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Abstract
Complex fluids are used in a wide range of applications in biomedical, food,
cosmetic, chemical and pharmaceutical industries. Their complex material be-
haviour arises primarily from their rheological properties and is complimented
by factors such as their multi-phase nature, biological component and com-
plex microstructure. A comprehensive understanding of the material rheology
is crucial to studying the flow dynamics of these complex fluids in industrial
flow configurations. Additionally, to improve and ensure their consistent and
efficient production and processing, prediction of their flow properties is of
utmost importance. This necessitates the use of non-linear rheological con-
stitutive models that can predict the material response during flow. In this
framework, the PhD project aims at improved material characterization of
the rheological properties of thixo-elasto-viscoplastic (TEVP) fluids, studying
their flow dynamics in various flow configurations and prediction thereafter. In
this thesis, three widely used complex fluids, yogurt, Carbopol and Laponite,
were studied and their viscoelastic, viscoplastic and thixotropic material re-
sponses were extensively characterized. Numerical modeling was performed
to predict the thixotropic behaviour of yogurt in Multi interval thixotropic
tests (MITT), by curve fitting four phenomenological thixotropic models to
hysteresis loop tests. The numerical modeling results show promising predic-
tive capabilities and form the ground work required for flow simulations. This
was followed by a microstructural study to investigate the effect of thixotropic
material behaviour on the structural evolution of the material. To study the
flow dynamics, a non-intrusive optical based imaging solution was developed
using the Doppler-optical coherence tomography method to visualize the flow
field of complex fluids in milifluidic channels for the first time. Different
types/concentrations/structural states of the fluids were considered to inves-
tigate the effects of the rheological material functions on the flow field. An
ex-situ rheometric method was developed and used to construct the shear
stress distribution map inside the channel, which provided useful insights into
the structural changes occurring as a result of the competition between the
materials’ flow and rheological properties. Results obtained from this study
will be used to construct and validate simulation models in the future.

Keywords: Rheology, complex fluids, numerical modeling, milifluidic chan-
nel, flow visualization.
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Overview
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CHAPTER 1

Introduction

1.1 Introduction

Colloquially, fluids are defined as substances that deform continuously un-
der the application of an external force and solids are substances that resist
deformation. Simply put, fluids flow and solids do not. By this definition,
mayonnaise is a solid as it maintains its shape against gravity and window
glass is a fluid as it creeps and deforms, albeit ever so slowly [1]. Although
the classical definition seems to work fine for many materials, it is inadequate
to describe many materials of everyday use and of engineering applications.
This includes rubbery, gooey, slimy and pasty substances that are difficult
to strictly classify as either solids or fluids. Such materials are commonly
known as complex fluids as they show both solid and liquid like behaviour.
Before going into the science of complex fluids and their flow, it is important
to develop a framework that can be used to define different types of fluids and
understand the mathematical models that govern them.
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Chapter 1 Introduction

1.2 Governing Equations
Considering the fluid as a continuum, the Navier-Stokes equations that gov-
ern the flow of incompressible fluids can be derived starting from Cauchy’s
momentum equations [2]. Applying the momentum conservation equation
(ΣF = ma) to an infinitesimal volume of fluid subject to body forces, the
convective form of the Cauchy’s equation is given by:

ρ
Dv

Dt
= ∇ · T + ρf (1.1)

where,

• Dv
Dt = ∂v

∂t + v · ∇v is the material derivative of the velocity vector

v = v[x(t), t]

• ρ is the density of the continuum

• f =

fx

fy

fz

 is the body force acting on the continuum

• ∇ =
[
ex

∂

∂x
+ ey

∂

∂y
+ ez

∂

∂z

]
is the nabla operator and ex, ey and ez

are unit vectors in x, y and z directions respectively

• T is the stress tensor (symmetric), given by:

T =

σxx σxy σxz

σyx σyy σyz

σzx σzy σzz


A simple constitutive relation can be used to express the stress tensor as

a summation of the isotropic and deviatoric stress components. The stress
tensor can then be mathematically expressed as:

T = −pI + 2ηD (1.2)
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1.2 Governing Equations

where,

• p is the isotropic pressure

• η is the dynamic shear viscosity, and

• the rate of strain tensor D = 1
2 (∇v + ∇vT )

The continuity equation can be represented as:

∇ · v = 0 (1.3)

The divergence of the deviatoric stress component in Eq 1.2 can then be
written as:

2η∇ · D = η∇ · (∇v + ∇vT ) = η∇2v

Substituting the expression for the divergence of the stress tensor in Cauchy’s
momentum equation (Eq 1.1), we get the famous Navier-Stokes equation (in-
compressible fluid case)

ρ ·
(

∂v

∂t
+ (v · ∇)v

)
= −∇p + η∇2v + ρf (1.4)

Expanding Eq 1.2 we getσxx σxy σxz

σyx σyy σyz

σzx σzy σzz

 =

−p 0 0
0 −p 0
0 0 −p

 + ...

2 × 1
2η


2∂vx

∂x

∂vx

∂y
+ ∂vy

∂x

∂vx

∂z
+ ∂vz

∂x
∂vy

∂x
+ ∂vx

∂y
2∂vy

∂y

∂vy

∂z
+ ∂vz

∂y
∂vz

∂x
+ ∂vx

∂z

∂vz

∂y
+ ∂vy

∂z
2∂vz

∂z


In simple shear flows σxz = σzx = σyz = σzy = 0, and considering a pure

viscous fluid σxx = σyy = σzz = 0. Further considering the symmetry of the
stress tensor

σxy = σyx = η

(
∂vx

∂y
+ ∂vy

∂x

)
(1.5)
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Chapter 1 Introduction

In the case of a Newtonian fluid flowing between two parallel plates, one
moving at a constant velocity vx and the other stationary (Fig 1.1), ∂vx

∂y
= 0,

and the shear rate in simple shear flows can be defined as:

γ̇xy = ∂vy

∂x
(1.6)

Figure 1.1: Simple shear flow

Eq 1.6 then becomes

σxy = σyx = η0γ̇xy (1.7)

where, η0 is the viscosity of a Newtonian fluid.
Eq 1.7 is called Newton’s law of viscosity. Fluids including water, most

gases, alcohols and molten metals are often termed as Newtonian fluids. For
a Newtonian fluid, at constant temperature and pressure, the shear stress
(σ) in simple shear flow is linearly dependent on the shear rate (γ̇) through
a constant of proportionality known as the shear viscosity (η) (see Eq 1.7).
Since the development of the mass and momentum equations (Cauchy, Navier-
Stokes) 300 years ago, the understanding of Newtonian flows has come a
long way and their predictions through analytical and computational means
have become easier and more robust, although challenges in turbulence and
multiphase flows still remain. Early on in this timeline of understanding of
Newtonian fluids, it was observed that a vast majority of commonly used fluids
did not follow the linear σ − γ̇ Newtonian regime. These fluids started to be
known as non-Newtonian fluids. Non-Newtonian fluids exhibit a broad range
of rheological properties that are not shown by Newtonian fluids, which makes
their characterization and as a result their flow predictions challenging.
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1.3 Rheological properties

The terms ‘complex fluid’ and ’soft matter’ are often used interchangeably
with non-Newtonian fluids and are used to describe materials having meso-
scopic length scales and a hierarchical structure that give rise to complex
rheological properties and flow properties [3]. Complex fluids also include
multiphase systems such as solid-liquid (suspensions), solid-gas (granular),
liquid-liquid (emulsions) and liquid-gas (foams). In general, complex fluids
can be thought of fluids exhibiting ′complex′ behaviour in terms of material
and flow properties [4]. This includes natural fluid systems such as molten
lava, clay and avalanches; food products such as yogurt, honey and choco-
late; household products such as toothpaste, paints and grease; bodily fluids
such as blood and many industrial fluids and chemicals such as Carbopol and
Laponite to name a few.

1.3 Rheological properties

Basic rheology of non-Newtonian fluids

Figure 1.2: Representative flow curves of Newtonian, shear-thinning, shear-
thickening, Bingham plastic and Bingham pseudoplastic fluids.

Non-Newtonian fluids show a nonlinearity in the σ − γ̇ relationship. Based
on the relations, some basic rheological behaviours can be identified. Shear-
thinning (or pseudoplasticity) is a rheological property of many non-Newtonian
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Chapter 1 Introduction

fluids where the shear viscosity of the fluid decreases with an increase in shear
rate [5]. This is a characteristic behaviour of many materials where the in-
ternal structure suffers conformational changes upon the application of shear,
aligning in the flow direction and resulting in lower resistance to flow or a
decrease in viscosity as the shear rate is increased [6]. On the contrary, shear-
thickening fluids (or dilatant fluids) register an increase in viscosity as the
shear rate is increased. Although a rare phenomenon, shear-thickening is ob-
served for fluids like cornstarch solution and water soaked sand. Bingham
plastic and Bingham pseudoplastic fluids are characterized by a yield stress
that needs to be overcome for the fluid to start flowing. Once the yield stress
is overcome, the fluid may start flowing like a Newtonian fluid (Bingham plas-
tic) or a shear thinning fluid (Bingham pseudoplastic). The rheology of yield
stress fluids and their measurement methods are explained in detail in the
upcoming sections of this thesis. The flow curves for the different types of
fluids discussed are represented in Fig 1.2.

The shear-thinning and thickening behaviour of fluids can be modeled using
the Ostwald-de Waele equation, famously known as the power law model [7]

σ = Kγ̇n (1.8)

where, K is the consistency index and n is the power law index or the flow
mode.

n < 1 → Shear thinning
n = 1 → Newtonian

n > 1 → Shear thickening

Whereas, the Bingham plastic and Bingham pseudoplastic fluids can be
modeled using viscoplastic relations shown in Eq 1.9 and Eq 1.10 respectively.

σ = σy + Kγ̇ (1.9)

σ = σy + Kγ̇n<1 (1.10)

where σy is the yield stress of the fluid.
Note that more advanced constitutive equations exist that model the shear

thinning behaviour of fluids such as the Cross model [8] and Carreau model
[9].
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1.3 Rheological properties

Linear viscoelasticity
Viscoelasticity is a property of materials that exhibit both solid and liquid like
characteristics while undergoing deformation. The elastic component refers to
the ability of a material to undergo reversible elastic deformation while the
viscous component refers to its dissipation ability through flow [6]. One of the
common methods to measure linear viscoelasticity is by performing dynamic
oscillatory tests using a rheometer. The stored deformation energy is given
by the storage modulus (G′), while the deformation energy dissipated by the
material through internal friction is represented by the loss modulus (G′′).
Typically, to measure the viscoelastic behaviour of a material, first a strain
sweep is performed at a constant angular frequency.

Figure 1.3: Representative dynamic (a) shear strain sweep and (b) angular fre-
quency sweep test results.

The linear viscoelastic (LVE) region can be thus identified as extending up
to the strain amplitude limit where the dynamic moduli are independent of
the strain amplitude. Thereafter, angular frequency sweep tests can be per-
formed at a constant LVE shear strain amplitude [10]. The frequency sweep
test describes the time dependent response of the material structure in the
non-destructive deformation range (LVE region). Representative shear strain
sweep and angular frequency sweep test results for a fluid with elastic domi-
nated material response (G′ > G′′) are presented in Fig 1.3. Note that these
figures are just representations of what an ideal oscillatory test result could
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Chapter 1 Introduction

look like. In reality, the dynamic moduli response can be very different based
on the material under consideration and interesting insights can be obtained
from these tests. For example, materials which show an elastic-dominated
response,G′ > G′′, over the entire frequency spectrum are usually called gels
(gel-like behavior); whereas if G′ < G′′ then material has a dominant viscous
response or fluid-like behaviour. A measure of the gel strength of a material
can be given by the loss factor by Eq 1.11.

tanδ = G′′

G′ (1.11)

Viscoplasticity or Yield Stress
Many complex fluids exhibit a viscoplastic behaviour when deformed. Vis-
coplasticity is the characteristic of many materials to undergo plastic defor-
mation when a stress greater than the yield stress is applied on to the material
[6]. Beyond the yield stress the material starts to flow. Many different meth-
ods have been proposed in the literature to measure the yield stress, some
of which are described below. These tests have different inputs and produce
different yield stress results based on the protocol followed.

Two distinct yield stresses exist for any given fluid. The stress required to
be overcome to initiate plastic deformation is called the static yield stress.
Whereas, the stress required to maintain plastic deformation or flow is known
as dynamic yield stress. It can be considered as the stress required to cease
the flow.

Shear rate controlled steady shear test

A widely used method to determine the yield stress of a material is by per-
forming shear rate controlled steady shear test and fitting a viscoplastic con-
stitutive equation to the flow curve of the material. A common model used
for this purpose is the Herschel-Bulkley equation [11]:

σ = σy + Kγ̇n (1.12)

where, σy is the yield stress and, K and n are the consistency index and the
flow index respectively. The Herschel-Bulkley model is fitted to the flow curve
of the material and extrapolated to γ̇ = 0. The distance from the origin where
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1.3 Rheological properties

the fitted curve intersects the ordinate is taken as the static yield stress if the
flow curve is obtained by performing ramp up in shear rate, and dynamic
yield stress if the flow curve is obtained through ramp down in shear rate
[11]. Note that unlike a pure shear thinning material, the flow curve of a
material exhibiting yield stress doesn’t pass through the origin, suggesting
that an initial stress has to be overcome for the material to start flowing. A
typical Herschel-Bulkley fit to determine the yield stress is represented in Fig
1.4(a).

Stress controlled steady shear test

Another widely used method of measuring the static yield stress is by per-
forming stress controlled steady shear stress tests where the shear viscosity
function is measured as the shear stress is ramped up. A decrease in viscosity
can be observed as the material undergoes plastic deformation. Shear stress
corresponding to the intersection point between the tangents drawn on the
viscosity function is considered as the yield stress of the material [12]. A
typical steady shear stress test curve is represented in Fig 1.4(b).

Creep test

It can be observed from the steady shear stress curve in Fig 1.4(b) that the
decrease in the shear viscosity function is not sudden. For most materials, the
viscosity function decreases gradually, suggesting that the material yields over
a wide range of shear stresses. This range in which the material undergoes
plastic deformation can be measured in a creep test [13]. In such tests, the
transient shear viscosity response is measured at constant input shear stresses.
When a shear stress greater than the yield stress of the material is applied, the
viscosity function decreases with time due to structural breakdown. However,
when a shear stress less than the yield stress range of the material is applied,
the structure of the material builds up resulting in an increase in viscosity.
In the yield stress range the viscosity response fluctuates as the material goes
towards its steady state, starting from a transient state. The range of input
shear stresses which result in the fluctuation of the viscosity function is con-
sidered as the static yield stress range. Furthermore, this test protocol is also
used to observe the transient material response and measure the time required
to achieve steady state. A representative graph of such a test is presented in
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Chapter 1 Introduction

Figure 1.4: Rheological tests to measure yield stress: (a) shear rate controlled
steady shear test, (b) stress controlled steady shear test, (c) creep test
and (d) start-up test.
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1.3 Rheological properties

Fig 1.4(c).

Start-up test

In a start-up flow test, the shear strain is ramped up at a constant rate as
the shear stress response of the material is recorded [14]. The material first
deforms elastically. This is a reversible deformation and the material goes back
to its original state if the strain is reduced to 0 in this range. However, beyond
a critical strain, the material yields and starts flowing. This is the static yield
stress of the material. The shear stress then decreases and attains a plateau.
Stress corresponding to the plateau region is the dynamic yield stress of the
material. A representative shear stress-shear strain curve is shown in Fig
1.4(d).

Note that other methods of determining the yield stress have also been
proposed in the literature, such as in oscillatory tests [11]. The dynamic yield
stress can be measured from oscillatory tests by performing a shear stress
ramp and measuring the dynamic moduli. Tangents are then drawn on the
storage modulus curve (usually) and the shear stress corresponding to the
intersection between the tangents is taken as a measure of the yield stress.
However, sometimes the crossover point between G′ and G′′ is also considered
as the yield stress [11].

It is evident that different tests result in different measure of yield stress
and based on the measuring protocol one could be measuring either the static
or the dynamic yield stress. Additionally, for fluids showing time dependent
material rheology, the measurement of yield stress becomes especially chal-
lenging as the yielding phenomenon is affected by the time period of shearing.
These factors add to the complexity of measuring yield stress fluids.

Thixotropy
Thixotropy is a characteristic behaviour of many yield stress materials wherein
the structure of the material breaks down upon the application of shear and
builds up with time when the shear is removed, beyond the time frame of the
experiment [15]. Numerous measurement methodologies exist in the scien-
tific literature to probe the thixotropic material behaviour, however, different
test configurations yield contrasting results. As the thixotropic response of
a material is time and shear rate dependent, attention must be paid to the
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Chapter 1 Introduction

measurement protocol employed. Some of the typical thixotropic tests are
highlighted below.

Hysteresis loop test

Hysteresis loop test is one of the most common methodologies used to measure
thixotropy. It involves ramping up the shear rate step wise and measuring the
flow curve of the material, followed by subsequent ramp down of shear rate
[16]. As the shear rate is ramped up in shear rate controlled steady shear
tests, the structure of the material breaks down and it recovers with time as
the shear rate is ramped down. Due to the material undergoing structural
breakdown with time, the flow curve obtained during the ramp down in shear
rate is different and lower in magnitude than the flow curve obtained in ramp
up. This gives rise to a hysteresis loop, the area of which is often considered
a measure of thixotropy [16]. In hysteresis loop tests shear rate and time are
coupled. The magnitude of stress response varies with the choice of time step
size at each discrete shear rate. If a time step size equal to the material’s
steady state time is allowed at each shear rate, the structure of the material
breaks down significantly (sometimes beyond repair), affecting the shear stress
response in subsequent shear rate steps. Therefore, typically the hysteresis
loop tests are performed at the material’s transient state. A representative
hsyteresis loop is presented in Fig 1.5(a).

Multi Interval Thixotropic Test (MITT)

MITT is often performed to study the response of thixotropic materials to
sudden changes in input shear rate [17]. It is also used to measure the effect of
transient shear history on material behaviour and study its effects on material
recovery time. Many different forms of MITT have been proposed in the
scientific literature. The most commonly used method involves random step
wise increase and decrease of shear rate levels and measuring the resulting
shear stress or viscosity response. When a shear rate corresponding to shear
stress lower than the yield stress of the material is applied, an increase in shear
viscosity response can be observed due to structural buildup, and when a shear
rate corresponding to shear stress higher than the yield stress is applied, the
shear viscosity decreases with time due to structural breakdown. The shear
rate input may not be random for some MITT measurements and may involve
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1.3 Rheological properties

a gradual decrease followed by a gradual increase in shear rate levels or vice
versa. A special form of MITT test, called the three interval thixotropic test
(3ITT) consists of only three intervals of input shear rates, usually having a
high input shear rate in the second interval with the first and third intervals
being identical [16]. 3ITT is used to study the material’s recovery response
without a shear history in the first interval, followed by destroying the material
structure in the second interval by employing a high shear rate and finally
measuring the change in material’s recovery response in the third interval
where the shear rate level is same as the first interval. Similar to hysteresis
loop tests, the material response is significantly affected by the choice of time
step size chosen for each interval. A typical MITT test is shown in Fig 1.5(b).

Figure 1.5: Rheological methods to measure thixotropy: (a) hysteresis loop test
and (b) multi interval thixotropic test (MITT).

The three step oscillation test is a variation of the 3ITT test which involves
recording the dynamic moduli response to three input shear rate levels [18].
Start-up tests are another variation where the material is pre-sheared and
then allowed to rest. A sudden application of shear rate after the rest period
results in a stress overshoot followed by the stress reaching a plateau towards
the steady state of the material [19]. The effect of material’s thixotropy is
studied as a function of the stress overshoot and rest time allowed after pre-
shear.

It is evident that many different methods of measuring yield stress and
thixotropy exist in the scientific literature. Materials exhibiting only yield

15



Chapter 1 Introduction

stress are known as simple yield stress fluids, because materials that exhibit
both yield stress and thixotropy are more complex and challenging to charac-
terize. For a thixotropic material, the yield stress also becomes a function of
time and the structural breakdown due to yielding competes with structural
recovery with time due to thixotropy. Therefore, it has been claimed that
yield stress and thixotropy manifest from the same basic physics [20] and it
is extremely challenging to decouple them. Additionally, some complex fluids
are known to exhibit time dependent viscoelasticity and, similar to thixotropic
materials, form a hysteresis loop in shear rate controlled steady shear tests.
It is especially challenging to decouple thixotropic and viscoelastic effects, al-
though recent studies have tried to understand the differences between the
two [21]. Moreover, microstructural changes that affect viscoelasticity and
give rise to overshoot in dynamic moduli in oscillatory tests, also affect the
viscoelastic response of the material and its yield stress [22]. The coupling
between the various complex rheological material behaviour adds to the com-
plexity of the fluid and its measurement.

1.4 Motivation and present work
Complex fluids have wide spread applications in industries and products of
daily use. However, they exhibit complex rheological material behaviour which
makes their characterization challenging [23]. To enhance their production
and processing efficiency, these rheological properties need to be properly
characterized and the flow properties of these fluids studied and predicted.
Numerous attempts have been made to study the sometimes elusive material
properties of these complex fluids and many constitutive models have been
proposed to predict their flow behaviour [15], [20], [24]–[29]. However, due to
inadequate measurement protocols and constitutive modeling of the transient
material behaviour, we still lack proper understanding and predictability of
most of these complex fluids [30]. The goal of this PhD project is to pre-
dict the flow behaviour of complex fluids in different test configurations such
as milifluidic channels, pipes and surfaces through implementing adequate
constitutive models, supported by improved rheological and microstructural
characterizations.

In this particular thesis we have taken preliminary steps towards studying
the rheological properties and microstructure of three widely used complex
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1.4 Motivation and present work

fluids, predicted their rheology using constitutive modeling and performed
experimental flow visualization in milifluidic channels. We started with intro-
ducing the topic and discussing the various existing methods of characteriza-
tion of the rheological properties of interest such as viscoelasticity, yield stress
and thixotropy in chapter 1. In chapter 2 the materials studied in this thesis
are presented and the methods used for rheological characterization, numer-
ical modeling, microstructural imaging and flow visualization in milifluidic
channel are discussed. In chapter 3, some of the key results are highlighted
and finally in chapter 4 concluding remarks and future scope are presented.
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CHAPTER 2

Materials and Methods

The goal of this PhD programme is to study the flow dynamics of complex
fluids. For this particular study, we have chosen three different fluids showing
complex rheology and flow properties. These are:

(a) Yogurt: a food product widely used all over the world, it is a live
sample formed through fermentation by bacterial culture. The microstructure
of yogurt consists of protein and casein network, along with fat globules and/or
additives. The material properties of yogurt highly depend on factors such as
environmental and processing conditions, source of milk and additives used.
Yogurt has been found to be a yield stress fluid showing thixotropic and
viscoelastic material behaviour [31], [32]. We investigate the rheological and
flow properties of three different types of yogurt in this study: Naturell, Vanilj
and Långfil. They differ in their composition based on bacterial culture and
flavour additives used. More information about the composition is provided
in paper I.

(b) Carbopol: Carbopol is a synthetic polymer widely used in industries
as a viscosity modifier, stabilizer, binder and adhesive. Different varieties of
Carbopol are now available in the market. Carbopol solution is considered as
a model fluid and has been widely studied because of its elasto-viscoplastic
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properties [33]. Carbopol forms a hydrogel and does not exhibit thixotropic
material behaviour under normal circumstances. However, it has been recently
discovered that Carbopol solutions can be made to show thixotropic effects
by modifying the sample preparation method [34].

(c) Laponite: Laponite is a synthetic polymer widely used to modify or
enhance the rheology of many widely used fluids such as paints, inks, cosmetics
and shampoos. When prepared in a solution form, it shows high thixotropy
and elasto-viscoplastic behaviour [35].

Three different concentrations of Carbopol and Laponite were prepared for
this study based on varying levels of rheological properties such as viscoelastic-
ity, yield stress and thixotropy. The sample preparation and handling methods
have been elaborated in paper II of this thesis.

2.1 Rheological characterization
Rheological properties of the three types/concentrations of yogurt, Carbopol
and Laponite were characterized using an Anton Paar 702e Space rheometer
in single motor transducer configuration. The C-ETD 200/XL cell accessory
was used to maintain the temperature constant at 23 ◦C during all measure-
ments. A custom built profiled bob and cup geometry with vertical profiling,
CC27/P6, having an inner cup diameter of 29 mm and a bob diameter of 27
mm was used to minimize the effects of wall slip. Considering the transient
and memory effects of the samples chosen, a fresh sample was used for every
measurement to reduce the effect of shear history on measurement results.

The viscoelastic behaviour of the samples was measured through dynamic
oscillatory tests. Shear strain amplitude sweep tests were performed at a
constant angular frequency of 6 rad/s. Based on the linear viscoelastic range
identified, angular frequency sweep tests were then performed at a constant
shear strain amplitude of 0.1 %.

Yield stress of the three samples was estimated by performing stress con-
trolled steady shear stress tests and measuring the viscosity function of the
material. Additionally for yogurt samples, the yield stress range was measured
through creep tests. The yield stress measured in steady shear stress test was
used as a reference to choose the shear stress inputs of the creep test.

Thixotropic material behaviour was measured primarily through hysteresis
loop tests. The shear rate was ramped up in the range of γ̇ ∈ [100, 103]
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s−1 for yogurt and Laponite samples with a time step size of 120 s and 30
s respectively at each shear rate and then subsequently ramped down while
measuring the shear stress of the samples. For Carbopol, a shear rate ramp
up and down was performed in the range of γ̇ ∈ [10−2, 102] s−1, with a time
step size of 30 s. Additionally for yogurt samples, MITT tests were performed
at 8 distinct shear rate intervals, with three of the intervals corresponding
to shear stress below the yield stress of the samples and rest of the intervals
having stress levels higher than the yield stress.

2.2 Numerical modeling
In paper I, numerical modeling has been used to fit four different phenomeno-
logical thixotropic models to hysteresis loop tests of yogurt samples and based
on the values of the fitting parameters obtained, predict yogurt’s thixotropic
response in MITT tests. The thixotropic models considered consist of an
equation of state (E.O.S), which represents the shear stress as a function of
the shear rate and the so called structural parameter λ(t). The E.O.S. for
Mujumdar et al., (2002), Worrall & Tuliani, (1964) and Coussot et al., (2002)
models is shown in equation 2.1.

σ[λ(t), γ̇] = [K1 + K2λ(t)]γ̇m (2.1)

The E.O.S of the fourth model by Schmitt et al., (1998) is given by

σ[λ(t), γ̇] = λ(t)σi(γ̇) = λ(t)kiγ̇
ni (2.2)

The structural parameter λ(t) is a dimensionless quantity that represents
the amount of structure present in the material, λ(t) ∈ [0,1]. λ(t) = 1 rep-
resents fully structured network and λ(t) = 0 represents complete structural
breakdown. λ(t) is given by a kinetic or rate equation, where it is a function
of shear rate, time and the structure at the previous time step. The kinetic
equation of the thixotropic models chosen can be analytically solved to get an
expression of λ(t), which when simultaneously solved with the E.O.S, gives
the shear stress response of the material. The four thixotropic models chosen
are presented in Table 2.1.

Mujumdar et al., (2002), Worrall & Tuliani, (1964) and Coussot et al.,
(2002) models have a kinetic equation of the form
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dλ(t)
dt

= k1γ̇aλ(t)b︸ ︷︷ ︸
Breakdown

+ k2γ̇c[1 − λ(t)]d︸ ︷︷ ︸
Buildup

. (2.3)

where the rate of change of the structural parameter depends on a break-
down and a buildup term. Based on the values of the indices a, b, c and d,
the kinetic equations of the three models can be obtained.

The kinetic equation of the Schimitt et al., (1998) model is given by

dλ(t)
dt

= −C[λ(t, γ̇) − λe]p (2.4)

where k1, k2, K1, K2, Ki, m, ni, p and λe are model constants that are deter-
mined by fitting the E.O.S and the kinetic equation simultaneously to the
hysteresis loop data obtained from measurements. The least squared error
fitting methodology is explained in detail in paper I.

Table 2.1: Summary of thixotropic models consisting of an equation of state and
kinetic equation used in the study.

Equation of State (EOS) Author & Indices Kinetic Equation

σ = [K1 + K2λ(t)]γ̇m

Mujumdar et al., (2002) [29]
a = 1, b = 1, c = 0, d = 1

dλ(t)
dt

= −k1γ̇λ(t) + k2[1 − λ(t)]

Worrall & Tuliani, (1964) [36]
a = 1, b = 1, c = 1, d = 0

dλ(t)
dt

= −k1γ̇λ(t) + k2γ̇

Coussot et al., (2002) [13]
a = 1, b = 1, c = 0, d = 0

dλ(t)
dt

= −k1γ̇λ(t) + k2

σ[λ(t), γ̇)] = λ(t)σi(γ̇)
= λ(t)Kiγ̇

ni
Schmitt et al., (1998) [37]

dλ(t)
dt

= −C[λ(t, γ̇) − λe]p

2.3 Flow visualization in milifluidic channel
A milifluidic flow setup was designed to study the influence of the rheologi-
cal material behaviour on the flow field of the thixo-elasto-viscoplastic fluids.
The rectangular milifluidic channel (cross section 1×3.25 mm2) was created
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by stacking 2 plexiglass plates and 2 aluminium plates on to a stainless steel
plate. The milifluidic channel formed has a length of 80 mm. The flow vi-
sualization was performed using a Doppler-Optical Coherence Tomography
(D-OCT) device at a distance of 65 mm from the starting point to minimize
entrance effects. The D-OCT equipment works on the principles of Michelson
interferometry to measure the difference in contrast in the flow and recon-
structs the velocity field from the backscattered light using the principles of
Doppler frequency shift [38], [39]. It has the ability to visualize the flow within
the milifluidic channel by penetrating the flow field up to a depth of 2.58 µm.
This enables non intrusive flow field visualization near the channel surface,
giving interesting insights about the fluids’ flow behaviour close to the wall
surface. A schematic of the milifluidic channel setup is presented in Fig 2.1.

Upper Plexiglass plate

Stainless steel plate

Lower Plexiglass plate

Upper aluminium block

Lower aluminium block

3.25 mm
65 mm

1 m
m

X

YZ

X

Z

Y

Z

A

B

A B
Flow direction

80 mm

Flow direction

Flow direction
X

OCT

Figure 2.1: Schematic of the milifluidic channel setup.

500 consecutive frames of the velocity field were captured, which were then
probed at specific locations to obtain the velocity profile. The fluid was
pumped into the channel using a motorized syringe pump at three differ-
ent flow rates of 0.4, 2.6 and 5 ml/min. The time taken by the fluid to reach
the test section was noted, which varied significantly based on the material’s
yield stress, thixotropy and viscoelastic properties.

Ex-situ rheological measurements were performed to estimate the stress dis-
tribution inside the milifluidic channel. Shear rate profile was first calculated
from the velocity profile data, which was then probed at 4 discrete depths
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inside the channel. At these 4 selected shear rates, creep tests were performed
and the shear stress evolution with time was measured. The test was stopped
at the time equal to the time taken for the fluid to reach the test section and
the shear stress at this point was noted. Finally, the shear stress data collected
at different depths and flow rates was compiled to obtain the stress maps of
the fluids. More details about the milifluidic channel and the workings of the
OCT can be found in paper II of this thesis.

2.4 Microstructural characterization
Microstructural characterization was performed to understand the length scales
of the fluids’ structure that are representative of their complex behaviour.
Scanning electron microscopy (SEM) was performed on the yogurt samples
(see paper I). To investigate the effects of thixotropy on the material struc-
ture, yogurt samples were extracted at different stages during hysteresis loop
test. The first sample was at rest, the second sample was extracted at shear
rate of 1000 s−1 and the third sample was extracted at the end of the hys-
teresis loop test. This was done to observe the changes in the microstructure
when it had broken down significantly at the highest shear rate and its ability
to recover when the shear was removed. After extraction of the samples from
the cup geometry, the structure was immediately arrested using liquid nitro-
gen. Thereafter, the samples were freeze dried to eliminate the water content
from the structure. After 72 hrs of freeze drying, the samples were sputtered
with gold to increase conductivity and visualized using SEM. Furthermore
image processing was done to quantify the amount of structural breakdown
and recovery of the samples (paper I).
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CHAPTER 3

Results and discussions

Some key results obtained in this study are presented in this section. First
the rheological material behaviour of yogurt, Carbopol and Laponite samples
are presented in viscoelastic, yield stress and thixotropic tests (paper I and
II). Then the numerical modeling results of the thixotropic models considered
for one of the yogurt samples is briefly highlighted and the microstructural
changes in yogurt due to its thixotropy are presented (paper I). Finally, the
results of the flow visualization in a milifluidic channel are presented for the
yogurt samples (paper II).

3.1 Linear viscoelasticity
The viscoelastic behaviour of the 3 yogurt samples (Naturell (YN), Vanilj
(YV) and Långfil (YL)), 3 Carbopol samples having concentrations of 0.1 %
(C0.1%), 0.2 % (C0.2%) and 0.6 % (C0.6%), and 3 Laponite samples with con-
centrations 1 % (L1%), 2 % (L2%) and 3 % (L3%) were compared by performing
oscillatory strain sweep and angular frequency sweep tests in Fig 3.1. All the
samples considered show a gel behaviour (G′ > G′′) in the linear viscoelastic
range, with Carbopol (tan δ ∼ 0.06) and Laponite (tan δ ∼ 0.03) samples
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forming stronger gels than yogurt (tan δ ∼ 0.2). It can also be observed that
the elastic material response increases with concentration for Carbopol and
Laponite, while for yogurt, YL shows lower elasticity as compared to YN and
YV. Carbopol and Laponite samples also exhibit weak strain overshoot, given
by the rise in G′′ at the end of the linear viscoelastic region.

Figure 3.1: Oscillatory shear strain sweep test results for (a) yogurt, (b) Carbopol
and (c) Laponite samples.

3.2 Yield stress
Some of the steady shear stress test results to measure the yield stress are
presented in Fig 3.2. The three yogurt samples considered do not show a

26



3.3 Thixotropy

significant difference in their yield stress values, however, for Carbopol and
Laponite, the yield stress increases significantly with concentration.

Figure 3.2: Steady shear stress tests for measurement of yield stress for (a)-(c)
yogurt, (d)-(f) Carbopol and (g)-(i) Laponite samples.

3.3 Thixotropy
Thixotropic material behaviour was measured by performing hysteresis loop
tests. All three yogurt samples show thixotropic response, with YL having
the highest thixotropy among all 3 yogurts, based on the area of the hys-
teresis loop. For Carbopol and Laponite, the lowest concentrations (C0.1%

and L1%) are not thixotropic i.e., the flow curves during ramp up and down in
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shear rate superimpose. However the thixotropy increases with concentration,
with C0.6% and L3% being highly thixotropic. Hysteresis loop curves for all 9
samples are presented in Fig 3.3.

Figure 3.3: Thixotropic material response of (a) yogurt, (b) Carbopol and (c)
Laponite in hysteresis loop test.

3.4 Numerical modeling
Numerical modeling was performed to predict the thixotropic material be-
haviour of the yogurt samples. The thixotropic constitutive models were used
to fit the hysteresis loop test data. Based on the values of the model constants
obtained, the complete models were used to predict the shear stress response
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in MITT tests. More details about the fitting results and predictions can be
found in paper I. However, the hysteresis loop fit, the corresponding shear
stress and shear viscosity fit and the MITT predictions for YN are presented
in Fig 3.4 and Fig 3.5 respectively.

Figure 3.4: Figures showing fitting of the thixotropic models to the (a) hysteresis
loop test of YN and the corresponding (b) shear stress and shear vis-
cosity response with time.

Figure 3.5: Numerical modeling predictions of the shear stress response in MITT
test for yogurt sample YN.

While some models fit better in hysteresis loop tests, others predict the
MITT tests better. A detailed error analysis of the fits and predictions are
presented in paper I along with a discussion about the predictive power of the
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thixotropic models considered.

3.5 Microstructural imaging

Figure 3.6: SEM micrographs of yogurt samples at three different shear rate levels
in a hysteresis loop test.

SEM micrographs for the three yogurt samples are presented in Fig 3.6 at
three different shear rate levels in the hysteresis loop test. Level A represents
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unsheared sample, level B captures the yogurt microstructure at the highest
shear rate of 1000 s−1 and level C represents the microstructure at the end
of the hysteresis loop test. It can be observed that a considerable change
occurs when the shear rate is varied. As the shear rate is increased, the struc-
ture breaks down and some recovery can be observed when the shear rate
is reduced. However, for YL, the structure progressively breaks down even
at the end of the hysteresis loop test because of the structural breakdown
dominating over time due to the sample’s high thixotropy. Quantitative anal-
ysis performed through image processing shows the level of interconnectivity
between the branches changing with shear rate (see paper I).

3.6 Flow in milifluidic channel
The flow field of the samples in a milifluidic channel was visualized using D-
OCT. To study the influence of thixotropy on the velocity field, in addition
to the 9 samples considered, all the samples were stirred using an overhead
mixer to break the structure before pumping it into the milifluidic channel.
While the unstirred sample is termed as ’US’, the stirred samples are named
as ’S’ for the purpose of comparison. The velocity field obtained was probed
near the wall surface and the resulting velocity profiles for yogurt samples at
three different flow rates are shown in Fig 3.7.

Figure 3.7: Figure showing the velocity profiles of unstirred and stirred yogurt
samples at three different flow rates.

For all cases, a clear plugged profile can be observed, deviating from the ana-
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lytical solution of the Newtonian velocity profile given by Boussinesq equation
(black line). For YN the velocity profiles of the stirred and unstirred samples
practically overlap on each other, showing that once plastic deformation has
occurred, the additional structural breakdown caused by stirring the samples
does not have a profound effect on the velocity profile near the surface as
the structure quickly recovers due to lower thixotropy of the sample. For YV

the velocity profile at the lowest flow rate shows higher plugged behaviour as
the low flow rate gives the sample enough time to recover from the structural
breakdown caused due to flow. For YL samples, more profiles can be observed
to be engaged in the plug regime. The velocity profiles at all flow rates of
the unstirred sample and the velocity profile at the lowest flow rate of the
stirred sample show a profound plugged profile due to the structural recovery
dominating the structural breakdown. The shear stress measured through
creep tests at 4 discrete shear rate levels along the depth of the channel for
both stirred and unstirred samples at 3 different flowrates were consolidated
to construct the shear stress distribution map shown in Fig 3.8(a) and (b) for
the unstirred and stirred cases respectively. The corresponding Reynolds (Re)
and Bingham (Bi) numbers calculated from Eq 3.1 and Eq 3.2 respectively
are also highlighted.

Re = ρ Ubulk h

η
(3.1)

Bi = σy Ubulk

η h
(3.2)

Where, ρ is the fluid density, Ubulk is the bulk velocity of the flow, h is the
depth measured by distance from the channel wall, σy is the yield stress and
η is the shear viscosity of the sample. Re and Bi are important dimensionless
quantities that provide insights into the flow behaviour of the fluid. While Re

is the ratio of inertial forces to viscous forces, Bi is the ratio of yield stress
to viscous forces. By following the evolution of these 2 quantities along the
channel depth, the interplay between inertial forces, viscous forces and yield
stress can be studied.

The shear stresses recorded for the unstirred samples are higher than the
stirred samples, because the structure of the material breaks down signifi-
cantly upon stirring. The imposed stress propagates easily through the ma-
terial structure. However, for more structured material, the microstructure
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Figure 3.8: Shear stress maps for (a) unstirred and (b) stirred yogurt samples.

resists deformation due to the imposed stress, resulting in stress accumulation
and consequently an increase in the shear stress measured. This is especially
highlighted in the case of YL, which has a large difference between the ramp up
and ramp down flow curves in hysteresis loop test due to its higher thixotropy
as compared to YN and YV. The stresses also seem to decrease when we
move towards the core of the channel, which is expected as the shear rates
are higher near the channel wall and the fluid structure experiences higher
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wall friction. Re decreases away from the wall as the viscous forces dominate
over inertial forces due to an increase in viscosity near the core, resulting in
a plugged flow profile. The decrease in Re is much more significant for YL

due to dominant viscous effects resulting from high thixotropy of the sample.
Similarly, Bi also decreases with depth as the viscous forces and viscoplastic
effects compete and the higher viscosity near the core dominates over the yield
stress of the sample. More in depth analysis of the velocity profiles of yogurt,
Carbopol and Laponite and their stress maps can be found in paper II.
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CHAPTER 4

Concluding Remarks and Future Work

4.1 Concluding remarks

Complex fluids are widely used in industrial settings. Understanding their
rheological material response is the key to their improved production, pro-
cessing and prediction of their flow behaviour. In the first paper, rheologi-
cal characterization of stirred yogurts was performed and their viscoelastic,
yield stress and thixotropic material behaviours were studied. The thixotropic
material response was then predicted in MITT tests using phenomenological
thixotropic models, the parameters of which are determined by fitting the
models to hysteresis loop tests. The results show that even when fitting and
predicting simple shear flows, careful consideration has to be given to the
particular choice of model. Each model captured certain features of yogurt
thixotropic test flows while missing others. Thus, modeling and predicting
thixotropic data between simple shear flows could be a simple way for eval-
uating the suitability of thixotropic models for the flow of a particular type
of yogurt and, by extension, of other thixotropic fluids. This could have sig-
nificant implications especially for modeling the flow of yogurts in complex
geometries where thixotropy plays a crucial role and there is a need to couple
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the flow equations to adequate rheological constitutive models.
In the second paper, flow visualization of 3 different samples of yogurt,

Carbopol and Laponite each was performed for the first time using Doppler
optical coherence tomography (D-OCT) method. The types/concentrations
chosen were motivated by the difference in their rheological properties. Based
on their rheological material response, and the imposed flow rate, some sam-
ples exhibit a higher plugged profile near the channel surface than the others.
As a general rule, velocity profiles get more plugged at lower flow rates for
thixotropic samples as the longer travel time of the fluid promotes higher
structural recovery. An ex-situ rheometric technique was proposed to con-
struct shear stress distribution maps and Reynolds and Bingham numbers at
different depths were highlighted. The stress maps revealed that the stress
distribution is greatly affected by the structural state of the material. The
shear stress for less structured stirred samples were found to be lower than the
unstirred samples. The flow field and stress distribution could have significant
implications for modeling the flow of TEVP fluids in milifluidic channels.

4.2 Future Work
As mentioned briefly earlier, the work done in this thesis will be carried for-
ward in the upcoming months and results obtained will be used to perform
numerical simulations.

• The constitutive equations used for numerical modeling performed in
the first paper will be implemented in a commercial CFD package for
simulating flow in pipes, surfaces and microchannels. Based on the per-
formance of the simulation predictions, the constitutive models might be
modified to add more physics in terms of yield stress and viscoelasticity.

• Experimental results obtained from D-OCT visualization will be used
to validate CFD code.

• Measurements will be performed in pipe flow and surface flow with one
or multiple complex fluids considered in this study.

• Microstructural characterizations will be performed and used to estimate
the value of structural parameter.
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