = π/10 as well as for k = −1 and k = 0. The assumption of a
shallow channel He/D � 1 leads to a large diameter of the barrel, e.g. D = 10. The
process parameters are given by the pressure gradient ∇1p = 0.2 implying a partially
open die, and by the angular velocity of the barrel, w′ = 0.1.

Due to a small rotational speed, centripetal and inertia forces are small and negligi-
ble. Furthermore, the small Reynolds number is implying laminar flow. In addition,
steady, fully developed, and incompressible flow, as well as no slip occurring at the
walls are assumed. Due to high stresses on the material, gravity forces can also be
neglected. First, the flow and stress profiles are discussed. The velocity profiles are
then further used to calculate specific process characteristics such as the volumetric
flow rate and the residence time distribution.

Flow profiles

In this section, the velocity, shear rate, shear stress, and microstructure profiles for
the material, geometry, and process parameters defined above are presented. The
velocity and shear rate profiles are compared with the profiles for a Newtonian fluid
in order to evaluate the influence of viscoelasticity and the droplet morphology. The
flow profile results are keeping with the coordinate system and the spatial coordinate
x2 is on the y-axis.

Fig. 3.5 shows the velocities and its appropriate shear rates in the conveying and
mixing direction for an emulsion with viscosity ratio p∗ = −0.25 (solid line) and
p∗ = −1.25 (dashed line), as well as for a Newtonian fluid (dash-dotted line). The ve-
locity profile for the Newtonian fluid was derived analytically from the Navier-Stokes
equations (as reported in Squires, 1958 or Harper, 1979) and is the superposition of
shear and pressure driven flows. The velocity field in the x1-direction is then:

v1(x2) =
x2V1

He
+

x2
2 − x2He

2η
∇1p, (3.14)

and in the x3-direction:
v3(x2) =

x2

He

(
2− 3x2

He

)
V3. (3.15)

All the velocities in fig. 3.5 match the boundary conditions 3.11. The velocities in the
conveying direction (see fig. 3.5 (a)) increase monotonically between the screw and
the channel, i.e. there is no back flow. The velocity for the Newtonian fluid is higher
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Figure 3.5: Velocity and shear rate profiles for p∗ = −0.25 (solid line), p∗ = −1.25
(dashed line), and for a Newtonian fluid (dash-dotted line). (a) veloc-
ity and (c) shear rate in conveying direction as well as (b) velocity and
(d) shear rate in mixing direction. The remaining model, geometry, and
process parameters are specified in the text.
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Figure 3.6: Semiaxis of the ellipsoidal droplets for the two emulsions p∗ = −0.25 (solid
line), p∗ = −1.25 (dashed line). The remaining parameters are same as for
the emulsions in fig. 3.5 and specified in the text. (a) Major droplet axis,
(b) minor droplet axis, and (c) intermediate droplet axis. The droplet
morphology is sensitive with respect to variation of p∗.

than for the two emulsions and is almost linear, i.e. there is only a small influence
of the pressure driven flow on the velocity profile. Fig. 3.5 (b) shows the velocity
flow fields in the conveying direction. All the fluids are fulfilling the ideal mixing
condition (see eq. 3.9). Therefore, in the lower part of the channel, all velocities
are positive and in the upper part, the velocities are negative. The Newtonian fluid
reaches the velocity maximum at a different position than the two emulsions. This
behavior has an effect on the position χ∗ where the velocity is zero, i.e. v3(χ∗) = 0.
For the Newtonian fluid, the position is at χ∗ = 2/3He and for the two emulsions,
the position is at χ∗ ' 0.7He. Fig. 3.5 (c) and (d) show the deviation with respect
to x2 of the appropriate velocity flow fields, i.e. its shear rates. The variation of the
shear rates over the channel heights are more pronounced for the emulsion than for
the Newtonian fluid.

Fig. 3.6 displays the ellipsoidal droplet axes for the viscosity ratios p∗ = −0.25
(solid line) and p∗ = −1.25 (dashed line). The droplets of the p∗ = −0.25 emulsion
have the form of an oblate and the droplets of the p∗ = −1.25 emulsion have the
form of a prolate over the whole profile. The droplet deformation of the p∗ = −0.25
emulsion is larger than for the p∗ = −1.25 emulsion. For both fluids, the droplets are
closest to a sphere at the position x2 ' 0.35 and furthest away from a sphere at the
barrel. This is in accordance with shear rate in fig. 3.5, where the lowest shear rate
is at position x2 ' 0.35 and the highest at the barrel.

Fig. 3.7 shows the number density of droplets. For n > 1 break-up has occurred and
for n < 1 coalescence has occurred. Again, the position closest to the equilibrium is at

45



3 The emulsion model

0 1 2 3 4
0

0.5

1

number of droplets

x 2
 

 

p*= −0.25
p*= −1.25

Figure 3.7: The number density of droplets for the two emulsions p∗ = −0.25 (solid
line), p∗ = −1.25 (dashed line). The remaining parameters are same as
for the emulsions in fig. 3.5 and specified in the text. The model predicts
break-up for the high viscosity ratio fluid and coalescence for the low
viscosity ratio fluid.

x2 ' 0.35 and furthest away at the barrel. Together with fig. 3.6, it can be concluded
that the droplets of the p∗ = −1.25 emulsion have oblate forms and coalescence has
occurred and the droplets of the p∗ = −0.25 emulsion have prolate forms and break-up
has occurred.

Fig. 3.8 displays the 6 components of the shear stress tensor. The conveying
normal stress τ11 is shown in fig. 3.8 (a), the conveying shear stress τ12 in (b), the
conveying-mixing shear stress τ13 in (c), the normal stress exerted on the screw and
barrel τ22 in (d), the mixing shear stress τ23 in (e), and the mixing normal stress
τ33 in (f). The conveying shear stress τ12 and the mixing shear stress τ23 are linear
because of the constant pressure gradient in the momentum balance eq. 3.3a. The
normal stress exerted on the screw and barrel τ22 is a consequence of the emulsion
viscoelasticity. Another observation is that all 6 stresses of the lower viscosity ratio
emulsion are larger than for the higher viscosity ratio emulsion.

In fig. 3.9 , the p∗ = −0.25 emulsions compared with different power law indexes
(k = −2 (solid line), k = −1 (dashed line), and k = 0 (dash-spotted line)) with
a Newtonian fluid (dots) in order to illustrate the influence of the shear thinning
behavior of the matrix phase. The remaining emulsion model, geometry, and process
parameters are the same as in fig. 3.5. Fig. 3.9 displays the velocity in the conveying
direction in (a) and in the mixing direction in (b). The velocity of the k = 0 emulsion
(i.e. the matrix phase is a Boger fluid) differs only slightly from the Newtonian fluid.
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Figure 3.8: The stresses for the emulsions p∗ = −0.25 (solid line) and p∗ = −1.25
(dashed line). The remaining parameters are same as for the emulsions
in fig. 3.5 and specified in the text. (a) conveying normal stress, (b)
conveying shear stress, (c) conveying-mixing shear stress, (d) normal stress
exerted on the screw and barrel, (e) mixing shear stress, and (f) mixing
normal stress.
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Figure 3.9: The velocity profiles in (a) mixing and (b) conveying direction of a
p∗ = −0.25 emulsion with k = −2 (solid line), k = −1 (dashed line),
k = 0 (dash-dotted line), and a Newtonian fluid (dots). The remaining
parameters are same as for the emulsions in fig. 3.5 and specified in the
text. The velocity flow field is sensitive to variation of the shear thinning
power law index.

Process characteristics

The velocity profiles calculated above are now used to derive specific process charac-
teristics such as the volumetric flow rate and the residence time distribution (RTD).
The volumetric flow rate is calculated for the emulsion as well as for a Newtonian
fluid in order to estimate the influence of the matrix viscoelasticity and the droplets.
The RTD is a measure of the time a particles spends in the channel and is essential
for foods. The RTD is only calculated for the emulsion model.

The definition of the volumetric flow rate is given in eq. 3.8 and is evaluated using a
10 point Gauss-Legendre integration of the velocity component v1(x2). The flow rate
is calculated for a constant pressure drop in the conveying direction. Note that this
may be different from the "real" situation in processing, where the extruder operates at
a preset flowrate and the pressure drop is not necessarily constant because, in general,
flow is non-isothermal and compressible. The volumetric flow rate of a Newtonian
fluid can be derived analytically by integrating the velocity flow field in the conveying
direction:

Q =
ω′D cos θWeHe

2
− WeH

3
e

12η
∇1p. (3.16)

Fig. 3.10 shows (a) the velocity field for a fixed rotational speed ω′ = 0.1 and (b)
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Figure 3.10: (a) velocity profile in the conveying directions for ω′ = 0.1 and (b) volu-
metric flow rate vs. the rotational speed for a p∗ = −0.25 emulsion and a
Newtonian fluid for two different helix angles. The remaining parameters
are same as for the emulsions in fig. 3.5 and specified in the text.

the volumetric flow rate, Q, as a function of the rotational speed of the barrel, ω′,
for a p∗ = −0.25 emulsion and a Newtonian fluid with both varying the helix angle,
θ. The remaining model, geometry, and process parameters are the same as in fig.
3.5. The volumetric flow rates of the Newtonian fluids are a linear function of the
rotational speed, as the velocity flow field is a superposition of drag and pressure flow.
The velocity flow fields of the emulsions are due to the emulsion viscoelasticity not a
superposition anymore and, hence, the volumetric flow rates are not necessary linear
with the rotational speed.

In order to compute the residence time distribution function (RTD), the concept
of residence time is introduced and the fluid particle path is evaluated. The residence
time of a fluid particle in the conveying zone is:

t(χ) =
L

v̄L(χ)
, (3.17)

where χ denotes the position of a particle at χ = x2. L is the length of the conveying
zone, and v̄L is the average velocity of the particle in the direction of the screw axis.
To evaluate eq. 3.17, the average velocity v̄L(χ) is calculated. Therefore, the motion
of the particle χ in the channel is first discussed.

The channel is divided into an upper and lower part in the entry plane, i.e. in the
x2−x3−plane. The two parts are divided at the position x2 = χ∗, where v3(χ∗) = 0.
A graphical sketch of the particle path is shown in fig. 3.11. A particle moves at
the position χ in the upper part of the channel. As soon as it hits the flight, it
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Figure 3.11: Path of a particle at position χ in the extruder channel.

continues to move on its complementary position χC in the negative direction in the
lower part of the channel. The two positions are related such that the volumetric flow
rate between the screw and χC is the negative of the volumetric flow rate between χ
and the barrel: ∫ χC

0
v3(x2)dx2 +

∫ 1

χ
v3(x2)dx2 = 0. (3.18)

The effects of the flights on the flow field of a Newtonian fluid were investigated by
Eccer and Valentinotti (1958). The velocity flow fields experience only an influence
close to the flights. Therefore this effect is neglected for a shallow channel.

The particle spends a fraction of time Tf in the upper part, with

Tf =
1

1 + |(v3(χ))/v3(χC))|
, (3.19)

and a fraction of time (1− Tf ) in the lower part at its complementary position. The
average particle velocity in direction of the screw axis is then

v̄L(χ) = vL(χ)Tf + vL(χC)(1− Tf ), (3.20)

with the vL being the velocity in direction of the screw axis:

vL(χ) = v1(χ) sin θ + v3(χ) cos θ. (3.21)

The residence time of a particle at a certain position χ can be calculated by de-
termining the complementary position χC using eq. 3.18, then solving eq. 3.19 to
obtain the fraction of time Tf in order to calculate the average velocity using eqs.
3.21 and 3.20, and last but not least using eq. 3.17. The RTD function is given in
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3.3 Extrusion flow

terms of the fractional flow rates in the neighborhood of χ and χC . These flow rates
are dQ = v1Wdχ and dQC = v1W |dχC |, respectively. The absolute value sign in
dQC is introduced to account for the different direction of dχC with respect to dχ.
The RTD function is defined as the sum of flow rates dQ and dQC divided by the
total flow rate:

fRTD(t)dt ≡ fRTD(χ)dχ =
V

Q

(
v1(χ)dχ + v1(χC)|dχC |

)
, (3.22)

or
FRTD(t) ≡ FRTD(χ) =

V

Q

[ ∫ χ

χ∗
(v1(x2)dx2 +

∫ χ∗

χC

v1(x2)dx2

]
, (3.23)

where V is the total volume of the channel. Both definitions are referred to as RTD
functions. The FRTD function of eq. 3.23 is also referred to as the F-curve and is the
cumulative RTD. The particles between χC and χ have a residence smaller than t.
This implies that F (χ∗) = 0.

The RTD function is derived numerically. The corresponding position χC is ob-
tained by solving eq. 3.18 using a 10 point Gauss-Legendre integration and a brack-
eting algorithm. The shooting algorithm is then used to calculate the corresponding
velocities v3(χ) and v3(χC). For a Newtonian fluid, this previous step would vanish,
since the velocities are obtained analytically. A 10 point Gauss-Legendre is again
adopted to evaluate the integral 3.23.

Fig. 3.12 displays the RTD function for a p∗ = −0.25 emulsion with varying helix
angles and rotational speed of the barrel. The remaining emulsion model, geometry,
and process parameters are same as in fig. 3.5. The RTD function is qualitatively in
agreement with the Newtonian fluid (Pinto and Tadmor, 1970) and power law fluid
for small pressure gradients (Bigg, 1973).

In this section, it was shown, that the emulsion model can be solved for a complex
process flow, as encountered in the conveying zone of a single screw extruder. Solving
the set of equations for steady, laminar and incompressible flow does not take the
transient development of the processed material into account. The stress evolution
of the emulsion within the extruder channel can still be considered as follows. The
model parameters of the material at the entrance of the conveying zone are determined
and the flow equations are solved for this set of parameter. The solutions allow to
estimate the change of the material parameters: The droplet size may change due to
break-up. The set of material parameters are now modified and the flow equations
are solved again. This modification step is related to a certain distance within the
extruder channel. Hence, solving the flow equations for the appropriate and modified
material parameters is repeated until the die is reached.

The set of flow equations were solved for a simplified extruder geometry in order
to keep the numerics as simple as possible. Nevertheless, the model predictions can
be compared with experimental data obtained in real extruder geometries (e.g. data
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Figure 3.12: Residence time distribution function FRTD of a p∗ = −0.25 emulsion
with varying helix angle and rotational speed of barrel. The remaining
parameters are same as for the emulsion in fig. 3.5 and specified in the
text.

from Stranzinger, 1999). The difficulties of such real process geometries, is that the
complex flow fields are often not known. Therefore, the concept of equivalent critical
stresses (Breitschuh, 1998) can be applied: the shear stress at which droplets break is
determined for both geometries. Knowing those equivalent stresses allows to perform
the experiments or simulations in the defined flow fields. The gained insights are then
transfered to the complex processes.
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4 Experiments

Within this chapter, the materials, the measurement methods and procedures, and
the experimental results are presented. In the first section, the materials are de-
scribed. Those materials were selected according to the requirements defined by the
model (e.g. shear thinning matrix phase and distinctive elasticity). An emulsion
preparation method is adopted and modified to suit the specified requirements. The
next section describes the measurement methods and procedures. Standard measure-
ment techniques are applied and adjusted to the material system. The focus is on
the rheological and on the microstructure characterization. In the third section, the
experimental results of the single phases and the emulsions are presented. The aim
of these experiments is to understand the non-linear flow behavior of the emulsion,
to obtain data to compare with model predictions, and to determine all the model
input parameters experimentally.

4.1 Materials and emulsion preparation
Based on the material requirements, the food graded bio-polymer guar gum was
chosen as continuous phase due to its shear thinning behavior and its long polymer
chains, which suggest high elasticity. Silicon oil is used as disperse phase since it is
available in a huge range of viscosities in order to adjust the viscosity ratio and it is not
soluble in water. A surfactant was used to increase the stability of the emulsion. First,
the materials are described and then the emulsion preparation technique is presented.
The appropriate pretests leading to the preparation procedure are summarized in sec.
4.3.

4.1.1 Guar gum
Guar is a galactomannan polysaccharide extracted from the endosperm of guar seeds
(Rafique and Smith, 1950). Due to its ability to bind only water, it is often used as
thickener and stabilizer, such as for sauces or ice cream. In Europe, guar has the EU
food additive code E412.

The galactomannan consists of a mannose backbone with galactose side group
(see fig. 4.1): a linear chain of β-D-mannopyranosyl units is linked (1 → 4) with
single-membered α-D-galactopyranosyl units occurring as side branches. The α-D-
galactopyranosyl units are linked (1 → 6) with the main chain. Guar gum is a natural
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alternating copolymer (Davidson, 1980). The ratio between mannose and galactose is
1:55 (Wintjes et al., 2000). Derivatives of guar are usually formed by etherification.

Figure 4.1: Molecular structure of galactomannan.

The about 2 m high guar trees are grown in arid and semi arid regions such as in
India and Pakistan as well as in the USA, Australia, China, and Africa. The seeds
are contained in 2.5 and 5 cm long pods. The seeds itself range from 0.25 to 0.6 cm
in diameter and the endosperm (where the gum is located) is from 35 to 42 % of the
weight of a seed.

The difference in hardness of the various seed components is used to separate the
endosperm from the hull and embryo. Multistage grinding and sifting operations are
combined with other physical treatments to crack the seeds and to separate the parts.
The endosperm is then ground to powder and cleaned. Nevertheless, there is always
some amount of hulls and germs present (Davidson, 1980).

The rheology of guar gum has been investigated experimentally in various publica-
tions. Surprisingly, only a few publications have measured the non-linear rheological
properties of guar solutions. Interesting properties of concentrated guar solutions
are its high (zero) shear viscosity, its strong shear thinning behavior, and its high
elasticity. All these properties can be attributed to the long molecular chains, high
molecular weight of the polymers, and to the formed networks (the guar concentra-
tions used within this study are far above the critical concentration of polymer coil
overlap). Furthermore, the viscosity is depending on the temperature, whereas higher
temperature results in a decrease of viscosity. The pH of the solution is influencing
the rheology in such a way that a large increase in viscosity on neutralization from
alkaline solutions were observed (Goycooleas et al., 1995). Illustrations for the state-
ments above can be found in the sec. 4.3 or in the publications cited below. The
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studies below, describe linear as well as non-linear rheological measurements which
were compared with theoretical models in order to understand the origin of the rhe-
ological properties.

Kokini et al. (1984) compared different food bio-polymers (including guar) with
several constitutive models in order to evaluate the best model to predict the bio-
polymers rheological behavior. The viscosity data obtained in steady and oscillation
tests for a 1% guar solution were in good agreement with the Bird-Carreau model
using four empirical constants and the zero shear viscosity. The Bird-Carreau model
is based on the Carreau constitutive theory of molecular networks which is able to
explain viscoelastic behavior by assuming that deformation creates and destroys tem-
porary crosslinks.

Wintjes et al. (2000) have studied the linear viscoelastic behavior of guar gum
solutions. The goal of their study was to sort out the importance of different relaxation
mechanisms such as reptation and the break-up of physical bonds. Therefore, they
first performed rheological investigations in order to conclude that at high frequency
the guar gum solution shows a Rouse behavior (i.e. the linear viscoelastic behavior of
dilute solutions of coiling polymers, Rouse, 1953). At lower frequency, the gum shows
two storage modulus plateau zones and a very broad relaxation spectrum which is
caused by polydispersity. This behavior can not be explained with a "simple" reptation
model. Comparison with different microrheological models showed that two or more
relaxation mechanisms are needed to explain the complex behavior. In addition to the
reptation model, at least one type of physical bond is needed to obtain qualitatively
correct predictions. However, it was not possible to discriminate between the model
ideas of two types of associations and the starlike structures caused by strong physical
bonds.

In Dressler et al. (2003), linear and non-linear measurements for different guar
concentrations (between 0.5 and 2 w%) at different temperatures (5, 10, and 25◦C)
are described and a mastercurve was obtained by concentration and temperature
superposition. In this study, a two model Maxwell approach was adopted to describe
the linear viscoelastic behavior. The transient shear viscosity measurements show a
monotonic increase of the shear stress for low shear rates (γ̇ < 1 s−1) and an overshoot
for higher shear rates. The viscosity and shear stress flowcurves were then compared
with the PTT model and the agreement is good for small shear rates. In addition
to the viscosity, the first normal stress coefficient was measured for γ̇ = 7 s−1 and
γ̇ = 10 s−1, where the overshoots are followed by an undershoot.

Oblonsek et al. (2003) have studied concentrated guar gums (with different sub-
stitution level and from different producers) and the effects produced by addition of
nonionic surfactants under linear and non-linear shear conditions. They have fitted
the viscosity flowcurve with the Cross, Carreau, and Meter-Bird model as well as
the oscillatory measurements with the generalized Maxwell model using four modes
and the Friedrich-Braun model. In addition, the authors concluded that the pres-
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ence of impurities can significantly change the rheological behavior of polysaccharide
and polysaccharide-surfactant systems, because there is a strong interactions between
surfactants (non-ionic stearyl alcohol) and impurities (proteins).

These specific rheological properties of guar gums are used in a broad range of
applications (Davidson, 1980):

• thickener and stabilizer of food products by bonding and immobilizing large
amount of water, e.g. in ice cream, sauces, cheese, salad dressing etc,
• substitute of starch in low calorie food products,
• flocculant to produce a liquid-solid separation of mineral slurries in the mining
industry,
• thickener in the explosives industry in order to produce slurry explosives,
• carrier of sand or propping agent in the oil and gas industry to perform
hydraulic fracturing and to increase oil and gas productivity,
• binder for pills and tablets in the pharmaceutical industry.

There are several commercial guar gum products available with different properties
depending on the manufacturing and purifying method. Within this study, the guar
gum ECOPOL-1144 from Economy Polymers & Chemicals (Texas, USA) was used.
The guar gum has the form of a white powder. This guar was chosen due to its high
molecular weights resulting in high elasticity.

4.1.2 Silicon oil
AK100, AK500 and AK60000 silicon oils from Wacker-Chemie GmbH (De) were used.
The number of its classification indicates the kinematic viscosity at 25◦C in mm2/s
and, hence, the molecular weight. Other favored viscosities can be achieved by mixing.
Silicon oil is a linear, non-reactive polydimethylsiloxane and it is a clear, odorless, and
colorless liquid. It is chemically highly unreactive with a low surface tension and thus
with high surface activity. Very important for choosing silicon oil is its immiscibility
with water since it is attributed to non-polar fluids. Silicon oils up to AK1000 are
purely Newtonian fluids. Oils with higher viscosity show a shear thinning behavior
at high shear rates (i.e. γ̇ ≥ 100 s−1; from the manufacturer’s brochure).

The optical contrast between silicon oil and the guar solution may be too low
for certain rheo-optical experiments. In this case, the silicon oil is colored with an
additive such as Fatty BlueB (Hoechst, De). Of course, adding a dye may change
the interfacial tension. The influence of the dye on the interfacial tension was also
studied and is described later.

Silicon oil is used in a broad range of applications:

• antifoam agent in jams and sweets (E900),
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• water-repellent agent in creams and lotions,
• cooling agent in astronautics,
• damping medium.

4.1.3 Polyoxyethylene (20) sorbitan monolaurate (Tween 20)

A polyoxyethylene (20) sorbitan monolaurate (Tween20, Fluka, CH) was used as
surfactant. Surfactants consist of a hydrophilic and lipophilic part and, therefore, they
can stabilize emulsions. This behavior is represented by the hydrophilic-lipophilic
balance (HLB) which is a measure of the degree to which a surfactant is hydrophilic
or lipophilic. Hence, the HLB value defines the curvature of the emulsion droplets.
Tween 20 has a high HLB value (HLB=16.7, Prak and Pritchard, 2006) and favors
oil in water emulsions. The molecular weight of the nonionic surfactant is 1228 g/M ,
the density 1.095 g/mL at 25◦ (from the manufacturer’s data sheet), and the critical
micellar concentration, cmc, is 74 mg/L (Ayoub et al., 2008). The empiric formula is
C58H114O26. Other Tween surfactants differ in length of the polyoxyethylene chain
(Eisner, 2007).

Tween 20 is used in following applications:

• wetting agent in flavored drops,
• emulsifier e.g. in ice cream to improve the smooth texture (E432-436),
• stabilizer of pharmaceutical emulsions and suspensions.

4.1.4 Emulsion Preparation

The guar solution preparation was adopted from Dressler et al. (2003) and pretests
were performed to optimize the preparation procedure. Within this chapter, only the
resulting preparation procedure is explained, whereas the pretests are presented in
the results section.

1.25 w% of the guar powder was mixed into demineralized water using a magnetic
stirrer at 70◦C for one hour. If another weight fraction of guar powder was used, it will
be mentioned in the text. Most impurities and small undissolved guar clumps were
removed using a centrifuge (3K30H from Sigma, De) with 40000 rcf for another hour at
50◦C. The impurities are discharged and the clearer, but still turbid solution (which
implies that some impurities could not be removed) is further used. It is clear that
the centrifugal process step reduces the actual guar gum fraction. The guar fraction
of different batches will be slightly different and this will have an influence on the
rheological results. Of course, this problem will be taken into account when analyzing
the experimental results. The actual guar fraction of one batch was determined by
weighing the solution, drying it overnight in a vacuum oven, and then weighing the
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Figure 4.2: Appearance of the cleaned but still turbid guar gum solution (right) and
the emulsion (left).

left over powder. The remaining weight fraction of the guar powder from this batch
was 1.2 w% of the initial solution.

The appearance of the solution was turbid (see fig. 4.2) and slightly creamy. To
prevent bacteria from growing, 0.1w% of Sodium Azide was added. Bacteria in the
solution accelerate the degradation of the backbone of the polymers which results in a
decrease of viscosity. This step is very important for the stability of the guar solution.
However, the viscosity of the solution was still decreasing with increasing time.

As surfactant, 2w% of Tween 20 was added. The weight fraction is higher than
the critical micellar concentration. This amount of surfactants was chosen in order
to have enough surfactant polymers available to cover the droplet surface while the
surface increases due to break-up and deformation during shear flow. Rheological
control measurements have been performed using 1w% of Tween 20, but no difference
of the results could be observed.

To disperse the surfactant and the anti bacterial into the guar solution, the dis-
persing device Polytron DT6000 (Kinematika, CH) was used. This dispersing device
is of a rotor stator type. The fluids were dispersed at a rotational speed of 5000 rpm
for 180 s.

The fraction of the disperse phase was varied between 10 and 40w%. The actual
fraction will be denoted in the text. The desired quantity was dispersed into the
continuous phase using the Polytron. To remove all air bubbles, the emulsion was
stored for at least 30 hours in the fridge. The emulsion as well as the guar solution
were stored in a fridge while not used in order to increase storage time.

Dispersing the silicon oil into the continuous phase determines the droplet size and
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its distribution and is, therefore, very essential. The Polytron device was chosen
because small batches (of less then 0.5 liter) could be produced and the droplet had
the required sizes. The droplet size distribution was narrowed by increasing the energy
input. The upper limit of the energy input was given by the heating of the fluids due
to dissipation heat. The optimal mixing time was found to be 3 min.
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4.2 Methods
In this section, the experimental set-ups and procedures are described. The experi-
ments were carried out to characterize the emulsions rheologically, to investigate its
microstructure, and to determine all the model input parameters experimentally.

4.2.1 Rheometry

The ARES rheometer (Advanced Rheometric Expansion System) from Rheometrics
Scientific Inc. (USA) was used to perform the rheological measurements. The set-up
consists of the ARES test station, a host computer, a fluid bath, and an air dryer.
The air dryer is used to filter and dry the air needed for the motor air bearing. The
host computer allows the user to operate and control the test station as well as to
display and analyze the data during tests (using the software Orchestrator). The
test station houses the motor, transducer, fluid bath, and other electronic subsystems
used in powering and controlling the test station. The motor is strain controlled. The
possible operation modes are dynamic (i.e. sinusoidal displacements) and steady (i.e.
constant angular velocity). The motor is driving the lower tool which can be heated
or cooled by the fluid bath. The upper tool is fixed to the transducer (200 FRTN1
from Rheometrics, USA) which is measuring the force generated by the sample during
deformation. It measures both the torque and the normal force. The 200g normal
force transducer’s specifications define the possible measuring range. The user can
switch between two transducer modes, which specifications are shown in table 4.1 1.

Table 4.1: Transducer specifications

max. torque /
gcm

min. torque /
gcm

max. normal
force / g

min. normal
force / g

Transducer 1 20 0.008 100 0.1
Transducer 2 200 0.08 100 0.1

The software Orchestrator allows to work either with SI units or with specific
rheometrics units (i.e. the unit of force is g and of the torque is g cm). The manual is
using the rheometrics units. They can be converted into SI units using specific form
factors of the used geometries. If the measured signals are further used to derive flow
characteristics manually, it is more convenient to use the SI units.

The experiments were carried out using the cone/plate geometry which allows to
measure viscosity and elasticity and is favorable for viscous fluids. The plate/plate
geometry was additionally used when further informations were required (e.g. for
N2). The tools have a diameter of 40 mm and the cone has an angle of 0.04 rad.

1Specifications from the manufacturer’s Instrument Manual
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Figure 4.3: Cone/plate geometry with a guard ring around.

All the measurements were performed at 24◦C. The rheometer was calibrated before
performing the first experiment according to the manufacturer recommendation.

A guard ring was put around the rheometer tools in order to avoid instabilities and
to extend the measuring range (Mall-Gleissle et al., 2002). The ring was put around
the lower plate and 7.5 ml fluid was filled into the ring before the cone (or the plate)
was lowered. The amount of fluid was adjusted to the gap height in such as way,
that the upper tool is just plunged into the liquid (see fig 4.3 ). Filling the ring with
the sample had to be performed with care in order not to include air bubbles in the
fluid. Included air bubbles were removed using a syringe. The measurements were
only started, when the fluid surface was even distributed over the gap. In addition,
mineral oil was used to cover the sample’s surface with a small film in order to avoid
evaporation of the sample.

Using a ring shifts the meniscus from between the measuring tools to the height
of the upper tool. This reduces the influence of irregularities at the edge on the
flow. In the absence of the ring and at high shear rates, irregularities at the edge are
intensified. At γ̇ = 100 s−1, the irregularities of the material at the edge could even
be observed forming droplets. Such a behavior can result in edge fracture or shear
bands and should be avoided.

As discussed above and in literature (Mall-Gleissle et al., 2002), using a guard
ring allows to extend the measuring window, i.e. to measure the first normal stress
difference at higher shear rates. However, the additional fluid between the shear gap
and the guard ring increases the torque resistance. A correction procedure can be
applied to correct the influence of the ring. The shear stresses measured using a ring
are then shifted horizontally to the shear stress measured without using a ring. The
appropriate correction value can be obtained in the overlapping region. Since all the
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rheometer measurements within this study could be performed only with a guard
ring, no corrections are performed. The normal force measurement should not be
influenced by the guard ring.

The fluid was presheared in order to establish the same initial conditions of the
fluids. The preshearing lasted for 3 min and was performed at γ̇ = 5 s−1.

Loss and storage modulus

Oscillatory measurements were carried out to obtain information about the linear
storage and loss modulus. Before the actual measurements, a linearity check (i.e.
checking the parallelism of G′ and G′′ vs. strain at a constant frequency) was carried
out to determine the possible strain range.

The measurements were carried out for 5 measuring points per decade. The fre-
quency measuring range was between ω = 0.1 rad s−1 and ω = 100 rad s−1. Mea-
surements below ω = 0.1 rad s−1 were very time consuming and only performed if
necessary. All the measurements were repeated in order to check the reproducibility.
Since for most materials the measurements were repeated only once, no measuring
errors in form of standard deviations are noted.

Viscosity and first normal stress difference

The procedure to derive the viscosity and first normal stress difference flowcurves of
the guar solution and the emulsions have been extensively investigated in pretests.
Within this section, only the optimized procedure is presented, whereas the most
important pretest results are shown in sec 4.3.

The viscosity and first normal stress difference flow curves were determined by
performing transient measurements using the cone/plate geometry. The measurement
for each shear rate is divided into 3 parts (see fig. 4.4: exemplarily, the transient
torque signal is presented and discussed; the normal force signal behaves qualitatively
the same):

(1) The torque is detected at a shear rate of γ̇ = 0 s−1 in order to observe a
small deviation from the zero torque (see a in fig. 4.4). The measurements were
carried out until steady state was reached. The resulting measuring time was
usually 60 s.

(2) The torque signal was detected at a shear rate of γ̇ 6= 0 s−1 until steady
state was reached. The measuring time was usually 180 s. The difference of
the steady state plateaus of part 1 and 2 (instead of the absolute value in part
2) of both, the torque and normal force signal, was then used to calculate the
viscosity and first normal stress difference. Therewith, the errors at small shear
rates were reduced significantly.
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Figure 4.4: Example of viscosity and N1 measurement procedure.

(3) The relaxation behavior was measured, i.e. the torque and normal force
signals were detected at γ̇ = 0 s−1. The measuring time was 60 s.

In each part, 150 points were measured to obtain the transient curves. The torque
and normal force values, which are used to derive the shear stress or first normal stress
difference, are determined by averaging all the points which are in the steady state
region (e.g. averaging the last 20 points, see b in fig. 4.4). The measurements for
each shear rate were repeated at least 4 times and performed from small to large shear
rates. This measurement procedure is very time consuming. Therefore, the applied
shear rate ramps were reduced. The measurements were performed at γ̇ = 0.01, 0.1,
1, 10, and 100 s−1. The results of the 4 measurements were averaged in order to
derive the flowcurve, whereas the errors were determined by calculating the standard
deviation.

4.2.2 Second normal stress difference

The second normal stress difference was obtained by combining cone/plate and plate/
plate measurements. The torque measurements were used to test the agreement be-
tween the shear stresses of the two rheometer geometries. The normal force measure-
ments were used to obtain the first normal stress difference (using cone/plate geom-
etry) and the difference between the two normal stress differences (using plate/plate
geometry). The subtraction of the two values leads to the second normal stress
difference. The measuring procedure is described in detail in the following and is
schematically shown in fig. 4.5.
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Figure 4.5: Procedure to measure the second normal stress difference N2.

• Cone/plate geometry was used to measure the transient torque and normal
force (using the 3 step procedure as described before) at the shear rates γ̇ = 1,
1.58, 2.5, 4, 5, 6.3, and 10 s−1 in order to calculate the viscosity and N1, re-
spectively (using eqs. 2.39 and 2.40, respectively). The transient measurement
procedures were repeated for each shear rate 4 times. The errors are the stan-
dard deviations of these measurements.

• Plate/plate geometry with a gap of 1 mm was used to measure the transient
torque and normal force at the shear rates γ̇ = 0.63, 1, 1.58, 2.5, 4, 5, 6.3, 8, 10,
and 15 s−1 in order to calculate the viscosity and N1 −N2, respectively (using
eqs. 2.43 and 2.45, respectively). The transient measurements were repeated
for each shear rate 4 times and then averaged. The errors were determined by
calculating the standard deviations of these measurements. The derivations of
the torque and normal force with respect to the shear rate in eqs. 2.43 and 2.45
were approximated using the finite central difference method.

• The viscosity data were used to test the agreements of the shear stresses of
the two geometries.

• N2 was then calculated by subtracting eq. 2.45 from eq. 2.40. The error of
N2 was calculated by propagating the error of the measured quantities using
differential calculus.
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4.2.3 Droplet size distribution

A convenient method to analyze the size of small objects is light scattering. The
scattering method is based on directing a light beam into the sample and the intensity
of the scattered light is recorded as a function of the angle with the the incident
light beam. The scattering phenomena is usually described in terms of diffraction,
reflection, refraction, and absorption. The analysis of the scattered pattern yields
the structural information (such as droplet sizes). Note, that scattering methods are
indirect measure methods, i.e. the interpretation of the scattered patterns always
depend on the scattering theory which is consulted to analyze the patterns.

In this study, the Laser Diffraction Particle Analyzer LS 12320 from Beckman
Coulter (USA) was used to measure the droplet size distribution. The principle of
this apparatus is based on diffraction (forward scattering). A 5 mW laser diode with
a wavelength of 150 nm is used as main illumination source and a secondary tungsten-
halogen light source is used for the PIDS system.

In order to measure droplet sizes (here: diameters) of 1− 200 µm, the Fraunhofer
theory is used to analyze the pattern. The Fraunhofer theory is only applicable to
spherical particles much larger than the wavelength of the laser light. For spherical
particles in the range of 40− 400 nm, the Polarization Intensity Differential Scatter-
ing (PIDS) system is added. This system is containing vertically and horizontally
polarized filters to provide monochromatic light at 3 additional wavelengths: 450 nm
(blue), 600 nm (orange), and 900 nm (near-infrared, invisible). Unlike for the Fraun-
hofer theory, the refractive index is also needed to analyze the scattering pattern.

The fluid sample is diluted in order to measure only single scattering events. A
Fourier lens is located between the sample and the scattering pattern detector. The
lens focuses the incident light beam in order not to interfere with the scattered light
and it projects the scattered light on a position on the detector dependant on the size
of the scattering object. In order to check the reproducibility, the experiments were
repeated 3 times.

4.2.4 Deformation of a single droplet

The deformation of a single droplet was studied in an experimental set-up consist-
ing of a parallel band apparatus (see fig. 4.6 and a detailed description is given in
Birkhofer et al., 2005). Two bands (B) are moving in opposite direction creating a
simple shear field. A spring (S)-loaded system of pulleys and deflection rolls (P) is
included to avoid bending effects of the metal bands during movements. The shear
gap is adjustable and ranging from 2 mm up to 4 cm. Two individual motors (M)
are attached to drive the pulleys. A custom-built controller provides the power for
the motors. The motors contain an integrated tachometer connected to this control
device, guaranteeing linearity between the output voltage of the digital-analog con-
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Figure 4.6: Scheme of the two parallel band apparatus. Abbreviations: (M): Motors,
(P): deflection pulley, (S): spring, (B): band, (D): droplet.

version (DAC) and the actual motor speed. The DAC is connected between the PC
and the motor controller and converts the digital signal coming from the PC into an
analog signal.

The motion of the droplet (D) is recorded with a CCD camera (DFW-V500; Sony
Electronics, Jp) which is mounted perpendicular to the shear cell to record the hori-
zontal view. The image of the camera is used by the control software and to record
the droplet dynamics. Hereby, the major axis and the minor axis of the droplets are
measured.

The DAC and the camera are connected to a Power Mac. The video input is handled
by the QuickTime system application programming interface. The image analysis
itself consists of the calculation of the center of mass (CoM) of an imaged particle.
Therefore, the user selects a certain region of interest (RoI), in order to restrict the
area used for the calculation of the CoM. The proportional-integral-derivative (PID)
controls the speed of the two motors in such a way, that the shear rate is kept constant
and that the CoM is in the middle of the RoI.

The shear rate between the bands is derived as follows: the shear rate is equal to
the speed difference of the two bands divided by the gap size. The speed difference
is in a linear relation with the output voltage. This relationship is listed in Birkhofer
(2002) which enables to determine the shear rate.

The graphical user interface is consisting of two windows: the video monitor window
to start and stop the shear flow and the recording as well as the control window to
define parameters for the image analysis and PID control.

The videos are saved as QuickTime movie files and the input parameters in a text
file. The software ImageJ allows to split the movies in its single pictures in order
to measure the deformation evolution of the droplets during shear. Measuring the
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droplet axes and its orientation angle can be done manually (i.e. drawing an ellipse
around the droplet using the ellipse tool and reading the ellipse axes in the appropriate
pop up window) or automatically using the "analyze particles" tool.

The actual experiment is carried out as follows: the user adjusts the gap size
before one liter of the continuous phase is filled in. The droplets are injected into the
continuous fluid between the parallel bands. The droplet should be covered with the
continuous phase and must not float on the surface. Then, the RoI and the output
voltage, corresponding to a shear rate at a certain gap, are defined. The movement
and deformation of the droplet are recorded by the DDC camera, whereas the speed
of the two parallel bands is controlled by the PID and corrected if necessary. The
film of the droplet deformation is analyzed with ImageJ as described above.

4.2.5 Deformation of droplets in multi-droplet system

In this section, a rheo-optical set-up to investigate the droplet deformations in tur-
bid and concentrated multi-droplet systems developed by Baravian et al. (2007b) is
presented. First, the set-up is described, before the the analysis of the backscattered
image is summarized.

Fig. 4.7 displays the scheme of the set-up as described in Baravian et al. (2007b);
Dillet et al. (2006). The light source is a 1 mW laser diode with 635 nm and is circular
polarized. The beam passes integrated optics, such as a vertical linear polarizing filter
(Melles Griot, USA), two electrically controlled liquid crystal retarders (used to select
a specific polarization, Meadowlark Optics, USA), and mirrors. The laser is focused
to the smallest possible spot (50 µm) on the sample surface. The backscattering light
is reflected by one of the semi permeable mirrors on the detector and an image of a
size of 1 cm × 1 cm is recorded by a CCD-camera (Imasys: Adimec MX12P digital
camera, Nl). The image represents the backscattered incoherent light transport far
from the impact of the laser. A computer program, written in Delphi, controls the
liquid crystal retarder as well as the image acquisition.

The shear flow is controlled by a rheometer (MCR 300, Physical, Anton Paar, De)
in a special designed glass plate geometry (5 cm diameter). A guard ring was put
around the glass plate. The experiments are performed in an air-conditioned room
at 20◦C.

The backscattered image is then mathematically treated using the Muller calculus
theory. A detailed description of the method can be found in Moumini and Baravian
(2009). Polarized as well as unpolarized light (i.e. electro magnetic waves) is described
by the Stokes vector: s = (s1, s2, s3, s4)T . The first coefficient of this vector accounts
for the energy (i.e. intensity) and the other three coefficient for the polarization.
The stokes vector coming out of a medium is then: so = Musi, where si is the
incoming, so is the outcoming Stokes vector and Mu the 4×4 Muller matrix (Baravian
et al., 2007a). Hence, the Muller matrix describes the change of polarization of a
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Figure 4.7: Rheo-optical set-up to measure droplet deformation of multi-droplet sys-
tems during shearing.

photon. The determination of the Muller matrix for an optical element requires
15 measurements with each using different polarization combinations. The Muller
matrices are obtained for each pixel of the backscattered image (Dillet et al., 2006).

In a next step, a model calculating the Muller matrices of multi scattered light is
needed to analyze the experimental data (i.e. the measured Muller matrices). Only
such a model enables the analysis of the experimental data and therefore it is very
important to derive the right model. But deriving such models is difficult and that
is the reason why many methods are useful only for diluted systems. Those models
take only single scattering events into account and these events are mathematically
easier to describe.

An incoherent photon packet is entering a medium with microscopic objects (such
as emulsion droplets) and experiences an interaction with one of these objects. The
photon packet’s energy is then dispersed in space and may also be partially absorbed.
Such an interaction is called scattering event and can be described by the scattering
probability function which depends on the polar angle, the azimuthal angle, and on
the droplet form. This probability function can be interpreted as a weighting factor
for a scattering event that takes place in a certain direction of the outcoming photon.
The interaction between an electromagnetic wave and a non-spherical object (with a
prolate form) is calculated using the T-matrix code.

The interaction between the photon and a collection of those particles is leading
to the radiative transfer equation in steady state which models the incoherent light
transport. For unpolarized light, the radiative transfer equation has accurate diffusion
approximations to solve the equation. The solution is compared with the radial
intensity of the first Muller matrix element M11, which corresponds to the scalar
transport of energy and accounts for unpolarized light. This method allows to derive
the characteristic droplet size depending on the refractive index ratio and independent
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of the volume fraction of disperse phase.
For polarized light, the radiative transfer equation has no analytical solution and

a Monte Carlo simulation is used to solve the equation numerically. The simulation
is depending on the parameters: droplet size, refracting index ratio, and droplet
deformation. For various set of parameters, a database of solutions was developed.
The Muller matrix was obtained by superposition of 108 photons, whereas the photons
are described by its position in space and its Stokes vector.

4.2.6 Interfacial tension

The interfacial tension was measured with different set-ups: droplet deformation were
measured in the two rheo-optical set-ups described above and droplets were pressed
out of a capillary to analyze the droplet form. In the following, the concepts to analyze
the deformation behavior as well as the set-up and the analysis of the pendant drop
method are summarized.

An important relationship between droplet deformation and capillary number was
derived by Taylor (1934) (see eq. 2.50). The interfacial tension is then derived
from the capillary number. However, this famous equation is valid only for small
deformations.

A second method to measure the interfacial tension is based on Rallison (1984).
When the shear is removed, the deformed ellipsoidal droplet retracts towards its
initial state (i.e. spherical droplet). The retraction of the deformation is described by
eq. 2.52 with the characteristic relaxation time as described in eq. 2.53. Rallison’s
theory is only valid for small deformation of the initial droplet. If this assumption is
not fulfilled, eq. 2.52 can be applied starting from the point where the deformation
becomes low enough to fall within the limits of the theory (Luciani, 2002). Therefore,
only data with Def < 0.3 were analyzed using the curve fitting toolbox of matlab.

The pendant drop method is excellently described in Gunde et al. (1992, 2001).
The disperse phase is pressed through a capillary and a resulting droplet is building
up at the end of the capillary, which is located in a bath containing the continuous
phase. The form of the droplet is depending on the density difference of the two fluids,
the gravitation, its volume, as well as the interfacial tension and is described by the
Laplace equation. A camera is taking pictures of the droplet and a software is com-
paring the measured droplet form with the calculated droplet form. The interfacial
tension is the fitting parameter and can be herewith determined.

In order to evaluate the influence of the color agent in the silicon oil, the pendant
drop experiments were carried out with pure and colored silicon oil. For this experi-
ments, AK100 was used as disperse phase, since its viscosity is lower than the silicon
oils used in this study. Therefore, pumping the oil through the capillary is much
easier and far less time consuming than using a more viscous oil. The difference of
the interfacial tension between the AK100 and the silicon oils used in this study is
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assumed to be very small (estimated by comparing the surface tension listed in the
manufacturer brochure about the silicon oils AK).

4.2.7 Density

The density of the fluids was measured with the DMA 38 (Anton Paar, De) device.
The measuring technique is based on the oscillating U-tube principle: the sample fluid
is filled into a hollow, U-shaped glass tube. The volume involved in the oscillation
is limited by the bearing points, which are stationary oscillation knots. The tube is
then excited to oscillate. The eigenfrequency is depending on the mass and, hence,
on the fluids density. The density is dependent on the squared oscillation period and
of two constants. Those constants are determined using two calibration samples.

The manufacturer allows an accuracy of ±1 kgm−3. The temperature is controlled
by a Peltier-element with an accuracy of ±0.3◦C.

4.2.8 Molecular mass

The molecular mass of guar was measured with a size exclusion chromatography.
This method separates polymers based on their size as follows. The liquid, containing
the polymers, is flowing through a column containing a porous medium. Traveling
through the column, the polymers enter and leave the small holes. Small polymers
have more opportunity to hide. Hence, it takes small polymers longer to pass the
whole column. By measuring the time of the polymers to travel through the column
and by knowing the travel time of the calibration fluids, it is possible to extract
the molecular size of the polymers. The molecular mass may be expressed as weight
average molecular weight Mw and number molecular weight Mn. The ratio Mw/Mn is
called the polydispersity index, i.e. a measure for the polydispersity of the molecular
masses and, hence, the polymer lengths. Unfortunately, the number molecular weight
Mn is obtained by fitting and, therefore, correlated with possible large errors.

Further determination of physical quantities contains the intrinsic viscosity, [η],
which is inverse proportional to the polymer density: [η] = 2.5/ρ. It is assumed that
the polymer coil in the solution is a hard sphere. From the intrinsic viscosity, the
hydrodynamic diameter, d, of the coil can be calculated:

d =
(

6Mw[η]
2.5πNA

)1/3

, (4.1)

where NA is the Avogadro number. Note, this coil size is not equal to the radius
of gyration. The critical concentration of polymer overlap, c∗[η] = 2.5

[η] (Kulicke and
Clasen, 2004), is a further physical quantity derived from the intrinsic viscosity.
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The principle of size exclusion chromatography is described in more detail in e.g.
Mourey (2004). The instrument (Viscotek, USA) used in this study is described in
detail in Pollard et al. (2008).

4.2.9 Refractive index
The refractive index of the sample fluids was measured with the RFM 81 (Belling-
ham+Stanley LTD., USA). This refractometer is based on the critical angle effect.
The critical angle defines the point of balance (i.e. the shadow point or borderline)
between the refraction and total internal reflection of light at a prism/sample inter-
face. The refractometer uses a light sensitive integrated circuit (self-scanned array)
to detect the exact position of the borderline.
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4.3 Results
In this section, the experimental results are presented. In the first part, the silicon oils
are characterized. In the second part, guar gum is characterized, the most important
rheological pretests are presented (to emphasize the the experimental procedure), and
the rheological results are described. In the third part, the emulsions are rheologically
characterized. In the last part, the droplet deformations are investigated.

The experiments were carried out at 24◦C whenever possible (i.e. when the fluid
could be heated and cooled). Otherwise, they were carried out at room temperature
which was usually around 24◦C anyway.

4.3.1 Silicon oils
In this study, AK100, AK500 and AK60000 silicon oils were used. All oils are within
the measured shear rate range Newtonian fluids. If not explicitly mentioned, the
measurement methods described above were used to obtain the presented character-
istics. The characteristics of the AK100 and AK500 oils are quite similar. The main
difference is that the viscosity of AK500 is 5 times higher than for AK100. Therefore,
the characterization is restricted to the AK500 oil.

AK 500

AK500 has a refractive index of 1.4040. The density is 0.969 g/cm3 and the surface
tension is 21.1 mN/m both at 25◦C (both values from the manufacturer’s brochure).
The viscosity is 0.56 ± 0.01 Pas. The oscillatory measurements are displayed in fig.
4.8. The slope of the loss modulus (dashed line) is 1 in the double logarithmic plot.
The storage modulus data are fluttering at low frequencies and the standard devia-
tion of repeated measurements are very high. Therefore, this curve is not trustable.
This is due to the low elasticity of the silicon oil originating from the small polymer
sizes. Measurements performed by the manufacturer (private correspondence) using
AK100000 determined a slope of around 1.5. Therefore, the storage modulus was
extrapolated with the slope of 1.5 (dash-dotted line). Within the measured frequency
range, the two moduli do not cross. Hence, the Maxwell relaxation time must be
much smaller than 0.01 s.

AK 60000

AK60000 has a refractive index of 1.4042. The density is 0.97 g/cm3 and the surface
tension is 21.5 mN/m both at 25◦C (both values from the manufacturer brochure).
The viscosity is 64.42± 0.33 Pas. The oscillatory measurements are displayed in fig.
4.9. The slope of the loss modulus (dashed line) is 1 in the double logarithmic plot.
As for AK500, the measured storage modulus (solid line) is neither trustable at low
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Figure 4.8: Storage (solid line), loss (dashed line), and the extrapolated storage mod-
ulus (dash-dotted line) of AK500 silicon oil.

frequencies. The curve was extrapolated by keeping a slope of 1.5 (dash-dotted line).
The two curves do not cross neither which implies a Maxwell relaxation time smaller
than 0.01 s, but larger than for the AK500 oil.

10−2 100 10210−4

100

104

frequency / rads−1

st
or

ag
e 

an
d 

lo
ss

 m
od

ul
us

 / 
Pa

 

 

storage modulus
loss modulus
storage modulus extrapolated

Figure 4.9: Storage (solid line), loss (dashed line), and the extrapolated storage mod-
ulus (dash-dotted line) of AK60000 silicon oil.

4.3.2 Guar solution
As discussed in the emulsion preparation section, each batch of the 1.25 w% guar
solution has a slight different guar polymer concentration due to the centrifuge pro-
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Figure 4.10: (a) Large deviation of viscosity flowcurves at small shear rates when
using standard steady state measurement technique. (b) Reason for large
deviation: transducer is drifting though no shear rate is applied during
the first 60 seconds.

cess in order to remove impurities. This has consequences for the measurements:
the rheological measurements can only be compared quantitatively when the guar
solution originates from the same batch. Otherwise, the results are discussed only
qualitatively.

First, the most important results of the pretests are presented in order to emphasize
the measurement procedure presented in sec. 4.2.1. Measuring the viscosity flowcurve
using the steady state mode was resulting in huge deviations at small shear rates (see
fig. 4.10 (a)). Flowcurves 1 and 3 were measured from small to large shear rates and
flowcurve 2 the opposite. The time before measurement was set to t = 30 s and the
time during measurement to t = 60 s. The behavior of the viscosity at small shear
rates was arbitrary and the values were sometimes even negative or much larger than
the ones shown in this figure. Transient measurements of the torque signal of the
form as shown in fig. 4.10 (b) showed following behavior: during the first 60 s (part
1 as introduced in sec. 4.2.1), no shear rate was applied, but a non zero torque signal
was detected. Such a signal was not detected using Newtonian fluids, such as silicon
oils. The displacement of the transducer must be correlated with the movements of
the guar solution. Reasons for such a behavior could be relaxation processes of the
polymer chains. After the shearing is stopped (after 180 s, part 3), the signal was
relaxing to the same steady state value as in part 1.

Surprisingly, the differences of the steady state values in part 1 and 2 were for each
measurement the same, independent of the magnitude of the displacement in part 1.
In fig. 4.10 (a), the dotted curve was obtained by using that difference instead of the
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Figure 4.11: (a) Viscosity and (b) N1 flowcurves for a 1.4 w%, 1.25 w%, and 1 w%
guar solution.
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Figure 4.12: Relative errors of three different guar concentrations for (a) viscosity and
(b) N1.

absolute value of the torque to derive the viscosity (by using eq. 2.39). This viscosity
flow curve has now a pronounced zero shear viscosity plateau which is in agreement
with the complex viscosity obtained from oscillatory measurements.

As a consequence, the viscosity and N1 flowcurves are obtained from transient
measurements of the type as shown in fig. 4.10 (b). For reproducibility reasons, the
measurement at a certain shear rate was repeated several times. In order to balance
the longer measurement times, less shear rates were evaluated.

Another pretest is focusing on the guar concentration. The flowcurves of the vis-
cosity and N1 of a 1 w%, 1.25 w%, and 1.4 w% guar solution are displayed in fig.
4.11. The viscosity and N1 increase with increasing concentration. High elasticity is
desired in order to measure N1. However, the errors are also increasing with increas-
ing concentrations (see fig. 4.12). This figure legitimates the choice of the 1.25 w%
guar solution as a compromise between measurable elastic effects and small errors. In
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Figure 4.13: (a) Torque and (b) normal force signal measured without (solid line) and
with (dashed line) guard ring at γ̇ = 5 s−1 (60 s ≤ t ≤ 180 s).

addition, the high errors of N1 at small shear rates reflect the difficulties of measuring
N1 due to transducer capacity limitation. Therefore, N1 is only measured for shear
rates γ̇ ≥ 1 s−1.

In fig. 4.13, the influence of the guard ring is illustrated. Fig. (a) displays both
torque signals for a shear rate of γ̇ = 5 s−1. The torque signal is higher if a guard ring
system is used. Hence, the guard ring system is generating additional torque since
more fluid is sheared. The normal force signal is displayed in (b). In all 3 parts, the
steady state plateaus of the normal force measured without the guard ring system
show a discrepancy to the x-axis. It seems as the x-axis is rotated counterclockwise.
By using the guard ring system, the normal force signal reaches steady state in all 3
parts. Hence, the guard ring system is necessary to measure the normal force.

The influence of the centrifuge process to remove impurities of the guar solution is
displayed in fig. 4.14. The silicon oil droplets in the non centrifuged guar solution
are not spherical (see fig. 4.14 (a)), whereas the droplets in the cleaned solution are
spherical (see fig. 4.14 (b)). Both pictures were taken in the absence of any flow. The
non-spherical form might origin from a stress distribution within the fluid coming
from the impurities. Hence, the centrifuge process is absolutely necessary to clean
the guar solution and to achieve spherical droplets.

Furthermore, changes of the guar characteristics during storage were evaluated.
The reduction of viscosity and elasticity of the guar gum solution was identified to
be up to 15 % within 7 days, whereas 20 days later, the reduction was only 25 %.
Within one day, changes were less than the measurements errors. The reduction even
occurred by adding sodium azid, storing the solution in a fridge, and is attributed
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(a)

100 μm 

(a)

Figure 4.14: Form of emulsion droplets of (a) non centrifuged and (b) centrifuged guar
solutions.

to the natural degradation of the backbones. Hence, the measurements have to be
performed within a short period of time.

After presenting the pretests results and emphasizing the measurement procedure,
the 1.25 w% guar solution is characterized. The density is 1.001 g/cm3 and the re-
fractive index 1.3372. The molecular weight is Mw = 2.40 · 106 ± 0.03 · 106 g/M and
Mn = 1.96 · 106 ± 0.07 · 106 g/M . The weight distribution is Mw/Mn = 1.23 which
implies a rather small distribution. The intrinsic viscosity of [η] = 16.27 ± 0.15dl/g
leads to a coil diameter of d = 0.17µm and a critical concentration of polymer overlap
of c∗ = 0.15 w%. Hence, the concentration of our 1.25 w% solution is far above the
critical concentration and the polymers in the solution are highly entangled. The
recovery (measured with size exclusion chromatography), which is the volume frac-
tion of the polysaccharides to the total volume, is 75.5 ± 0.8% whereas the rest are
impurities which could not be removed by centrifugation.

In the following, the rheological findings are presented. The results of the linear
rheological experiments are displayed in fig. 4.15 which shows the storage and loss
modulus of a 1.25% guar solution obtained from oscillatory measurements. Based on
the linearity tests, the shear and loss modulus at frequencies ω = 0.01 − 15 rad s−1

were measured at a strain of 10 w% and the higher frequencies at a strain of 5%. The
two curves are crossing at a frequency of about 1rad s−1 which implies a Maxwell
relaxation time of 1s. The storage modulus is having at low frequencies a slope of 1.4
and the loss modulus 0.9.

Next, the transient measurements of the torque (see fig. 4.16 (a)) and the normal
force (see fig. 4.16 (b)) of the 1.25 w% guar solution are discussed. The non-zero
torque and normal force signals in part 1 (i.e. 0 ≤ t ≤ 60 s) can not be seen at the
length scale of the y-axis since this signal is small. The plateaus for both signals in part
two are increasing with increasing shear rates. The torque signal shows an overshoot
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Figure 4.15: Storage and loss modulus of a 1.25 w% guar solution.

for γ̇ ≥ 1 s−1 and the normal force for γ̇ ≥ 10 s−1. For both signals, the higher
the shear rate, the less accurate is the plateau pronounced (i.e. an increase of the
fluctuation of the signals). The overshoot of the normal force signal for γ̇ = 100 s−1 is
about 5 times higher than the actual plateau. The normal force signals for γ̇ < 1 s−1

are not shown, since this signals are lower than the minimal detectable normal force
signal specified by the manufacturer. Part 3 shows the relaxation of both signals,
whereas for the normal forces, an undershoot can be identified at γ̇ = 100 s−1.

The undershoots and overshoots are usually not observed for Newtonian fluids and
originate from the viscoelasticity of the guar solution. Wen et al. (2004) relate this
behavior to chain stretching effects of the polymer chains.

The results of the transient measurements are collected and gathered in form of
flowcurves. The results were already displayed in fig. 4.11, whereas the focus is now
only on the 1.25 w% guar solution. In fig. 4.11 (a), the viscosity at the lowest shear
rate (which corresponds to the zero shear viscosity η0) is 82 Pa s. The shear thinning
starts between 0.01 s−1 ≤ γ̇ ≤ 0.1 s−1. The slope of the shear thinning part is -0.79 in
the double logarithmic plot . The first normal stress difference in fig. 4.11 (b) increases
monotonic from N1(γ̇ = 1 s−1) = 22.7 Pa s to N1(γ̇ = 100 s−1) = 121.64 Pa s. The
slope of the curve decreases with increasing shear rates.

In sec. 2.1.5 two empirical rules to predict the non-linear flow behavior from linear
(oscillatory) measurements were introduced. Now, the validity of the Cox-merz and
Laun′s rule for the guar solution is investigated. Fig. 4.17 (a) displays the complex
and the steady state shear viscosity. At small shear rates, the accordance is good.
However, with increasing shear rates, the discrepancy is also increasing. In fig. 4.17
(b), N1 and the value obtained from Laun′s rule are in good agreement by using the
power law index a = 0. This power index implies, that only the storage modulus G′

is taken into account. If the G′′ is also taken into account (a 6= 0) the discrepancy
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Figure 4.16: Transient measurements of (a) torque and (b) normal force of a 1.25 w%
guar solution.

is increasing with increasing power law index. Hence, it seems that it not possible
to completely predict the non-linear flow behavior from linear (oscillatory) measure-
ments. Since the oscillatory measurements do not affect the morphology unlike steady
state measurements at high shear rates, it would be a surprise if such relationships
are valid at high shear rates and frequencies.
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Figure 4.17: Comparing (a) Cox-Merz and (b) Laun′s rule predictions with non-linear
measurements.
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4.3.3 Emulsions
Viscosity, first normal stress difference, and droplet size distribution

After having characterized the single phases, the results of the rheological experiments
of the emulsions are presented and compared to the pure continuous phase in order
to investigate the influence of the droplets. In addition, the droplet size distributions
are presented. As discussed before, due to slight different concentrations of the guar
solution between different batches and due to decrease of its viscosity over time, the
experimental findings are compared rather qualitatively than quantitatively. Only
samples made from the same batch and samples measured within a time frame of less
than two days are compared directly with each other.

The continuous phase is the 1.25 w% guar solution and the disperse phase was either
AK500 or AK60000. These different fluids lead to different zero shear viscosity ratios:
p∗ � 1 and p∗ ∼ 1, respectively. Besides the variable viscosity ratios, the volume
fraction of disperse phase was between 10 w% and 40 w%. First, the rheological
experiments for the AK500 emulsion are evaluated.
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Figure 4.18: (a) Storage and (b) loss modulus of pure guar, 10 w% and 40 w% AK500
silicon oil in guar emulsion.

The storage and loss modulus are shown in fig. 4.18 (a) and (b). Both moduli are
monotone increasing. The moduli of the 40 w% emulsion are significantly higher than
for the 10 w% emulsion and the pure guar solution. The storage modulus of the 10 w%
emulsion is slightly less at low frequencies and slightly more at high frequencies than
the moduli of the guar solution, whereas the loss modulus of the emulsion is slightly
higher than the guar solution over the whole range of frequencies. No extra relaxation
shoulders at low frequencies were detected, even not measuring at lower temperature
and using time-temperature superposition. The Maxwell relaxation time of the guar
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Figure 4.19: Transient torque and normal force measurements of (a,b) 10 w% and
(c,d) 40 w% AK500 silicon oil in guar emulsion.

solution is λ = 0.95 s, of the 10 w% emulsion λ = 0.76 s, and of the 40 w% emulsion
λ = 1.2 s.

As next, the non-linear rheological results are presented in form of the transient
torque and normal force measurements (see fig. 4.19). Those results are then used
to derive the viscosity and N1 flowcurves. As for the pure guar solution, overshoots
and undershoots at high shear rates are pronounced. However, the times until steady
state is reached are longer than for the pure solution.

The flowcurves are shown in fig. 4.20 for the 10 w% and 40 w% emulsions and
compared with the appropriate guar solution. In fig. 4.20 (a), the viscosity at low
shear rates (0.01 s−1 ≤ γ̇ ≤ 1 s−1) of the 10 w% emulsion is slightly less than guar,
whereas at higher shear rates, the emulsion is having higher viscosity than the guar
solution. The viscosity of the 40 w% emulsion is higher than of the other two fluids
over the whole shear rate range. All three fluids show a distinctive shear thinning
behavior. The zero shear viscosities are 155 Pa s (40 w% emulsion), 83.5 Pa s (10 w%
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Figure 4.20: (a) Viscosity and (b) N1 flowcurves of 10 w% and 40 w% AK500 silicon
oil in guar emulsion compared with pure guar solution.

1 2 3 4 50

5

er
ro

r /
 %

shear rate / s−1

(a)

0.01 1001010.1 1 2 30

5

10
er

ro
r /

 %

shear rate / s−1

 

 

10%
40%

(b)

1 10 100

Figure 4.21: Relative errors of (a) viscosity and (b) N1 of 10 w% and 40 w% AK500
silicon oil in guar emulsion.

emulsion), and 89 Pa s (guar solution). The slope of the shear thinning is for the
40 w% emulsion -0.79 and for the other two fluids -0.78.

The first normal stress difference N1 of the guar solution in fig. 4.20 (b) is ranging
from 22.8 to 107 Pa. The N1 of the two emulsions are less with ranging from 13.1 to
95 Pa (10 w% emulsion) and from 6.4 to 80.7 Pa (40 w% emulsion). The appropriate
errors of both emulsions are shown in fig. 4.21

The microstructure of the droplets of the emulsion before the shearing is represented
in form of the droplet size distribution. The number and volume distribution of both
AK500 emulsions are presented in fig. 4.22. The mean value of the distributions as
well as the Sauter diameter (which is taking the surface and the volume simultaneously
into account) are summarized in tab. 4.2. The droplet sizes of the 10 w%, and 40 w%
emulsions are qualitatively the same, though the form of the q0 distribution differs
slightly. However, the range of the droplet sizes are the same. The droplet size
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Figure 4.22: Number (q0) and volume (q3) droplet size distribution of 10 w%, and
40 w% AK500 silicon oil in guar emulsion.

Table 4.2: Mean droplet sizes of the number (x50,0) and volume (x50,3) distribution
compared with Sauter diameter of AK500 silicon oil in guar emulsions.

emulsion x50,0 / µm Sauter diameter / µm x50,3 / µm

10 w% AK500 2.06 ± 0.01 3.93 ± 0.02 4.30 ± 0.01
40 w% AK500 1.72 ± 0.07 3.89 ± 0.09 4.25 ± 0.08
40 w% AK500,
6 days later

1.66 ± 0.06 3.96 ± 0.03 4.31 ± 0.03

distribution of the 40 w% emulsion were measured again 6 days later. The difference
to the older measurements are within the measuring errors and the emulsion can be
classified as stable within at least 6 days.

In the following, the emulsions made of the silicon oil AK60000 are studied. Fig.
4.23 displays the storage (a) and loss (b) modulus of the continuous phase, the 10 w%,
and the 40 w% emulsions. All the moduli are monotonic increasing, except the loss
modulus of the 10 w% emulsion at high frequency. This is rather a measurement
artifact than a typical behavior. The storage and loss modulus of the 40 w% emulsion
are much higher than of the other two samples. Both moduli of the 10 w% emulsion
are about the same as for guar at small frequencies, but higher at high frequencies.
The loss modulus of the 10 w% emulsion is higher than the one of guar over the
whole frequency range, except the artifact. The Maxwell relaxation time of the guar
solution is λ = 0.79 s, of the 10 w% emulsion is λ = 0.70 s, and of the 40 w% emulsion
is λ = 1.05 s.
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Figure 4.23: (a) Storage and (b) loss modulus of pure guar, of 10 w% and 40 w%
AK60000 silicon oil in guar emulsions.

As next, the non-linear rheological results are presented in form of the transient
torque and normal force measurements (see fig. 4.24). Those results are then used
to derive the viscosity and N1 flowcurves. As for the pure guar solution, overshoots
and undershoots at high shear rates are pronounced. However, the times until steady
state is reached are longer than for the pure solution.

Fig. 4.25 shows the viscosity (a) and the N1 (b) flowcurves of the same fluids as in
the previous figure. The viscosity of the 40 w% emulsion is clearly higher compared
with the other two fluids, whereas the 10 w% emulsion is only slightly higher. The
zero shear viscosities are 144 Pa s (40 w% emulsion), 73.6 Pa s (10 w% emulsion), and
73.9 Pa s (guar solution). The slope of the shear thinning is for the 40 w% emulsion
-0.75, for the 10 w% emulsion -0.8, and for the guar solution -0.81.

N1 of the 10 w% emulsion (ranging from 15.5 to 89.6 Pa) is about the same as for
guar (ranging from 16.2 to 88.4 Pa). N1 of the 40 w% emulsion (ranging from 6.2
to 72.2 Pa) is much smaller than for the other two fluids. The appropriate errors of
both emulsions are shown in fig. 4.26

The number and volume droplet size distributions of both AK60000 emulsions are
presented in fig. 4.27. Here as well, the droplet sizes of the 10 w%, and 40 w%
emulsions are qualitatively the same, though the form of the q0 distribution differs
slightly. The range of the droplet sizes are the same.
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Figure 4.24: Transient torque and normal force measurements of (a,b) 10 w% and
(c,d) 40 w% AK500 silicon oil in guar emulsion.
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Figure 4.25: (a) Viscosity and (b) N1 flowcurve of pure guar, of 10 w% and 40 w%
AK60000 silicon oil in guar emulsion.
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Figure 4.26: Relative errors of (a) the viscosity and (b) N1 of 10 w% and 40 w%
AK60000 silicon oil in guar emulsion.
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Figure 4.27: Number (q0) and volume (q3) droplet size distribution of 10 w% and
40 w% of AK60000 silicon oil in guar emulsion.

Table 4.3: Mean droplet sizes of the number (x50,0) and volume (x50,3) distribution
compared with Sauter diameter of AK60000 silicon oil in guar emulsion.

emulsion x50,0 / µm Sauter diameter / µm x50,3 / µm

10 w% AK60000 1.98 ± 0.02 6.44 ± 0.04 8.11 ± 0.7
40 w% AK60000 1.74 ± 0.07 6.48 ± 0.1 9.10 ± 0.26
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Second normal stress difference

The second normal stress difference was measured (as described in the previous chap-
ter) by combining cone/plate and plate/plate geometries. The gap between the plates
was 1 mm and the same amount of fluid as in the cone/plate geometry was used. The
applied shear rates range between 1 and 10 s−1 only due to transducer limitations.
The torque data from both geometries were used to check the agreement of the shear
stresses.

Fig. 4.28 (a) shows the N1 measurements using the cone/plate geometry. N1 is
plotted vs. the shear stress instead of the shear rate in order to take the much larger
viscosity of the 40 w% emulsion into account. All the N1 curves are increasing with
increasing shear stresses, whereas N1 decreases with increasing volume fraction of
disperse phase. The slopes of the guar solution decrease from 1 to 0.3 with increasing
shear rates, whereas the slopes for the 10 w% emulsion decrease from 1 to 0.48 and
for the 40 w% emulsion from 1.2 to 0.3. The maximal errors are not exceeding 2 %
(guar solution), 3 % (10 w% emulsion), and 5 % (40 w% emulsion).

Fig. 4.28 (b) shows the difference of the two normal stress differences N1 − N2

using the plate/plate geometry. As for N1, the N1 − N2 curves are increasing with
increasing shear rates, whereas N1 − N2 decreases with increasing volume fraction
of dispersed phase. The slopes of the guar solution decreases from 0.9 to 0.3 at the
higher shear rates, whereas the slopes of the emulsion decrease from 0.9 to 0.3 (10 w%)
and from 0.9 to 0.3 (40 w%). The maximal relative errors are less then 0.4 % (guar
solution), 1 % (10 w% emulsion), and 1 %(40 w% emulsion). However, the errors using
plate/plate geometry are smaller than using cone/plate geometry. The curves are still
clearly distinguished when taking the errors into account.

N2 was determined by subtracting the difference N1−N2 from N1. The results are
shown in fig. 4.29 (a). All the values are negative. As for N1, |N2| is increasing with
increasing shear stress. The slopes are smaller than for N1 and N1−N2. The relative
errors are 7 % (guar solution), 9 % (10 w% emulsion), and 10 % (40 w% emulsion). The
errors are larger than for N1 and N1−N2. Surprisingly, N2 are of similar magnitude
for all three fluids.

The ratio of the two normal stress differences are shown in fig. 4.29 (b). The
absolute ratios of the guar solutions are between 0.3 and 0.4. The absolute ratios of
the 10 w% emulsion are between 0.3 and 0.45. Those absolute ratios are higher than
the absolute ratios of the solution. The absolute ratios of the 40 w% emulsion are
much higher than of the two others and range from 0.5 to 1. For all three fluids, the
absolute ratios decrease with increasing shear stresses. The relative errors are less
than 8 % (guar solution), 12 % (10 w% emulsion), and 14 % (40 w% emulsion).
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Figure 4.28: (a) First normal stress difference, N1, and and (b) difference between
the normal stress differences, N1 −N2, vs. shear stress of pure guar, of
10 w% and 40 w% AK500 silicon oil in guar emulsion.
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Figure 4.29: (a) Second normal stress difference, N2, and and (b) ratio between the
normal stress differences, N2/N1, vs. shear stress of pure guar, of 10 w%
and 40 w% AK500 silicon oil in guar emulsion.
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(a)

0.87mm

(b)

(c) (d)

(e) (f)

Figure 4.30: Deformation of a AK500 droplet (R = 0.87 mm) sheared between two
parallel bands at (a) t = 0 s, (b) t = 20.3 s, (c) t = 40.6 s, (d) t = 60.8 s,
(e) t = 80.1 s, and (f) t = 101.4 s.

Droplet deformation

The deformation of a single droplet was studied in a parallel band apparatus as
described in sec. 4.2.4. In order to increase the contrast between the two fluids, a
dye was added to the silicon oil. The deformations were measured for droplets made
of the silicon oils AK500 and AK60000. The droplet radii were varied between 0.45
and 0.85 mm and the applied shear rates between 0.002 and 0.7 s−1.

The droplets were deformed in the applied shear flow until steady state was reached
(i.e. until the maximal deformation was reached). Then, the flow was stopped and
the droplets relaxed. This transient behavior was recorded and analyzed. Fig. 4.30
shows pictures of the droplet during shear and during retraction whereas the first
picture (a) shows the droplet in its initial state. The droplet is consisting of AK500,
has the size of R = 0.00087 m, the applied shear was γ̇ = 0.0315 s−1, and the viscosity
ratio is p∗ = 0.0083. The objects beside the droplet are air bubbles at the surface and
do not touch or interact with the silicon oil droplet. In (b) the droplet has already
reached its maximal deformation of Def = 0.8. Though the applied shear rate is
small, the deformation is very large. The remaining pictures show the retraction of
the droplet. The retraction process is much slower than building up the deformation.

Exemplarily, the transient behavior of the the major and minor axis as well as of the
deformation of a droplet are plotted in fig. 4.31. The axis in (a) are normed with the
droplet radius at its initial state. The retraction behavior of the droplet deformation
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Figure 4.31: Deformation behavior of a AK500 droplet sheared in guar: (a) axis evo-
lution and (b) deformation, Def , evolution. An exponential function is
fitted to the relaxation.

in (b) was fitted with an exponential function in order to determine the retraction
time of the droplet as described in the sec. 4.2.6. Not the whole retraction range
can be fitted with the exponential function for droplets experiencing high shearing
and therefore high deformation. The droplet relaxes first linearly before it relaxes
exponentially (after having reached a deformation of about Def = 0.3). Therefore,
only the data for Def < 0.3 was used for fitting. For times larger than about t = 50 s,
the deformation curve in fig. 4.31 (b) is unsteady (fluctuating) around a mean value.
This is due to the difficulty in measuring the exact axis sizes due to a bad contrast
originating from the turbidity of the guar solution.

These experiments were repeated with several other droplet sizes and applied shear
rates. All maximal droplet deformations are summarized in fig. 4.32. The deforma-
tion is plotted vs. Rηcγ̇ instead of the capillary number, since the interfacial tension
is not yet determined. The deformations of the AK500 droplets are slightly higher
than of the AK60000 droplets. This behavior was predicted by Taylor (1934) in eq.
2.50, using a constant capillary number but different viscosity ratios.

Using the parallel band apparatus should allow to deform the droplet until the
droplet breaks. However, no break-up was observed even for high shear rates. If
the applied shear rates were too large, the droplets could not be kept in the region
of interest (ROI) and they flew out of the recorded area. Therefore, no such break-
up was observed. But for very high shear rates (e.g. γ̇ ≥ 0.7 s−1) break-up during
retraction was observed. The droplet broke into 2-3 smaller droplets.

The droplet deformations for multi-droplet systems were measured using the rheo-
optical set-up of Baravian et al. (2007a); Moumini and Baravian (2009) . As discussed

90



4.3 Results

0 1 2 3
x 10−3

0

0.5

1

τ R / Pa m

De
f

 

 

AK500
AK60000

Figure 4.32: The deformation vs. shear stress times droplet radius of AK500 and
AK60000 droplets.

in sec. 2.2.2, this method is designed for concentrated droplet systems. Only emul-
sions with a large volume fraction of disperse phase, φ > 20 w%, were evaluated since
the polarization effects were only for those emulsions detectable.

Fig. 4.33 displays the 16 Muller matrix elements for the 20 w% AK500 emulsion
at γ̇ = 900 s−1 derived from the measured backscattered images. The grayscale is
representing the measured intensity. The first Muller matrix element M11 accounts
for unpolarized light. Comparing the radial intensity decrease (see fig. 4.34, ◦) with
solutions for the radiative transfer equation using an accurate diffusion approximation
(-) allows to determine the characteristic droplet size. This droplet size corresponds
to the median of the number droplet size distribution.

To investigate the polarization of the backscattered light, the intensity of the scat-
tering images is plotted vs. the angle at a certain radial position. This is shown
exemplarily in fig. 4.35 for the Muller matrix elements M12, M13, M21, and M31.
Only if the variation of the intensity is measurable, the data can be used to investi-
gate the droplet deformation. In addition, the polarization is also used to derive the
droplet size by comparing the polarization amplitude with Monte Carlo simulations.
The determined droplet size is in accordance to the sizes derived from unpolarized
light analysis.

In a next step, the Monte Carlo simulations were used derive the deformation
of the emulsion droplets during shear flow. In fig. 4.36 (a), the deformation vs.
shear stress (using the viscosity of the emulsion instead of the viscosity of the guar
solution) for a 20 w% of AK500, 40 w% of AK500, and 20 w% of AK60000 emulsion
are displayed. The applied shear stresses are quite high originating from high shear

91



4 Experiments

M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

Figure 4.33: Experimental backscattered Muller matrix elements of a 20 w% AK500
silicon oil in guar emulsion at γ̇ = 900 s−1.
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Figure 4.34: Analysis of the Muller matrix element M11.
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Figure 4.35: Analysis of the polarization of the backscattered light.

rates: the polarization was measurable only for 50 s−1 < γ̇ < 1000 s−1. The 3
emulsions show approximately the same linear relationship between deformation and
shear stress. This implies that the AK500 and AK60000 droplets deform similarly,
despite completely different viscosity ratios (AK500: p∗ ∼ 1, AK60000: p∗ � 1
using the appropriate viscosities at the applied shear rates instead of the zero shear
viscosity). Furthermore, the relationship between the deformation and the shear
stress is the same for the 20 w% and 40 w% emulsion. Hence, for 20 < φ < 40 w%,
the volume fraction of disperse phase is not influencing the droplet deformation.

The droplet deformation obtained with the backscattering method and the parallel
band apparatus are compared in fig. 4.36 (b). The comparison is restricted to the
AK500 droplets whereas the AK60000 droplets behave qualitatively the same. The
deformation is plotted vs. the shear stress multiplied with the median of the number
droplet size distribution. The shear stress of the emulsion instead of the pure contin-
uous phase was used. Despite of a non homogeneous droplet size within the emulsion,
the accordance is very good.

Interfacial tension

Within this study, several methods were applied to determine the interfacial tension.
The resulting interfacial tensions are listed at the end of this section in tab. 4.4.

A relationship between the deformation and the interfacial tension is given by
Taylor (1934) in form of eq. 2.50. The interfacial tension was calculated for each
deformed droplet and is plotted vs. the deformation as shown in fig. 4.37 (a). Since
Taylor’s theory was derived for small deformations, only the 3 smallest deformations
for each silicon oil were taken into account to derive the mean interfacial tension which
is listed in tab. 4.4. The error was derived by calculating the standard deviation.

Fig. 4.37 (b) displays the results from the backscattering method also using Taylor’s
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Figure 4.36: (a) Droplet deformation vs. shear stress multiplied with mean droplet
radius of AK500 and AK60000 silicon oil in guar emulsions. (b) Com-
paring the backscattering and the parallel bands methods for AK500
droplets.

theory to derive the interfacial tension from the deformation. The mean interfacial
tension is again listed in tab. 4.4 along with the standard deviation.

The interfacial tension was additionally derived using Rallison’s theory (see eq.
2.53) to analyze the retraction behavior. The method was again applied on each
droplet and the results are shown in fig. 4.38. The mean interfacial tension and its
standard deviation are listed in tab. 4.4.

In order to increase the contrast between the droplet and the continuous phase
using the parallel band apparatus, a dye (Fatty blue) was dispersed into the silicon
oil. The dye might influence the interfacial properties and, therewith, the interfacial
tension. This influence was studied using the pendant drop method. The silicon
oil AK100 was used since it is easier and timesaving to press a rather low viscous
fluid through the capillary. According to the manufacturers investigation, the surface
tension of AK100 and of AK500 are the same. Therefore, it is assumed that the
interfacial tensions of AK500 and of AK100 are the same as well.

For each droplet (for the pure droplets and droplets with dye), several pictures were
analyzed to derive the interfacial tension. The mean value and its standard deviation
of the droplet made of pure silicon oil are listed in tab. 4.4. The interfacial tension
of the droplet containing the dye was 6 w% less.

As listed in tab. 4.4, the interfacial tensions of the same emulsions are differing
up to a factor of 4. Taylor’s and Rallison’s theories result in similar results, whereas
the pendant drop method leads to higher interfacial tensions. The main difference
between those methods is that Taylor’s and Rallison’s theories are based on measuring
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Figure 4.37: Interfacial tension vs. deformation derived with deformation method
using (a) parallel bands and (b) backscattering device.
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Figure 4.38: Interfacial tension vs. relaxation time derived with relaxation time
method of droplets sheared between two parallel bands.
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Table 4.4: Interfacial tension Γ (mN/m) measured with different methods.
Taylor, band
apparatus

Taylor, scatter-
ing

Rallison, band
apparatus

pendant drop

Γ(AK100) - - - 5.21 ± 0.32
Γ(AK500) 1.49 ± 0.021 1.86 ± 0.042 3.84 ± 0.81 -

1.96 ± 0.173

Γ(AK60000) 1.87 ± 0.231 1.00 ± 0.1 4.08 ± 0.81 -
1 after correction
2 20 w% emulsion
3 40 w% emulsion

the dynamics of the droplet deformations caused by shear flow whereas the pendant
drop methods is based on evaluating the static droplet configuration.

However, it is expected that the interfacial tension is independent of shear rate,
viscosity ratio, and droplet size. Deviations between different measurement methods
have been reported in other publications already (e.g. Megias-Alguacil et al., 2004).

4.4 Summary
To finish this chapter, the experimental results are summarized. Linear and non-
linear rheological experiments were performed to characterize the single phases and
the emulsions. In particular, N2 was measured which is not a standard experiment
and therefore not straight forward. The viscosity, the storage and the loss modulus
are all increasing with increasing volume fraction of the disperse phase, whereas N1

decreases. The 10 w% emulsion results differ only slightly from the guar solution.
An influence of the viscosity ratio between the two single phases is pronounced. N2

curves are for all volume fractions almost the same, but the measuring error is quite
high. The ratio |N2|/N1 is decreasing with increasing shear rates and increasing with
increasing volume fractions. The measured ratio is quite high, in particular the ratio
of the 40 w% emulsion is between 0.5 and 1. Single droplet experiments showed a
large deformation of the droplets which were up to Def = 0.9, whereas the critical
deformation was still not reached. A new method to measure the droplet deformation
of a dense and concentrated emulsion was applied. The results are in accordance with
the single droplet experiment. The interfacial tension was measured with different
methods leading to slightly different results.
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model predictions

Within this chapter, the experimental data presented in sec. 4.3 are compared with
the NEQT emulsion model predictions. This emulsion model is containing 12 model
input parameters. In the first section, the measurement methods to obtain those
parameters are listed. Model parameters characterizing the continuous phase are
based on a Maxwell fluid. How to derive these parameters is separately discussed.
The second section is divided into two parts. In the first part, the experimental
data are extensively compared with the model predictions. Each parameter is varied
within a physical meaningful context in order to analyze their influence on the model
predictions. This section is written for readers who want to follow in detail the
influence of each parameter on the most important model predictions. Readers who
are mainly interested in the conclusions can skip the first part of that section and
go directly to the second part, where the highlights are summarized. In the third
section, recommendations for future studies are presented.

5.1 Deriving the model parameters
The model input parameters are determined experimentally instead of treated as
fitting parameters whenever possible. In the following list, the methods to determine
the model parameters are summarized. The measurement methods and procedures
were explained in detail in the previous chapter.

• Volume fraction of disperse phase, φ, is specified by the emulsion prepa-
ration procedure, when both the continuous phase and the disperse phase are
weighted.

• Viscosity ratio, p∗: the zero shear viscosities of both phases are measured
by shear rheometry.

• Power law index, k, is according to the Extended White Metzner model
(Souvaliotis and Beris, 1992) k = n′/(2 + 2n′), with n′ being the slope of the
viscosity of the shear thinning regime in a log-log plot.

• Interfacial tension, Γ, is derived by evaluating the relaxation behavior of a
deformed droplet using Rallison’s theory (see sec. 4.2.6).

97



5 Comparing experimental data with model predictions

• Droplet radius, R, is the median of the volume droplet size distribution
measured by a light scattering method.

• Elastic modulus, G, is obtained from the storage and loss modulus data
measured by oscillatory shear rheometry. This parameter is derived by fitting
the generalized Maxwell model to the measured data as described below.

• Characteristic elastic constant, K, is not used in this study, since it does
not appear in the dimensionless set of equations and the conformation of the
continuous phase is not analyzed.

• Relaxation time of the continuous phase, λC , is obtained from the
storage and loss modulus data measured by oscillatory shear rheometry. This
parameter is derived by fitting the generalized Maxwell model to the measured
data as described below.

• Droplet retraction time, λS, is derived from the equation λS = Rηc/Γ
(Larson, 1999).

• Characteristic time of break-up/coalescence process, λn: within this
chapter, the sample calculations are performed by assuming no break-up or
coalescence. Therefore, this parameter has no influence on the sample calcu-
lations as shown in the next section. The default value was chosen as 0.1. If
break-up and coalescence are taken into account, following experiment allows
to derive λn: the droplet size distribution is measured before and after the
shearing; from the difference of both distributions, λn is calculated using e.g. a
population balance equation.

• Coupling parameter, Θ, is the only fitting parameter in the system. Its
influence on the model predictions will be estimated in the next section. The
default value is Θ = 0.001 (i.e. there is only a slight coupling between the
two phases). Its influence on the rheological and microstructure behavior may
be determined experimentally by changing the interfacial properties by varying
the surfactants. Comparing then the model predictions with experimental data
allows to understand the nature of this model parameter.

• Probability of coalescence process, fc, is set equal to one. This parame-
ter does not appear in the following sample calculations (since no break-up or
coalescence was taken into account) and is, therefore, not further discussed.

Before comparing the model predictions with experimental findings, an excursus
on how to derive the elastic modulus and the relaxation time of the continuous phase
based on a Maxwell fluid is presented. The Maxwell model was introduced and
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explained in section 2.1.3. In Literature, it was found, that the storage and loss
moduli of a guar solution can be well described by the generalized Maxwell model
using four modes (Oblonsek et al., 2003). But the emulsion model assumptions are
based on a 1 mode Maxwell fluid to describe the continuous phase. This problem is
discussed in the following paragraphs: first, the experimental data of the storage and
loss moduli of a guar solution are compared with a 1 and 4 mode Maxwell model,
before a crude method to include several Maxwell modes into the emulsion model is
proposed.

The storage and loss moduli of the generalized Maxwell model are presented in eqs.
2.32 and 2.33. The model includes two parameters per mode: the relaxation time
and the elastic modulus. If only 1 mode is taken into account, the Maxwell relaxation
time, λ, is derived by setting both moduli equal (i.e. G′(ω) = G′′(ω)). The Maxwell
relaxation time is then the inverse frequency (i.e. λ = 1/ω). The elastic modulus G
is chosen to satisfy the condition η0 = Gλ. The zero shear viscosity η0 is measured
in transient or steady state shear tests or derived from the oscillatory measurements.

The data from fig. 4.15 are used to compare the measured loss and storage moduli
of a 1.25 w% guar solution with the Maxwell model. The crossing point is at frequency
ω = 1 s−1. Therefore, the relaxation time is λ = 1 s and the zero shear viscosity is
η0 = 83Pa s. Hence, the elastic modulus is G = 83Pa. Fig. 5.1 displays the mea-
sured moduli, the moduli obtained using a 1 mode Maxwell model, and the complex
viscosity. The Maxwell model predictions do not well agree with the measured data,
which is not surprising, since Oblonsek et al. (2003) proposed using the generalized
Maxwell model including four modes to describe concentrated guar solutions.

Above, the fitting condition was defined by the zero shear viscosity. Other possible
fitting conditions could be to adjust the crossing points or to achieve the least squared
distance between measured and predicted points. Within this study, the first fitting
condition (zero shear viscosity) is applied due to its physical relevance.

Using the generalized Maxwell model with four modes implies that 8 fitting param-
eters (i.e. Gi and λi, with i = 1...4) have to be determined. Therefore, a commercially
available software was consulted: IRIS Rheo Hub software (IRIS Development LLC,
USA). The fitting method is based on a non-linear regression which simultaneously
adjusts Gi and λi in order to calculate the spectrum. More informations can be found
in Bamgaertel and Winter (1989). The Gi

′s and λi
′s proposed by the fitting software

are listed in tab. 5.1. The resulting storage and loss moduli are the superposition of
the four modes. The superposition of the four η0i from tab. 5.1 leads to a zero shear
viscosity η0 of 86 Pa s, which is slightly higher than the measured zero shear viscosity.
The fit compared with the measured data is displayed in fig. 5.2. The accordance is
now excellent.

The main question is how to implement the four Maxwell modes into the emulsion
model based on only 1 mode without deriving a new set of flow equations? The
inspiration is coming from eq. (8.2-9) in Bird et al. (1987) on page 433, where the
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Figure 5.1: Measured storage (solid line) and loss moduli (dashed line) compared
with 1 mode Maxwell model predictions (dash-dotted and dotted lines)
and complex viscosity (solid line with circles).

Table 5.1: Fitting parameters of the 4 mode Maxwell model in fig. 5.2.

mode i relaxation time λi / elastic modulus Gi / zero viscosity
s Pa η0i = λiGi / Pa s

1 0.08253 57.27 4.73
2 0.7374 30.57 22.54
3 5.067 7.881 39.46
4 45.55 0.4436 20.21

viscosity is a superposition of the viscosities of each mode (this result was obtained
by deriving the Lodge Network Model assuming the memory function being the same
as in the convected generalized Maxwell model). Hence, the resulting rheological
quantities predicted by the emulsion model are the superposition of the appropriate
rheological quantities of each mode. Nevertheless, the microstructure quantities are
obtained by averaging the appropriate microstructure quantities of each mode. Hence,
the emulsion model is solved for each mode, the rheological quantities are superposed,
and the microstructure quantities are averaged. This proposed method is performed
and further discussed in the next section.

Another point to think about is the concept of relaxation times. In literature,
different definitions of relaxation times can be found: The Maxwell relaxation time
or the relaxation time spectrum as described above, the relaxation time coupled to
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Figure 5.2: Comparing measured storage (solid line with circles), loss moduli (dashed
line with circles) with the 4 modes Maxwell model predictions (solid and
dashed lines). Fitting parameters are listed in tab. 5.1

the first normal stress difference (λ = Ψ1/2η), the relaxation times measured with
relaxation experiments, or the retardation time of the Jeffrey model (Bird et al., 1987;
Luciani, 2002). The magnitude of the relaxation times can differ in several decades.
Since the emulsion model is built on the generalized Maxwell model, it makes sense
to use the Maxwell relaxation time or spectrum.
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5.2 Comparing the data
In this section, the emulsion model predictions are compared with the experimental
data using model input parameters obtained from measurements. Furthermore, each
parameter is varied within a physical meaningful context. This has the character of
a sensitiveness analysis, but without the claim of completeness. The analysis is done
in detail. Readers who are interested only in the most important findings can skip
this part and go directly to the second part which summarizes the results.

5.2.1 Detailed analysis

The model input parameters were derived as described in the previous section. This
leads to a set of model parameters for each emulsion. The emulsion model is then
solved for simple shear flow (see sec. 3.2) and for this set of model parameters. The
model predictions are compared with the experimental data (from sec. 4.3).

First, the emulsion consisting of 10 w% AK60000 in the 1.25 w% guar solution is
investigated. The model parameters are derived as described above. This set of
parameters is called set 1. After having solved the flow equations for set 1, the
parameters are varied and the emulsion model is calculated again. The variation of
the parameters is done by keeping a physical relevance of the parameters. Those
other sets of parameters are numbered set 2 - set 12. The model predictions for these
sets of parameters are always compared with set 1 as well as with the experimental
data. This allows to check the influence of each parameter on the model predictions.

Figs. 5.3, 5.4, and 5.5 are showing the comparisons between the predictions of set
1-12 and the experimental data. The appropriate set of parameters are displayed in
tabs. 5.2, 5.3, and 5.4. For clarity, the SI units of the parameters are not listed in the
tables. The parameters differing from set 1 are distinguished with bold in the tables.
For each set, the viscosity, both normal stress differences, the deformation, and the
vorticity axis are displayed. The reason to show the deformation and the vorticity
axis instead of the three ellipsoidal axes is that the deformation was measured in
experiments and the vorticity axis defines the form of the droplets (i.e. prolate or
oblate forms).

Since no break-up of the droplets during the shear measurements were detected or
expected, eq. 3.3d was modified. The number density of droplets n is now constant,
i.e. n = 1.

The viscosity of set 1 (solid line) is compared with the measurements (solid line
with circles) in fig. 5.3 (a). The viscosity predictions are higher than the experimental
data. The zero shear viscosity is about double as high. The prediction of the transition
between the zero viscosity plateau and the developed shear thinning is much sharper
than of the experimental data. In fig. 5.3 (b) both normal stress differences of the
set 1 are displayed, as well as the measured first normal stress difference. Again,

102



5.2 Comparing the data

the model predictions are too high. However, N1 was only measured for γ̇ ≥ 1 s−1.
It seems as the accordance would be better at low shear rates, because the slope of
N1 increases with decreasing shear rates. At low shear rates (γ̇ < 1 s−1), the model
predicts a second order fluid (N1 ∝ γ̇2) whereas at shear rates around γ̇ ∼ 1 s−1

the model predicts a Doi-Ohta type fluid (N1 ∝ γ̇). The microstructure of set 1 is
displayed in fig. 5.3 (c). The deformation Def is monotonic increasing (i.e. the major
axis is increasing whereas the minor axis is decreasing) until Def = 1 at a shear rate
of about γ̇ = 10 s−1. The vorticity axis is equal to 1 for shear rates lower or γ̇ = 1 s−1.
For higher shear rates, the vorticity axis decreases which implies a prolate droplet
form. At shear rates higher than 100 s−1, the droplet changes its form to an oblate.
An interesting observation of the set 1 predictions is that as long as the viscosity
is constant, the emulsion behaves like a second order fluid (i.e. the first normal
stress coefficient is constant) and the droplet deformation is small (Def < 0.1). This
means that the flow characteristics change with increasing microstructure changes.
Another observation is that the absolute ratio |N2|/N1 is increasing towards one with
increasing shear rates. At high shear rates, when |N2|/N1 is close to one, the droplet
change its form from prolate to oblate.

Table 5.2: Model parameters used for sample calculations in fig. 5.3

parameter set 1 set 2 set 3 set 4 set 5
φ 0.1 0.1 0.1 0.1 0.1
ηc 73 73 73 73 73
ηd 64.4 64.4 64.4 64.4 64.4
k -1.5 -1.5 -1.5 -1.5 -1.5
Γ 0.00408 0.0018 0.00408 0.00408 0.00408
R 4.05 · 10−6 4.05 · 10−6 0.99 · 10−6 4.05 · 10−6 4.05 · 10−6

G ηc/λC ηc/λC ηc/λC 43 ηc/λC

λC 0.65 0.65 0.65 0.65 0.65
λS Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1 0.1 0.1
Θ 0.001 0.001 0.001 0.001 1

In the first 3 plots of fig. 5.3, the variation of the interfacial tension is additionally
analyzed. The interfacial tension of set was measured with the parallel band apparatus
using the relaxation time method, whereas the interfacial tension of set 2 was derived
using Taylor’s theory. The interfacial tension is now 3 times smaller. The viscosity
flowcurves of both sets are about the same with the transition of set 2 being flatter.
N1 and N2 of set 2 are higher than set 1 at small shear rates whereas both curves are
about the same at higher shear rates. The curves of the deformation and the vorticity
axis are shifted to lower shear rates. The intermediate axis curves are still the same.
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Figure 5.3: Comparison between experimental data (lines with circles) and model
predictions. Model parameters are listed in tab. 5.2.
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Table 5.3: Model input parameters used for sample calculations in fig. 5.4

parameter set 6 set 7 set 8
φ 0.1 0.1 0.1
ηc 73 73 73
ηd 64.4 64.4 64.4
k -1.5 -1.5 -1.5
Γ 0.00408 0.00408 0.00408
R 4.05 · 10−6 4.05 · 10−6 4.05 · 10−6

G ηc/λC ηc/λC ηc/λC

λC 0.65 0.65 5.5
λS Rηc/Γ 2Rηc/Γ Rηc/Γ
λn 0.001 / 10 0.1 0.1
Θ 0.001 0.001 0.001

In fig. 5.3 (d)-(f), the radius of the droplet R was varied. Set 1 uses the mean
value of the volume droplet size distribution, whereas set 3 uses the mean value of
the number droplet size distribution. The viscosity curve is shifted to higher shear
rates, whereas the zero shear viscosity is the same. Both normal stress differences are
lower at small shear rates and higher at high shear rates. Both microstructure curves
are shifted to higher shear rates, whereas the droplet form remains the same.

In the next 3 figures (fig. 5.3 (g)-(i)), the elastic modulus G was varied. In the pre-
vious section, the 1 mode Maxwell model was fitted by using the zero shear viscosity
as fitting condition. These results are now compared with results by adjusting the
crossing points as fitting condition leading to a smaller elastic modulus. The viscosity
and N1 of set 4 are then both smaller than the same quantities of set 1. N2 and the
two microstructural variables are the same and therefore not influenced by varying
G.

The coupling parameter Θ was varied in fig. 5.3 (j) - (l) (set 5). All curves show
only a discrepancy at γ̇ ≥ 10 s−1. Therefore, an influence of the coupling parameter
is only accounting at high shear rates.

In fig. 5.4, all three characteristic times are varied. Varying the characteristic
time for break-up and coalescence processes λn with a factor of 100 (set 6) does not
influence either the macroscopic or the microscopic variables as shown in fig. 5.4
(a)-(c). This is not surprising, since no break-up or coalescence is taken into account.

In sec. 4.3.3, it was observed that the droplet relaxation time λc is generally
higher for the AK500 droplets than for the AK60000 droplets. Therefore, the droplet
relaxation time was doubled in fig. 5.4 (d)-(f) (set 7). Higher relaxation time implies
an increase of the zero shear viscosity. N1, N2, Def , and the vorticity axis are all
shifted to smaller shear rates.
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Figure 5.4: Comparison between experimental data (lines with circles) and model
predictions. Parameters are listed in tab. 5.3.
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Table 5.4: Model parameters used for sample calculations in fig. 5.5

parameter set 9 set 10 set 11 set 12
φ 0.4 0.1 0.4 0.1
ηc 73 75 140 73
ηd 64.4 64.4 64.4 64.4
k -1.5 -2 -1.5 0
Γ 0.00408 0.00408 0.00408 0.00408
R 4.55 · 10−6 4.05 · 10−6 4.55 · 10−6 4.05 · 10−6

G ηc/λC ηc/λC ηc/λC ηc/λC

λC 0.65 0.7 1.05 0.65
λS Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1 0.1
Θ 0.001 0.001 0.001 0.001

In set 8 (see fig. 5.4 (g)-(i)), the relaxation time based on the relaxation of the
torque signal was used instead of the Maxwell relaxation time of the continuous phase.
This leads to a higher relaxation time. The viscosity and N1 predictions are lower
than of set 1, whereas the zero shear viscosity is well predicted. However, the slope
of the viscosity curve shear thinning region is not constant anymore. The remaining
quantities are the same. Sample calculations were also performed for λ = Ψ1/2η � 1
but not shown in the graphs. Those predictions are even less accurate than the set 1
predictions.

In set 9 (see fig. 5.5 (a)-(c)), the model predictions for a 40 w% AK60000 emul-
sion are compared with set 1 and the appropriate experimental data. Therefore, the
volume fraction of the disperse phase φ and the the droplet radius were changed.
Otherwise, no parameter changes were experimentally observed. The zero shear vis-
cosity remains the same whereas the form of the curve in the shear thinning region
changed slightly. N1 and N2 are both smaller at small shear rates and almost the
same at high shear rates. The two microstructural variables are both shifted to higher
shear rates. The model predicts the zero shear viscosity now well. The rest of the
viscosity flowcurves and N1 show still quite a discrepancy between experiments and
model predictions.

In Caserta et al. (2007), the influence of the droplet interactions of concentrated
systems are taken into account by obtaining parameters from measurements using
the emulsion instead of the guar solution. This method was applied at set 10 and 11.
Therefore, the zero shear viscosity ηc, the power law index k, the droplet radius R, and
the relaxation time λC were varied. First, the 10 w% emulsion is studied (set 10). In
fig. 5.5 (d)-(f) all the curves are almost the same. This is not further remarkable since
the rheological differences between the pure guar solution and the 10 w% emulsion
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Figure 5.5: Comparison between experimental data (lines with circles) and model
predictions. Model parameters are listed in tab. 5.4.
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are small. The differences are more pronounced for the 40 w% emulsion (set 11,
see fig. 5.5 (g)-(i)). The viscosity as well as N1 and N2 are higher than for set 1.
The deformation is slightly shifted to higher shear rates, whereas the vorticity axis
indicates that the droplet has the form of an oblate instead of a prolate.

Until now, the power law index was not independently varied. In set 12, the index
is chosen as k = 0 which implies that the continuous phase behaves as a Boger fluid.
The remaining parameters are the same as for set 1. Fig. 5.5 (j) - (l) display the
comparison between set 1 and set 12. Unfortunately, no experimental data for Boger
fluids are available. The shear thinning of the emulsion according to set 13 is less
pronounced than for set 1. The origin of the shear thinning is, therefore, due to the
droplets. N1 of set 12 increases more than N1 of set 1, whereas N2 is almost the same.
The viscosity ratio is decreasing with increasing shear rates instead of increasing as
for all the other emulsions. The deformation and the vorticity axis is about the same
except that at γ̇ > 100 s−1, the droplets have the form of an oblate.

Furthermore, sample calculations for the same set of parameters as set 1 have been
performed by assuming that the number density of droplets is not constant, i.e. break-
up and coalescence are taken into account. However, due to non-convergence of the
Newton algorithm, the calculations stopped at γ̇ = 0.2 s−1. The number density of
droplets decreased to 0.9 which implies coalescence. Otherwise, the results were the
same as for set 1 and therefore not shown here.

After having compared the viscosity and N1 model predictions with experimental
data, N2 is investigated. The measurements were performed for a different batch
of guar solution as for the emulsions above. Therefore, a new set of parameters is
derived in the same way as set 1. In addition, the viscosity of the disperse phase was
varied in order to compare emulsion models with the viscosity ratios of p∗ << −1,
p∗ = −1, and p∗ = −3. The three model predictions are compared with experimental
data for the 10 w% AK500 emulsion.

Fig. 5.6 shows the predictions for the three emulsion models according to the
parameters listed in tab. 5.5 and the experimental data. The influence of the viscosity
ratio is clearly distinguishable for all predicted quantities. The two emulsions with
viscosity ratios close to 1 are predicting the experimental data much better than
the low viscosity ratio emulsion. Whereas for both normal stress differences, the
predictions at small shear rates are closer to the experimental data than at high
shear rates. The normal stress ratio in all three cases is predicted to increase with
increasing shear rates. This was not observed experimentally. For the p∗ = 1 emulsion
prolate droplets and for the other two emulsions oblate droplets are predicted.

Hence, using very small viscosity ratios leads to a strong increase of the discrepancy
between the experimental and predicted data. Such a high deviation was not observed
in experiments (i.e. between the AK500 and AK60000 emulsions). In Dressler and Ed-
wards (2004a,b) another interpretation the model parameter p∗ is proposed. Instead
of the negative viscosity ratio, the phenomenological parameter p∗ should take the vis-
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Figure 5.6: Focusing on N2: experimental data (lines with circles) compared to model
predictions with varying p∗ (p∗ = −0.0115 (solid line), p∗ = −1 (dashed
line), and p∗ = −3 (dash-dotted line)). The remaining parameters are
listed in tab. 5.5.

coelastic properties of the interface into account. The motivation is that the droplet
form might be stronger influenced by the elasticity of the fluids and the interface than
by the viscosities. An interface viscosity η† = Γ′λs, with Γ′ = Γ/R, is therefore intro-
duced. Including the Maxwell viscosity ηc = Gλc leads to p∗ = −η†/ηc = Γ′λs/Gλc.
If for the droplet relaxation time (eq. 2.35) is also included then p∗ = −1.

Defining the phenomenological parameter p∗ by the elasticity of the interface in-
stead of the viscosity ratio (i.e. p∗ ∼ −1 instead of |p∗| � 1) leads to better com-
parison between experimental data and model predictions as is seen in fig. 5.6. In
sec. 2.2.1, it was discussed that the elasticity of the fluids is assumed to have a big
impact on the deformation and, hence, on the form of the droplets. Therefore, this
alternative definition of p∗ is justifiable and should be investigated carefully in future
studies.

The model predictions concerning the droplet deformation are displayed in fig. 5.7
and the appropriate parameters are listed in tab. 5.6. Since the a single droplet
instead of a multi-droplet system is analyzed, the volume fraction of disperse phase
is assumed to be small. However, for φ < 0.001, the flow equations can not be solved
due to non-convergence of the Newton algorithm. Therefore, φ was chosen to be
φ = 0.001 (this set of parameters is now called def 1) and φ = 0.01 (def 2 and def
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5.2 Comparing the data

Table 5.5: Model parameters used for sample calculations in fig. 5.6

parameter/set |p∗| << 1 |p∗| = 1 |p∗| = 3
φ 0.1 0.1 0.1
ηc 47.7 47.7 47.7
ηd 0.556 47.7 143.1
k -2.1 -2.1 -2.1
Γ 0.00408 0.00408 0.00408
R 2 · 10−6 2 · 10−6 2 · 10−6

G ηc/λC ηc/λC ηc/λC

λC 0.604 0.604 0.604
λS Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1
Θ 0.001 0.001 0.001

3) which is actually too large. The droplet radius was varied between the largest
(def 1 and def 2) and the smallest (def 3) measured droplet radii. The comparison is
performed only for droplets made of AK60000.

The viscosity flowcurve for all 3 samples are the same for γ̇ > 0.01. At around γ̇ =
0.01 the viscosity curve has a saddle point instead of the zero shear viscosity plateau.
The 3 samples predict about the same N1 which are still higher than the experimental
data. The microstructure variables are plotted vs. the Capillary number, Ca, in order
to take the different droplet radii into account. The form of the deformation curve,
Def , is well predicted, whereas the absolute values are too high. Surprisingly, the
larger volume fraction of disperse phase shows better agreement than the small volume
fraction fluid. Def 2 and Def 3 (with larger volume fractions) predict prolate droplet
forms within the investigated range of the capillary number. Def 1 predicts oblate
droplets at capillary numbers where prolate droplets were experimentally observed.
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Figure 5.7: Focusing on droplet deformation: experimental data (lines with circles)
compared to model predictions with varying volume fraction of disperse
phase. Model parameters are listed in tab. 5.6.

Table 5.6: Model parameters used for sample calculations in fig. 5.7

parameter def 1 def 2 def 3
φ 0.001 0.01 0.01
ηc 72.11 72.11 72.11
ηd 64.4 64.4 64.4
k -2.1 -2.1 -2.1
Γ 0.00408 0.00408 0.00408
R 809 · 10−6 809 · 10−6 476 · 10−6

G ηc/λC ηc/λC ηc/λC

λC 0.686 0.686 0.686
λS Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1
Θ 0.001 0.001 0.001
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Table 5.7: Model parameters used for sample calculations in fig. 5.8 and 5.9

parameter mode 1 mode 2 mode 3 mode 4
φ 0.1 0.1 0.1 0.1
ηc 1.43 6.6 22.6 34.95
ηd 64.4 64.4 64.4 64.4
k -2 -2 -2 -2
Γ 0.00408 0.00408 0.00408 0.00408
R 4.55 · 10−6 4.55 · 10−6 4.55 · 10−6 4.55 · 10−6

G 65.2 39.3 20.2 5.32
λC 0.022 0.168 1.12 6.57
λS Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1 0.1
Θ 0.001 0.001 0.001 0.001

Until now, the sample calculations were performed using the 1 mode Maxwell model
to describe the continuous phase. Now, the concept proposed in the previous section
to include several Maxwell modes is tested. The appropriate Maxwell model param-
eters Gi, λi, and η0i are derived by fitting the generalized Maxwell model to the
experimental data using the commercial software IRIS Hub. The set of parameters
is derived the same way as set 1 in the previous sample calculations except for the
parameters Gi, λi, and η0i. The emulsion model is then solved for each of the 4
sets of parameters. The rheological quantities such as the viscosity, N1, and N2 for
the whole emulsion is obtained by superposing the appropriate results of the single
modes. The microstructure quantities such as the deformation and the droplet axes
are obtained by averaging.

The results are presented in fig. 5.8, whereas the appropriate set of parameters is
listed in tab. 5.7. The set of parameters is based on the 10 w% of AK60000 emulsion.
Fig. 5.8 shows the resulting rheological and microstructure flowcurves derived from
the 4 modes (referred to model in the legend) as well as the results of each of the four
modes (labeled as mode 1-4).

In Bird et al. (1987) on page 265 eqs. 5.3-8 and 5.3-9, the complex viscosity is a
superposition of the weighted viscosities (weighted by a factor of 1/(1 + λiω)). This
weighting factor has a increasing influence with increasing frequency. Such a weighting
factor reduces the rheological quantities at higher shear rates. Due to small relaxation
times, the influence is not expected to make a qualitative difference and, therefore,
the superposition of the rheological quantities are here not weighted.

The concept of the superposition can be interpreted in the following way. The fluid
described with 4 different Maxwell modes is actually a mix between the 4 fluids with
appropriate characteristics such as Gi, λi, and η0i = Gλi. Hence, the macroscopic
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Figure 5.8: Using 4 Maxwell modes to describe the guar solution: the results for each
mode (labeled as mode 1-4 in the legend) and the resulting rheological
and microstructure quantities (labeled as model). Parameters are listed
in tab. 5.7.
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Figure 5.9: Focusing on 4 Maxwell modes: comparison between experimental data
(lines with circles) and model predictions. Model parameters are listed in
tab. 5.7
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Figure 5.10: Focusing on N2 and 4 Maxwell modes: comparison between experimental
data (lines with circles) and model predictions. Model parameters are
listed in tab. 5.8.

quantities are superposed since each fluid is contributing its fraction to the whole.
If the 4 fluids are equitable, then each fluid occupies a space of φ/4. Therefore, φ
should be adjusted. The microscopic quantities should not be superposed, because the
droplet sizes do not increase when the 4 fluid are mixed. Therefore, the microstructure
quantities are averaged.

The following sample calculations are investigating the proposed method. Fig.
5.9 and the appropriate set of parameters in tab. 5.7 are based on the 10 w% of
AK60000 emulsion. The sample calculations were performed for a fluid with φ = 0.1
and φ = 0.025. The remaining parameters for both calculations are the same. Fig.
5.9 (a) displays the viscosity. The zero shear viscosity is well predicted, whereas
with increasing shear rates the discrepancy between predictions and measured data
increases. The influence of the parameter φ is more pronounced at higher shear
rates. In (b), N1 and N2 are shown. The predictions of both quantities differ only
slightly. However, the N1 prediction is still higher than the experimental data. The
deformation in (c) is higher for φ = 0.025 than for φ = 0.1 emulsion. The droplet is
neither favoring a prolate nor an oblate droplet form.

Fig. 5.10 focuses on the N2 measurements. The viscosity prediction in (a) is of
the same quality as in the previous figure (fig. 5.9). In (b), the N1 prediction is
slightly higher whereas the N2 prediction is lower than the experimental data. The
ratio |N2|/N1 is still increasing with increasing shear rates.

The microstructure predictions are evaluated in fig. 5.11 and the appropriate sets
of parameters are listed in tab. 5.9. The viscosity (a) and N1 (b) show qualitatively
the same accordance as in the two previous cases, whereas the deformation prediction
is too low (c). Note that in (c) the deformation is plotted vs. the capillary number.
Therefore, the vorticity axis is not shown in this figure. However, the model predicts
an oblate droplet form over the whole shear rate range. Such a droplet form was not

115



5 Comparing experimental data with model predictions

Table 5.8: Model parameters used for sample calculations in fig. 5.10

parameter mode 1 mode 2 mode 3 mode 4
φ 0.1 0.1 0.1 0.1
ηc 2.35 7.9 18.4 19.0
ηd 64.4 64.4 64.4 64.4
k -2 -2 -2 -2
Γ 0.00408 0.00408 0.00408 0.00408
R 4.55 · 10−6 4.55 · 10−6 4.55 · 10−6 4.55 · 10−6

G 46.03 26.05 12.72 2.495
λC 0.051 0.303 1.45 7.63
λS Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1 0.1
Θ 0.001 0.001 0.001 0.001

observed in the experiments.
As explained before, the model parameter describing the volume fraction of disperse

phase φ is too high for single droplet experiment. But due to non-convergence of the
Newton algorithm, no smaller φ could be chosen.

The proposed method to include several Maxwell modes into the emulsion model
is improving the predictions of the macroscopic quantities (such as viscosity, N1, and
N2) at low shear rates. At higher shear rates, the discrepancies increase, but the
accordance is still better than for the calculations using only 1 Maxwell mode. Since
the Maxwell model is accounting for linear rheology, the increasing discrepancies in
the shear thinning regime are expected (in analogy to the Cox-Merz rule trying to
describe the non-linear behavior from linear experiments).

The microstructure quantities predictions are now too low instead of too high (in
case of 1 Maxwell mode) whereas there is less discrepancy between predictions and
experimental data. Hence, the proposed method is improving the prediction quality
of the emulsion model. However, this method is including several relaxation modes
into the continuous phase in quite a crude way. The method is mathematically not
fully developed and is only a first trial. Nevertheless, the good results should motivate
to improve the model by integrating the whole relaxation spectrum into the model.
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Figure 5.11: Focusing on droplet deformation and 4 Maxwell modes: comparison
between experimental data (lines with circles) and model predictions.
Model parameters are listed in tab. 5.9.

Table 5.9: Model parameters used for sample calculations in fig. 5.11

parameter mode 1 mode 2 mode 3 mode 4
φ 0.01 0.01 0.01 0.01
ηc 1.56 7.59 24.64 30.95
ηd 64.4 64.4 64.4 64.4
k -2 -2 -2 -2
Γ 0.00408 0.00408 0.00408 0.00408
R 809 · 10−6 809 · 10−6 809 · 10−6 809 · 10−6

G 62.41 41.03 21.22 4.35
λC 0.025 0.185 1.16 7.11
λS Rηc/Γ Rηc/Γ Rηc/Γ Rηc/Γ
λn 0.1 0.1 0.1 0.1
Θ 0.001 0.001 0.001 0.001
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5.2.2 Summary

The set of the model input parameters was determined experimentally and sample
calculations based on this set were performed for simple shear flow. The results were
then compared with the experimental findings. In addition, sample calculations with
varied model parameters were performed. Those results were used to analyze the
influence of the model parameters on the model predictions. The parameters were
varied by keeping a physical meaningful basis. In the following, the highlights and
the most important findings are listed:

• The model predictions (using 1 Maxwell mode) of the rheological quantities
(i.e. viscosity, N1, and N2) as well the of the microstructure quantities (i.e.
droplet deformation) are higher than the measured data but qualitatively in
agreement.

• Increasing the parameter describing the volume fraction of disperse phase
does not increase the zero shear viscosity predictions. For most emulsions, an
increase of viscosity is expected and measured. However, for dilute emulsions,
an increase of viscosity is not necessarily. Since this model was derived for dilute
systems, this behavior is in agreement with the expectations.

• According to the model predictions, the emulsion behaves as a second order
fluid as long as the viscosity remains constant and the droplet deformation is
small. This means that changes of the microstructure influence directly the
macroscopic flow behavior.

• Large as well as small droplet deformations can be described by the NEQT
model. Most other emulsion models are accounted only for small droplet defor-
mation.

• High normal stress difference ratios, |N2|/N1, were predicted as well as mea-
sured.

• |N2|/N1 is predicted to increase towards one with increasing shear rate. The
experiments showed a decrease towards zero for increasing shear rates. However,
this result shows an interesting behavior in combination with the droplet form
evolution as described in the next point.

• For increasing shear rates, the predicted droplet form changes from prolate to
oblate droplets (mostly at γ̇ ∼ 100 s−1). On one hand, this was not observed
during the study since the experiments were performed for γ̇ ≤ 100s−1. On
the other hand, oblate droplet forms have been observed and reported in a few
publications (e.g. Levitt et al., 1996; Migler, 1999). It is assumed that droplet
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widening is caused by a small ratio of drop/matrix elasticity, G′
d/G′

c, and a large
normal stress difference ratio |N2|/N1. The NEQT model supports this thesis.

• The model parameter p∗ was interpreted as the viscosity ratio between the dis-
perse and the continuous phase. For a viscosity ratio |p∗| � 1 (i.e. the disperse
phase is much less viscous than the continuous phase) the model predictions
are less accurate than for |p∗| ∼ 1. Dressler and Edwards (2004a,b) suggest to
use the interfacial viscosity instead of the disperse phase viscosity to define the
parameter p∗. The sample calculations support this suggestion.

• While performing sample calculations for a Boger fluid as continuous phase,
N1 can be presented by a power law function and the ratio |N2|/N1 is decreasing
with increasing shear rates.

• The proposed method to include several Maxwell modes into the emulsion
model shows an improvement of the prediction quality at small shear rates.
Unfortunately, the method is mathematically not fully developed. However, the
improvement of the results should motivate to include several Maxwell modes
into the model in a mathematical well-founded way.
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5.3 Outlook for future work
This study tested for the first time the rheology-micorstructure predictions of the
NEQT emulsion model. Experimental findings and model predictions show some
discrepancies. However the discrepancies are not surprising due to the complexity of
the studied model.

Deriving emulsions models from a microstructure based context is generally a dif-
ficult task. In the NEQT model, only basic physical processes are integrated to keep
the system as simple as possible. Anyway, the resulting mathematical description is
complex since non-equilibrium conditions are taken into account. Therefore, rather
simple flow geometries and numerical schemes were applied.

To choose the right model material is also a challenging task. On one hand, the
model material needs to fit all the theoretical model assumptions. On the other hand,
the experimental measuring ranges are limited. Therefore, the right material needs
to be chosen which allows to perform all the necessary experiments. These points
reduces the possible material selection. The model material chosen in this study
allows to perform even the complex rheo-optical measurements as well as it suits the
model assumptions. However, improvements are still possible.

Within this study, discrepancies between experimental data and model predictions
are identified. Based on the gained experience, following basic approaches to improve-
ments are proposed:

• Using a material as continuous phase which can be described by a 1 mode
Maxwell model in order to satisfy the model assumptions better.

• Using Boger fluids as continuous phase, i.e. a fluid which has a constant shear
viscosity like a Newtonian fluid and a distinctive elasticity, which enables to
measure N1. The advantage of such a fluid is the constant viscosity ratio over
the whole range of shear rates.

• Using cleaner guar powder or using a synthetic polymers in order to avoid
impurities in the solution. Impurities may influence the rheological behavior
especially in combination with surfactants. In addition, they can act as debris
in the polymer networks.

• Using more stable materials than the guar solution in order to perform ex-
periments from the same batch for a longer period of time.

• Using melts instead of bio-polymer based solutions. Experimental investiga-
tions from Vinckier et al. (1999) using PDMS and PIB show a slightly different
rheological behavior than using the guar based emulsion, e.g. N1 is increasing
with increasing volume fraction of disperse phase.
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5.3 Outlook for future work

• Using a transparent continuous phase to improve the contrast between matrix
and disperse phase which enables more accurate rheo-optical measurements.

• Using emulsions, where droplets can break or coalesce already at measurable
shear rates. This goal can be achieved in different ways. On one hand, a gentle
treatment (i.e. less energy input) during mixing of the two fluids leads to an
emulsion with larger but, in simple shear flow, breakable droplets. On the other
hand, a totally different emulsification process may lead to emulsion droplets
which can break in simple shear flow. E.g. water in water emulsions, where the
droplets are designed by gelling the droplet fluid (Wolf et al., 1996).

• Using emulsions with unique droplet sizes. Microfluidics may be used to
produce such emulsions.

• Using a more sensitive rheometer could improve elasticity measurements. Such
a refinement would increase the measuring range towards smaller shear rates of
both normal stress differences.

• The Hamiltonian in the NEQT model defines the physical processes which are
taken into account in this model. Therefore, the Hamiltonian may be modified:
adding more physical processes to the system (e.g. adding a term which takes
interactions between droplets or the surfactant kinematic into account), includ-
ing several Maxwell modes (i.e. the number of free energy terms would increase
due to the relaxation time spectrum, Edwards et al., 1996; Yu et al., 2005),
or using a model to describe the continuous phase which takes entanglements,
networks, or non-linear behavior into account.

• Modifying the postulated dissipation brackets and using other phenomenolog-
ical parameters.

• The influence of matrix viscoelasticity and the structure of the interface on
droplet deformation is not yet fully understood (Cherdhirankorn et al., 2004;
Erni, 2006). Theoretical and experimental studies should be carried on to un-
derstand the mechanism and to implement the knowledge into the emulsion
model.

121



5 Comparing experimental data with model predictions

122



6 Conclusions

1. The adopted model is a valuable tool to analyze the flow behavior in combination
with microstructure aspects of complex food systems such as emulsions. This study
shows, that the model flow equations can be solved for simple shear flow as well as for
complex process flows. The sample calculations for simple shear flow allow to analyze
the data obtained from shear rheometry experiments.

In addition, the model equations can be solved for an extrusion flow as encountered
in the conveying zone of a single screw extruder. Extrusion flow is a typical com-
plex process flow in food industry. Observing the microstructure evolution during a
production process is a challenging task. Therefore, model calculations are helpful
to analyze the droplet morphology during a production process. In addition, impor-
tant process characteristics such as the volumetric flow rate and the residence time
distribution can be predicted.

Hence, the emulsion model is a valuable tool to evaluate the droplet morphology of
emulsions during processes. The model allows to optimize the production processes as
well as to avoid expensive and time consuming trial and errors processes in tailoring
new emulsions. Based on these sample calculations, even more complex process flows
can be analyzed using the concept of equivalence critical stresses.

2. A model system satisfying all the material assumptions given by the thermody-
namical emulsion model was selected: the model emulsion consists of a guar solution
as viscoelastic matrix phase and silicon oil as droplet phase. By adjusting the emul-
sion preparation technique, a narrow droplet size distribution was achieved.

The experimental set-ups and the procedures were adjusted in order to perform
the necessary experiments with the same material. This study could overcome the
lack of N2 data for emulsions: the second normal stress difference was investigated
using a technique which combines cone/plate and plate/plate geometries. The ratio
between the second and the first normal stress difference is negative, its absolute
value increases with increasing volume fraction, and is much higher than for polymeric
liquids as predicted by the model.

The droplet deformation of a single droplet system was measured in the parallel
band apparatus. Deformations up to 0.9 were observed, which is high compared to
mixes of pure Newtonian fluids. The droplet deformation of a turbid and concentrated
multi-droplet system was measured using a novel rheo-optical set-up based on multi-
scattering events. The results of both experimental set-ups are in agreement. Hence,
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6 Conclusions

both the rheological behavior and the droplet morphology of the model emulsion
was successfully characterized. This allows now a detailed analysis of the model
predictions.

3. The experimental findings were used to test the emulsion model predictions.
All model input parameters could be determined experimentally instead of treated
as fitting parameters. Sample calculations were performed for various sets of model
parameters (by keeping the parameters on a physically meaningful basis) to evaluate
their influence on the model predictions and to compare them with the experimental
data. Accordances and discrepancies between model predictions and experimental
data could be identified: the predictions are generally higher than the experimen-
tal data, but the predictions are qualitatively in agreement with the data. Only the
flowcurve of the ratio of the normal stress differences is qualitatively wrong predicted.
However, the model allows to explain the relationship between the changes of viscos-
ity and normal stress differences with the droplet deformation or the oblate droplet
form with a high ratio of the normal stress differences. Unlike most other models,
this emulsion model can predict small as well as large droplet deformations. Hence,
the model is a valuable tool to estimate tendencies, whereas it is not (yet) directly
applicable to engineering problems.

4. Based on the gained experience, basic approaches to improvements on the the-
oretical and experimental side are identified and proposed. The examination showed
that an elaborated description of the continuous phase should be implemented into
the model.

5. The potential of the emulsion model to describe the rheology-microstructure re-
lationship during non-equilibrium process conditions is very interesting for engineer-
ing applications. Therefore, it is worth to perform further investigations to reduce
the discrepancies between the model predictions and experimental data as well as to
improve the models prediction capability.
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