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Abstract
The conversion of traditional batch operations into continuous processes represents an
important goal towards process intensification. The rigorous design of continuous manufacturing operations poses several challenges, especially for processes involving complex fluids, whose rheological properties change during processing. The scope of this
thesis is to provide a new approach for the development of a continuous process aimed
at the production of a non-aqueous Carbopol gel used in oral health formulations. The
dissertation addresses two main challenges related to the process: (i) in-line mixing of
complex liquids and (ii) control over the Carbopol gelation. First, the impact of complex
rheological properties on the mixing stage was investigated experimentally and numerically. Concentrations maps, obtained at different mixers lengths via Planar Laser Induced
Fluorescence experiments, revealed that mixing of viscoelastic fluids reduces when the
elastic rheological response becomes significant. To prevent these effects and better control the evolution of the rheological properties over the entire process, the kinetics of the
gelation process was investigated via time-resolved rheometry and UV-Vis spectroscopy.
This study yielded insights into the mechanism of gelation, leading to a kinetic relation
to describe the time-evolution of the linear elastic properties of the Carbopol matrix. To
further link the kinetic findings with the evolution of the flow properties, the rheological
properties of Carbopol dispersions and the impact of different solvents on the swollen
configuration of the microgels were investigated. In the presence of co-solvents, the kinetic aspect of the swelling process is critical in determining the final swollen state. Once
the final particle dimension has been determined, a generalized scaling behaviour of the
flow properties can be retrieved as function of the particle volume fraction. Finally, the
scaling laws and the kinetic model were implemented in a computational fluid dynamic
model to enable simulations of the gelating flow in different operating conditions.
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Impact statement
Nowadays, the significant level of sophistication of formulated products, along with the
necessity of achieving controlled and reproducible product quality, represent a topical
manufacturing challenge for the development of novel complex formulations. For some
products, such as toothpaste, the ability of efficiently including novel product functionalities and at the same time ensuring robustness of the manufacturing process is also relevant
for the overall health and well-being of consumers. When developing a new toothpaste
formulation, it is often unclear how the single components interact with each other. In
addition, the high variability of the rheological properties during the different steps of the
manufacturing process and the large concentration inhomogeneities induced in traditional
batch operations, prevent the precise control of the process conditions.
The motivation for this work stemmed from the industrial interest in changing the
manufacturing of novel oral non-aqueous formulations, currently produced by GlaxoSmithKline to treat dentinal hypersensitivity, from a batch to a continuous approach. In
fact, the conversion of traditional batch operations into continuous processes represents a
promising and cost effective direction towards more efficient and controlled manufacturing strategies.
Following this interest, the main scope of this research was to provide a new approach for the development of a continuous mixing process aimed at the production of
a non-aqueous Carbopol gel used in the GSK formulation, based on the understanding
and detailed exploration of the material rheological properties and physical interactions
of the single components. The main findings of this thesis offer insights into two critical
points: (i) the effect of non-linear rheological properties, such as viscoelasticity, on the
efficiency of the in-line mixing process, and (ii) the ability to control the gelation process
of Carbopol dispersions and predict the evolution of their rheological properties over the
entire process. Both aspects are fundamental for the development of the new continuous
approach but are also of great interest for other technological applications involving continuous flow of non-Newtonian fluids (e.g. 3D and ink-jet printing, drag reduction applications, oil recovery) and industrial and pharmaceutical formulations employing similar
types of materials.
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Highlights
1. The influence of complex rheological properties on the mixing dynamics in inline mixing devices was investigated by means of experimental and computational
tools. The experimental results highlighted the severe mixing challenges induced
by the onset of viscoelastic instabilities in these complex geometries. The effects of
different fluid rheological properties and mixer geometries on the onset and characteristics of the instabilities were further examined. Despite the ubiquity of complex
fluids in mixing applications, this investigation represents the first study to clearly
reveal the onset of viscoelastic instabilities in these complex geometries and to
address the detrimental consequences on the robustness of continuous mixing technologies when employing polymeric solutions.
2. A kinetics analysis of the structural evolution of non-aqueous Carbopol dispersions
was performed by tracking the evolving viscoelastic and optical properties of the
material at different operating temperatures and sample compositions. The study
allowed to derive a kinetic equation, which describes the evolution of the structural
properties of the material. This is paramount for process design applications and
scale-up, especially if a dramatic change of the material flow properties is expected.
Furthermore, the kinetic analysis provided insights into the mechanism of gelation
of Carbopol dispersions in a non-aqueous environment, which is of scientific interest for the development of new formulations employing similar systems.
3. The effect of non-aqueous solvents and co-solvents on the final swollen state and
mutual interactions of Carbopol particles was explored through a complete rheological characterisation. Through this study, we gained a better understanding of
how these aspects impact the rheological design of novel non-aqueous formulations
and provided a path for the rheological scaling of Carbopol dispersions, independently of the solvent used. The results highlighted the possibility of treating, from
a rheological perspective, Carbopol gels as fully packed suspensions of soft elastic particles, even though some interesting anomalies were also individuated, thus
opening the way to further investigations.
4. A methodology for the development of a CFD numerical tool, able to incorporate
the kinetics of gelation with the inherent changes of the rheological properties induced by the gelation itself, was developed by exploiting fundamentals of reaction
engineering. The approach allows to model the continuous gelation process in a
CFD environment, thus providing a simple and cost-effective solution to achieve a
more detailed design of the new process.
Beyond the academic research, the results obtained from the kinetic and rheological
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analysis were also successfully employed by GSK in the development of a pilot plant for
the continuous manufacturing of the complete formulation.
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3.16 Concentration maps after two helical mixing elements obtained at increasing values of De for the three viscoelastic solutions. From top to bottom:
fluid B, fluid ST1 and fluid ST2. . . . . . . . . . . . . . . . . . . . . . .
3.17 a) Example of local time variation of the dye mass fraction at increasing
De, for fluid B. The black dotted signal represents the reference taken
at De < 1, when the behaviour is assumed to be Newtonian. Some of
the locations chosen to sample the time-dependent behaviour are reported
as red points on a snapshot of the concentration map found for fluid B
at De = 13. The single green dot corresponds to the position reported
in panel a) as a solid green line; b) corresponding power spectral density (PSD) functions; c) amplitudes of the local oscillations, evaluated as
standard deviation of the signals and d) slope of the power law decay of
the corresponding PSD functions for all unsteady conditions. For each
condition, the points reported were obtained by averaging the values over
50 random positions taken close to the striations boundaries (the error
bars represent the variation in STDc between the 50 points sampled). The
black dashed line in panel c) is the reference value in stable conditions
(the grey band is the variation in STDc between 50 random positions).
The data points associated to the number of mixing element Ne in both
panel c) and d) are not vertically aligned for visual purposes; e) example of the time variation of the average mass fraction across the whole
cross-section for the same conditions reported in panel a). . . . . . . . . .
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3.18 Evolution of the concentration maps with the addition of mixing element
in the helical geometry for the three different regimes individuated. . . . .
3.19 Example of concentration maps obtained after one SMB-R mixing element for the viscoelastic solutions for De > 1 and Ma < 1. The maps
reported above are stationary. I do not report an example for fluid ST1,
since the maps are never steady. . . . . . . . . . . . . . . . . . . . . . .
3.20 (a) Concentration maps obtained after one SMB-R mixing element with
fluid B for De = 21 and Ma = 4; (b) PSD functions of the oscillations
sampled in three random position (indicated by the three dots in panel a))
for fluid B at Ma = 4. The red line is a guide for the eye, representing a
slope of 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.21 a) Time evolutions of the concentration maps obtained at Ma = 12 with
fluid B after one SMB-R mixing element (images are reported with a
∆t = 2.5 s); b) corresponding PSD functions of the oscillations of dye
mass fraction obtained in four random positions of the cross-section, as
indicated by the dots in panel a). The PSD shows a first power law decay
(blue line, slope ∼ 0.5) up to f ≈ 1 Hz and a second (red line, slope ∼ 2),
which extends in the higher range of frequencies. . . . . . . . . . . . . .
3.22 a) Time evolutions of the concentration maps obtained at Ma = 0.3 with
fluid ST1 after one SMB-R mixing element. The dots show some of
the typical positions sampled for the analysis of the time-dependent behaviour; b) example of quasi-periodic fluctuations observed in the same
condition reported in panel a) (black line), at the position indicated by the
green dot, and at Ma = 0.86 (blue line). The green shadow indicates the
time interval of the sequence shown in panel a); c) corresponding PSD
functions. The red arrows indicate the characteristic frequency of the oscillations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.23 Evolution of the concentration patterns across 1, 4 and 8 SMB-R mixing
elements at increasing Ma (data obtained with fluid ST1). The images
reported represent a single frame, since strong fluctuations of the concentration are observed for all the cases depicted. . . . . . . . . . . . . . . .
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3.24 a) Amplitudes of the local oscillations, evaluated as standard deviation of
the signals and b) slope of the second power law decay of the corresponding PSD functions for all unsteady conditions in the SMB-R geometry.
For each condition the points reported were obtained by averaging the
values over 50 random point in the image (the errors bar represent the
varition of STDc between the 50 points sampled). The black dashed line
in panel a) is the reference value in stable conditions (the grey band is
the varition of STDc between more than 50 random positions). The data
points associated to the number of mixing elementNe in both panels a)
and b) are not vertically alligned for visual purposes. . . . . . . . . . . .
3.25 Example of the time variation of the average dye mass fraction evaluated
in the whole cross-section for three different conditions after 1 SMB-R
element. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.26 On the left, Ma-El space phase map summarising the transitions observed
in the Helical mixer (for all lengths studied); on the right, evolution of the
mixing efficiency for all conditions tested. The coloured horizontal bands
are reported for reference and represent the CoV values in the Newtonian
case (the thickness of the band is the standard deviation over all the values
obtained at different Re). The error bars represent the standard deviation
of the CoV signals in the case of unsteady conditions. . . . . . . . . . . .
3.27 On the left, Ma-El space phase map summarising the transitions observed
in the SMB-R mixer (for all length studied). For fluid B the unstable
behaviour is anticipated at Ma < 1 and the strong fluctuations appear at
Ma < 10 when the number of mixing elements is increased (grey squares
on the map); on the right, evolution of the mixing efficiency for all conditions tested. The coloured horizontal bands are reported for reference and
represent the CoV values in the Newtonian case (the thickness of the band
is the standard deviation over all the values obtained at different Re). The
error bars represent the standard deviation of the CoV signals in the case
of unsteady conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.28 a) Friction factor vs. Re for all fluid tested (left) and sample PSD functions at increasing Ma for fluid B (the qualitative behaviour is the same
for all fluid tested) (right) for the helical geometry; b) Friction factor vs.
Re for all fluid tested (left) and sample PSD functions at increasing Ma
for fluid B (the qualitative behaviour is the same for all fluid tested) (right)
for the SMB-R geometry. . . . . . . . . . . . . . . . . . . . . . . . . .
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4.12 Simplified schematic of the swelling behaviour of Carbopol particles dispersed in a single solvent at two different polymer concentrations (top
row: high concentration; bottom row: low concentration). At the initial time, t0 , each particle starts to uptake solvent and consequently swells
independently from its neighbours (t = t1 ) until reaching the packing condition. At time t2 the high concentration sample has already reached the
final packing condition because of the higher number of particles present.
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frequency of 1 rad/s are reported. . . . . . . . . . . . . . . . . . . . . . .
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five gelation temperatures tested (25, 30, 40, 50 and 60 ºC, following the
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4.15 Schematic of the mechanism of swelling of a single Carbopol particle in
a liquid solvent (thick arrows show solvent flux). . . . . . . . . . . . . .
4.16 (a) Evolution of the absorbance function at a wavelength of 500 nm during the gelation process of four different samples at 40 ºC. At the lowest
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indicated in figure with tdelay . (b) Settling time of the gelation process,
tS , calculated from the absorbance measurements and gelation half-times
against glycerol mass fraction for a representative temperature T1. . . . .
4.17 Comparison between the evolution of the structural conversion degree XS
(left hand axis) and of the absorbance (right-hand axis) for sample X3 at
temperature T3. The graph can be divided in three areas depending on
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Left: Trend of the shear stress during the pre-shear stage (closed symbols)
and during the rest stage (hollow symbols) for G solution at 8% wt of Carbopol; Right: Steady-shear tests for the same sample with two different
resting times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sample image obtained through confocal microscopy of 0.1%wt labelled
Carbopol swollen in Glycerol. The scale bar indicates a dimension of 10
µm. The inset shows how single particles are identified manually. Particle
radius is calculated as the radius of the equivalent circle covering the same
pixel area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Frequency dependence of the storage (closed symbols) and loss (hollow
symbols) moduli in the three different solvents for increasing Carbopol
concentrations: a) 0.7% wt; b) 1% wt; c) 2% wt; d) 3% wt; e) 5% wt; f)
8% wt. Dashed lines indicate the power law trends. . . . . . . . . . . . .
First derivative of G00 for all solutions at 2% wt of Carbopol. For all
solutions the derivative approaches zero for low values of ω. . . . . . . .
Evolution of the normalised loss tangent with Carbopol concentration at
a fixed frequency (ω = 1 Hz) for G, PG and P solutions. The inset zooms
closer to the point where the loss tangent increases again. The dotted lines
are guides for the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Storage modulus (at ω = 1 rad/s) as a function of Carbopol concentration
for P, G and PG solutions. The closed symbols are data above the jamming transition, whilst the hollow symbols are data below the jamming
transition. The black dotted and dashed lines represent data fittings with
the linear relation G00 = K p (c − cc ). The inset shows the same data versus the apparent volume fraction φ in semilog scale. The line indicates a
power law trend G00 ∝ φ 8 . . . . . . . . . . . . . . . . . . . . . . . . . . .
Strain amplitude dependence of the storage (closed symbols) and loss
(hollow symbols) moduli at ω = 1 rad/s for highly concentrated samples (c ≥ 3% wt) for the three different solvents obtained from LAOS
experiments: a) glycerol; b) PEG/glycerol; c) PEG. . . . . . . . . . . . .
Shear stress (amplitude) vs shear strain (amplitude) at ω = 1 rad/s for 8%
wt Carbopol samples obtained from LAOS experiments. The black line
is the fitting for the linear regime, whilst the other lines are the power law
fittings with slope m. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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a) Yield strain as a function of the apparent volume fraction φ for G, PG
and P solutions in the densely packed regime (the values corresponding
to 2% wt of Carbopol in G and PG solutions are also added). The dotted
line is a guide for the eye and indicates a slope of 1 in the log-log plot. b)
Discrepancy between σy (closed symbols) and σB (hollow symbols) as a
function of Carbopol apparent volume fraction for G, PG and P solutions.
The values reported are normalised with the particle modulus G p reported
in Table 5.4. The dotted lines are guides of the eye. . . . . . . . . . . . .
Flow curves of the samples in the densely packed regime for the three different solvents: a) Glycerol; b) PEG/Glycerol; c) PEG. The dashed lines
represent the fitting of the experimental data with the Herschel-Bulkley
model (Eq. 5.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Strain amplitude dependence of the storage (closed symbols) and loss
(hollow symbols) moduli at ω = 1 rad/s below the densely packed regime
for the three different solvents obtained from LAOS experiments: a) Glycerol; b) PEG/Glycerol; c) PEG. . . . . . . . . . . . . . . . . . . . . . . .
Normalised G0 (upper row graphs) and G00 (lower row graphs) as function
of the strain amplitude for the three different solvents. . . . . . . . . . . .
Flow curves of the samples for decreasing Carbopol mass fraction in the
three different solvents. For each plot from top to bottom: 2% wt, 1.5%
wt, 1% wt, 0.8% wt, 0.7% wt, 0.5% wt, 0.4% wt and 0.2% wt). Black
dashed lines indicate slope 1. Coloured dotted lines represent fitting of
the experimental data with the Herschel-Bulkley model (Eq. 5.2); dashed
lines fitting with the modified HB model (Eq. 5.3), continuous lines fitting
with the Carreau-Yasuda model. . . . . . . . . . . . . . . . . . . . . . .
Ascending (A) and descending (D) amplitude sweeps for P solution close
(2% wt) and below (1.5% wt) the critical concentration cc . As usual,
closed symbols indicate the storage modulus, whilst hollow symbols the
loss modulus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Relative viscosity as a function of Carbopol concentration for G, PG and
P solutions in the semi-dilute regime. The solid lines represent the fitting
with Eq. 5.8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Relative viscosity rescaled with Carbopol volume fraction ζ for G, PG
and P solutions in the semi-dilute regime. The solid line represents the
fitting with Mooney’s equation (Eq. 5.7), whilst the dashed line is the
Batchelor equation. The inset shows the point at which the Batchelor
equation starts to deviate from Mooney’s. . . . . . . . . . . . . . . . . .
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5.17 Scaled version of Fig. 5.13 for G (red), PG (blue) and P (black) solutions,
down to concentrations of 0.7% wt for G and PG solutions and of 1% wt
for P solutions. All concentrations above the jamming transition (i.e. with
% mass fractions w > wJ ) are reported in closed symbols, whilst below
the jamming point are reported in hollow symbols. The dashed line is the
theoretical HB fitting with power law exponent equal to 0.53. . . . . . . . 181
5.18 Collapsed flow curves in the densely packed regime. Symbols legend is
the same as in Fig. 5.10. The black line represents the fitting with Eq.5.10. 182
6.1

6.2

6.3

6.4

6.5

Steps of the integral method for batch reactor data analysis. Suppose
to have a reaction A → products, with initial reactant concentration cA0 .
(1) A reaction rate functionality, f (XA ), is hypothesised and the mass
balance over the conversion degree for the batch reactor is written; (2)
the equation is integrated on both sides and (3) the predicted evolution
of the conversion degree versus time is found. F(XA ) is the primitive
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Storage modulus (at representative frequency ω = 1 rad/s) as a function
of Carbopol apparent volume fraction ζ for P, G and PG solutions. The
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mass concentration in Fig. 5.6. The closed symbols are data above the
densely packed condition, whilst the hollow symbols are data below the
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a) Time evolution of the viscosity obtained at four different shear rates for
a premixed sample of 50%wt glycerol (X5) at the operating temperature
of 30 ºC. The vertical error bars are the standard error obtained from three
different measures; b) viscosity as a function of the shear rate for the
same sample at different times during the gelation process. The dashed
lines correspond to power-law fittings; c) normalised version of the graph
in panel a). The pink shadow is the standard error obtained from three
different measures; d) half-gelation time versus shear rate for the four
temperatures tested. The vertical error bars are the standard error obtained
from three different measures. . . . . . . . . . . . . . . . . . . . . . . .
Storage (closed symbols) and loss (open symbols) moduli as a function of
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and T = 50 °C). the inset shows the same data but shifted using the timetemperature superposition principle. . . . . . . . . . . . . . . . . . . . .
a) Relative zero-shear viscosity, b) relative infinite-shear viscosity, c) Carreau relaxation time and d) Carreau flux index as function of Carbopol
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a) Normalised yield stress, b) H-B consistency index and c) H-B flux index as function of the apparent Carbopol volume fraction. The values
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Chapter 1

Introduction

1.1

Scope of the research

The scope of this work is to provide a new approach for the development of a continuous process aimed at the production of a non-aqueous Carbopol gel used in oral health
formulations, based on understanding and detailed exploration of the material rheological
properties. The research is part of the EPSRC Future Formulations grant CORAL, a collaboration between the Departments of Chemical Engineering, Mechanical Engineering
and Mathematics at UCL and is partly sponsored by the industrial partner GlaxoSmithKline. The overall aim is to introduce new fundamental insights into complex formulations
and to overcome the related manufacturing challenges.

1.2

Motivation

Formulated products characterised by complex textures are part of everyday life. Examples include healthcare and cosmetic products, building materials, food and inks. These
materials are typically constituted by multiple phases and active agents, which need to
be carefully balanced to ensure the final desired functionality and texture of the product. The significant level of sophistication of these formulations, along with the necessity
of achieving controlled and reproducible product quality, represent a topical manufacturing challenge. In some sectors, such as the oral health industry, the ability of efficiently
including novel product functionalities and at the same time ensuring robustness of the
manufacturing process is not only of great importance to the manufacturers, but is key to
the overall health and well-being of consumers (WHO, 2020). A perfect example is given
by toothpaste, which is used daily by millions of people, playing a fundamental part in
assuring good oral healthcare and preventing diseases. Toothpaste formulations typically
include a liquid phase (usually water), a dispersed phase used as rheology modifier, a
solid phase with thickening and abrasive properties, active chemicals such as fluoride,
35
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other agents such as flavours, surfactants and humectants, which confer the final desired
properties for clinical or marketing purposes (Harman, 2001). The necessity of tackling
specific oral pathologies requires in some cases drastic changes of the most popular formulations, which creates significant challenges at the production scales.
A relevant example is the introduction of novel non-aqueous formulations, which were
developed in the recent years to treat dentinal hypersensitivity. In these products, the use
of anhydrous matrices is critical for the incorporation of Bioactive glass, a biocompatible
material that in aqueous environment, when in contact with dentin, rapidly reacts with the
surrounding tissue forming a layer of hydroxycarbonate apatite that protects the exposed
dentin, thus relieving the pain (Hench, 2006). Currently, it is unclear how the absence of
water in these formulations alters the behaviour of the single components and their mutual interactions, thus precluding the possibility of predicting the internal microstructure
of the final product and consequently its rheological behaviour. In addition, the high variability of the rheological properties during the different steps of the process often forces
companies to conduct extensive rheological characterizations at lab scale and numerous
preliminary pilot scale tests before bringing the product to large-scale manufacturing.
As a result, these novel formulations pose major challenges in product characterization
and manufacturability as well as a higher sensitivity to changes in process conditions,
sequence of addition of the different ingredients or their concentrations than standard
aqueous-based pastes.
Typical toothpaste manufacture is based on a batch approach where raw materials
are added sequentially in mixers with complex geometries. These devices are characterized by large volumes and complex flow fields, which lead to dramatic concentration and
temperature gradients within the vessels and to the establishment of dead mixing zones
for more viscous fluids such as those encountered in toothpaste production. As a consequence, precise control of the process conditions is arduous and formulation and manufacturing protocols are often based on empirical experience rather than a clear scientific
knowledge of the system.
The conversion of traditional batch operations into continuous processes represents a
possible step towards more efficient and controlled manufacturing strategies. Implementation of in-line mixing processes can prevent the significant inhomogeneities typical of
large vessels, thus achieving better performances at lower costs. Among various technologies, static mixers represent an interesting option thanks to their compact and flexible
designs. Their effectiveness is particularly stressed for mixing of viscous fluids that can
be operated exclusively in laminar flow conditions. In this flow regime static mixers
can perform radial mixing thanks to a periodic sequence of splitting and recombining of
the fluid streams achieving an increasingly smaller thickness of each single fluid layer,
thus promoting heat and mass transfer between adjacent layers of the different phases
(Thakur et al., 2003). Despite the advantages that could arise from the use of a continu-
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ous approach, shifting from the batch process currently used to an in-line process is not
straightforward. The complex rheological behaviour of the formulations and their high
variability during the different steps of the process requires, on the one hand, a careful
rheological characterization aimed to elucidate how different aspects of the process impact the microstructure of these complex materials during various manufacturing phases,
and, on the other, a study of the interplay between complex rheological properties and
the macroscopic flow induced by new mixing devices. Therefore, an integrated methodology which predicts the effects on rheology of component concentrations and process
conditions is paramount for the development of new optimized manufacturing strategies.

1.3

Research objectives

This research aims to address fundamental issues related to the manufacturing of novel
oral non-aqueous formulations currently produced by GlaxoSmithKline and to guide the
development of continuous processes intended for process intensification. In particular,
the focus is on the initial critical stages of the manufacturing process, which involve the
production of a non-aqueous matrix constituted by a liquid phase (i.e. glycerol) and a
polymer gel phase (obtained from a carbomer and polyethylene glycol (PEG)) to which
the solid phase and different additives are later added.
The current process is carried out in large batch mixers and is divided into two main
discontinuous steps: (i) a gelation step, during which the polymer gel phase is prepared
and (ii) a mixing step, where the liquid phase is mixed with the gel phase. The properties
of the final toothpaste are extremely dependent on the homogeneity of the final matrix
obtained, thus highlighting the importance of controlling the efficiency of these manufacturing stages. Both steps are extremely energy intensive and time consuming because of
the large viscosities of the materials involved and the difficulty of controlling concentration and temperature gradients inside the large vessels. The gelation step can take up more
than 1 hour and requires temperatures of 80 °C to “activate” (to use the same terminology
as the manufacturers) the gelation process. The time required for the sole addition of this
phase to the main vessel, where glycerol has already been heated up to 60 °C, is in the
order of 10 minutes, whilst the mixing operation needs more than 40 minutes.
The use of a continuous approach could reduce the dead times related to the high inhomogeneities induced by large volumes in the batch vessel, thus leading to enhanced energy
efficiency, improved manufacturing protocols, reduced wastage and improved product
quality. Despite these advantages, the complex rheological behaviour of the polymeric
gel and the high viscosity ratios between the gel phase and the liquid render the direct
translation to an efficient continuous process unfeasible, thus requiring better examination of the traditional batch approach. Two main aspects arise: (i) throughout both steps,
the use of operating temperatures higher than the ambient one is only necessary to speed
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up the gelation process of Carbopol in polyethylene glycol and to reduce the viscosity
of the polymeric gel during the mixing stage, which would be too difficult to pump and
disperse at lower temperatures; hence, temperature does not play any role in controlling
the final chemical composition of the liquid matrix; (ii) the final desired product does
not have the rheological properties of a gel phase but consists of a viscous shear-thinning
liquid (Cortada-Garcia, Weheliye, Dore, Mazzei, & Angeli, 2018) to which abrasive and
thickening solid particles are then added in different amounts to obtain the typical “pastelike” consistency. If the first point highlights how the gel phase represents the most critical
aspect of this part of the manufacturing process, the second hints at the possibility that the
same “critical” material is actually a redundant intermediary, whose formation could be
avoided through a better understanding of the gelation mechanism and of the operational
parameters that affect the final rheological properties of the desired liquid matrix. This
consideration opens the possibility of proposing a shift of the steps adopted in the current
manufacturing process, where the two liquid phases (i.e. glycerol and Carbopol/PEG gel
precursor) are mixed before any gelation occurs. Following this strategy, it should be potentially possible to achieve a quicker and more efficient mixing between the two viscous
liquid phases at ambient temperature and initiate the gelation of the whole mixture later,
adjusting the temperature if necessary.
The development of this new continuous approach presents various challenges that
require careful investigation. A first consideration regards the efficiency of the in-line
mixing process. Even in the absence of a thick gel phase, the liquid phases of interest
contain polymers, which could confer complex non-Newtonian rheological properties to
the solutions. In spite of the ubiquity of complex fluids in industrial applications, the effect
of non-linear rheological properties such as viscoelasticity on the mixing performance
of static mixers has been poorly investigated in the literature and primarily focused on
purely viscous shear-thinning behaviour (Avalosse & Crochet, 1997; S. Liu, Hrymak,
& Wood, 2006; V. Kumar, Shirke, & Nigam, 2008). Therefore, the impact of different
rheological properties on the performance of static mixers is investigated with the aim of
highlighting possible limitations related to the use of these devices in the manufacturing
stages of interest and more generally in the whole manufacturing process, where complex
rheological properties are inevitable.
A second consideration regards the ability to control the gelation process of Carbopol
dispersions and to predict the evolution of their rheological properties over the entire
process. Carbopol is widely used as thickening agent in a number of industrial and research applications because of its ability to form swollen gels. In the vast majority of
applications, Carbopol preparations are water-based. For this reason, the majority of the
studies available in the literature focuses on the characterization of water-based Carbopol
gels, and less is known on the behaviour of these polymers in non-aqueous solvents and
on the kinetic aspects of the gelation process. Additionally, the effect of the presence

Chapter 1

Research objectives

39

of co-solvents on both the gelation process and the final rheological properties of the
Carbopol matrices has never been tackled. All these aspects are of great importance to
control the manufacturing process and to allow an efficient rheological design of the final
desired product. Therefore, first, the evolution of the structure of non-aqueous Carbopol
dispersions at different solvent compositions and operating temperatures is investigated to
elucidate the role of operating conditions on the gelation kinetics and assess the feasibility
of the alternative manufacturing process. This study yields insights into the mechanism
of gelation, leading to a kinetic relation to describe the time-evolution of the linear elastic
properties of the Carbopol matrix, which can be exploited to generate conversion maps
that can be employed as a first-step design tool for the new manufacturing process.
Following the kinetic study, the rheological behaviour of the final Carbopol suspensions is mapped, from very dilute to highly concentrated conditions, to assess the impact
of different solvents on the final swollen configuration of the microgels and find a generalized scaling behaviour of the flow properties of these matrices with Carbopol volume
fraction. The aim of this investigation is twofold: (i) to gain a better understanding of how
the use of different solvents and Carbopol concentrations impacts the rheological design
of these novel non-aqueous formulations; (ii) to link the kinetic findings, based only on
the analysis of the linear viscoelastic properties, with the evolution of the flow properties. Thanks to this connection, a computational fluid dynamic model can be developed
to enable simulations of the gelating flow in different operating conditions, thus creating
a numerical tool for design purposes, which would cut down the number of preliminary
tests required to develop the new manufacturing process. Hence, the objectives of this
work can be summarized as follows:
• Investigate the effect of different geometries and complex rheological fluid properties on the mixing efficiency of static mixers via experimental and numerical tools
and individuate the onset of flow instabilities and their effect on the topology of
mixing patterns;
• Study the time evolution of the gelation process of the non-aqueous Carbopol dispersions of interest by tracking the evolving viscoelastic properties of the material
by means of advanced rheological techniques;
• Elucidate the gelation mechanism and the role of operating parameters such as solvent composition and temperature and obtain a kinetic expression to describe the
evolution of the gelation process;
• Explore the effect of non-aqueous solvents and co-solvents on the final swollen
state and mutual interactions of Carbopol gel particles by mapping the rheological
behaviour of the final Carbopol dispersions across different concentration regimes;
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• Find a generalized scaling law to describe the evolution of the flow properties with
Carbopol volume fraction;
• Implement the generalized scaling law and the kinetic equation into a computational
fluid dynamic model to simulate the gelating flow.

1.4

Thesis outline

The dissertation is structured in seven chapters. A brief introduction to the motivation
and background for this research has been given in this chapter, together with the main
objectives of the work. A literature review is found in Chapter 2, which aims to deliver
the fundamental theory relevant to interpret the results presented in the following chapters. First, the concept of laminar mixing is introduced, together with the state of the art
on static mixers, their general working principle and performance characterization. Then,
generalities on the rheology of complex fluids are presented, highlighting the most relevant material functions that are used throughout the results chapters. This is followed by
a more careful analysis of the physical properties of Carbopol gels.
The results are presented throughout Chapters 3 to 6. Given the variety of approaches
used, each chapter contains a small introduction, its individual methodology, results and
conclusion subsections. The influence of complex rheological properties on the mixing
dynamics in in-line mixing devices is discussed in Chapter 3, where the results obtained
from Planar Laser Induced Fluorescence (PLIF) experiments and numerical simulations
are presented and compared for two distinct mixers geometries. The outcome of this chapter highlights the severe mixing challenges induced by complex rheology when dealing
with continuous mixing strategies, thus conveying the necessity of changing the manufacturing protocol when shifting from a batch to a continuous framework.
The study conducted on the gelation kinetics of non-aqueous Carbopol dispersions,
obtained using the two different liquid phases included in the GSK formulation (i.e.
polyethylene glycol (PEG400) and glycerol), is presented in Chapter 4. Carbopol was
added to a fixed amount of PEG400 and then diluted with different amounts of glycerol with the aim of investigating the effect of diluting the initial Carbopol/ PEG mixture
with glycerol during a mixing/gelation coupled process. A Fourier Transform Mechanical
Spectroscopy (FTMS) technique is employed to track the evolving viscoelastic properties
of the tested samples and obtain a macroscopic description of the kinetics of gelation.
UV–vis spectroscopy is used to gain further insights into the mechanism of gelation. The
results of this chapter are summarised into conversion maps, which can be used as a tool
for a first-step design of the gelation process.
The effect of the individual solvents and their combination on the final rheological
behaviour of Carbopol dispersions is discussed in Chapter 5. The macroscopic response to
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oscillatory and steady shear tests is tested at increasing amount of Carbopol concentration,
from very dilute to highly concentrated regimes. Confocal microscopy is implemented to
observe the final swollen dimension of Carbopol particles in different solvents. The results
show the possibility of treating the systems as suspensions of soft particles and therefore
to scale the rheological properties with Carbopol particle volume fraction.
The kinetic relation found in Chapter 4 and the scaling behaviour reported in Chapter
5 can be combined to implement a computational fluid dynamic model to simulate the
gelating flow. Preliminary results obtained from this coupling are presented in Chapter 6.
Finally, Chapter 7 summarises the final remarks of this research and presents future
perspectives.

Chapter 2

Theoretical Background and Literature
Review
The main purpose of this chapter is to present an overview of the theoretical background
needed to interpret the results of the research. First, the concept of laminar mixing and
the state of the art on static mixers are introduced. Then, generalities on the rheology
of complex fluids are presented, focusing on the most relevant material functions used
throughout the results chapters. This is followed by a more careful analysis of the rheological properties of Carbopol gels and swelling kinetics of microgel systems.

2.1

Static mixers in laminar mixing applications

In spite of its ubiquity in the industry, mixing problems are often approached in an individual way since from a theoretical point of view they appear too complex and unhandy.
During the past decades, researchers have put great effort to create a more general theoretical framework to approach the study of the kinematics of fluid mechanical mixing
(Swanson & Ottino, 1990; Jones, 1991; Anderson et al., 2000). A particular interest has
been put on the study of mixing in laminar flows. In these conditions, a proper characterization is considered even more important since local segregated areas are more likely
to form than in turbulent processes, where the non-steady behaviour of the velocity field
implies a continuous reorientation of fluid particles in the Lagrangian reference frame,
promoting species and heat transfer inside the fluid bulk.
In industrial applications, laminar flow conditions are usually encountered when dealing with highly-viscous fluids. In these conditions, fluid motion is dominated by viscous
forces which allow the fluid to flow undisturbed, following deterministic streamlines,
thus preventing convective mixing in the direction orthogonal to the main direction of the
streamlines. Interesting results have been derived from the study of dynamical systems
theory, especially related to the concept of chaos. Several experimental and computational studies have demonstrated that mixing can be induced by a generic time periodic
42
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flow and that the evolution of partially mixed structures in a fluid system can be described
based on the stretching and folding of fluid elements placed into the flow, following the
concept of the ’baker’s transformation’ (Ottino, 1989; Swanson & Ottino, 1990; Muzzio,
Swanson, & Ottino, 1991). A schematic of the mechanism is shown in Fig. 2.1.

Layer generation

Stretching

Splitting

Recombination

Figure 2.1: Schematic of ‘baker’s transformation’ mechanism (adapted from Ghanem et al.
(2014)).

The two liquid streams are stretched, split and then recombined to form thin liquid
streams of different materials. The stretching directly affects the rate of intermaterial area
generation and the striation thickness distributions obtained in the flow, while the folding
is fundamental to put in contact the different liquid streams thus promoting mixing in the
direction orthogonal to the main velocity field, e.g. radial mixing in case of a pipe flow.
Static mixers represent the direct technological application of this principle.
Nowadays, static mixers are extensively used for in-line mixing of highly-viscous
fluids and, in some applications, they have replaced the typical stirred tank operations.
The large volumes and the non-uniform flow fields that characterize batch operations lead
to concentration and temperature gradients within the vessels and to the establishment
of dead mixing zones for more viscous fluids. Use of in-line static mixers can prevent
these problems and achieve better performance at lower costs. The design commonly
consists of an empty tube with fixed mixer elements inserted to perturb the flow and
mix streams of material (Fig. 2.2). Since all the internal elements are fixed, the energy
consumption is directly correlated to the pressure drop across the mixer. The efficiency of
mixing is a function of the specific design and the number of elements. Commercial static
mixers have a wide variety of basic geometries and many adjustable parameters that can
be optimized for specific applications (Paul, Atiemo-Obeng, & Kresta, 2004; Meijer et al.,
2012; Ghanem et al., 2014). Few studies have been reported that compare the performance
of different static mixers (Rauline, Tanguy, Le Blevec, & Bousquet, 1998; Rauline, Le
Blévec, Bousquet, & Tanguy, 2000; Rahmani, Ayasoufi, & Keith, 2007; Meijer et al.,
2012).
In general, two criteria can be used to judge the efficiency of a given geometry: the
first is energy consumption (measured, for instance, in terms of dimensionless pressure
drop) and the second is compactness (measured in terms of dimensionless length). Several geometries have been considered for the mixing of Newtonian fluids, but the Kenics
RL-180 mixer and the Sulzer SMX mixer have been the most extensively investigated.
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The first is characterized by its relatively simple geometry (upper left corner in Fig. 2.2),
characterized by alternate helical blades, twisted in opposite directions, which represents
the most direct technological translation of the baker’s transformation. This geometry
usually delivers excellent mixing at low pressure gradients at the cost of long lengths.
The second (bottom left corner in Fig. 2.2), represents the complete opposite and combines compactness with a complex geometry that causes larger pressure drop. The choice
between different designs depends on the specific application and it should be based on a
balance between energy consumption (i.e. pressure drop) and mixing performance.

Kenics KM (Chemineer, Inc.)

Custody Transfer (Komax Systems, Inc.)

SMX (Sulzer, Inc.)

Standard LPD (Ross Engineering, Inc.)

Figure 2.2: Commercially available in-line static mixers (adapted from Ghanem et al. (2014)).

2.1.1

Pressure drop in static mixers

Pressure drop estimation is the first step towards the proper selection of a static mixer.
Correlations available in the literature usually report the ratio Z between the actual friction
factor fSM and the equivalent in an empty tube fempty :
Z=

fSM
fempty

=

∆PSM
∆Pempty

(2.1)

In Eq. 2.1, ∆PSM and ∆Pempty are the pressure drop measured along a fixed pipe length
with and without the static elements, respectively and fempty is the Fanning friction factor
in the empty pipe defined as R∆Pempty /(LρU 2 ), where R and L are the radius and the
length of the pipe, respectively, ρ is the density of the fluid and U is the average velocity of the flow. Values of Z are available in the literature for several commercial designs
(Pahl & Muschelknautz, 1982; Rauline et al., 1998) and are typically constant for specific
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ranges of the mixer Reynolds number. Alternatively, correlations can be found that report
the Fanning friction factor fSM for the specific mixer design, as a function of the Reynolds
number and in some cases of design parameters, e.g. the element aspect ratio (Song &
Han, 2005). All correlations found in the literature should be used sensibly, taking into
account the specific geometric parameters for which they were developed and the characteristic dimension used to calculate the Reynolds number, which can vary among different
works. As an example, Song and Han (2005) simply consider the diameter of the empty
pipe and the average velocity calculated from the nominal flow rate, while others consider
the effect of the internal elements by using a porosity coefficient (N. Shah & Kale, 1992)
or a hydraulic diameter (P. Joshi, Nigam, & Nauman, 1995). A comprehensive list of Z
values and model parameters for the friction factor for different static mixer geometries
in Newtonian laminar regime can be found in G. Kumar and Upadhyay (2008).
Although static mixers are widely used with complex fluids in the polymer and food
industries, few correlations can be found in the literature that predict the value of pressure drop for non-Newtonian fluids and they all incorporate the contribution of the nonNewtonian rheology simply through the use of a nominal viscosity (H. Z. Li, Fasol, &
Choplin, 1997) and, in some cases, a dependence of the fitting parameters on the fluid
flow index (N. Shah & Kale, 1992; G. Kumar & Upadhyay, 2008). The general form of
the correlation, which was first developed experimentally by N. Shah and Kale (1992), is
reported:
fSM =

B
A
+
ReSM ReSM m

(2.2)

where A, B and m are fitting parameters, function of the specific geometry and of the
shear-thinning index of the fluid, and ReSM is the mixer Reynolds number expressed as:
ReSM =

ρUD
εη(γ̇a )

(2.3)

In Eq. 2.3, ρ is the fluid density, U is the average velocity for the empty pipe, D is the
internal diameter of the pipe, η(γ̇a ) is a nominal (or apparent) viscosity evaluated at an
average shear rate and ε is the porosity, evaluated as (Vempty −VSM )/Vempty , where Vempty
is the volume of the pipe without the mixing elements and VSM is the volume occupied by
the mixing elements.
A graphical summary of the different correlations found for the Kenics and the SMX
static mixers is reported in Fig. 2.3. As can be observed, pressure drops in a SMX are
found to be one order of magnitude higher than in the Kenics, as expected considering the
complex geometry of the elements.
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Figure 2.3: Correlations of friction factor vs Reynolds number. (a) Kenics; (b) SMX, (adapted
from Thakur et al. (2003)).

2.1.2

Characterization of mixing performance

As mentioned above, the overall efficiency of a specific static mixer is measured in terms
of energy consumption and compactness. The final length of a specific design is controlled by the number of elements needed to reach the target degree of mixing. Two
miscible liquids can perfectly mix thanks to the action of two main mechanisms: convection and diffusion. The first refers to the macroscopic motion of the fluid induced by the
specific kinematics, whilst the latter acts on a molecular scale, homogenizing the concentration gradients between segregated regions. A schematic of the distinct effects of the
two mechanisms and of their combined action is shown in Fig. 2.4.
In the vast majority of the applications involving the use of static mixers with miscible
viscous liquids, the mixing mechanism is dominated by convection up to the point where
the characteristic dimension of the unmixed zones is comparable with the dimension of
the diffusion layer. This mechanism is also known as distributive mixing (Edwards, 1992).
In these conditions the mixing patterns are governed by the flow kinematics, which can
be simplified in three simple flows: simple shear, uniaxial extension and planar extension.
Each of those conditions can influence the effectiveness of the mixing. If one considers
a single mixing element, in laminar conditions the flow is deterministic, the extent of
each of the previously mentioned flow mechanism can be evaluated and the position of
each fluid element can be mathematically predicted. However, if one considers the entire
mixer, the flow conditions will asymptotically approach chaos, even in creeping flow
conditions, making it impractical to precisely predict the position of each single flow
stream. This concept, known also as chaotic advection, was first introduced by Aref
(1984), who demonstrated how a deterministic velocity field in the Eulerian framework
produces a stochastic response of the Lagrangian description associated to the movement
of a passive tracer ‘injected’ in the velocity field (Aref, 2002). Therefore, assessment of
mixing performance is not straightforward and several works have focused on this subject,
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and specifically on the type and number of variables needed to fully quantify mixing.

Purely convective

Purely diffusive
Initial condition

Convective/diffusive

Figure 2.4: Schematic of possible mixing mechanisms in laminar conditions.

Generally, all the different methods developed reflect two main quantities: the scale
of segregation and the intensity of segregation (Danckwerts, 1952; Kukukova, Aubin, &
Kresta, 2009, 2011). The scale of segregation measures the length scale that separates
unmixed regions (e.g. the width of the vertical striations in the purely convective case depicted in Fig. 2.4) and can describe the mixing efficiency in the case of purely convective
mixing. The intensity of segregation quantifies how widely the concentration measured
locally in the system deviates from the average concentration, but it does not give any
indication on the spatial distribution of the unmixed areas. This quantity is often used
alone in cases where diffusion is significant, even though it will never give a complete
description of the mixing dynamics. In addition to the two quantities mentioned above,
a third parameter has been introduced in the last decade, the exposure, which is a function of both the intensity and the scale of segregation and indicates the rate of change in
segregation (Kukukova et al., 2009).
Striation thickness
In the case of static mixers, the most intuitive way to quantify the mixing quality is the
striation thickness, i.e. the final thickness of each single fluid stream at the outlet of
the device. This quantity is related to the amount of interfacial area developed during
the mixing (Mohr, Saxton, & Jepson, 1957) and therefore can be considered as a direct
measurement of the scale of segregation, even though for miscible liquids it is directly
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related also to the other two quantities. The smaller the final thickness, the higher the
degree of mixing achieved by a static mixer. Considering a simple shear flow, it is possible
to derive the minimum striation thickness as a function of the number of elements for a
specific geometry (Godfrey, 1992). Nevertheless, this estimation is simply theoretical and
appears to be unreliable, especially when dealing with mixtures of non-Newtonian fluids
with different viscosities, even if it can be helpful for an initial design.
Other correlations have been found thanks to computational fluid dynamics (CFD)
studies. In particular, mapping methods have been implemented for the most common geometries of static mixers for a single-phase Newtonian fluid (Kruijt, Galaktionov, Peters,
& Meijer, 2001; Galaktionov, Anderson, Peters, & Meijer, 2002). The mapping method
has been first proposed by Anderson et al. (2000) as an alternative to tracking methods
of single fluid volumes. The idea is to create a discretised mapping from a reference grid
to a deformed grid. Specifically, the flow domain is subdivided into N non-overlapping
sub-domains, represented by polygons. When the flow is applied, the boundaries of these
polygons are tracked in time, generating a deformed map (Fig. 2.5). Then, a discretised
mapping from the initial grid to the deformed grid is constructed and the distribution of
fluid concentration in the original grid can be mapped to obtain a new distribution. A
comparison between the theoretical and actual correlation found with mapping methods
is shown in Table 2.1. Specifically, the table shows the mixing efficiency expressed as
interfacial stretch for different mixer geometries reporting their characteristic dimensionless length L/D (where L and D are respectively the length and the diameter of the static
mixer element). In this case, the interfacial stretch has been considered as the number of
times in which the fluid stream is divided passing through each element of the static mixer.
For instance for a Kenics mixer of three elements theoretically the initial fluid flow will
be divided in eight thinner fluid streams. Differences between the two relations in Table
2.1 are mostly due to the fact that in the theoretical formulation effects of overstretching
on generation of extra interfaces between the two streams are neglected.

Figure 2.5: Example of grid deformation occurring in the mapping method (Anderson et al.,
2000).
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Table 2.1: Final number of striations for different static mixers as function of the total number
of mixing elements Nelem . Scheme 1: theoretical correlations; Scheme 2: derived from mapping
methods (reproduced from Meijer et al. (2012).

Mixer type

Interfacial stretch

L/D

Scheme 1: Theoretical

Scheme 2: Numerical

Kenics (RL 180°)

1.5

2Nelem

4Nelem − 1

LPD (RL 90°)

1

3Nelem

2Nelem

Standard SMX

1

8Nelem − 1

5Nelem

Stretching field
A valid alternative to carry out a preliminary analysis of the mixing performance of a
static mixer in laminar regime derives from the ‘chaotic’ character of the system and
consists in measuring the accumulated stretch of single fluid elements in the flow field.
This method is computationally less demanding than obtaining a precise value of striation
thicknesses (Muzzio et al., 1991). The accumulated stretch λ of a fluid element can be
calculated using a particle tracking method. Each fluid element is associated with a pair of
massless particles and the distance between the two particles, defined through the vector
l , is tracked over time by integrating the Lagrangian description for the motion of single
tracer particles (Eq. 2.4) along with Eq. 2.5:
dxx
= v (xx)
dt

(2.4)

dll
= (∇vv)T · l
(2.5)
dt
In Eq. 2.4, x is the position vector of the single particle and in both equations v is the
Eulerian velocity field and t is the time. The total accumulated stretch can be obtained as
the ratio between the initial distance |ll 0 | between a pair of particles and the final one |ll |
(Hobbs & Muzzio, 1997):
λ=

|ll |
|ll 0 |

(2.6)

High values of accumulated stretch physically imply high divergence of the pair of
particles, and, by analogy with a chaotic system, a rapid divergence in the system starting
from a small difference in the initial conditions. Hence, for a fixed number of time integrations, the larger is λ , the higher the level of chaos and the better the mixing efficiency.
The chaotic character of the system can be directly correlated to the geometric mean of
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the stretching in the flow field, defined as:
hλ i =



Np
λ
i=1 i

∏



1
Np

∼ eΛn

(2.7)

In the equation above, N p is number of particle pairs introduced in the flow, n is the
number of periods (i.e. number of mixing elements in the case of a static mixer) and Λ
is the Lyapunov exponent, which gives the rate of exponential divergence or convergence
from an initial perturbed condition, thus representing a direct estimation of the mixing
efficiency: an exponential increase of the accumulated stretch corresponds to an exponential generation of intermaterial area, thus obtaining an exponential decrease of the
striation thickness (Fourcade, Wadley, Hoefsloot, Green, & Iedema, 2001). Direct statistical analysis of the stretching field can also reveal relevant information about the mixing
process (Muzzio et al., 1991) and can help individuate the critical areas characterised by
low chaotic character. This type of characterization is particularly useful to interpret results obtained from CFD simulations in single phase flows. Given the complexity of their
three-dimension domains, most of the numerical studies on static mixers have been implemented using the coupled Eulerian-Lagrangian approach (Hobbs & Muzzio, 1997; Byrde
& Sawley, 1999; Wunsch & Bohme, 2000; Fourcade et al., 2001; Zalc, Szalai, Muzzio,
& Jaffer, 2002; S. Liu et al., 2006; Rahmani et al., 2007), where first, the Eulerian velocity field is calculated in the specific flow conditions, and then notional particles are
introduced in the flow and tracked over time (Eq. 2.4). This method is suitable to avoid
problems of numerical diffusion but it becomes extremely expensive in terms of computational costs when the properties of the mixture, like viscosity, change with the degree of
mixing, since in this event the mixing is affected by the change in properties. A further
step should be added to update the properties at each iteration, making the computational
cost unfeasible in some cases.
Statistical analysis of concentration maps
A more rigorous assessment of the mixing efficiency can be achieved by means of statistical analysis of the evolution of characteristic properties inside the mixer, usually concentration of the different species (or phases). As in the case of the striation thickness, these
methods can be easily applied to both experimental and computational analysis, providing
a good tool to compare the results obtained from a coupled study.
The basic statistical tool is the Residence Time Distribution (RTD), which gives an estimation of the uniformity of the history for the fluid elements at the outlet of the elements
in the static mixer. A similar history for all fluid elements results in uniformity of the final
product. Usually, a narrow distribution is desirable to obtain a good history uniformity.
This quantity gives only indications of the temporal inhomogeneities, without giving any
indication of the spatial variations in the pipe cross-section. The coefficient of variation
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(CoV) provides a more specific measure of the concentration of tracer (or in general of a
second species) in a given cross section. This quantity can be used as a direct measure of
the intensity of segregation and is defined as the ratio between the standard deviation of
the concentration distribution over the cross section and the concentration expected in a
perfectly mixed system:
q
σC
CoV =
=
C

1
Nt

Nt
Ci −C
∑i=1
1
Nt

2

N

t
Ci
∑i=1

(2.8)

where, σC is the standard deviation, C is the mean concentration in the cross-section,
Nt is the number of measuring points, and Ci is the concentration at the ith measuring
point. The CoV is often normalised by its initial value, obtained for a fully segregated
system, to remove any bias related to the initial condition. In this event, the value associated to complete segregation is 1, whilst 0 reflects perfect mixing.
More recently, Alberini and co-workers (Alberini, Simmons, Ingram, & Stitt, 2014b;
Alberini et al., 2014a) developed two new methods that can be implemented for a variety
of different applications, once concentration maps are available, i.e. the areal distribution
method and the individual striation method. The two methods indicate both the intensity and the scale of segregation. Instead of considering concentration values, data are
converted into a degree of mixedness Xmix , defined as:



Ci
−1
Xmix = 1 −
C

(2.9)

The entire domain of interest is then divided in regions based on their degree of mixedness and a distribution of the area occupied by poor mixed or perfectly mixed streams
provides a first indication of the mixing efficiency. To obtain further details, individual
striations can be isolated and their topological features analysed (e.g. perimeter, thickness, elongation). An example of the individual striation analysis is provided in Fig. 2.6.
The authors applied the methods to analyse images obtained from planar laser induced
fluorescence (PLIF) experiments and showed that the coupling of the two methods gives
a more consistent measure of the mixing quality than classical statistical methods, such
as CoV.

2.1.3

Static mixers for mixing of non-Newtonian fluids

The feasibility of different static mixer designs in mixing applications involving nonNewtonian fluids is predominantly based on empirical observations at industrial level and
has been poorly investigated in the literature. For example, it is well known to mixers
manufacturers and users that helical designs such as the Kenics mixer should be avoided
when dealing with polymer blends and solutions, since the mixing efficiency of this design
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Figure 2.6: Representation of individual striations with a degree of mixedness between 0.9 <
Xmix < 1. The striations can be classified according to their topology: Zone 1 indicates a poor
mixed condition, characterised by few mixed spots; zone 2, an intermediate condition with larger
mixed regions; zone 3 includes large areas of thin mixed striations that occupy almost the whole
cross-section (reproduced from Alberini et al. (2014a)).

is more sensitive to changes of the velocity profiles induced by the shear-thinning character of these solutions, whilst more complex geometries, such as the SMX, are ideal.
Besides the inherent ability of designs similar to the SMX of generating intermaterial
area in a much more compact length, which is independent of the type of fluid, a clear
understanding of the interplay between complex rheology and the kinematics induced by
a specific mixer design is still unclear.
In the literature, only few studies have investigated the efficiency of static mixers with
non-Newtonian liquids and the vast majority focuses on purely viscous shear-thinning behaviour (Avalosse & Crochet, 1997; Visser, Rozendal, Hoogstraten, & Beenackers, 1999;
Wunsch & Bohme, 2000; S. Liu et al., 2006; Rahmani, Keith, & Ayasoufi, 2006; V. Kumar
et al., 2008); this is due to the relatively simple implementation of generalized Newtonian
constitutive equations in computational fluid dynamics (CFD) numerical codes. The general outcome of the numerical investigations is little or no effect of the shear-thinning
behaviour on the mixing efficiency of both Kenics and SMX designs. Rahmani et al.
(2006) evaluated the residence time distribution by tracking tracer particles for different
shear-thinning fluids and Reynolds numbers in a helical static mixer, observing a dependence of the mixing efficiency on the Reynolds number but not on rheology. Wunsch and
Bohme (2000) analysed the mixing efficiency in a Sulzer SMX considering the standard
deviation of the concentration at different cross sections along the mixer and the correlation coefficient between them (Poincaré sections). As found in previous works, they
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did not observe a relevant difference in mixing quality between simulations obtained with
shear-thinning and Newtonian fluids. Following a similar criterion, S. Liu et al. (2006)
analysed the effect of shear-thinning, changing the flow index in a power-law model.
They observed a slight decrease of the coefficient of variation with decreasing flow index,
which results in better mixing quality for shear-thinning fluids.
Advanced experimental investigations on the performance of in-line mixing devices
are generally rarer than numerical studies because of the high level of sophistication and
resources needed to capture the mixing dynamics with the same level of detail as numerical simulations. However, the importance of experimental observations should not be
underestimated when dealing with complex fluids. For example, a recent experimental
work of Lim, Hobby, McCarthy, and McCarthy (2015) highlighted a modest detrimental effect of CMC solutions (widely used as inelastic shear-thinning model fluids) on the
mixing rate of a SMX mixer, a result that contradicts the findings of the numerical studies cited above. Experimental works, able to validate CFD results, have been conducted
only recently thanks to the progress made in the development of imaging technologies.
Imaging techniques, such as Laser Induced Fluorescence (LIF) and Particle Image Velocimetry (PIV), represent direct tools for the investigation of concentration and velocity
fields in fluid dynamics, but their implementation to static mixers is quite challenging,
because of the highly three-dimensional character of the flow and the presence of internal elements, which obstruct the optical path. Thus, most of the studies analyse only the
final concentration distribution. This is the case of the work of Alberini et al. (2014a),
in which the blending of a secondary injection of a non-Newtonian fluid was investigated
at the outlet of a helical mixer by means of PLIF. They assessed that, in each operating
condition investigated, the mixing performance was worse when the secondary phase has
a higher viscosity, but clear conclusions on the effect of the non-Newtonian nature of the
fluid were not drawn.
In order to obtain measures at different sections to compare with CFD simulations, one
needs to apply different techniques, such as Magnetic Resonance Imaging (MRI) (Lim et
al., 2015) and Positron Emission Particle tracking (PEPT) (Rafiee, Simmons, Ingram, &
Stitt, 2013; Mihailova, Lim, McCarthy, McCarthy, & Bakalis, 2015). Rafiee et al. (2013)
obtained maps of the velocity profiles and of the concentration distribution of the tracer at
different cross sections using a PEPT technique. The authors studied the laminar mixing
in a Kenics static mixer of single-phase Newtonian and shear-thinning fluids. The velocity
fields acquired experimentally showed good agreement with numerical simulations but the
resolution of the concentration maps was far from what is typically obtained with PLIF
experiments. Shear-thinning appeared to influence the velocity fields but the final mixing
patterns did not reflect significant differences. The recent paper of Ramsay, Simmons,
Ingram, and Stitt (2016) is the only study available in the literature focusing on the effect
of elasticity on the mixing performance of static mixers. The authors implemented the
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same PLIF technique described by Alberini et al. (2014a) and found that viscoelasticity
significantly affects the concentration distribution at the exit of a 6-element Kenics mixer
by inducing larger segregated zones and temporal fluctuations, which they attributed to
the presence of elastic instabilities.
Following these observations, it is clear that the onset of complex phenomena arising
from the interplay between complex kinematics and complex rheology can greatly affect
continuous mixing operations and therefore a better understanding of these phenomena in
static mixers would be of great technological relevance.

2.2

Rheology of complex fluids

In Section 2.1, terms like ‘non-Newtonian’, ‘purely viscous shear-thinning fluids’, ‘viscoelastic fluids’ came up to indicate fluids with complex rheological properties, although
a clear explanation of these terms and of what classifies as ‘complex rheological property’
has not been given. The study of fluid rheology is an extensive task, extremely useful to
solve fluid dynamics problems involving complex fluids as well as to understand the microscopic interactions of new complex materials and formulations. Given the breadth of
the subject, entire books have been devoted to the analysis of different aspects or types
of fluids and materials. The scope of this section is to introduce the concepts relevant
to this research and the most important material functions used throughout the thesis to
characterise the rheological behaviour of all the materials implemented.
Incompressible fluids are usually classified according to their response, in terms of
stress, to the action of an externally imposed deformation. The kind and extent of this
response directly depend on the microstructure of the material. Hence, the flow behaviour
of any complex fluid can be linked to its inherent microstructure through rheological
measurements. These are typically performed by applying simple flow fields to the fluid.
The most common types of flows used to characterise complex fluids are of two kinds,
(i) shear and (ii) shear-free flows. Both types of flows yield distinct material functions,
which provide different pieces of information on the material of interest.
In shear flows, the deformation is applied tangentially to each fluid element. In a
bi-dimensional domain, the parallel-plates example represents the fundamental way to
describe this type of flow (Fig. 2.7). If one considers a fluid confined between two
parallel plates at a differential distance dy, if the upper plate is forced to move in the x
direction with a velocity vx , the deformation applied to the fluid, or strain γ, is expressed
in all points of the fluid domain as:
γ=

ds
dy

(2.10)

where ds is the differential distance covered by a fixed point in the fluid in the dif-
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ferential time interval dt. γ is defined as shear strain, and represents the only non-zero
component of the deformation tensor. The absolute value of the shear component of the
rate of change of this deformation is defined as shear rate γ̇ and is expressed as:
γ̇ =

1 ds dvx
=
dt dy
dy

(2.11)

The correlation between the two kinematic variables and the force per unit area (N
or stress τ, required to infer the deformation is fluid-dependent.

m−2 ),

Figure 2.7: Schematic of a unidirectional shear flow between two parallel plates.

In a shearfree flow the deformation applied has only normal components and the shear
components of the velocity gradient are all equal to zero (i.e., γ̇i j = 0, i 6= j). An example
of shear-free flow is the uniaxial elongational flow, which in a three-dimensional domain,
is defined in terms of the elongational rate ε̇ as follows:
1
1
vx = − ε̇x; vy = − ε̇y; vz = ε̇z
2
2

(2.12)

where ε̇ is expressed as:
dvz
(2.13)
dz
In this flow, each fluid element undergoes an extension or a contraction; therefore,
instead of a family of sliding surfaces, as in the shear flow, one can identify a family
of rigid areas that move closer or further along in the direction of the motion. From a
dynamic point of view, an extensional deformation can be obtained only if a difference
exists between the normal stresses applied to two orthogonal surfaces of the material:
ε̇ =

τ = τN − τL = −ηe (ε̇)ε̇

(2.14)

In Eq. 2.14, τN and τL are the normal stresses applied to the perpendicular and longitudinal surfaces of the fluid element, respectively and ηe (ε̇) is the extensional viscosity.
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This quantity differs from the shear viscosity η and can be also found in terms of a Trouton ratio Tr = ηe (ε̇)/η(γ̇). For a Newtonian fluid Tr = 3, but it can assume significantly
large values for a viscoelastic fluid.
In this work, only shear rheology techniques were implemented and therefore, the
subsequent sections focus only on the description of the material functions that can be
obtained in a shear flow and on the consequent classifications of complex fluids.

2.2.1

Newtonian fluid behaviour

If one considers the case depicted in Fig. 2.7, the simplest constitutive equation that
relates shear stress τyx and shear rate γ̇yx in a simple shear flow is the Newton’s law (Bird
et al., 1987), which considers a linear relationship between the two quantities, where the
proportionality constant is the Newtonian viscosity η:

τxy = −η

dvx
dy


= −η γ̇yx

(2.15)

The equation above is valid for all inelastic time independent fluids, which are referred
to as Newtonian fluids. The Newtonian viscosity is independent of the shear rate and
uniquely identified by the specific material and its temperature.
Eq. 2.15 can be expanded to the three-dimensional domain by introducing all nine
components of the stress tensor acting on a single element of fluid (Fig. 2.8). The normal
components of the stress tensor σ can be decomposed into a pressure and a flow contribution, and following the same convention used by Bird, Stewart, and Lightfoot (2002),
where the pressure contribution is considered as the pressure exerted by the fluid on the
external environment, they can be expressed as follows:
σii = p + τii ; i = x, y, z

(2.16)

The pressure is expressed as:
1
(σxx + σyy + σzz )
3
From Eq. 2.16 and Eq. 2.17 it follows that:
p≡

τxx + τyy + τzz = 0

(2.17)

(2.18)

For a Newtonian fluid in simple shear flow, the deviatoric normal stress components
are identically zero:
τxx = τyy = τzz = 0

(2.19)

Thus, an incompressible fluid can be classified as Newtonian if it follows two criteria:
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(i) constant viscosity and (ii) satisfaction of Eq. 2.19. Hence, in a three-dimensional
space, the Newtonian stress can be expressed as:
D
σ = pII − 2ηD

(2.20)

where D is the rate of deformation tensor, i.e.:
i 1
1h
T
D≡
∇vv + (∇vv) = γ̇γ
2
2

(2.21)
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Figure 2.8: Stress components in three-dimensional domain.

2.2.2

Generalised Newtonian fluid behaviour

All fluids that do not behave according to the criteria presented above are generally called
‘non-Newtonian’ fluids. The simplest deviation from the Newtonian fluid paradigm is
represented by the generalised Newtonian fluid model, which simply considers the viscosity η not as a constant but as a function of the shear rate:
h
i
τ = −η ∇vv + (∇vv)T = −η γ̇γ

(2.22)

η = η(γ̇)

(2.23)

where τ is the stress tensor that includes only the flow contributions and γ̇ is the shear
rate, which is defined in the three-dimensional domain as the magnitude of the rate of
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deformation tensor (Bird et al., 1987):
r

1
(γ̇γ : γ̇γ )
(2.24)
2
The generalised Newtonian model only captures the change in viscosity with the shear
rate and cannot reproduce any aspect related to viscoelasticity. Hence, it can only be used
with purely viscous (i.e. inelastic) non-Newtonian fluids. Fig. 2.9 shows the qualitative
behaviour of the shear stress as a function of the shear rate in the case of a deviation
from the Newtonian case. Shear-thinning is the most common non-Newtonian behaviour
encountered in industrial applications and is typical of polymer blends. For this type of
fluids, the apparent viscosity decreases with increasing shear rate. Fig. 2.10 highlights
the most important features. Usually, at very low and at very high shear rates, most shearthinning materials exhibit a Newtonian plateau of the apparent viscosity known as the
zero-shear viscosity η0 and the infinite-shear viscosity η∞ , respectively. Generally, all
the typical features of a specific flow curve depend on the microstructure of the material.
For example, for polymer solutions, the extension of the zero-shear region increases as
the polymer molecular weight decreases, as their molecular weight distribution becomes
narrower, and as the polymer concentration (in solution) reduces (Bird et al., 1987).
γ̇ ≡

Figure 2.9: Example of generalised Newtonian fluid behaviour (Chhabra & Richardson, 2011).

Over the years, several empirical models have been introduced to describe Eq. 2.23.
The power law model represents the simplest way to model the viscosity as a function of
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the shear rate:
η = K γ̇ n−1

(2.25)

In Eq. 2.25, K and n represent two empirical fitting parameters, known as fluid consistency and flow index respectively. The power law model can be used for both shearthinning and shear-thickening fluids, where in the first case n may assume any value
between 0 and 1 while in the latter it will be greater than 1. The more the value deviates
from 1 (Newtonian case) the more the non-Newtonian behaviour is prominent. Despite
its common use in process engineering applications, the power law model presents some
limitations. The most evident is the inability to predict the Newtonian plateau at low
and high shear rate values. To this end, several authors developed more complex models,
which arise from assumptions regarding the molecular network evolution that the material
exhibits when simple shear stress is applied (Cross, 1965). An example is given by the
Carreau-Yasuda constitutive equation, which captures both viscosity plateaus at high and
low shear rates:
η = η∞ + (η0 − η∞ )[1 + (λc γ̇)a ]

n−1
a

(2.26)

In Eq. 2.26, η0 and η∞ are the zero-shear and infinite-shear plateau values, respectively, λc is the Carreau characteristic time, which is typically associated to the inverse of
the shear rate at which the shear-thinning behaviour begins, n is the flow index and a is a
fitting parameter that is related to the smoothness of the shear-thinning transition. Other
common constitutive equations are summarized below:

Ellis model

η0

η=
1+

Cross model
Carreau model
Herschel-Bulkley model



σ
σ1/2

α−1

η − η0
1
=
η0 − η∞ 1 + K γ̇ n
h
i n−1
η − η0
2 2
= 1 + (λc γ̇)
η0 − η∞
σ = σy + K γ̇ n σ > σ0

(2.27a)

(2.27b)
(2.27c)
(2.27d)

In Eq. 2.27a, α and σ1/2 are the two fitting parameters of the Ellis equation. Specifically, α is the equivalent of a flow index, with the difference that the shear-thinning
character is recovered for α > 1, whilst σ1/2 is a stress threshold, which for σ1/2 → ∞
yields the Newtonian limit. Note that if σ /σ1/2  1, Eq. 2.27a reduces to the power-law
model (Eq. 2.25). Eq. 2.27d is presented in a different way compared to the others. The
Herschel-Bulkley model is typically used for viscoplastic fluids, which are characterized
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by the existence of a yield stress σy . Examples of materials which present a viscoplastic fluid behaviour include emulsions, suspensions, polymeric gels, foodstuff, pastes, etc.
To be more rigorous, the concept of yield stress assumes a more practical purpose since
it is actually impossible to calculate its value for a real fluid, which by definition is the
value at shear rate equal to zero. Essentially, it represents a stress threshold that must
be exceeded to break down the internal structure of the material, thus inducing a typical
viscous deformation. Below that threshold, the material is assumed to behave as an elastic
solid with an infinite viscosity. From a practical viewpoint, all these models can be fitted
to rheological data obtained through steady-shear tests, which are performed by applying
a constant shear rate γ̇ and recording the value of shear stress obtained in a steady-state
regime. The procedure is then repeated in a wide range of shear rates (typical ranges are
10−3 − 103 1/s) to obtain the characteristic flow curve of the material.

Viscosity [Pa s]

Shear stress [Pa]

𝜂0

𝜂𝜂∞
∞

Shear rate [1/s]
Figure 2.10: Shear-thinning behaviour (adapted from Chhabra and Richardson (2011)).

2.2.3

Viscoelastic fluid behaviour

So far, viscous stresses are the only kind of response that has been considered when
describing the different classes of fluid behaviour. In reality, many materials of practical
interest (e.g. polymer blends, gels, pastes) present also an elastic component, i.e. the total
stress applied is not completely dissipated to generate a velocity gradient but is stored to
some extent as shear energy (Ferry, 1980), thus implying that a partial recovery of the
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original structure can occur when the stress is removed. This response depends not only
on the specific structure of the material but also on the conditions (kinematics) to which it
has been subjected. Hence, through measurements of viscoelastic properties information
about the nature of a specific material can be obtained together with the time needed to
rearrange the internal configuration of its structure, which is directly related to the nature
of the fluid and its physicochemical properties (Ferry, 1980).
The investigation of viscoelasticity related to this research has two main objectives:
(i) characterising the viscoelastic character of polymeric solutions implemented in the
study of the mixing dynamics in static mixers, with the aim of understanding the effects
of nonlinear rheological properties on the efficacy of these devices and (ii) understanding how the use of different non-aqueous solvents impacts the final microstructure of
Carbopol solutions and their swelling kinetics, and relate these aspects to the final rheological properties of the material. In this section, the material functions commonly used
to describe viscoelasticity are introduced together with their relation to some of the constitutive equations implemented in the literature to describe the dynamics of polymeric
solutions, whilst a description of the typical rheological behaviour observed for Carbopol
gels and most generally for microgel systems and its relation with the internal structure
of these complex materials will be given in Section 2.3.
Viscoelastic material functions
The viscoelastic material functions that can be used to characterise the viscoelastic behaviour of a fluid can be classified accordingly to the specific flow applied. In a simple
steady shear flow, the effect of elasticity is reflected in the presence of non-zero normal
components of the stress tensor (i.e., τii ), which are induced by the nature of the fluid
instead of by the external kinematics applied. For an incompressible fluid, the value of
each single component τii has no rheological significance; what generates elastic effects
is the imbalance between the three components. Hence, in a three-dimensional shear
flow the elastic effects are typically measured through the first and second normal stress
differences:

2
N1 = τxx − τyy = −Ψ1 (γ̇)γ̇yx

(2.28a)

2
N2 = τyy − τzz = −Ψ2 (γ̇)γ̇yx

(2.28b)

In Eqs. 2.28, N1 and N2 are the first and second normal stress differences, whilst Ψ1
and Ψ2 are defined as first and second normal stress coefficients, respectively. Different
types of viscoelastic fluids can present different trends of these material functions with the
shear rate applied. For example, dilute solutions of linear flexible polymers with a uniform
molecular length usually show a dependence of N1 of the type N1 ∝ γ̇ 2 , and N2 = 0, which
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respectively imply that Ψ1 = const and Ψ2 = 0. For more irregular distributions of the
polymer chain lengths or for more concentrated solutions, the trends deviate from what
is reported above and more complex functionalities are observed. Typically, for polymer
solutions, Ψ1 presents a zero-shear plateau followed by a shear-thinning behaviour (Fig.
2.11). The second normal stress coefficient is not as much investigated as the first because
of the difficulties related to its measurements. The magnitude of Ψ2 is usually smaller
than that of Ψ1 and it appears to be negative, even though this is based only on a limited
number of experimental systems (Bird et al., 1987).

101
104

Figure 2.11: Example of mastercurves for the viscosity and first normal stress coefficient as
functions of the shear rate for a low-density polyethylene melt (adapted from (Bird et al., 1987)).

The first normal stress coefficient can be experimentally measured through simple
shear measurements in a cone-plate rotational rheometer as follows:
Ψ1 =

2F
πR2 γ̇ 2

(2.29)

where F is the measured normal force acting perpendicularly to the rheometer plates,
R is the radius of the cone-plate geometry and γ̇ is the measured shear rate, which for a
cone-plate rheometer is uniform in the entire gap. The second normal stress coefficient
cannot be measured through a simple shear test but it requires the measurement of the local stress distribution across the plate surface (Bird et al., 1987). In this work, only the first
normal stress difference and coefficients will be used to characterise the viscoelasticity of
the polymer solutions used in Chapter 3.
In addition to steady shear material functions, the viscoelastic properties of a sample
can also be defined based on material functions obtained in unsteady shear flow. The
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most commonly used are those obtained from small-amplitude oscillatory shear tests,
which give an indication of the relaxation phenomena happening in a material after an
infinitesimal deformation is applied, i.e. in the linear regime of deformations. These
tests are particularly useful to retrieve the characteristic relaxation time of a solution or to
obtain insight into its microstructure. In practice, this is achieved through small amplitude
oscillatory tests (SAOS), which consist in imposing a linear sinusoidal shear deformation
to the fluid of the type:
γyx (t) = γ0 sin ωt; γi j = 0 i, j 6= x, y

(2.30)

In Eq. 2.30, γyx is the shear component of the deformation tensor γ , γ0 is the amplitude
of the sinusoidal deformation and ω is the characteristic frequency of the oscillation. The
corresponding component of the rate of deformation tensor is:
γ̇yx (t) = ωγ0 cos ωt; γ̇i j = 0 i, j 6= x, y

(2.31)

Following the Boltzmann linear superposition principle (Ferry, 1980), the effects of
infinitesimal sequential changes in strain can be considered as additive. Therefore, the
corresponding shear component of the stress tensor τyx can be expressed as follows:
τyx (t) ≡ −

Z t
−∞

G(t − t 0 )γ̇yx (t 0 )dt 0

(2.32)

where G(t) is the relaxation modulus, which is defined by Eq. 2.32. Its physical
meaning is directly connected to the elastic component of the material. The relaxation
modulus is always expressed as a decreasing function, since physically it is expected
that more recent strains have a bigger influence than older ones. Usually, G(t) can be
expressed as a single or multi-mode exponential function:
N

G(t) = ∑i=1 Gi exp(−t/λi )

(2.33)

where N is the number of relaxation modes to which the relaxation phenomena can
be approximated. For an infinite number of modes, G(t) can be defined considering a
continuous relaxation spectrum H(λ ) as follows:
Z ∞

G(t) =

H(λ ) exp(−t/λ )d ln λ

(2.34)

0

Substituting Eq. 2.31 in Eq. 2.32 and denoting t − t 0 as s, the following relation is
obtained:
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Z ∞

G(s)ωγ0 cos[ω(t − s)]ds =
 Z∞

 Z
− γ0 ω
G(s) sin ωsds sin ωt − γ0 ω
0

0

∞


G(s) cos ωsds cos ωt (2.35)

0

The two terms in the square brackets of Eq. 2.35 are not function of the elapsed time,
and the first term is in phase with the deformation, while the second is in phase with the
shear rate. Therefore, Eq. 2.35 can be simplified as follows:
τyx (t) = −γ0 (G0 sin ωt + G00 cos ωt)

(2.36)

where G0 (ω) and G00 (ω) are both functions of the oscillating frequency ω, referred to
as shear storage modulus and shear loss modulus, respectively. Eq. 2.36 can be rearranged
considering the amplitude τ0 (ω):
τyx (t) = −τ0 sin(ωt + δ ) = −τ0 cos δ sin ωt − τ0 sin δ cos ωt

(2.37)

Hence, the viscoelastic material functions can be defined as follows:


τ0
G ≡
cos δ
γ0
 
τ0
00
sin δ
G ≡
γ0
0



δ ≡ G00 /G0

(2.38a)
(2.38b)
(2.38c)

The phase angle δ indicates the degree of elasticity. When δ → 0, the stress is in
phase with the deformation (perfect elastic solid behaviour), while if δ → π/2, the stress
is in phase with the shear rate (perfect viscous fluid behaviour). As for the normal stress
differences, the functionality of the material functions defined in Eqs. 2.38 is related to the
specific properties of the fluid. The typical model used to describe them is the Maxwell
model, which will be presented in the following section.
The Maxwell model
The formal description of the real behaviour of a viscoelastic fluid is quite arduous and
requires the implementation of complex nonlinear constitutive equations, which often fail
to capture every single aspect of the real fluid. Numerous constitutive equations have
been proposed to describe the stress tensor in the equations of motion for different types
of viscoelastic fluids and their applicability is in part related to the nature of the material of
interest. In the limit of linear deformations, the vast majority of the models implemented
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simplify to a model derived from a continuum mechanics approach, known as the Maxwell
model.
The main assumption of the Maxwell model is to consider a viscoelastic fluid as a
combination in series of an elastic element, a spring, and a viscous element, a dashpot.
When a stress is applied to the Maxwell element, the strain experienced is the sum of a
viscous contribution, described by Newton’s law, and an elastic contribution, described
by Hooke’s law. Hence, the equation reads:
∂τ
= −η0 γ̇γ
(2.39)
∂t
where τ is the deviatoric stress tensor, η0 is the zero-shear viscosity of the fluid, λ is
the fluid relaxation time, which is obtained as the ratio between η0 and the elastic modulus
of the ‘spring’ Ge , and γ̇γ is the rate of deformation tensor. Eq. 2.39 is written in the
material coordinates and therefore the partial derivative represents a material derivative.
In a flow that is steady from a Lagrangian point of view (that is, from the point of view
of an observer integral with a fluid element), γ̇γ is constant in time and Eq. 2.39 can be
solved as a first order partial equation, yielding:
τ +λ

τ + η0 γ̇γ = A exp(−t/λ ); A = τ t=0 + η0 γ̇γ t=0

(2.40)

Hence, after a time λ the material relaxes and behaves as a Newtonian fluid (i.e.,
τ ∼ η0 γ̇γ ). If γ̇γ varies in time with a characteristic time τγ̇ , Eq. 2.40 does not hold but a
scaling approach can be used to understand the fluid behaviour. To this end, dimensionless
variables can be introduced:
τ̄τ ≡ τ /τc ; γ̄γ˙ ≡ γ̇γ /γ̇c ; t¯ ≡ t/τγ̇

(2.41)

In Eq. 2.41, the scalars at the denominators represent the scales of the variables. Thus,
Eq. 2.39 can be written as:
∂ τ̄τ
= −(η0 γ̇c /τc )γ̄γ˙
(2.42)
∂ t¯
The ratio λ /τγ̇ is defined as the Deborah number De and represents the only important dimensionless number of the Maxwell equation. If De  1, the characteristic
time of variation of the rate of deformation is large compared to the relaxation time of
the fluid, so the fluid relaxes before it can experience the variation of γ̄γ˙ . In this case,
τ̄τ ∼ −(η0 γ̇c /τc )γ̄γ˙ and the material behaves as a Newtonian fluid (i.e. τc ∼ −η0 γ̇c ). In
the opposite case, when De  1, the term containing the partial derivative, dominates
over τ̄τ , hence, (λ /τγ̇ ) ∂∂τ̄τt¯ ∼ −(η0 γ̇c /τc )γ̄γ˙ and the material behaves as a Hookean solid
(i.e.τc ∼ (η0 /λ )(γ̇c τγ̇ ) = Ge γc ).
From the above, it is clear that the most relevant parameter that the Maxwell model
τ̄τ + (λ /τγ̇ )
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introduces is the fluid relaxation time λ but it cannot be used to describe other typical viscoelastic features, such as normal stress differences and shear-dependent viscosity, since
these are all nonlinear effects. Nonetheless, the model can be used to describe the viscoelastic material functions obtained from SAOS tests. For a Maxwell fluid, the relaxation
modulus expressed in Eq. 2.32 can be written as a function of the model parameters λ
and η0 , thus yielding:
Z t
η0 −(t−t 0 )/λ
τyx ≡ −
e
γ̇yx (t 0 )dt 0
−∞

λ

(2.43)

By substituting Eq. 2.31 in Eq. 2.43, one can predict the shape of G0 and G00 for a
Maxwell fluid as:

η0 λ ω 2
1 + λ 2ω 2
η0 ω
G00 =
1 + λ 2ω 2
G0 =

(2.44a)
(2.44b)

It is worth pointing out that, in this type of flow, the characteristic time of variation of
the shear rate is related to the oscillatory frequency, i.e. τγ̇ ∼ 1/ω. Hence, if both moduli
are normalised by the elastic modulus Ge = η0 /λ , Eqs. 2.44 can be rewritten in terms of
De, as follows:

De2
1 + De2
De
G00 =
1 + De2
G0 =

(2.45a)
(2.45b)

If De  1, G0 ∼ De2 and G00 ∼ De, both moduli increase with De, but with different
rates, whilst if De  1, G0 ∼ 1 and G00 ∼ 1/De, the storage modulus plateaus to a constant value (i.e., Ge ) and the loss modulus progressively reduces to zero. These trends
are reported in Fig. 2.12 (black lines), where an example of the typical variation of the
storage and loss moduli for a Maxwell fluid is depicted. As expected, at low oscillatory
frequencies (De  1) the storage modulus presents a power law dependency with slope
2, whilst the loss modulus increases with a power of 1, this regime is often referred to
as terminal viscous regime. The crossover point between the two moduli, corresponds
to De = 1 and indicates a transition from a viscous regime to an elastic regime, characterised by the constant elastic modulus (equal to the plateau of G0 ) and a loss modulus
that tends to zero. The inverse of the crossover frequency corresponds to the relaxation
time of the fluid. For more complex relaxation phenomena, the shapes of the G0 (ω) and
G00 (ω) deviate from those described above. In this event, a generalised Maxwell model

Chapter 2

Rheology of complex fluids

67

can be implemented to describe the fluid behaviour. This modification considers the fluid
as N Maxwell elements disposed in parallel. Hence, the overall stress can be obtained by
summing the contributions of all the single elements and Eqs. 2.44 can be written more
generally as:

N

ηi λi ω 2

N

1 + λi 2 ω 2
ηi ω

G0 = ∑i=1
G00 = ∑i=1

(2.46a)
(2.46b)

1 + λi 2 ω 2

An example of the storage and loss moduli as a function of the oscillatory frequency
for a generalised Maxwell fluid with three Maxwell elements (or three relaxation modes)
is shown in Fig. 2.12 (blue lines), for a comparison with the single-mode.
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Figure 2.12: G0 (solid lines) and G00 (dash lines) for a Maxwell fluid modelled as one element
(black curves) and three elements (blue curves). For a single-mode Maxwell fluid, the crossover
point of G0 and G00 correspond to the inverse of the fluid relaxation time. Hence, for ω  1/λ (i.e.,
De  1) the material behaves mostly as a viscous liquid with G0 ∝ ω 2 and G00 ∝ ω; for ω  1/λ
(i.e., De  1) it behaves as an elastic solid with G0 = η0 /λ and G00 → 0.

Nonlinear models
As specified in the section above, the Maxwell model fails to capture nonlinear effects related to the viscoelastic character of a fluid. To this aim other models, which include
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nonlinear terms, should be considered. In this section, the simplest nonlinear model
developed as a modification of the linear Maxwell model, namely the upper-convected
Maxwell model, is introduced with the aim of highlighting the necessity of considering
a second dimensionless number when investigating the flow of complex fluids. The interested reader can refer to the books by Bird et al. (1987) and R. G. Larson (1999) for
an in depth discussion on the constitutive models developed to describe the dynamics of
polymer solutions and of other types of complex fluids, such as polymer gels, suspensions
and self-assembling fluids.
In the upper-convected Maxwell model, the material time derivative of the stress tensor is replaced by the convected time derivative. The scaled version with dimensionless
variables is reported below:


λ
τ̄τ +
τγ̇



∂t¯τ̄τ − (λ γ̇c )[(∂x̄x v̄v)† · τ̄τ + τ̄τ · ∂x̄x v̄v] = −(η0 γ̇c /τc )γ̄γ˙

(2.47)

where, ∂t¯ is the material time derivative, ∂x̄x v̄v is the dimensionless tensor of the velocity
derivative and (∂x̄x v̄v)† is its transposed. In Eq. 2.47 two dimensionless numbers arise: the
Deborah number, defined as before as the ratio of the relaxation time to the characteristic
time of variation of the deformation rate tensor, and the Weissenberg number, which is
defined as Wi = λ γ̇c . This dimensionless number is related to the nonlinear part of the
constitutive equation, which is responsible for normal stress differences; hence, it can be
considered as a measure of the importance of the normal stress differences in relation to
the viscous stresses (Poole, 2012).
For a simple shear flow, Eq. 2.47 gives τyx = −η0 γ̇, τxx = −2λ η0 γ̇ 2 and τyy = 0,
which implies that the first normal stress difference N1 ∝ γ̇ 2 and the second normal stress
difference N2 is 0. Fluids that obey this model are characterised by a constant viscosity
and constant first normal stress difference coefficient. In practice, the simplest viscoelastic fluid that can be obtained experimentally is a class of fluids called Boger fluids (James,
2009) that always present a constant viscosity but that might have more complex functionalities of Ψ1 (Quinzani, McKinley, Brown, & Armstrong, 1990; Stokes, Graham, Lawson,
& Boger, 2001b). This type of fluid is widely used in the literature to decouple the effects
of the shear-thinning of the viscosity from pure elastic effects.

2.3

Carbopol gels: structure and rheological properties

Carbopol is the commercial name used to describe a specific class of crosslinked polymers, also known with the generic name of carbomers. These molecules, first synthetized
in the 1950s by BF Goodrich, consist of high molecular weight polymers of polyacrylic
acid crosslinked with polyalkylene ethers or divinyl glycol (Lefrançois et al., 2015). In
their anhydrous form, they are powders, with a particle average size of hundreds of
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nanometres and molecular weight of the order of 100 MDa (Barry & Meyer, 1979b).
Upon dispersion in polar solvents, Carbopol particles swell, creating a suspension of soft
elastic particles, which, at high concentrations, present rheological features of both polymer gels, i.e. high elastic modulus, and of particle suspensions, i.e. yield stress. This
feature is typical of a specific class of materials defined as microgels, which present a
unique phenomenology that unifies the rheological behaviour of hard colloidal spheres
and polymeric macrogels (Lyon & Fernandez-Nieves, 2012; Pellet & Cloitre, 2016), a
characteristic that makes them extremely valuable in a wide range of industrial and scientific applications. In the past decades, the scientific and technological relevance of microgel suspensions has motivated extensive experimental and theoretical research, aimed
at understanding the tunability of their rheological properties (Vlassopoulos & Cloitre,
2014; Bonn, Denn, Berthier, Divoux, & Manneville, 2017). In this section, the main
chemical and physical properties affecting the rheological properties of microgels, intended as a general class of materials, are first introduced. This is followed by a review
on the specific rheological properties of Carbopol dispersions. The aim is to provide a
context for the analysis of the results obtained in this research.

2.3.1

Rheology of microgel suspensions

Microgels are a class of soft colloidal particles consisting of polymer networks that have
the ability to swell or deswell by absorbing or releasing solvent molecules. The great interest in these materials is related to the possibility of tuning the swelling response through
any external stimuli able to change the osmotic equilibrium between the inside and the
outside of the particle, e.g., temperature changes, addition of ionic species. This response,
and therefore the final dimensions of the particles, can be experimentally controlled once
the chemistry of the polymer network is known, since it is directly related to the solubility
of the polymer in the specific solvent used. In addition to the final particle dimension, the
physicochemical properties of the polymer/solvent system, i.e. crosslinking degree and
functional groups of the polymer network, solvent type, also influence the interactions
among different particles when a dispersion of microgels is considered.
Generally speaking, the rheological properties of particle suspensions depend on the
nature of the secondary phase dispersed, its volume fraction φ and the interparticle interaction (Vlassopoulos & Cloitre, 2012; Bonn et al., 2017). Owing to that, the rheological properties of a suspension of microgel particles can be tuned by changing any
variable that affects the single particle size, its softness or the degree of solvation (Lyon
& Fernandez-Nieves, 2012). The effect of each single parameter can be experimentally
investigated through the analysis of the phase transitions experienced by the microgel
suspension as the volume fraction is progressively increased. Specifically, the nature of
the liquid-to-solid transition and the characteristic concentration at which a solid-like be-
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haviour is observed will vary with the crosslinking density, solvent quality and chemistry
of the polymeric network constituting the microgel. To understand the effect of these
properties, a first important distinction must be made between systems characterized by
repulsive or attractive interparticle interactions.
Phase transitions for repulsive microgel suspensions
The nature of the solid-to-liquid transition for a suspension of soft repulsive particles depends on the dimension and deformability of the particles. In the case of particles of
colloidal dimension, as the particle volume fraction increases, the thermal fluctuations
induced by the Brownian motion induce a dynamically arrested state, where particles are
caged by their neighbours (Berthier & Witten, 2009; Brambilla et al., 2009). This transition is defined as “glass transition” and typically occurs at a particle volume fraction
φG ≈ 0.58 − 0.6. Above this regime, at equilibrium colloidal suspensions present a relaxation time that is large compared to the observation time, thus long-range particle diffusion is prevented and particles can simply move by Brownian motion inside their cages.
The effect of this phenomenology is directly reflected in the rheological behaviour. In
terms of linear viscoelastic properties, at the glass transition, the terminal viscous regime
shifts at frequencies typically lower that the minimum sampled experimentally and at high
frequencies a crossover is observed between G0 and G00 . The storage modulus G0 shows
a low-frequency plateau, which rapidly increases with particle volume fractions, whilst
G00 presents a minimum at low frequencies, followed by a power-law increase (Pellet &
Cloitre, 2016) (Fig. 2.13). A yield stress is instead observed in steady-shear flow as soon
as φ > φG , which increases with particle volume fraction.
As the volume fraction is further increased, the soft particles become increasingly
confined and eventually come into contact. At this point, the system has reached the
“random close-packing” volume fraction and a second transition, known as “jamming
transition” occurs. This transition is simply governed by the steric particle confinement
and the Brownian motion plays no role. As the particle volume fraction is increased
above the characteristic volume fraction at the jamming point φJ , the soft microgel particles further deform, increasing the contact area with their neighbours by creating flat
facets. In this regime, the elastic behaviour becomes more prominent, and the plateau
of G0 increases linearly with particle concentration. The flow behaviour in this regime is
regulated by the interplay of the elastic restoring force acting at the particle facets and
the viscous dissipation deriving from particle sliding, which results in a Herschel-Bulkey
type of functionality of the shear stress (Cloitre, Borrega, Monti, & Leibler, 2003a; Seth,
Mohan, Locatelli-Champagne, Cloitre, & Bonnecaze, 2011). Above φJ , the yield stress
σy presents a typical power law scaling σy ∝ (φ − φJ )∆ , where ∆ is a parameter function
of the critical rheology of the material (Nordstrom et al., 2010; Olsson & Teitel, 2012).
When the characteristic size of the microgel increases, thermal fluctuations become

Carbopol gels

71

Log G’, G’’

Chapter 2

G’
G’’

Log 𝜔
Figure 2.13: Schematic of the typical viscoelastic response of soft repulsive particle suspensions
in the glass regime.

gradually negligible. In this event, the system is referred to as athermal and the only
phase transition occurring is the jamming transition. For soft particle suspensions, the
nature of the liquid-to-solid transition observed does not depend solely on the strength of
the thermal energy (i.e., kB T , where kB is the Boltzmann constant and T is the absolute
temperature) but also on the elastic free energy of the particles εe (Ikeda et al., 2013;
Vlassopoulos & Cloitre, 2014; Bonn et al., 2017). Hence, it is the ratio between the two
characteristic energies kB T /εe , defined as the softness of the system, that, together with
the particle volume fraction, controls the phase transitions for both athermal and colloidal
particles (Fig. 2.14). For microgel systems, the elastic free energy is typically associated
with the elastic modulus of the particles, which in turn depends on the crosslinking density
of the polymer network and the solvent quality, allowing to tune the softness parameter
through the chemical design of the microgel particles.
Phase transitions for attractive microgel suspensions
The presence of attractive forces between soft particles increases the complexity of the
physics behind the phase transition observed as the particle density increases. The phenomenology of these systems, defined as colloidal gels, strongly depends on the balance
between the attractive forces and the thermal energy of the particles and on the nature of
the attractive forces. Very strong attractive forces with long-range potentials can form
networks of particles even at relatively low volume fractions, which can sustain finite
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Figure 2.14: Three-dimensional ‘jamming phase diagram’ showing the yield stress surface as a
function of the thermodynamic parameters, temperatures and density, in a dimensionless representation (particle softness kB T /εe , volume fraction φ , and stress σ a3 /εe ). The authors reported
the experimental curves for increasing level of softness (with PMMA hard sphere colloidal suspension taken as the hardest material and PNIPAM microgel suspensions, as the softest) (Ikeda et
al., 2013).

stresses, thus presenting a macroscopic elasticity, as one would observe in a percolated
chemical gel, that results in a yield stress behaviour under flow conditions (R. G. Larson,
1999; Zaccarelli, 2007). However, the particulate nature of these percolated structures
makes them extremely sensitive to the particle thermal fluctuations, which can temporarily break the bonds and allow macroscopic flow also at small stresses, thus shifting from
a yield stress material to a viscoelastic liquid.
Another type of phenomenology is observed in the presence of short-range adhesive
forces, such as depletion attractions (Likos, 2001), which can induce a phase separation
between colloid-rich and colloid-poor phases. At higher volume fractions the dynamics of
the colloid-rich phases can be influenced by glassy dynamics, which induces local dynamically arrested regions that can slow down the dynamics of the whole system (Foffi, De
Michele, Sciortino, & Tartaglia, 2005), thus resulting in a liquid-to-solid transition similar to the glass transition described for repulsive colloidal suspensions. However, in these
systems, the boundary and nature of the phase transition can be tuned by changing the
strength of the interactions: starting from a completely repulsive system, as the strength
of the short-interaction is increased, the solid transition moves to higher volume fractions
because the bonding effects tends to isolate colloid-rich agglomerates, thus stabilising the
liquid state; however, as the strength further increases, the interparticle forces promote the
formation of networks spanning the entire solution and the system experiences a gelation
rather than a glass transition, which shifts the solid transition to lower volume fractions
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(Eckert & Bartsch, 2002).
The rheology of colloidal gels is often characterised by thixotropic behaviour and the
tendency to generate spatially heterogeneous flow effects (e.g. wall slip, shear-banding)
(Holmes, Callaghan, Vlassopoulos, & Roovers, 2004). A thorough description of the flow
properties of these systems is found in the review by Bonn et al. (2017).
Tuning the rheological properties of microgels
Owing to the phase behaviour described in the sections above, the rheology of microgel
suspensions can be tuned by changing two main parameters: (i) softness of the microgels
and (ii) particle interactions. Both parameters are affected by the chemistry of the polymer
network, its crosslinking degree and the quality of the solvent used.
The degree of crosslinking of a microgel particle regulates its elastic modulus, thus
playing a fundamental role in determining the softness of the particles. Systems with
high crosslinking densities typically present a higher rigidity and tend to maintain a welldefined particle identity, thus behaving similarly to suspensions of colloidal hard spheres.
Conversely, very low crosslinking densities imply a higher mobility of the polymer chains
constituting the network, which makes them more similar to branched or star polymer
solutions (Vlassopoulos & Cloitre, 2012, 2014). In practice, microgels are typically synthetized to obtain intermediate behaviours between these two extremes and create particle
systems that maintain their shape at low particle densities but can deform at high volume
fractions. For this reason, the crosslinking degree plays a key role in determining the
rheological behaviour at very high particle densities, where the particles are compressed
and deformed against their neighbours. In these conditions, the lower is the crosslinking degree, the stronger are the deviations from the hard colloids behaviour, owing to
an increase in compressibility. At high particle densities, the elasticity of the suspension
is dominated by the elastic modulus of the particles G p , which in turn is related to the
crosslinking density nc by Flory’s theory for rubber elasticity (Flory, 1985):
G p = nc kB T

(2.48)

Eq. 2.48 implies that higher crosslinking degrees yield materials with higher plateaus
of the storage modulus (Menut, Seiffert, Sprakel, & Weitz, 2012) and of the yield stress,
which, at high packing densities, is directly scalable with G p (Seth, Cloitre, & Bonnecaze,
2006; Seth et al., 2011). Additionally, the crosslinking density has also an indirect effect
on the interparticle interactions of these concentrated systems. Typically, microgels with
higher crosslinking degree present shorter dangling ends, which are screened by the external solvation layer, thus reducing interlocking between compressed particles and effects
related to the steric interactions between the loose ends (Scheffold et al., 2010; Conley,
Zhang, Aebischer, Harden, & Scheffold, 2019).
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The chemical nature of the polymer/solvent system represents another important parameter in the design of microgel suspensions. This aspect is directly related to the
swelling behaviour of the single microgel particle, which in turn affects the effective volume fraction of the suspension and the elasticity of the particle (Di Lorenzo & Seiffert,
2013). Depending on the nature of the polymer network, it is possible to tune the rheological properties of a suspension through external stimuli able to influence the osmotic
equilibrium inside and outside the microgel. An example is given by thermoresponsive
systems such as PNiPAM microgels, which display a swelling behaviour function of the
temperature that derives from a change of solubility of the polymer network: as the temperature decreases below a critical threshold, the solubility suddenly decreases, causing a
collapse of the microgel particle (Senff & Richtering, 1999; Scheffold et al., 2010).
Another example is given by polyelectrolyte microgels, which are a class of microgels obtained from crosslinking polymeric chains with ionizable groups (Cloitre, Borrega, Monti, & Leibler, 2003b). The presence of these groups on the polymer backbone highly influences the osmotic equilibrium of these systems and consequently their
swelling behaviour. In aqueous environments, the functional groups can dissociate into
fixed ions, which sit on the polymer backbone, and mobile counter ions, which tend to
remain trapped into the microgel network to maintain the electrical neutrality of the particle. The presence of these counter-ions generates a strong osmotic pressure, which pushes
the external solvent to diffuse inside the polymer membrane, thus causing the swelling of
the particle (Gibbs-Donnan effect (Rička & Tanaka, 1984)). The final particle dimension
is controlled by the combined effect of (i) osmotic pressure, (ii) elasticity of the network
and (iii) mixing entropy of the polymer (Cloitre et al., 2003b), and can therefore be controlled through the ionisation degree, the quality of the solvent, the ionic strength of the
solution and the crosslinking degree of the microgel. Hence, the rheological behaviour
of these systems can be tuned through pH adjustments and additions of ionic species,
which alter the final volume fraction of the suspensions but also the electrostatic potential
of interactions among the particles, thus inducing particle repulsion or aggregation, depending on the concentration of free ions in solution (Shao, Negi, & Osuji, 2013). These
systems are also more prone to de-swell because of the strong impact of osmotic effects,
which induce network shrinkage at high particle volume fractions because of an increase
in the ions density as the fraction of solvent surrounding the particles reduces (Cloitre et
al., 2003b; Pellet & Cloitre, 2016). This phenomenon alters the effective volume fraction
of these microgel suspensions at high concentrations, affecting their phase transition and
flow behaviour significantly. Owing to the presence of carboxyl groups on its polymer
backbone, Carbopol belongs to this class of microgels.
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Rheology of Carbopol dispersions

Thanks to their nontoxicity, stability, high thickening properties and transparency, Carbopol gels have been widely used in cosmetics and pharmaceuticals (Bonacucina, Martelli,
& Palmieri, 2004; Boulmedarat, Grossiord, Fattal, & Bochot, 2003) and in other commercial and industrial applications (Nagarajan & Ambuter, 1996), as well as model yield
stress fluids in academia (Carnali & Naser, 1992; Curran, Hayes, Afacan, Williams, &
Tanguy, 2002; Piau, 2007; Divoux, Tamarii, Barentin, & Manneville, 2010; Oppong & de
Bruyn, 2011).
These polymers are typically synthetized using an inverse emulsion polymerization
technique in an organic solvent (Benda, Snuparek, & Cermak, 1997; Menut et al., 2012).
The polymerization process in the two phase system occurs in two stages; first the monomers rapidly crosslink in the dispersed phase and then the polymerization slowly continues in the surrounding continuous phase. This mechanism leads to an uneven crosslinks
distribution in the microgel structure, characterised by a central denser core and a thinner
external shell. The backbone of Carbopol molecules is constituted by monomeric units
of acrylic acid, which has a carboxyl group (COOH) that can dissociate in aqueous, or
more generally polar, environments. Owing to the high crosslinking density, Carbopol
is insoluble in de-ionised water, i.e. in the absence of an osmotic gradient, water does
not diffuse into the polymeric network. Hence, to induce swelling, a base is typically
added to the aqueous solution during the preparation to neutralise the acidic groups and
cause the ionization of the carboxylate groups. Similar to most polyelectrolytes, the final
swollen configuration depends on the internal density of uncompensated ions on the polymer backbone: the larger the density of these ions, the higher the difference in osmotic
pressure between the internal crosslinked network and the external environment. This imbalance promotes the diffusion of solvent molecules inside the coiled Carbopol molecule,
a process that makes the particles swell (Carnali & Naser, 1992). The final system results
in a clear suspension of soft elastic particles, whose final dimensions are controlled by the
pH of the solution (Lee et al., 2011; Gutowski, Lee, de Bruyn, & Frisken, 2012; Jofore,
Erni, Vleminckx, Moldenaers, & Clasen, 2015).
The rheological properties of water-based Carbopol microgels in the concentrated
regime have been investigated extensively for many types of Carbopol molecules (Barry
& Meyer, 1979b, 1979a; Carnali & Naser, 1992; Piau, 2007; Lefrançois et al., 2015; Bhattacharjee et al., 2018), showing a typical soft glass behaviour that macroscopically can be
described by the Herschel-Bulkley constitutive equation (Ketz, Prud’homme, & Graessley, 1988; Piau, 2007; Jofore et al., 2015). Nonetheless, some discrepancies, mainly
in the form of thixotropic behaviour (Divoux et al., 2010; Dinkgreve, Fazilati, Denn, &
Bonn, 2018; Donley, de Bruyn, McKinley, & Rogers, 2019), were observed for systems
that experienced different preparations, showing that the yielding behaviour of these sys-
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tems is strongly influenced by changes in the internal microstructure (Kim, Song, Lee, &
Park, 2003; Lee et al., 2011; Oppong & de Bruyn, 2011), changes that can be induced by
different preparation protocols or by the presence of additives (Barreiro-Iglesias, AlvarezLorenzo, & Concheiro, 2003; Shao et al., 2013; Lefrançois et al., 2015).
Less is known about the behaviour of Carbopol gels obtained from other solvents.
Alternative non-polar solvents, usually organic, appear to be necessary in various pharmaceutical applications that require addition of water-insoluble drugs or of active components which require in situ activation with water (Hench, 2006). The swelling behaviour
of Carbopol molecules in the absence of water, when ionic forces are weak, is still poorly
understood. It is known that some polar solvents, such as glycerol and poly(ethylene glycols) of low molecular weight, can initiate the swelling without the use of neutralising
agents (Varges, Costa, Fonseca, Naccache, & De Souza Mendes, 2019). This suggests
that (i) polar solvents dissociate part of the carboxyl groups constituting the Carbopol
backbone, thus imbalancing the osmotic pressure between the inside and the outside of
the macromolecule and initiating the swelling process; (ii) compared to water, the organic nature of the solvents ensures a greater affinity with the Carbopol network, which
promotes the internal diffusion of the solvent molecules even at low degree of dissociation. In these cases, the dimensions of the solvent molecules and their affinity with
the carbomer structure can affect the final swollen conformation and alter the strength of
colloidal interactions between microgel particles.
The effect of a variety of solvent mixtures on the viscoelastic properties of Carbopol
934P gels have been investigated by Chu, Yu, Amidon, Weiner, and Goldberg (1992).
Specifically, they tested binary and ternary solutions of propylene glycol, glycerol and water at different ratios, also considering the effect of a neutralizing agent (triethanolamine).
They pointed out how the solubility could seriously affect the degree of entanglement between different polymer chains thus enhancing the viscoelasticity of the gel. Bonacucina
et al. (2004) carried out a complete rheological characterization of simple dispersions
of two different Carbopol polymers in three separate solvents, i.e. water, PEG400 and
glycerine. Final properties strongly depended both on the specific solvent used and on
the procedure followed for their preparation. Yet, no coherent analysis has been made in
terms of how different solvents affect the swelling of Carbopol molecules and their interactions and how the rheological properties can be scaled accordingly, thus highlighting
the necessity for further investigations.

Chapter 3

Investigation of the mixing process

In this chapter, the influence of complex rheological properties on the mixing dynamics in
in-line mixing devices is investigated by means of experimental and computational tools.
Two static mixers, with distinct geometric features, were employed to study the interplay
between different flow kinematics and fluid rheological properties and to investigate their
effects on the topology of the mixing patterns. The main aim of this investigation is to
highlight the severe mixing challenges induced by the onset of viscoelastic instabilities
in these complex geometries. The results convey the necessity to modify essential steps
of the manufacturing protocol of the process of interest when shifting from a batch to a
continuous framework.
Part of this chapter have been published:
Migliozzi, S., Mazzei, L.,Angeli, P. (2021). Viscoelastic flow instabilities in static mixers:
onset and effect on the mixing efficiency. Physics of Fluids, 33, 013104.

3.1

Introduction

In spite of the ubiquity of complex fluids in industrial applications, investigations concerned with the effect of non-linear rheological behaviour on the mixing performances in
continuous applications are scarce and primarily focused on purely viscous shear-thinning
behaviour (Avalosse & Crochet, 1997; Wunsch & Bohme, 2000; S. Liu et al., 2006; Rahmani et al., 2006; V. Kumar et al., 2008); this is due to the relatively simple implementation of generalized Newtonian constitutive equations in CFD environments. As also
reported in Chapter 2, advanced experimental investigations on performances of in-line
mixing devices are generally rarer than numerical studies because of the high level of
sophistication and resources needed to capture the mixing dynamics with the same level
of detail as the numerical simulations. However, the importance of experimental observations should not be underestimated when dealing with complex fluids, as highlighted
77
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by the recent experimental work of Lim et al. (2015), which reports a modest detrimental effect of CMC solutions (widely used as inelastic shear-thinning model fluids) on the
mixing rate of a SMX mixer in contrast to various numerical studies that usually show
no effects or positive effects of shear-thinning (Böhme & Wünsch, 1997; Rahmani et al.,
2007).
The influence of complex rheological behaviour such as fluid elasticity, as well as
the combination of elasticity and shear-thinning, on mixing dynamics is still not fully
understood. The strong nonlinearities induced by the presence of polymer molecules or
complex microstructures in solution can severely complicate the flow kinematics in viscoelastic flows by conferring an extra tensile stress to the fluid streamlines, which depends
on the flow history through a characteristic relaxation time λ (Bird et al., 1987). In the
low Reynolds regime, typical of laminar mixing applications, pure elastic instabilities can
arise from the interaction of curvilinear streamlines with the extra elastic stresses, acting
along the flow lines. This kind of instabilities have been observed experimentally for
simple viscometric (R. G. Larson, Shaqfeh, & Muller, 1990; Baumert & Muller, 1995;
Shaqfeh, 1996) and more complex flows (Chiba, Sakatani, & Nakamura, 1990; Skartsis,
Khomami, & Kardos, 1992; Davidson, Graessley, & Showalter, 1993; Dris & Shaqfeh,
1998; Arora, Sureshkumar, & Khomami, 2002; Moss & Rothstein, 2010; Kawale et al.,
2017). Theoretical works based on linear stability analysis of nonlinear rheological constitutive models showed the possibility of predicting the onset of flow bifurcations induced by pure elasticity and their nature for simple flows, i.e. cone-plate and parallelplate rheometric flows, Taylor-Couette (R. Larson, 1992; Oztekin, Brown, & Mckinley,
1994; Shaqfeh, 1996). For more complex two-dimensional geometries, McKinley and
co-workers (Mckinley, Pakdel, & Oztekin, 1996; Pakdel & Mckinley, 1996) introduced a
dimensionless criterion to analyse the onset of purely elastic instabilities and their sensitivity to flow geometry and fluid rheological properties, which in simple flows they proved
to reduce to well-established results.
For mixing applications, the presence of flow bifurcations induced by elasticity is a
significant issue; however, a direct translation of the theoretical findings cited above is
arduous, given the intrinsic complexity of the flow kinematics in traditional mixers. To
these days, the effect of elasticity is controversial. Some fundamental insights have been
gained by studying viscoelastic flows in 2-D or simplified 3-D geometries. Generally,
elastic fluids seem to induce poorer mixing as the shear rate is increased owing to an increased resistance to stretching, which tends to form large unmixed regions (Niederkorn
& Ottino, 1993; Arratia, Voth, & Gollub, 2005). However, depending on the flow conditions, in some geometries, elasticity can enhance the mixing performance thanks to the
onset of elastic turbulence (Stokes & Boger, 2000; Groisman & Steinberg, 2001; Grilli,
Vazquez-Quesada, & Ellero, 2013; Pan, Morozov, Wagner, & Arratia, 2013).
These discrepancies underline how the effect of nonlinear rheology on mixing strongly
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depends on the mixing protocol and is difficult to predict theoretically for complex flows,
making further experimental investigations necessary. The recent paper of Ramsay and
co-workers Ramsay et al. (2016) is the only study in the literature focusing on the effect
of elasticity on the mixing performance of static mixers. Viscoelasticity appears to significantly affect the mixing efficiency at the exit of a 6-element Kenics mixer by inducing
larger segregated zones and temporal fluctuations of tracer concentrations, which can be
attributed to the presence of elastic instabilities. Following these observations and the
possible implications for the mixing stage of the process of interest when shifting from a
batch to a continuous framework, further investigations are required to clearly establish
the effect of complex rheology on the working principle of static mixers.
To this end, the topology of the mixing patterns obtained after two distinct static mixers was investigated experimentally. Planar Laser Induced Fluorescence (PLIF) measurements were performed to capture instantaneous concentration maps for different operating conditions, whilst pressure drop measurements allowed continuous monitoring of the
flow resistance. The experiments were performed in a custom made flow rig, carefully designed to allow optical access and operational flexibility. Two different geometries were
selected to highlight the impact of completely different kinematics on the fluid response,
which, in turn, influence the mixing dynamics. Computational fluid dynamics (CFD)
tools were implemented to provide insights into the three-dimensional flow field induced
by the complex geometries in the purely viscous cases and decouple the effects of simple
shear-thinning viscosity from more complex non-linear rheological behaviour.
The chapter is organised as follows. First the experimental apparatus is described and
the experimental and computational methods are introduced. This is followed by the rheological characterisation of the experimental fluids and the relevant dimensionless numbers
used to summarise the findings. The results obtained with the Newtonian and generalised
Newtonian fluids are then discussed to provide a benchmark for the subsequent analysis
with the viscoelastic solutions. Finally, the key findings and the impact that these have
from a processing viewpoint are summarised in the conclusions.

3.2
3.2.1

Methods
Mixers geometries and experimental apparatus

Two different geometries were selected for this investigation, i.e. the Kenics helical mixer
(Euromixers Ltd) and the SMB-R mixer (Stamixco Ltd). The first mixer is one of the standard geometries implemented for inline mixing applications. Owing to its simplicity, this
geometry has been extensively studied in the literature (Hobbs & Muzzio, 1997, 1998;
Byrde & Sawley, 1999; Galaktionov et al., 2002; Meijer et al., 2012), thus representing
a good benchmark for this study. The mixer is constituted by a total of six metal helical
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elements, with twisting angle of 180° and aspect ratio AR = L/D = 1.35, with L and D
being the length and the diameter of the mixing element, respectively. To assure correct
functioning, elements with opposite twisting direction must be inserted one after the other
with the leading edge at 90° with the trailing edge of the previous element. The elements
are welded together in couples, hence experimental investigations can be carried out for
mixer lengths of two, four or six elements. The other geometry belongs to a different type
of mixer designs, commonly implemented in polymer processing (Thakur et al., 2003),
characterised by higher compactness and a more complex geometry of its internal surfaces. The mixer has a total of eight detachable elements and, as for the helical mixer,
each consecutive element is rotated of 90° with respect to the previous one. CAD drawings reporting the characteristic dimensions of both geometries are shown in Fig. 3.1.
Values of all dimensions are reported in Table 3.1.

𝑡𝑏

(a)

(b)

Figure 3.1: CAD drawings of: (a) two Kenics helical mixing elements (side view) and (b) one
SMB-R mixing element (isometric view).

Table 3.1: Characteristic dimensions of the two geometries selected.

Helical mixer

SMB-R

D (mm)

25.5

20

L (mm)

34.5

12.5

tb (mm)

2.87

1

β (degree)

180

−

0.857

0.864

ε (−)

Experiments were carried out in a modular continuous flow rig to allow design flexibility. A schematic of the flow rig is shown in Fig. 3.2. For each fluid tested, two liquid
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streams, one dyed and one undyed, were pumped separately, but with equal volumetric
flow rates, through two gear pumps (AxFlow Ltd) driven by a servo-motor with inverter
control. For each liquid stream, a gear flow meter (Max Machinery, Inc.) allowed constant
monitoring of the flow rates before entering the horizontal test section, entirely fabricated
in transparent poly-(methyl methacrylate) (PMMA) to allow optical access throughout
the rig. The two streams were brought together through a Y-junction to form a unique
stream with a central vertical interface between the dyed and undyed material (inset in
Fig. 3.2). The junction was designed to maintain constant average velocities in the flow
upstream and downstream of the junction. The horizontal rig (ID 25.4 mm) is constituted
by three modular sections, (i) a mixing section, (ii) a visualization section, and (iii) an
outlet section.
drain
12.7mm

25.4mm

: Flowmeter
Dyed
Solution

Undyed
Solution

: Gear pump

: Ball valve
: Acrylic line
drain

drain

: Mixing section

Figure 3.2: Schematic of the continuous flow rig. The inset shows the top view of the Y-junction
inlet (left) and the distribution of the streamlines in the cross-section as they enter the mixing
section (right).

The visualisation section is encased in a PMMA rectangular box, which is filled with
glycerol to match as closely as possible the refractive index of the PMMA and avoid
any optical artefacts induced by the curvature of the pipe, whilst the outlet section is
constituted by a custom made L-shaped junction with a vertical flat surface that allows
direct observations of the pipe cross-section. The entire horizontal test section sits on
three lab jacks (one screwed below the Y-junction and the other two placed below the
borders of the visualisation box) to allow precise alignment with the optical setup. To
ensure stability during the fluid flow, the lab jacks are further fixed to a custom-made
bench, which presents a central aperture in correspondence of the pipe to allow optical
access from the bottom.
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All different sections present the same internal diameter and are assembled together
through external flanges to assure perfect alignment and minimise disturbances in the
flow. One mixing section for each mixer geometry was fabricated to allow precise fitting
of the static elements. To maintain in place the mixing elements and ensure consistency of
their position along the pipe length for different experiments, a small concentric restriction
was incorporated at the end of the mixing section (with a local reduction of the internal
diameter ∼ 1 mm). This implies that the exit of the last mixing element is always fixed,
independently of the number of elements inserted. Pressure ports were drilled at the
inlet and outlet of the mixing sections allowing pressure drop measurements through a
high performance differential pressure transmitter (model 266MST, ABB). A design of
the mixing section assembly is shown in Fig. 3.3. All experiments were conducted at a
controlled room temperature of 21 °C. The fluid temperature was continuously monitored
through a thermocouple inserted in an additional port placed at the end of the visualisation
unit, confirming that the operating temperature was maintained at 21 °C.

3

1

1

2

1:Pressure ports
2:Flanges
3:Mixer
Figure 3.3: Design of one of the mixing sections.

3.2.2

Planar Laser Induced Fluorescence (PLIF) experiments

To capture the instantaneous concentration maps induced by the two mixers, planar laser
induced fluorescence (PLIF) experiments were conducted at different operating conditions. This technique allows the visualisation of a planar cross-section of the pipe through
illumination with a thin laser sheet. A schematic of the PLIF setup is shown in Fig. 3.4.
The system consists of a continuous laser (Diode-Pumped Solid-State series, Laserglow
Technologies) with output power of 3000 mW and emitting wavelength λ = 532 nm and
a high-speed camera (Phantom v1212, Vision Research) equipped with a mono-zoom
Nikon Lens.
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The laser unit was equipped with a collimator (Model 610026 TSI) and two cylindrical lenses (25 mm and 15 mm) to transform the original laser beam into a narrow laser
plane of 1 mm thickness. The generated horizontal plane was reflected on a 45° silver
coated mirror to form a vertical plane, perfectly perpendicular to the pipe cross-section
(see schematic in Fig. 3.4). Generally, it is desirable to obtain a laser sheet as thin as
possible to ensure optimal image quality. This aspect is particularly relevant in strongly
three-dimensional flows, where variations of the flow field, and therefore of the concentration profiles, are expected in the flow direction, thus requiring a quasi two-dimensional
measuring area. In this particular case, strong radial components are not expected downstream of the mixers, thus ensuring high precision of the measuring system. The focusing
plane was fixed at 3/4 of the total length of the visualisation box (approximately 20 cm
from the exit of the last mixing element). This choice is related to the necessity of reducing reflections from the pipe walls by minimising the distance between the camera
lens and the focusing plane. Preliminary tests, conducted by changing the z-position of
the measuring plane along the visualisation section assured that the concentration maps
remained unchanged after exiting the last mixing element. In addition, at the lowest flow
rate investigated, the Peclet number is O(107 ), thus ensuring negligible effects of diffusion
in the axial direction for all experiments conducted. A circular target with dots of 0.5 mm
in diameter was used for the first alignment of the optical components. However, since
the setup was regularly dismounted to change the number of mixing elements, small adjustments were conducted at the beginning of each set of experiments with the operating
fluids to ensure perfect focusing of the image.

∆x ≈ 1mm

Flow
from
mixer

High speed
camera

Continuous
Laser

Figure 3.4: Schematic of the PLIF setup.

The high-speed camera was placed in front of the L-shaped exit, in line with the
flow direction to obtain images of the pipe circular cross-section. Images were recorded
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continuously with a frame rate of 100 Hz at a 768×768 pixels2 resolution (which yielded
a spatial resolution of roughly 24 µm/pixel) and exposure set to 800 µs. A high pass
filter with cut-on wavelength of 570 nm was also used to suppress any spurious light and
reduce reflections from the pipe walls.
Rhodamine 6G (R-6G) was added as fluorescent dye in one of the fluid streams at a
concentration of 7.5 · 10−8 mol/L. For proper analysis of the mixing efficiency, it is of
paramount importance to calibrate the dye concentration such that a linear relation holds
between the intensity emitted and the concentration of fluorescent dye, i.e. Ie = I0 ϕεc,
where Ie is the fluorescence intensity emitted by the molecules, I0 is the intensity of the
excitation beam, ϕ is the quantum yield, ε is the molar absorption coefficient and c is the
concentration of fluorescent dye (Walker, 1987; Matsumoto, Zadeh, & Ehrhard, 2005).
However, this relation depends on the specific optical arrangement; therefore, the calibration was conducted by filling the test section with glycerol solutions at different R-6G
content but maintaining the same settings and alignment used during the experiments.
The calibration curve obtained, as reported in Fig. 3.5, shows a saturation of the intensity emitted at R-6G concentrations close to 10−7 mol/L, which is above the maximum
concentration used in all experiments.

Normalised Intensity [-]
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Figure 3.5: Calibration curve to select the dye concentration to use in the PLIF experiments. The
dashed line is the linear relation, whilst the black star indicates the concentration used for the
experiments. The intensity reported was normalised against the maximum intensity reachable for
a 16 bit image (i.e., 65535).
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For all conditions, images were recorded continuously from the start-up of the pumps
in order to clearly distinguish the end of the start-up step. Flow conditions were further
monitored through pressure drop measurements (with an acquisition rate of 5000 Hz) to
ensure maps were recorded after steady state conditions were reached. The experiments
were repeated for each fluid at different flow rates, first at the minimum number of elements possible (i.e. 2 for the Kenics and 1 for the SMB-R), and then gradually adding
more elements to gain a better understanding of the changes in the mixing mechanism
induced by different rheological properties. The images recorded over the entire steadystate period were then averaged, when the concentration profiles did not present any time
variation, and normalised to obtain greyscale maps of the mass fraction of dyed stream C
using the following relation (Houcine, Vivier, Plasari, David, & Villermaux, 1996):
C(x, y) =

I(x, y) − ID (x, y)
IB (x, y) − ID (x, y)

(3.1)

where I is the recorded intensity and ID and IB are the intensity values of the dark and
the bright reference images, respectively. The reference images for the bright and dark
threshold were taken by continuously pumping only dyed and only undyed streams, respectively. The procedure was repeated at the beginning of each experiment whenever the
camera focus was slightly adjusted after rig dismounting. All the intensity values were
normalised using the corresponding pixel value to remove any bias related to inhomogeneities of the illumination plane. For the unsteady cases, the same normalisation was
applied to each single frame, without averaging consecutive frames. An example of raw
and normalised image is provided in Fig. 3.6.
To analyse the mixing efficiency, the coefficient of variation (CoV) for each normalised image was calculated as:
q
σC
=
CoV =
C

1
N

∑N
i=1 (Ci −C)
1
N

∑N
i=1 Ci

(3.2)

where σC is the standard deviation of the mass fraction C in the whole cross-section,
C is the average mass fraction of a perfectly mixed stream (i.e. 0.5 for all cases studied)
and N is the number of pixels in the image.
Finally, the flow resistance was evaluated for the full length of the mixers in all conditions tested. A friction factor f was calculated from the pressure drop measurements to
obtain a proper comparison between different fluids, using the following relation (N. Shah
& Kale, 1992):
f=

1
∆P

2 Ne L ρ U 2
D

(3.3)

ε

where ∆P is the pressure drop measured over the whole mixer length, Ne is the total
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Normalised image

Figure 3.6: Example of a raw image obtained through PLIF measurements (left) and the corresponding normalised version (right) obtained after 4 SMB-R elements.

number of mixing elements, L and D are the length and diameter of the single mixing
element, respectively, ρ is the density of the fluid, U is the mean velocity evaluated considering an empty pipe and ε is the porosity of the mixer.

3.2.3

Model fluids preparation and physical properties

To investigate the effect of different rheological properties, four different fluids were used
in the experimental investigation: one Newtonian fluid as benchmark case, one Boger
fluid, and two shear-thinning fluids with different flow indexes. The Newtonian fluid (defined from now on as fluid N) consisted in a solution at 20% wt glycerol (Glycerol >99%
FCC, supplied by Sigma-Aldrich, UK) and 80% wt polyethylene glycol Mw = 400 Da
(PEG400, supplied by Sigma-Aldrich, UK). This choice allowed to reduce the viscosity of glycerol to cover a wider range of the Reynolds number (Re) for the Newtonian
benchmark investigation, whilst maintaining a refractive index close to the one of PMMA
(RIPMMA = 1.4905, RIIN = 1.47) to optimise the clarity of the images.
The Boger fluid (fluid B) was obtained by adding 200ppm of polyacrylamide (PAA,
Mw ≈ 5 · 106 Da, supplied by Sigma-Aldrich, UK) in pure glycerol, whilst the shearthinning fluids (fluid ST1 and fluid ST2) were prepared by dissolving Xanthan Gum (XG,
supplied by Sigma-Aldrich, UK) in water/glycerol solutions. The molecular weight of
Xanthan Gum used for this study, not provided from the manufacturer, was obtained
through gel permeation chromatography (GPC), yielding an average molecular weight of
1,764,450 Da (Fig. 3.7). GPC was conducted at room temperature, using 5 µm PSS SDV
medium combination columns (300 mm × 9 mm) with Tetrahydrofuran (THF) as solvent.
A small amount of XG was dissolved in de-ionised water and then progressively diluted
with THF until obtaining a final solution at 2mg/ml in THF/water 80/20. Measurements
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were performed at a flow rate of 1 mL/min−1 with a differential refractometer and a multiangle light scattering detector (Brookhaven Instruments Bi-MwA). The elution times were
converted into molecular weights via calibration response of the light scattering detector
to a known polymer concentration 1 .
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W (logM)
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Absolute molecular weight (g/mol)
Figure 3.7: Molecular weight distribution of the Xanthan Gum performed through GPC.

Densities for all solutions were measured through a calibrated pycnometer at room
temperature. Specifications of the fluid compositions, densities and solvent viscosities
are summarised in Table 3.2. Note that the value measured for the solvent viscosity of the
Boger fluid reveals that the precise composition of the glycerol used is around 98% wt
(Segur & Oderstar, 1951). Given the large volumes of solutions required (approximately
25 L of liquid per set of experiments with one type of mixer), polymers were added in
stock solutions, which were subsequently diluted with the correct amount of glycerol.
Specifically, for fluid B, a stock solution at 500ppm of PAA in glycerol was prepared by
gently dispersing the PAA in glycerol. During this stage, glycerol was kept at a temperature of 50 °C to reduce its viscosity and facilitate polymer dissolution. During the
dispersion step, it was important to form a swirling flow in the container and gradually
pour the powder in the centre of the vortex to avoid agglomeration. Similarly, for the two
shear-thinning fluids, the stock solutions were prepared by adding XG to warm milli-Q
water (DW, temperature kept at 40 °C) in the exact ratio required for the final solutions.
The stock solutions were stirred gently with a magnetic stirrer for at least 24 hours to
1

The author would like to acknowledge Dr. Alberto Alvarez Fernandez of the AdReNA Research Group
(Chemical Engineering Dept, UCL) for performing the GPC measurements.
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fully disperse the polymer powders. Since glycerol is used in all fluids investigated, a
stock solution of Rhodamine 6G (supplied by Sigma-Aldrich, UK) at a concentration of
10−6 mol/L in pure glycerol was also prepared beforehand. The experimental fluids were
finally obtained by adding the proper amount of glycerol (partially from the dyed stock to
obtain the dyed fluid) to the stock solutions. The final batches were stirred for 12 hours
with a three blades marine propeller at low rotational speed. Once they were fully homogenised, the fluids were loaded in the tanks of the setup and left to rest at least for 3
days. To check the consistency in the composition of the experimental fluids, densities
and viscosity measurements were performed before and after each experiment with few
samples of fluids, showing no effect of polymer degradation.
Table 3.2: Composition, density and solvent viscosity ηs of the test fluids. For all non-Newtonian
fluids, ηs is the viscosity of the solvent before polymer addition.

Glycerol

PEG400

DW

PAA

XG

ρ

ηs

(% wt)

(% wt)

(% wt)

(% wt)

(% wt)

(g cm−3 )

(Pa s)

Fluid N

20

80

−

−

−

1.133

0.211

Fluid B

100*

−

−

0.02

−

1.258

0.854

Fluid ST1

90

−

10

−

0.05

1.237

0.21

Fluid ST2

70

−

30

−

0.2

1.18

0.022

An estimate of the polymer concentration regime for the three solutions is obtained
through the evaluation of the polymer characteristic overlapping concentration c∗ , which
can be regarded as the threshold of the dilute regime: for polymer concentrations below
c∗ , the interactions between polymer molecules are negligible and the solution is defined
as dilute. A standard criterion to evaluate c∗ is to consider the reciprocal of the polymer
intrinsic viscosity [η] (Flory, 1953), i.e. c∗ = 1/[η]. The intrinsic viscosity of a specific
polymer depends on the molecular weight of the polymer and on the solvent used. For a
fixed polymer/solvent system the Mark-Houwink correlation can be used to estimate [η]
once the molecular weight of the polymer Mw is known. The relation is typically given in
the form:
[η] = KM Mw aM

(3.4)

where KM and aM are the Mark-Houwink parameters, which depend on the solvent
composition and on the operating temperature. Using the values of the parameters reported in Table 3.3, c∗ ∼ 710 ppm for fluid B (Mark, 1999; Abed, Whalley, Dennis, &
Poole, 2016; Weheliye, Meridiano, Mazzei, & Angeli, 2020), c∗ ∼ 360 ppm for fluid ST1
and c∗ ∼ 380 ppm for fluid ST2 (Milas, Rinaudo, & Tinland, 1985). Hence, the concen-
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tration of PAA in fluid B was low enough to ensure dilute regime and no shear-thinning
effects should be observed, whilst the two Xanthan Gum solutions were close (fluid ST1)
and well above (fluid ST2) c∗ , thus they should present a mild and a strong shear-thinning
properties, respectively (Bird et al., 1987). Note that these values are only estimates and
should not be intended as precise thresholds since the parameters used are not optimized
for the combination of solvents employed.
Table 3.3: Mark-Houwink parameters used for the two polymers and corresponding intrinsic
viscosities.

Mw (g/mol)

KM (g/mL)

aM [−]

[η] (mL/g)

PAA

5 · 106

4.9 · 10−3

0.8

1120.4

XG

1, 764, 450

1.7 · 10−4

1.14

2246.9

3.2.4

Fluids rheological properties

The rheological properties of all the fluids were tested with an Anton Paar MCR302 stresscontrolled rotational rheometer, equipped with a Peltier plate to precisely control the operating temperature and a cone-plate geometry (OD: 50 mm and truncation angle of 1°).
For all measurements sample menisci were sealed with silicon oil (5 cSt) to avoid solvent evaporation. Steady-shear flow tests were performed to obtain flow curves of all
the experimental fluids at 21 °C. The tests were performed by ramping up the shear rate
γ̇ from 0.01 to 1000 1/s. Viscosity values at different shear rates are presented for all
the viscoelastic solutions in Fig. 3.8. As can be observed, the Boger fluid maintains a
constant viscosity throughout the range of shear rates investigated (average value equal to
0.943 ± 0.025 Pa s), whilst the two XG solutions present a shear-thinning behaviour. Note
that the change in the solvent compositions of the XG solutions was forced by the need to
obtain a strongly pronounced shear-thinning behaviour without reaching excessive values
of the viscosity in the lower range of shear rates. Both shear-thinning viscosities can be
fitted with the Carreau model:
η = η∞ + (η0 − η∞ )[1 + (λc γ̇)2 ]

n−1
2

(3.5)

where η0 is the zero-shear viscosity, η∞ is the infinite-shear viscosity, λc is the Carreau
time constant and n is the flow index. The model fits the experimental data within an error
of 2.5%. As can be observed from Fig. 3.8, as the shear rate increases, the shear viscosity
of the solutions reduces by about an order of magnitude for fluid ST1, and almost three
orders of magnitude for fluid ST2, with flow indexes n of 0.61 and 0.26 and a time constant
λc of 11.9 s and 89.5 s, respectively. The zero-shear viscosities η0 are found to be equal to
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2.3 and 47.6 Pa s, whilst the infinite-shear viscosities η∞ are close to the solvent viscosities
with values of 0.156 and 0.049 Pa s, respectively for fluid ST1 and ST2.

102

h [Pa s]

101
100
10-1
10-2 -2
10

Fluid B
Fluid ST1
Fluid ST2

10-1

100

101

g [s-1]

102

103

Figure 3.8: Steady-shear viscosity of the viscoelastic solution obtained at 21 °C.

Steady-shear measurements were repeated in a limited range of shear rates (γ̇ = 0.1 −
100 1/s) to obtain the first normal stress difference of the three solutions. The range of
shear rates applicable was limited in the lower limit by the sensitivity of the instrument
(which for the normal force is typically around 10−2 N) and in the upper limit by the onset
of elastic instabilities. Therefore, to overcome these limits, the tests were performed in a
range of temperatures from 0 to 60 °C and the time-temperature superposition principle
was used to obtain master curves spanning a wider range of shear rates. Fig. 3.9a reports
the master curves at 21 °C obtained for the first normal stress difference N1 , the first
normal stress coefficient Ψ1 , and the shear stress σ as functions of the reduced shear rate
(aT γ̇). For all solutions the first normal stress difference is higher than the shear stress in
the range of shear rates investigated, thus highlighting the significant elastic character of
the solutions. For both shear-thinning solutions (second and third graph from the top in
Fig. 3.9a), the slope of N1 is lower than 2 (approximately equal to 0.64) and Ψ1 presents
a significant shear-thinning character throughout the range tested. The PAA solution also
presents a slope of N1 lower than 2 (around 1.3) and shear-thinning of Ψ1 , even if a small
change of slope seems to appear below a shear rate of 10 1/s. This trend possibly hints
at the formation of a plateau of Ψ1 , which is predicted for Boger fluids at the limit of
zero-shear by all constitutive models available in literature (Bird et al., 1987; Quinzani et
al., 1990; James, 2009).
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The results from the steady-shear measurements, although highlight the strong elastic
character of the solutions, cannot provide a direct evaluation of the characteristic relaxation times λ , given the limited range of data available to properly fit a constitutive model;
hence, small oscillatory amplitude sweeps were also performed at multiple temperatures
to obtain the viscoelastic response in the limit of linear deformations. Master curves at 21
°C of the storage G0 and loss G00 moduli are presented for the three solutions in Fig. 3.9b.
Note that, since fluid B can be regarded as a dilute polymer solution, the values of the loss
modulus are presented by subtracting the solvent contribution to the original values of G00
detected by the instrument (i.e., G00 r ≡ G00 − ηs ω). The same applies to fluid ST1, even
though in this case the XG concentration is slightly above c∗ , hence solutions should be
considered as semi-diluted (Bird et al., 1987; Stokes et al., 2001b).

Y1 [Pa s2]

10

102

101

3

100

10

102

y1

101

101

100

100

10-1

B

10-1

2

10-2
10-3

104

102

103

101

10-2

10-3

104
103
102
101
100
10-1
10-2
ST2
10-3
-1
10

104

102

100
10-1

10

102
101
0

10

10-1
0

10

1

10

2

10

10-2
103

s, N1 [Pa]

3

G', G'' [Pa]

Y1 [Pa s2]

101

G', Gr'' [Pa]

104
103
102
101
100
10-1
10-2 ST1
10-3

s, N1 [Pa]

10-4

102

G''
G'

10-1

10-2

10-2

Y1 [Pa s2]

104

G', Gr'' [Pa]

s
N1

3

s, N1 [Pa]

104

B

100
10-1
10-2

ST1

101
100
10-1
10-2 -4
10 10-3 10-2 10-1 100

ST2
10

aTg [s ]

waT [rad s-1]

(a)

(b)

-1

1

102

103

Figure 3.9: (a) Mastercurves (at 21 °C)of the shear stress, first normal stress difference and first
normal stress coefficient against the reduced shear rate obtained from steady-shear tests and (b)
mastercurves (at 21 °C) of the loss G00 (open symbols) and storage G0 (closed symbols) moduli
against the reduced oscillatory frequency obtained from SAOS tests for the three viscoelastic solutions. From top to bottom: Fluid B, Fluid ST1 and Fluid ST2. Dashed lines in panels (a) are a
guide for a slope equal to 2; solid lines in panels (b) are the fittings to the generalised Maxwell
model with the parameter indicated in Table 3.4.
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In all three cases, the trends of G0 and G00 clearly deviate from a single-mode Maxwell
fluid, and the solutions are characterised by a spectrum of relaxation times, which can be
obtained by fitting the experimental data with a constitutive model. Since in the limit of
infinitesimal deformations all constitutive equations implemented to model the polymer
contribution to the fluid stress simplify to the simple Maxwell model (Bird et al., 1987;
Quinzani et al., 1990), the experimental data obtained for the three fluids were fitted with
the generalised multimode Maxwell equation, which yields the following relations for G0
and G00 :
0

N
k=1

G =∑

ηk λ k ω 2
1 + λk

2

N

ω2

(i); G00 = ∑k=1

ηk ω
1 + λk 2 ω 2

(ii)

(3.6)

where ηk and λk are the viscous constant and the relaxation time of the k-th mode,
respectively, ω is the frequency of the sinusoidal oscillation and N is the number of modes
implemented to fit the data. Results of the fitting are shown by the continuous lines in
Fig. 3.9b and fitting parameters are summarised in Table 3.4. Finally, the characteristic
relaxation time of three solutions were obtained as weighted averages of each single mode
(Oztekin et al., 1994):
λ=

∑N
k=1 λk ηk
∑N
k=1 ηk

(3.7)

yielding values of 5.5 s, 15 s and 38 s for fluid B, ST1 and ST2, respectively.
Table 3.4: Fitting parameters of the multi-mode Maxwell model obtained from fitting of the
experimental mastercurve of G0 and G00 and final relaxation times evaluated using Eq. 3.7 for the
three viscoelastic solutions.

Fluid B

Fluid ST1

Fluid ST2

3.2.5

1

2

3

4

5

6

ηk (Pa s)

0.025

0.047

0.123

0.388

−

−

λk (s)

0.015

0.103

0.865

7.97

−

−

ηk (Pa s)

0.032

0.06

0.082

0.23

0.65

3.22

λk (s)

1.5·10−5

8.4·10−4

0.027

0.18

1.35

20

ηk (Pa s)

0.095

0.074

0.25

0.81

5.7

22.53

λk (s)

2.2·10−7

0.02

0.14

0.82

6.13

48.36

λ (s)
5.5

15

38

Numerical methods

In addition to the experimental investigation, computational fluid dynamics (CFD) was
implemented to provide insights into the three-dimensional flow field induced by the com-
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plex geometries in the purely viscous cases and ensure the robustness of the experimental
protocol by direct comparison with the mixing patterns obtained experimentally with the
Newtonian fluid.
CFD is the numerical simulation of fluid flow. The main objective of CFD modelling
is to replicate the behaviour of a specific fluid system through the use of mathematical
models, developed to describe the phenomenon of interest; the more accurate the model
is, the more accurate the computational description will be. The general steps adopted in
solving CFD codes can be summarised in three categories: (i) pre-processing, (ii) solving
and (iii) post-processing. The pre-processing step involves the critical definition of all the
information necessary to solve the problem, i.e. definition of the fluid domain, geometry
discretization, input of materials properties, definition of the modelling equations (which
can be embedded in the software or defined by the user) and of initial and boundary conditions and choice of the numerical and spatial discretization schemes used to solve the
equations. The solving step is performed by the software and consists in the resolution
of the system of equations defined in the previous step through the implementation of numerical schemes that are specific of the CFD code used. The most commonly used CFD
software adopts the finite volume (FV) method. In this case the set of transport equations
is integrated over each single cell of the fluid domain. The code converts the integral equations into algebraic equations using discretization techniques and then iteratively solves
them until convergence is achieved (Ferziger & Perić, 2002). Finally, the results can be
exported and analysed by the user during the post-processing step.
In this work, the commercial code ANSYS Fluent v17.2 was implemented for all simulations. This software uses a FV method for the discretization and provides tools to deal
with a variety of fluid dynamics problems. To resemble as close as possible the mixing
protocol used in the experiments, the species transport model was used to simulate the
mixing between the two miscible fluid streams. Following this approach, the fluid domain constitutes a single Eulerian phase and different species can be added as scalars in
the fluid domain. From a formal viewpoint, this model allows to simulate the mixing
of a tracer in a single-phase laminar flow just by introducing an additional scalar transport equation per species, thus ensuring the best resemblance with the real system. The
complete set of equations solved includes the continuity equation for the total mass conservation (Eq. 3.8), the linear momentum balance equation (Eq. 3.9), the single species
transport equation (Eq. 3.10) and the mass balance over all species (Eq. 3.11):
∇·v = 0

(3.8)

ρ∂t v + ρ∇ · (vvv ) = −∇p − ∇ · τ + ρgg

(3.9)
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(3.10)

(3.11)

In the equations above, ρ is the fluid density, ρi is the density of the ith species, which
in the specific case is equal to ρYi , where Yi is the mass fraction of component i, Di is
the diffusion coefficient and Ns is the total number of species. The first term on the lefthand side in all equations (from Eq. 3.8 to Eq. 3.10) is the time derivative of the mass,
linear momentum and mass of the ith species per unit volume, respectively (which in
steady-state condition are all equal to zero); the second term is the rate of addition of the
mass, the linear momentum and the mass of the ith species by convection per unit volume,
respectively. In Eq. 3.9, −∇p, −∇ · τ and ρgg are the pressure force, the viscous stress
force (expressed by the Newton’s law, as reported in Section 2.2.1) and the gravitational
field force acting on the infinitesimal fluid element, respectively. Finally, in Eq. 3.10,
−∇ · (Di ∇ρi ) is the rate of addition of the ith species by diffusion (Bird et al., 2002).
Simulations were performed with both mixers at their maximum length (i.e. 6 mixing
elements for the helical mixer and 8 for the SMB-R geometry). The two designs were
recreated in AutoCAD (Fig. 3.1) and then imported in ANSYS. In both cases, empty sections were added at the inlet and outlet of the mixing section to allow the full development
of the flow. The characteristic dimensions were the same as those of the experimental devices (Table 3.1). The imported geometries were then spatially discretized. This step
is typically referred to as meshing and the final discretization is defined as mesh. The
ICEM package in ANSYS was used to build a structured mesh for the helical mixer (total number of cells: 42,121,728), whilst an unstructured mesh was built for the SMB-R
geometry (total number of cells: 13,020,224). The high number of cells is necessary to
ensure the maximum possible refinement of the discretised domain as the striation thickness decreases. Ideally, the mesh cell size δM should be smaller than the smallest striation
thickness δS achieved at the outlet of the last mixing element. For the helical mixer,
δS ≈ δS0 /2Ne (Meijer et al., 2012), where δS0 is the maximum thickness of the initial
striation and Ne is the total number of mixing elements. If one takes δS0 ≈ D/2 (considering the same inlet conditions depicted in Fig. 3.2) and Ne = 6, δS = 199 µm which
is very close to the average characteristic size of the single mesh cell (i.e. δM ∼ 202
µm). For the SMB-R, a theoretical relation for the interfacial stretching is not available in
the literature and therefore δS cannot be estimated. Using relationships found for similar
designs, δS varies over a few orders of magnitude depending on the aspect ratio of the
mixing elements, number of bars and their position (i.e. δS ∼ O(10−2 − 101 )µm (Meijer
et al., 2012)). The average characteristic size of the single mesh cell, for the mesh used, is
equal to 145 µm; therefore, a lower resolution of the finest striations is expected for this
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geometry.
Simulations were performed with a Newtonian fluid, using the same physical properties as fluid N, and with two shear-thinning fluids, using the same density and viscosity
functionalities of fluid ST1 and ST2. All simulations were carried out in steady-state conditions. Only one transient simulation was performed with fluid ST2, to check the absence
of any time-dependent behaviour. A user-defined boundary condition on the species mass
fraction was introduced to reproduce the same inlet conditions used in the experimental
setup and a constant velocity profile was set as boundary condition for the velocity at the
inlet, whilst a pressure outlet boundary condition was set at the outlet (i.e., pout = patm ,
where patm is the atmospheric pressure). Using a developed parabolic velocity profile
as inlet boundary condition did not generate any difference in the mixing patterns, even
when the flow was not completely developed before entering the first mixing element,
which happens only for the highest Re tested (i.e. Re > 15). The effect of different
operating conditions was tested simply by changing the inlet velocity.
To simulate the mixing of a tracer, two species were defined, constituted by the same
fluid properties and a diffusion coefficient equal to 1.4 · 10−12 m2 /s, which is equal to the
self-diffusion of glycerol at 25 °C (Tomlinson, 1973). Note that a change in the specific
value of the diffusion coefficient (between 10−10 − 10−14 m2 /s) did not cause any differences in the final mixing efficiencies in the range of Re investigated numerically. This
result is related to the presence of false diffusion in all simulations performed, which hinders the molecular diffusion. The issue of false diffusion is a well-known disadvantage
related to the use of scalar transport equations (M. Liu, 2011). It arises from the truncation error associated to the spatial differentiation of the convective term of the scalar
transport equation, and therefore is inevitable in a convective-diffusive problem where
the convection term dominates, as it is in this case. False diffusion cannot be completely
suppressed but can be reduced by the use of finer meshes and higher order discretization
schemes (Ferziger & Perić, 2002; M. Liu, 2011). Also, when possible, a structured mesh
should be preferred to ensure alignment between the velocity vector and the cells borders
(Patankar, 1980). For the simulations, the QUICK (Quadratic Upstream Interpolation for
Convective Kinematics) scheme was used to differentiate both the linear momentum and
the tracer transport equations. The total diffusion in all simulations was evaluated using the method described in Appendix A. The analysis showed that the simulations are
accurate up to a striation thickness of the order of 102 µm (see Appendix A for details).

3.2.6

Relevant dimensionless numbers

To obtain a proper comparison between the investigations performed with different solutions and at different operating conditions, the relevant dimensionless numbers should
be specified. Since all experiments (and simulations) were conducted at various flow
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rates and with different fluid properties, the first dimensionless number to consider is the
Reynolds number Re, which gives an indication of the contribution of inertial forces in the
flow and for both geometries can be defined as a modified version of the typical relation
used for pipes (N. Shah & Kale, 1992):
Re ≡

ρ(U/ε)D
ηa

(3.12)

where, ρ is the fluid density, U is the average fluid velocity evaluated considering an
empty pipe of diameter D, ε is porosity of the mixing elements and ηa is simply the fluid
viscosity for fluid N and fluid B, whilst can be more generally defined as the fluid viscosity
at the apparent shear rate in the mixer γ̇a for the two shear-thinning fluids (where γ̇a is
evaluated as γ̇a = 8U/εD (Macosko, 1994)). The relevance of the elastic contribution can
instead be quantified through two different dimensionless numbers, namely the Deborah
number De and the Weissenberg number Wi. The Deborah number, defined as the ratio
between the elastic time scale and a characteristic time scale of the deformation in the
flow (Bird et al., 1987; Poole, 2012), indicates whether or not the polymer chains are
completely relaxed in the flow, hence inducing a fluid-like or a solid-like response of the
fluid to the kinematics imposed by the base flow. In this specific case, the characteristic
flow time t f is taken as the residence time in the single mixing element, which is related to
the frequency with which the flow is periodically re-oriented during the mixing process.
Therefore, De can be defined as follows:
λU
(3.13)
Lε
The Weissenberg number is instead defined as the ratio between the elastic and viscous
forces (Poole, 2012) and is more generally given by the ratio between the fluid relaxation
time and the reciprocal of the shear rate scale. Hence, Wi can written as:
De ≡ λ /t f =

λ 8U
(3.14)
Dε
The two numbers differ only by a geometric parameter, which, in this case, is the
mixing element aspect ratio (i.e., AR = L/D). In conditions where the Reynolds number
is not negligible Wi and Re can be coupled in a fourth dimensionless number, the Elastic
number El, defined as the ratio between the elastic and the inertial forces, which provides
a general description of the flow:
Wi ≡ λ γ̇a =

El ≡ Wi/Re =

8λ ηa
ρD2

(3.15)

Finally, in the presence of complex flow kinematics, characterised by large streamline
curvatures and local extensional components, polymer chains can be highly stretched,
causing a local increase of the normal stresses along the streamline direction, which trig-
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gers the onset of elastic waves. If the characteristic velocity of the elastic waves is lower
than that of the base flow, instabilities can propagate in the flow (Kenney, Poper, Chapagain, & Christopher, 2013; Shi & Christopher, 2016). Hence, a viscoelastic Mach number
Ma, defined as the ratio between the average speed of the flow and the elastic wave speed,
should also be introduced to properly analyse the mixing patterns at different operating
conditions:
Ma ≡

(U/ε)
(ηa /λ ρ)1/2

(3.16)

where (ηa /λ ρ)1/2 is the shear wave speed in a viscoelastic fluid (Yoo & Joseph,
1985).

3.3

Mixing patterns for Newtonian and generalised Newtonian fluids

3.3.1

Newtonian benchmark

The typical mixing patterns obtained with both geometries in the case of a Newtonian fluid
are first presented to provide a reference for the analysis with the polymeric solutions. To
distinguish between purely inertial and elastic effects, concentration maps with the reference Newtonian fluids were obtained at various Reynolds numbers, covering the range of
Re investigated with the viscoelastic fluids. This analysis is particularly important at the
highest Reynolds number tested (i.e. Re = 15), where secondary flows induced by purely
inertial effects might start. For the standard helical geometry the onset of secondary flows
is generally reported to happen close to Re = 50 (Hobbs & Muzzio, 1998; Rahmani et al.,
2007), even though the precise value can increase or decrease depending on the specific
geometric features of the mixer (i.e. the ratio L/D, twisting angle and blade thickness)
(Regner, Östergren, & Trägårdh, 2006; Meijer et al., 2012). On the other hand, for the
standard Sulzer SMX, which is the closest geometry to the SMB-R mixer employed in
this study, the onset of secondary flows is generally expected at higher Reynolds numbers (i.e. Re > 100), hence laminar regime is expected in all experimental conditions.
Nonetheless, the standard concentration maps for this specific mixer design and their stability in the range of Re of interest are not available in the literature, necessitating their
characterisation with a purely viscous fluid.
In Fig. 3.10a the concentration maps after two and six helical mixer elements are reported for 0.6 < Re < 15. In all cases the maps are perfectly stable in time, and no oscillations or vibrations are observed even at the highest Re. The mixing patterns are typical
of the helical mixer (Hobbs & Muzzio, 1997) and reflect the mixing mechanism induced
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(a)

(b)

Figure 3.10: (a) Experimental concentration maps obtained through PLIF measurements in the
case of a Newtonian fluid after 2 and 6 helical mixing elements at three different values of Re.
The images presented were obtained from normalisation of the PLIF raw data; (b) corresponding
concentration maps obtained through CFD simulations, sampled at the exit of 2 and 6 mixing
elements.

by this specific geometry: as the fluid moves across the first element, the initial semicircles of dyed and undyed fluid are split in half, forming two streams, each composed of
50/50 of dyed and undyed liquid, which stretch separately along the twisted walls of the
mixing element and then recombine at the end. This procedure is repeated as the fluid
passes through the subsequent mixing elements, the striations are further split, stretched
and recombined, creating a lamellar structure where elongated striations of dyed fluid are
alternated with ones of undyed fluid. Progressively the striation thickness decreases and
the contact interfacial area between the two streams increases. In laminar conditions, the
total number of striations for each liquid stream for a mixer with Ne elements is theoretically predicted to be 2Ne , in the absence of molecular diffusion (Meijer et al., 2012).
This prediction is recovered in the experimental results obtained after two mixer elements,
where four striations are clearly distinguishable for each liquid stream (black and white
striations), whilst after six elements the distinction between perfectly unmixed striations
is blurred by the diffusion acting at the interface of the thinnest lamellae.
The effect of the Reynolds number on the mixing patterns is revealed only by the differences in the shape of the single striations in terms of elongation, curvature and connectivity. Although still in a laminar regime, the flow field is forced to periodically reorient in
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the opposite direction at each passage in a mixing element, thus requiring a certain length
to fully develop again, which increases with the Reynolds number. This effect alters
the symmetry of the laminar velocity profiles obtained in creeping flow conditions (i.e.
Re  1) in the two semicircles in which the pipe is physically divided by the mixer walls,
thus changing the stretching field in the mixing elements and consequently the shape of
the striations. This is confirmed by the evolution of the velocity contours retrieved from
the numerical simulations at different Reynolds numbers. An example is reported in Fig.
3.11, where the contours obtained at different cross sections across the first and second
mixing elements for three values of Re are presented together with the corresponding
concentration maps. At low Re, the flow adjusts to its fully developed condition before
reaching the first half of the mixing element and the point of maximum velocity is centred
in each semicircle. As the mean velocity of the flow increases, the development length
also increases and the velocity profiles progressively lose their symmetry, thus altering
the curvature of the striations.

𝒗
[−]
ഥ
𝑼

Figure 3.11: Evolution of the velocity profiles obtained from CFD simulations across two consecutive helical mixing elements for Re = 1, 15 and 50. The contours are sampled at different
cross sections, as indicated by the red vertical line in the mixer schematic at the top of the figure.
For direct comparison, the velocity contours are reported as dimensionless velocity magnitude,
obtained as the ratio between the local value of the velocity magnitude |vv| and the average mean
velocity U at the inlet of the mixer. The specular concentration profiles are also reported for each
velocity contour. The black dash-dot lines are reported as a guide for eye to individuate the centre
of the semicircle.

A direct visual comparison between the experimental and the numerical mixing patterns, obtained at the same operating conditions, is reported in Fig. 3.10. Although small
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differences in the elongation and connection of the striations are present, the two methods yield good qualitative agreement and the discrepancies observed can be attributed to
two aspects: (i) the sampling position of the concentration maps, which for the numerical
simulation is exactly at the exit of the mixing element, before the two streams are recombined, and (ii) irregularities of the experimental device, which present elements that are
not always perfectly twisted of 180°, thus slightly altering the curvature of the striations
and inducing a stronger sensibility of their topology to an increase in Re. Despite these
differences, the mixing mechanism and the overall mixing efficiency remain unchanged,
in the range of Re of interest, as can be seen from the values of the CoV reported in
Fig. 3.12a, which also show good agreement between numerical and experimental values. Note that the numerical results predict a slightly higher mixing efficiency compared
to the experimental ones, owing to the presence of numerical diffusion, which becomes
increasingly relevant as the characteristic size of the striations approximates the characteristic length of diffusion (detailed calculations of the numerical diffusion can be found
in Appendix A).
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Figure 3.12: Evolution of the coefficient of variation (CoV) with the number of mixing elements
for the helical (a) and SMB-R (b) geometries in the case of a Newtonian fluid. The symbols are
the mean values obtained by averaging the results obtained through different Re (for the helical
geometry: ReCFD = 0.1, 1, 15 and ReExp = 0.6, 2, 7.6, 15; for the SMB-R geometry: ReCFD =
0.01, 0.1, 1, 10, 15 and ReExp = 2, 10, 20) and the filled area reflect the standard deviation in the
range of Re of the numerical results.

Similarly to the helical mixer, the concentration maps obtained with the SMB-R design are perfectly stable in time in the whole range of Re investigated. Examples of the
mixing patterns obtained after 1, 4 and 8 mixing elements are presented in Fig. 3.13 for
two different values of Re. The topology of the striations is not affected by an increase
in Re: as the two streams pass through the sets of bars constituting the mixing element,
the vertical interface between them is modified to form a complex pattern, constituted by
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four “flames” of dyed and undyed fluid (first row in Fig. 3.13a). The process is repeated
at each passage into a mixing element, thus obtaining a complex lamellar structure constituted by thin striations of dyed and undyed fluid, which progressively occupy the entire
cross-section of the pipe, as can be observed when comparing the maps obtained after
4 and 8 mixing elements. Up to the highest Re tested (i.e. Re = 20) the concentration
maps maintain identical features, showing a great robustness in the mixing efficiency of
this geometry in laminar conditions. The same qualitative behaviour is captured through
3D CFD simulations (Fig. 3.13b), thus confirming the results obtained through the PLIF
experiments. Values of the CoV are also reported in Fig. 3.12b, showing good agreement
between the CFD and experimental results.

𝐑𝐞 = 𝟐𝟎

𝟎. 𝟎𝟏 < 𝐑𝐞 < 𝟐𝟎

𝑵𝒆 = 𝟖

𝑵𝒆 = 𝟒

𝑵𝒆 = 𝟏

𝐑𝐞 = 𝟐

(a)

(b)

Figure 3.13: (a) Experimental concentration maps obtained through PLIF measurements in the
case of a Newtonian fluid after 1, 4 and 8 SMB-R mixing elements at Re = 2 and Re = 20.
The images presented were obtained from normalisation of the PLIF raw data; (b) corresponding
concentration maps obtained through CFD simulations, sampled at the exit of 1, 4 and 8 mixing
elements (only the CFD results at Re = 1 are reported, which are representative for the whole
range of Re tested).
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Effect of purely viscous shear-thinning rheology

Ne=2

Despite the inherent error introduced by false diffusion, numerical simulations can be used
to investigate the effect of the sole shear-thinning on the topology of the mixing patterns
in the absence of any viscoelastic effect. For both geometries, the results obtained for
two shear-thinning fluids, characterised by the same shear-thinning behaviour of the two
experimental fluids ST1 and ST2, do not show any qualitative difference with the results
obtained with the Newtonian fluids. Once steady-state is reached, the maps are stationary
in time and the same mixing mechanism described in the Newtonian case applies. For
the helical geometry, the shear-thinning rheology alters the velocity profiles (Fig. 3.14a),
thus slightly affecting the curvature of the striations. This has a modest effect on the final
efficiency of the mixer, showing a small increase of the coefficient of variation with a
decrease in flow index (i.e. more pronounced shear-thinning behaviour), which however
falls within the variation observed with Re in the Newtonian benchmark (Fig. 3.14c).
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Figure 3.14: (a) CFD velocity profiles obtained for the helical geometry along a vertical cutline
in the middle of the second mixing element (the same profiles are obtained at the same position
in the middle of all mixing elements) for the Newtonian case (N), shear-thinning fluid ST1 and
shear-thinning fluid ST2. The profiles are normalised with the average inlet velocity for direct
comparison. (b) Concentration maps obtained after 2 and 6 helical mixing elements for the same
fluids and (c) values of the coefficient of variation at the outlet of each mixing element (the blue
shadow is the standard deviation, already reported in Fig. 3.12a, for different Re in the Newtonian
case). All data reported in this figure are taken at a representative Re = 1.

Similarly, for the SMB-R design, the increase of shear-thinning yields a small detrimental effect in the mixing efficiency, evident only for highly shear-thinning fluid (Fig.
3.15b), which progresses as the two streams move along the mixer, reaching a maximum
increase in CoV of 15%. In this case, the mixing between the two dyed streams advances
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more slowly compared to the other two cases (i.e. N and ST1). Looking at the maps
obtained at Ne = 4 and 8 in Fig. 3.15a, this lowered efficiency seems to be related to
a slower expansion of the central mixed area to the periphery of the pipe (for fluid ST2
the concentration maps at the extreme left and right of the cross-section appear brighter
and darker, respectively, compared to the corresponding ones obtained with fluid N and
ST1), which might be related to the more pronounced viscosity gradients induced by the
increased shear-thinning character of the solutions, which alter the velocity profiles, thus
affecting the stretching and recombination of the streams.
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Figure 3.15: (a) CFD concentration maps obtained after 1, 4 and 8 SMB-R mixing elements
for the Newtonian case (N), shear-thinning fluid ST1 and shear-thinning fluid ST2, the scale bar
indicates mass fraction of tracer; (b) values of the coefficient of variation at the outlet of each
mixing element (the red shadow is the standard deviation, already reported in Fig. 3.12b, for
different Re in the Newtonian case). All data reported in this figure are taken at a representative
Re = 1.

The results briefly described above highlight that in both geometries shear thinning
has a mild detrimental effect, which can be distinguished quantitatively only in the case
of a pronounced shear-thinning character. These results are in accordance with previous
studies on both the helical (Avalosse & Crochet, 1997; Rahmani et al., 2006) and SMX
(similar to our SMB-R) (Wunsch & Bohme, 2000) geometries, which pointed out small
changes of the velocity profiles induced by viscous shear-thinning, which, however, did
not result in a change in the overall mixing dynamics and did not significantly alter the
final mixing efficiency of the devices. Hence, practically, the sole effect of shear-thinning
does not affect the performance of these devices.
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Mixing patterns with viscoelastic solutions

When moving to the real polymeric solutions, the mixing patterns for both geometries
start to deviate from what is observed in the purely viscous cases as soon as De > 1,
independently of the specific fluid employed. Given the completely different flow fields
induced by the two mixers, results will be shown separately for the two geometries.

3.4.1

Helical mixer geometry

Fluid B

Concentration maps after two mixing elements at different De are shown in Fig. 3.16 for
the three fluids. Two different qualitative behaviours can be distinguished for all fluids
above and below De ≈ 10. For De < 10, the splitting mechanism still works and four
striations per liquid stream can be distinguished, yet showing anomalous shapes and connectivity between them. Although altered compared to the elongated structures observed
in the Newtonian case, dyed and undyed striations maintain symmetry between the two
halves of the cross-section. As De is further increased, the number of striations reduces
and for De > 10 the initial streams are simply split in two striations with irregular shapes,
completely losing any symmetry.
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Figure 3.16: Concentration maps after two helical mixing elements obtained at increasing values
of De for the three viscoelastic solutions. From top to bottom: fluid B, fluid ST1 and fluid ST2.
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These observations suggest that the splitting/stretching mechanism, on which the
proper functioning of this mixer is based, is extremely sensitive to the elastic character of the fluid. For this geometry, at each passage in a mixing element, the base flow
presents two critical points with significant change of the shear rate along the fluid pathlines and with curved streamlines: (i) the area of transition between two mixing elements,
where a reorientation of the flow is induced by the alternating orientation of the elements,
thus regulating the splitting of the streams, and (ii) the helicoidal curvature of the walls
of the mixer, which induces the stretching of the striations. When the polymeric solutions
are forced through the mixer, extra tensional stresses can develop in these regions, thus
altering the stress distribution and consequently the shape of the velocity profiles, which
in turn causes a change of the stretching field. Therefore, if the flow is slow enough to
allow for the polymer chains to completely relax (De < 1), the solutions behave as purely
viscous liquids and the Newtonian concentration maps are preserved. On the other hand,
if the characteristic time of the flow becomes smaller than the characteristic relaxation
time λ , the polymer chains do not have time to fully recover their relaxed conformation.
This translates in a higher resistance to the stretching imposed by the base flow, causing
the change in the shapes of the striations. As the flow rate is increased, the solid-like
response of the fluid is enhanced and so is the resistance to splitting and stretching; the
streams approach the behaviour of elastic “blobs”, which are split at the edge of the first
element, but flow through the subsequent one without stretching significantly (as can be
observed by the more rounded shapes in Fig. 3.16 for De = 44 and De = 83.8).
The impact of the use of solutions with different rheological properties can be firstly
observed in the diversity of the striation shapes, as highlighted by direct comparison of
the maps obtained at De ≈ 3 (first column in Fig. 3.16). At these intermediate values of
De, the maps for each fluid are reproducible and steady, but the elongation of the striations
varies with the fluid adopted. This difference suggests that fluids respond differently to the
stretching imposed by the twisted walls, which implies that the specific shape assumed
by the striations depends on the fluid extensional properties. Despite the lack of direct
extensional measurements for the three fluids tested, general qualitative properties can be
discussed based on data reported in the literature for similar solutions (Stokes, Graham,
Lawson, & Boger, 2001a; Stokes et al., 2001b).
The major difference between the extensional properties of polyacrylamide and xanthan gum solutions is related to the molecular structures of the two polymers. Polyacrylamide is a linear flexible polymer, as such, when in solution, PAA molecules assume a
coiled configuration, whose response to extensional strains strongly depends on the rate
at which the strain is applied, commonly showing a strain thickening behaviour. This
means that the faster the deformation, the stronger the resistance of the polymer to extension (i.e. the extensional viscosity of PAA solutions increases with the extensional rate
applied). On the other hand, xanthan gum is typically described as a semi-rigid polymer
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(Milas, Rinaudo, Knipper, & Schuppiser, 1990; Rodd, Dunstan, & Boger, 2000).
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Figure 3.17: a) Example of local time variation of the dye mass fraction at increasing De, for
fluid B. The black dotted signal represents the reference taken at De < 1, when the behaviour is
assumed to be Newtonian. Some of the locations chosen to sample the time-dependent behaviour
are reported as red points on a snapshot of the concentration map found for fluid B at De = 13.
The single green dot corresponds to the position reported in panel a) as a solid green line; b) corresponding power spectral density (PSD) functions; c) amplitudes of the local oscillations, evaluated
as standard deviation of the signals and d) slope of the power law decay of the corresponding PSD
functions for all unsteady conditions. For each condition, the points reported were obtained by
averaging the values over 50 random positions taken close to the striations boundaries (the error
bars represent the variation in STDc between the 50 points sampled). The black dashed line in
panel c) is the reference value in stable conditions (the grey band is the variation in STDc between
50 random positions). The data points associated to the number of mixing element Ne in both
panel c) and d) are not vertically aligned for visual purposes; e) example of the time variation of
the average mass fraction across the whole cross-section for the same conditions reported in panel
a).
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Rigid and semi-rigid polymers align almost instantaneously with the flow field, thus
presenting extensional properties that do not depend on the rate of deformation applied.
For this reason, the extensional viscosity of XG solutions is usually reported to be constant
with the extensional rate for a wide range of polymer concentrations (Stokes et al., 2001a,
2001b). Hence, as the mean velocity of the flow is increased, the PAA solution (i.e. fluid
B) shows an increased resistance to stretching compared to the XG solutions, and forms
less elongated striations. In addition, because of the strain thickening character, fluid B is
also more sensitive to local variations of the strain and the stress fields, thus facilitating
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the onset of time-dependent instabilities in the base flow, which are instead delayed or
suppressed in the case of solutions with uniform extensional properties (Stokes et al.,
2001b; Haward & McKinley, 2013).
Fluctuations of the concentration maps are indeed observed in the case of fluid B
for De > 3. Concerning the other two solutions, the onset of oscillations is delayed to
higher De values (De > 12) in the case of fluid ST1, and does not occur at all in the
whole range of flow rates tested (up to De ≈ 100) in the case of fluid ST2. In this timedependent regime, different striations preserve their main shape, yet showing fluctuation
of their boundaries (original videos are available in the supplementary movie SM.3-1). To
quantify the time-dependence of these oscillations, the mass fraction of dye was tracked
in time for all the unsteady cases in random fixed positions at the cross sectional area of
the test section, taken close to the striation boundaries. Examples of the time variations of
the mass fraction obtained at increasing De for fluid B are shown in Fig. 3.17a together
with the reference signal for stable maps. Note that, since the total duration of the steadystate acquisition time tacq changes with the operating flow rate (usually tacq is at least three
times higher than the mean residence time of the fluid from the entry at the first mixing
element to the measuring plane position), the data are presented against a normalised time
(i.e. t/tacq ). In all cases, the acquisition frequency of the camera (i.e. 100 fps) was much
higher than the highest frequency associated with the time variations of the concentration.
The oscillations present strong irregularities and are non-periodic, as highlighted by
the lack of distinctive peaks in the corresponding power spectral densities (PSD) reported
in Fig. 3.17b. Nonetheless, for all conditions, the spectra present a power law decay of a
few orders of magnitude, which is independent of the operating conditions. Such decay
has been reported for both velocity and pressure drop fluctuations observed at the onset
of elastic instabilities in different geometries (Khomami & Moreno, 1997; Groisman &
Steinberg, 2004; Pan et al., 2013; Kawale et al., 2017) and indicates that the flow field
is characterised by a broad spectrum of timescales, which is usually associated with the
concept of elastic turbulence (Groisman & Steinberg, 2001). For two helical elements, the
average slope of the power law decay was found to be approximately 1.8, independently
of the operating flow rate and the specific fluid used. On the other hand, the amplitude
of the oscillations, measured as the standard deviation of the mass fraction fluctuations
(STDC ), slightly increases with De for both fluids, while lower values are always observed
for fluid ST1 compared to the Boger fluid.
These results suggest that the time-dependent behaviour of the concentration maps is
related to the flow disturbance originating in the mixing area, as an effect of the interplay
of the elastic behaviour of the solutions and the complex kinematics induced by the mixer
geometry, and then propagates downstream of the mixing section. The strength of the
perturbations depends on the elastic properties of the fluid, but its features are mainly
controlled by the kinematics of the flow. In this event, the Mach number, as defined in
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Section 3.2.6, is a better dimensionless quantity than De to individuate the onset of the
time-dependent behaviour (Kenney et al., 2013; Shi & Christopher, 2016; Kawale et al.,
2017), which should be expected only when the characteristic velocity of the base flow
is higher than the velocity of propagation of the elastic wave (i.e. for Ma > 1). For fluid
B, the fluctuations start as soon as Ma becomes higher than 1, whilst for fluid ST1 the
transition is delayed to Ma > 5.
As the number of elements is increased, the different transitions described above for
two mixing elements still apply. For 1 < De < 10 the splitting/stretching mechanism
works with some modifications in the shapes of the final striations, whilst at higher De
the initial undisturbed streams are only split at the first element, and then randomly reoriented as they flow downstream. Examples of maps obtained at increasing number of
mixing elements for the three different ranges of De are reported in Fig. 3.18. Hence,
for this specific geometry, an increase of the mean flow rate, which entails an increase
of the characteristic De, is detrimental for mixing purposes, independently of the number
of mixing elements used. The onset of the time-dependent behaviour also remains the
same. The oscillations still present a strong chaotic character, which does not change
significantly with the number of mixing elements: the PSD profiles do not present any
significant peaks and decay following a power law with slope close to 2, whilst the amplitude of the oscillations slightly increases when moving from two to four mixing elements
but remains the same as the number of elements is further increased, revealing also less
sensitivity to an increment of De.
A summary of the power law indexes of the PSD signals and amplitude of oscillations
for all time-dependent conditions, obtained through a statistical analysis of the fluctuations in 50 random positions of the maps, is presented in Fig. 3.17c-d. Note that, even
if locally the strength of the oscillations is significant, variations of the mass fraction obtained as a mean over the whole cross-section are almost negligible (Fig. 3.17e). This
suggests that the scale of the perturbations remains small compared to the whole pipe
cross-section. The disturbances maintain their localised character without amplifying
their effects at the macroscopic level. Hence, even if the local oscillations present the
characteristics associated with elastic turbulence, the effects at the large scale are negligible and the mixing does not benefit from an increase in the elastic character of the
solutions as it is usually observed in microscale applications at the onset of elastic turbulence (Burghelea, Segre, Bar-Joseph, Groisman, & Steinberg, 2004; F. C. Li et al.,
2010).

3.4.2

SMB-R mixer geometry

Similarly to the helical geometry, deviations in the main features of the mixing patterns
from the Newtonian case are observed as soon as De > 1, yet showing a more complex

Chapter 3

Viscoelastic cases

𝟏 < 𝐃𝐞 < 𝟏𝟎

𝐃𝐞 > 𝟏𝟎

Ne = 6

Ne = 4

Ne= 2

𝐃𝐞 < 𝟏

109

Figure 3.18: Evolution of the concentration maps with the addition of mixing element in the
helical geometry for the three different regimes individuated.

time-dependent behaviour compared to the previous case, which is influenced by the type
of fluid and the number of mixing elements. Findings obtained after only one mixing
element are first discussed. Before the onset of any time-dependent behaviour, independently of the fluid used, the maps present stable patterns, which partially resemble the
Newtonian case, however showing a less elongated and symmetric topology (Fig. 3.19).
This behaviour, in analogy with what was previously observed in the helical geometry,
can be associated with the extra tension developed in the direction of the streamlines,
which acts against the proper stretching of the fluid streams, thus altering the final shape
of the striations.
As for the previous geometry, in the case of the Boger fluid (fluid B) the unsteady
behaviour starts at Ma > 1: the striations present a more elongated and irregular aspect
(Fig. 3.20a) and vibrate preserving their original shape. The PSD signal associated with
the local oscillations decays with a power law of slope 2, as was also found in the other
geometry (Fig. 3.20b). As the flow rate is increased and a Ma higher than 10 is reached
(Ma ≈ 12), the maps assume a more elongated configuration and the fluctuations become
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Fluid B

Fluid ST2
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Figure 3.19: Example of concentration maps obtained after one SMB-R mixing element for the
viscoelastic solutions for De > 1 and Ma < 1. The maps reported above are stationary. I do not
report an example for fluid ST1, since the maps are never steady.

stronger (Fig. 3.21a). The PSD signal presents a two-step power law decay, characterised
by two different slopes, one in the lowest range of frequencies, close to 0.5, and the other
at intermediate frequencies, with values between 2 and 3 (Fig. 3.21b). A similar trend
has been observed in the PSD signals of the pressure drop fluctuations associated with
the flow of viscoelastic solutions across an array of obstacles (Kawale et al., 2017). The
authors linked the two-step decay to the superposition of two different instabilities, one
related to the wash out of small volumes of fluid, formed upstream of the obstacles, and
the other related to the presence of elastic turbulence. In this case, even though direct
observations of the flow are not available in the mixing area, a similar mechanism might
be in place: in the direction of the flow, the bars constituting the mixing elements can
be seen as a complex array of rectangular obstacles; small recirculating zones can form
upstream of the bars and subsequently destabilise, thus generating the strong fluctuations
observed in this regime.
In the case of fluid ST1, the transitions observed at increasing Ma differ from those
depicted above: an intermediate regime, characterised by small vibration of the concentration profiles is not observed, but instead strong time-dependent fluctuations appear
even at the lowest flow rate tested (corresponding to Ma = 0.3). The shape of the maps
changes significantly in time, assuming a quasi-periodic character with similar patterns
that repeat continuously in time. The periodic character can be captured in some key
locations, through the time variation of the concentration profiles, but it does not extend to the whole cross-section. Examples of the quasi-periodic oscillations captured for
Ma = 0.3 and Ma = 0.86 are reported in Fig. 3.22a together with the corresponding PSD
signals (Fig. 3.22b), which show a small peak indicating the characteristic frequency of
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Figure 3.20: (a) Concentration maps obtained after one SMB-R mixing element with fluid B for
De = 21 and Ma = 4; (b) PSD functions of the oscillations sampled in three random position
(indicated by the three dots in panel a)) for fluid B at Ma = 4. The red line is a guide for the eye,
representing a slope of 2.

the oscillations. As the mean flow rate is increased, the striations assume more elongated shapes, and fluctuate vigorously in the whole cross-section, progressively gaining a
stronger chaotic character and losing the local periodic character. As for fluid B, the corresponding PSD signals present a two-step power law decay, characterised by the same
two different slopes (Fig. 3.21b), with no distinct peak identifiable.
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Figure 3.21: a) Time evolutions of the concentration maps obtained at Ma = 12 with fluid B
after one SMB-R mixing element (images are reported with a ∆t = 2.5 s); b) corresponding PSD
functions of the oscillations of dye mass fraction obtained in four random positions of the crosssection, as indicated by the dots in panel a). The PSD shows a first power law decay (blue line,
slope ∼ 0.5) up to f ≈ 1 Hz and a second (red line, slope ∼ 2), which extends in the higher range
of frequencies.

Similarly to what has been described for fluid B, the PSD double decay suggests that
what is observed downstream can be related to the superposition of two instabilities: (i)
localised releases of pockets of fluids, or ‘dead zones’, formed upstream of the mixer
element, which dominate in the low frequency regime, and (ii) purely elastic instabilities,
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which decay in a wide range of frequencies.
With an increase of the shear-thinning character, the onset of a time-dependent behaviour is delayed to Ma > 7. A further difference from the previous cases is observed
for fluid ST2: at Ma = 7.3 the concentration in the cross-section does not oscillate continuously but instead shows a sudden change in topology, from one stationary pattern to
another. As Ma is increased, strong fluctuations arise, presenting the same chaotic character found in the other two cases (refer to the supplementary multimedia file SM.3-2 for
videos of all cases described).
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Figure 3.22: a) Time evolutions of the concentration maps obtained at Ma = 0.3 with fluid ST1
after one SMB-R mixing element. The dots show some of the typical positions sampled for the
analysis of the time-dependent behaviour; b) example of quasi-periodic fluctuations observed in
the same condition reported in panel a) (black line), at the position indicated by the green dot, and
at Ma = 0.86 (blue line). The green shadow indicates the time interval of the sequence shown in
panel a); c) corresponding PSD functions. The red arrows indicate the characteristic frequency of
the oscillations.

The different behaviours observed might be related to the changes induced by different
rheological properties to the formation and stability of the dead zones upstream of the
mixing elements and can be rationalised by drawing on what has already been observed
experimentally for flows past arrays of obstacles. In the case of shear-thinning fluids, dead
zones can start forming at Ma  1. This condition is identified as a ‘dead-zone instability’
(Kawale et al., 2017). At low flow rates, a small dead-zone first forms upstream, then
grows in the axial direction opposite to the direction of the flow. As it grows, the dead
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zone is destabilised by the continuous flow and starts to wobble perpendicularly to the
flow direction until it detaches from the obstacle and gets washed out with the main flow.
The initial mechanism of formation of the dead zones is comparable to a shear banding
phenomenon, where local regions at low shear rates form close to the upstream fixed wall
of the obstacle, locally increasing the viscosity and thus creating discontinued regions
of low (close to upstream wall) and high mobility. As a consequence, the shear-thinning
character of the solutions strongly influences the formation and stability of the dead zones,
as reported by Kawale and co-workers (Y. Zhao, Shen, & Haward, 2016; Kawale et al.,
2017), who observed that highly shear thinning solutions form bigger and more stable
dead zones, whilst when the shear thinning is suppressed the characteristic size of the
dead zones also reduces drastically.
Hence, the results obtained with the shear thinning fluids suggest that in the case of
the low shear-thinning fluid, the dead zones form and destabilise at very low flow rates,
thus showing quasi-periodic oscillations of the concentration at Ma < 1, whilst for the
highly shear-thinning case, the dead zones probably still form at low flow rates, but grow
in size before losing their stability at a higher mean flow velocity, thus showing stable
concentration maps up to Ma > 1. Specifically, the sudden change observed at Ma = 7.3
might be due to the release of a large dead zone formed from merging of various smaller
ones, which at some point is washed out by the main flow. As the flow rate is further
increased, the stability of the dead zones reduces, local releases influence the stability of
zones downstream, creating a ripple effect that translates into a chaotic behaviour of the
concentration profiles, characterised by a PSD with a double power law decay.
On the other hand, in the case of the Boger fluid, the characteristics of the first unstable
behaviour detected suggest that the initial instability is not related to formation of dead
zones but rather to disturbances typical of pure elastic instabilities, which could originate
also downstream of the obstacle. For the simplified case of the flow of Boger fluids past a
confined cylinder (Kenney et al., 2013) or a linear array of cylinders (Shi and Christopher,
2016), a spatially and temporally unsteady flow is typically reported downstream of the
obstacle as soon as Ma ∼ 1, this is then followed by the formation of an unsteady upstream
vortex at higher Ma. Even though the geometry of our system is far more complicated, a
similar mechanism could explain the evolution of the unsteadiness observed for the Boger
fluid, where mild vibrations of the concentration maps are observed for 1 < Ma < 10,
followed by strong chaotic fluctuations, which could be related to the presence of unsteady
upstream vortexes that cause a chaotic behaviour comparable to that observed in the shearthinning cases, but different in its origin.
The general features of the instabilities are preserved with the addition of mixing elements, yet showing small changes in the boundaries between the different behaviours
described above. In the case of fluid ST1, the quasi-periodic character observed at the
lowest flow rates is lost and the oscillations present a strong chaotic character in the whole
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Figure 3.23: Evolution of the concentration patterns across 1, 4 and 8 SMB-R mixing elements at
increasing Ma (data obtained with fluid ST1). The images reported represent a single frame, since
strong fluctuations of the concentration are observed for all the cases depicted.

range of conditions tested. Similarly, for fluid ST2, the unsteady behaviour still begins
at Ma = 7, but the fluctuations are chaotic. These observations support the hypothesis
of formation/wash out of dead zones: in the presence of further obstacles in the axial
direction, the release of single pockets of fluid affects greatly the stability of those downstream, thus generating a ripple effect as soon as a dead zone is released. The topology of
the maps is completely different to the one observed in the Newtonian case. The complex
lamellar structure is substituted by more rounded irregular areas, which decrease in size
with the further addition of mixing elements (first row in Fig. 3.23). Nonetheless, as Ma
increases, the characteristic dimension of the unmixed area gradually increases, becoming
less sensitive to the number of mixing elements used (second row in Fig. 3.23).
For the Boger fluid the first unstable behaviour, characterised by mild oscillations,
is anticipated at Ma = 0.4, whilst strong chaotic oscillations appear at Ma = 4. As for
the previous cases, the local disturbances generated in the first elements are progressively
enhanced by the presence of further obstacles, thus shifting the onset of the instabilities
to slightly lower values of Ma. The statistical values of the amplitude of the oscillations
and the power law indexes of the PSD signals for all unsteady conditions found with the
SMB-R geometry are summarised in Fig. 3.24. With one mixing element, since the fluctuations become progressively more chaotic and evenly distributed in the cross-section,
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Figure 3.24: a) Amplitudes of the local oscillations, evaluated as standard deviation of the signals
and b) slope of the second power law decay of the corresponding PSD functions for all unsteady
conditions in the SMB-R geometry. For each condition the points reported were obtained by
averaging the values over 50 random point in the image (the errors bar represent the varition of
STDc between the 50 points sampled). The black dashed line in panel a) is the reference value in
stable conditions (the grey band is the varition of STDc between more than 50 random positions).
The data points associated to the number of mixing elementNe in both panels a) and b) are not
vertically alligned for visual purposes.

the strength of the oscillations increases significantly with the increase of the mean flow
rate, independently of the type of fluid used, whilst showing a very mild increment with 4
and 8 mixing elements, where the fluctuations are less sensitive to a change in the mean
flow velocity. By comparing the magnitude of the oscillations in Fig. 3.24 with those
reported in Fig. 3.17c, the time-dependent behaviour in the SMB-R geometry is notably
stronger than that in the helical mixer. This is further emphasised by the significant time
variations found for the average mass fraction in all cases showing strong chaotic fluctuations (Fig. 3.25), thus highlighting the different nature of the instabilities observed in the
two geometries.

3.4.3

Effects on the mixing efficiency

A summary of the transitions described for both geometries and the resulting outcome
in terms of mixing efficiency are reported in Fig. 3.26 and Fig. 3.27 for the helical and
the SMB-R mixers, respectively. In the case of the helical geometry, the same performances of the Newtonian case are observed only for De < 1. A first deviation occurs
at De > 1 and low Ma, where the mixing patterns present an altered topology, characterised by less elongated striations. In this regime, the concentration maps are steady but
the splitting/stretching mechanism is altered because of the more pronounced solid-like
behaviour of the viscoelastic solutions, thus displaying a loss of mixing efficiency (expressed in terms of CoV) compared to the Newtonian case, which becomes evident as the
number of mixing elements is increased. As De rises, the elastic character of the solu-

Chapter 3

Viscoelastic cases

116

1.0

C [-]

0.8
0.6
0.4
0.2
0.0
0.0

Fluid B (Ma=12)
Fluid ST1 (Ma=7)
Fluid ST2 (Ma=41)
Ref. Stable

0.2

0.4

0.6

0.8

1.0

t/tacq[-]
Figure 3.25: Example of the time variation of the average dye mass fraction evaluated in the
whole cross-section for three different conditions after 1 SMB-R element.

tions is enhanced and the two initial streams remain completely unmixed. Nonetheless, as
the mean flow velocity is increased, a time-dependent behaviour arises at Ma > 1. In this
regime, the large unmixed areas start to fluctuate chaotically, still preserving their original
shape. As can be seen from the Ma-El phase map in Fig. 3.26, the onset of the unsteady
regime is influenced by the rheological properties of the fluid: as the shear-thinning character increases, the onset of the unsteady regime is pushed to higher Ma numbers and is
completely suppressed for the highly shear-thinning fluid in the range of conditions tested.
The cause of this stabilising effect could be attributed to two different aspects, one related
to the more stable extensional properties of the semi-rigid Xanthan gum molecules, which
confer a lower sensibility to the sudden reorientation of the flow forced by the geometry
of the mixer (Stokes et al., 2001b; Haward & McKinley, 2013), and the other related to
the possible suppression of the time-dependent instability at higher values of the Elastic
number, which is typically observed in the case of elasto-inertial instabilities in different
flows (Stokes et al., 2001b; Haward & McKinley, 2013; Kawale et al., 2017). Further
experimental investigations of the flow field in the mixing area, performed with a wider
range of fluid rheological properties, are required to clarify the nature of the instability;
however, from a technological viewpoint, the effect of the onset of a time-dependent behaviour on the mixing efficiency of the helical mixer is negligible as the oscillations are
localised at the boundaries of the striations and do not have the strength to amplify to
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the whole cross-section of the pipe. The mixing efficiency in this geometry is dominated
by the efficiency of the stretching/splitting mechanism, which is hindered by an increase
of the elastic character of the solutions, thus showing a detrimental effect on the mixing
efficiency as soon as De > 1.
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Figure 3.26: On the left, Ma-El space phase map summarising the transitions observed in the
Helical mixer (for all lengths studied); on the right, evolution of the mixing efficiency for all
conditions tested. The coloured horizontal bands are reported for reference and represent the CoV
values in the Newtonian case (the thickness of the band is the standard deviation over all the values
obtained at different Re). The error bars represent the standard deviation of the CoV signals in the
case of unsteady conditions.

In terms of flow resistance, the onset of the instabilities does not strongly influence the
magnitude of the friction factor and only a small increase can be observed at the highest
Re tested (see Fig. 3.28a), although the power spectral densities of the pressure drop
signals present a power law decay with a slope close to 2. The trend remains the same
in the whole range of Ma for which instabilities are observed, yet showing a progressive
increase in the magnitude of the PSD and widening of the range of frequencies over which
the decay extends.
For the SMB-R mixer, the transitions to different regimes are more complex and
clearly influenced by the number of mixing elements and the rheology of the fluid. In the
absence of shear-thinning (i.e. fluid B), the transitions observed are similar to the helical
geometry: for De > 1 and Ma < 1, the shape of the concentration pattern is altered but the
maps appear steady; as Ma exceeds unity, mild oscillations of the striations are observed;
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Figure 3.27: On the left, Ma-El space phase map summarising the transitions observed in the
SMB-R mixer (for all length studied). For fluid B the unstable behaviour is anticipated at Ma < 1
and the strong fluctuations appear at Ma < 10 when the number of mixing elements is increased
(grey squares on the map); on the right, evolution of the mixing efficiency for all conditions
tested. The coloured horizontal bands are reported for reference and represent the CoV values in
the Newtonian case (the thickness of the band is the standard deviation over all the values obtained
at different Re). The error bars represent the standard deviation of the CoV signals in the case of
unsteady conditions.

however, for this geometry, when Ma is further increased a different regime appears, characterised by more elongated striations that strongly oscillate in time. When the number
of elements is increased, the qualitative behaviour persists but the boundaries between
the unsteady transitions move to lower Ma. In the presence of a shear-thinning character,
the phenomenology observed changes. For the mildly shear-thinning fluid (fluid ST1),
strong oscillations are observed also at Ma < 1: the oscillations appear quasi-periodic at
the lowest flow rates but become progressively more chaotic as the mean flow velocity is
increased. The same behaviour is observed for fluid ST2, with the only exception that the
unsteady behaviour is delayed at higher values of Ma. The addition of mixing elements
appears to simply enhance the chaotic character of the fluctuations.
The variety of the observations can be discussed assuming an analogy with the flow
of viscoelastic solutions past arrays of obstacles: in the case of the Boger fluid, the transitions observed suggest the presence of a first flow instability generated downstream of
the mixing elements at lower Ma, followed by the formation of upstream vortexes (Shi
& Christopher, 2016; Qin, Salipante, Hudson, & Arratia, 2019), which, given the com-
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Figure 3.28: a) Friction factor vs. Re for all fluid tested (left) and sample PSD functions at
increasing Ma for fluid B (the qualitative behaviour is the same for all fluid tested) (right) for the
helical geometry; b) Friction factor vs. Re for all fluid tested (left) and sample PSD functions at
increasing Ma for fluid B (the qualitative behaviour is the same for all fluid tested) (right) for the
SMB-R geometry.

plexity of the geometry, can interact and destabilise, generating strong fluctuations of the
concentration. On the other hand, for the shear-thinning solutions, a dead zone can form
upstream of the mixing element bars even at low Ma, which further grow in size up to the
point where they lose their stability and get released (Y. Zhao et al., 2016; Kawale et al.,
2017).
As opposed to the helical mixer, in the SMB-R mixer the effect of the onset of the
instabilities on the mixing efficiency is not in all cases detrimental: the presence of strong
fluctuations improves the mixing efficiency after only one mixing element, as can be seen
in the bar charts in Fig. 3.27; however, as the number of elements is increased, the CoV
does not always recover the same efficiency as the Newtonian case. Specifically, the formation of large dead zones creates large unmixed areas, generating a negative impact on
the mixing efficiency, as can be seen in the case of fluid ST2, where the CoV does not
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vary with the number of mixing elements. Additionally, even when the same efficiency
of the Newtonian case is recovered, large temporal variations are still present, thus yielding uneven mixing performance. As regards the energy requirements, similarly to the
helical mixer, the onset of the instability does not entail a significant increase in the magnitude of the flow resistance (Fig. 3.28b). The PSD functions of the pressure drop signal
present the same qualitative behaviour observed in the other geometry, although showing
a greater magnitude (i.e. at similar Ma, the magnitude of the PSD values is almost four
orders of magnitude higher for the SMB-R mixer than for the helical mixer), a finding that
highlights the more pronounced strength of the chaotic fluctuations in the SMB-R mixer.

3.5

Conclusions

The influence of complex rheological properties on the mixing dynamics in in-line mixing devices was investigated by means of experimental and computational tools. Independently of the mixer geometry, clear deviations from the Newtonian benchmark were
observed as soon as the Deborah number exceeded 1, revealing the onset of viscoelastic
instabilities. Different transitions were observed as the mean flow rate was increased, the
nature of which is influenced by both the rheological properties of the fluid and the flow
field induced by the complex geometries considered.
In the case of the helical mixer, two different qualitative behaviours can be distinguished for all fluids: (i) one at intermediate De, where the initial streams are split in
thinner striations, as many as in the Newtonian case, yet showing anomalous shapes; (ii)
the other at higher De, where the streams are simply split in two striations with irregular shapes, independently of the number of mixing elements present. In this high De
regime, a time-dependent behaviour, characterised by local fluctuations of the concentration patterns, can also be observed. The striations preserve their original shapes, yet
showing irregular vibration of their boundaries. These local oscillations have a significant
chaotic character, identifiable from a characteristic power law decay of the corresponding
PSD signals, which was not affected by the operating conditions. The onset of the timedependent behaviour, which can be individuated using the viscoelastic Mach number,
varies with the fluid properties: for the purely elastic fluid, oscillations can be observed at
Ma ≈ 1, whilst they are delayed to Ma ≈ 5 in the case of the mildly shear-thinning fluid
and completely suppressed for the highly shear-thinning fluid. These results suggest that,
if the solid-like behaviour of the fluid is significant (i.e. De > 1), local flow disturbances
can originate in the mixing area, as a result of the interplay between the elastic stresses
and local extensional components of the flow induced by the mixing elements, which
then propagate downstream. Nonetheless, the scale of the perturbation remains small
compared to the whole pipe cross-section and, even if the local oscillations present the
characteristics associated to elastic turbulence, the effects on the large scale are negligi-
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ble. Hence, in the case of the helical geometry, the onset of unsteady instabilities does not
influence the mixing efficiency of the process, which is, instead, substantially controlled
by the efficiency of the splitting/stretching mechanism of the liquid streams, similar to the
Newtonian case.
For the SMB-R mixer, the transitions to different regimes are more complex. Compared to the helical mixer, where the splitting mechanism is severely altered, the splitting
in striations is more similar to the Newtonian case, even though the striations lose their
elongated features and show significant oscillations in time. For the Boger fluid, the transitions observed are similar to the helical geometry, with the addition of a different regime
appearing at Ma > 10, characterised by more elongated striations that strongly oscillate
in time. The qualitative behaviour is maintained with an increase in the number of mixing
elements, even though the unsteady transitions appear at lower Ma. This suggests the occurrence of a first flow instability, generated downstream of the mixing element at lower
Ma, followed by the formation of upstream vortexes that can interact and destabilise, generating strong fluctuations of the concentration. On the other hand, for the shear-thinning
solutions, strong oscillations, which become progressively more chaotic as the mean flow
rate increases, are observed also at Ma < 1, thus suggesting the onset of dead zones instabilities. The addition of mixing elements appears to simply enhance the chaotic character
of the fluctuations. Differently from the helical geometry, the instabilities do not have the
same detrimental effect on the mixing efficiency, although formation of large dead zones
in the mixing area can critically impact the process, creating large pools of unmixed liquids. In addition, in all conditions presenting strong temporal variations, the performances
of the mixer are severely uneven in time.
In both geometries, the enhanced solid-like behaviour that the viscoelastic solutions
assume with an increase in the mean flow rate, strongly affects the stretching of the fluid
elements and therefore the final shape of the mixing pattern. This effect greatly disturbs
the robustness and reproducibility of the concentration profiles that are typical of static
mixers in laminar conditions, thus highlighting the significant mixing challenges related
to the implementation of an in-line mixing process involving materials with complex rheological behaviour.

Chapter 4

Gelation kinetics of non-aqueous
Carbopol dispersions

Following the mixing limitations highlighted in Chapter 3, which appear inevitable when
dealing with fluids with complex viscoelastic properties, I investigated the possibility of
decoupling the mixing from the gelation process, and therefore of performing the mixing stage between two miscible Newtonian phases and delay the gelation stage. To this
aim, knowledge of the kinetics of the gelation process is of paramount importance. This
chapter presents a kinetic analysis of the structural evolution of non-aqueous Carbopol
dispersions, obtained by tracking the evolving viscoelastic properties of the material by
means of Fourier Transform Mechanical Spectroscopy (FTMS). A structural conversion
degree related to the storage modulus was defined to develop a kinetic expression to describe the evolution of the material as a function of the operating conditions.
The results of this chapter have been published:
Migliozzi, S., Angeli, P., Mazzei, L. (2019). Gelation kinetics of non-aqueous Carbopol
dispersions. Colloids and Surfaces A, 577, 84−95.

4.1

Introduction

The process of gelation can be described as the conversion of a liquid solution into a
medium with a solid-like behaviour, constituted by an internal network of molecules,
assembled by means of chemical or physical bonds to form a complex structure. Specifically, polymeric gels consist of cross-linked solutions of polymer blends which form either by direct crosslinking of polymer chains in a liquid diluent or by swelling of already
crosslinked chains in a solvent. In the first case, the diluent is used as the liquid matrix in
which the polymer chains start to react and crosslink both among themselves and with the
liquid diluent molecules. In the second case, the surrounding liquid acts exclusively as a
122
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solvent, making the already crosslinked chains of polymer swell, involving purely physical interactions (Ferry, 1980; C. Zhao, Yuan, Jia, & Han, 2012). Carbopol molecules
are typical examples of the latter. When dispersed in neutralised aqueous solutions, the
carboxylic groups of the acrylic acid constituting the Carbopol backbone dissociate, thus
generating an osmotic imbalance between the internal and external environment of the
molecule (Fig. 4.1). The gradient of osmotic pressure promotes the diffusion of solvent
molecules in the crosslinked network and, as a consequence, makes the molecules swell.
In the case of highly-crosslinked grades of Carbopol, the polymer molecules (which can
be regarded as soft Carbopol “particles”) maintain their particle identity and the swelling
entails an increase of their effective volume fraction, which eventually results into complete packing. The final gel is then constituted of a microgel system that behaves like
an elastic solid up to a certain threshold of applied stress at which the system breaks
down (i.e. yield stress fluid) (Taylor & Bagley, 1974; Barry & Meyer, 1979b; Curran
et al., 2002; Kim et al., 2003; Piau, 2007). Less is known about the behaviour of these
molecules when they are dispersed in other polar solvents, where swelling initiates even
in the absence of neutralising agents (Varges et al., 2019). This suggests that, compared
to water, diffusive mechanisms promoted by the affinity with the solvent molecules might
play a crucial role during the swelling process of Carbopol molecules, especially in the
presence of co-solvents, where competition between different molecules arises.
Given the inherent relation between the final swollen configuration and the rheological
properties of Carbopol dispersions, a quantitative analysis of the evolution of the material
structure of the Carbopol dispersions of interest can provide information on the characteristic timescale of the process and, at the same time, insights into the swelling mechanism.
To this aim, the viscoelastic properties of Carbopol dispersions were tracked in time at
different solvent composition and operating temperature; the role of shear rate, although
relevant in the gelation kinetics of various polymeric systems (De Carvalho & Djabourov,
1997; Norton, Jarvis, & Foster, 1999; Wolf, Scirocco, Frith, & Norton, 2000; Piau, 2007;
Fernández Farrés & Norton, 2014), was not considered at this stage to decouple any possible effects induced by the shear history.
To mimic the mixing/gelation coupled process, the Carbopol molecules were added
to a fixed amount of polyethylene glycol (the same used in the GSK formulation) and
then diluted with different amounts of glycerol. A Fourier Transform Mechanical Spectroscopy (FTMS) technique, known as multi-wave analysis, was employed to track the
evolving properties of the tested samples and obtain a macroscopic description of the
kinetics of gelation. UV-vis spectroscopy was also implemented and the gelation times
obtained through turbidity measurements were compared with those obtained with the
mechanical rheological tests.
The chapter is organized as follows. Materials and experimental methods are introduced first; then, the criteria used to characterize the gelation transition are presented,
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Figure 4.1: Sketch of Carbopol structure (left), its monomeric unit (upper right corner) and its
conformation before and after swelling (bottom right corner).

followed by an analysis of the experimental findings. Subsequently, a mechanism for
the gelation process is suggested. To conclude, the results are summarised in conversion
maps which can be used as a tool for a first-step design of the gelation process.

4.2
4.2.1

Materials and Experimental Methods
Materials

Carbopol 974P NF (Lubrizol Limited) in powder form was used to prepare a polymeric
dispersion in polyethylene glycol (Mw = 400 Da, PEG400, Ineos Oxide). This type of
Carbopol is a highly-crosslinked polymer of acrylic acid crosslinked with allyl pentaerythritol (Lefrançois et al., 2015), although specifications on the crosslinking process for
Carbopol 974P NF are unknown. The dispersion was prepared by adding 4% wt of Carbopol in PEG400. A high-shear mixer (Silverson, L5 Series) working at 7000 rpm was
used to disperse homogeneously the polymer into the liquid phase. During the dispersion
step, the beaker was placed in a water/ice bath, and the temperature of the mixture, kept
in the range between 3 and 5 ºC, was constantly controlled with a digital thermometer.
It is important to keep the mixture temperature below 20 ºC to prevent the initiation of
the gelation process during the dispersion step. The dispersion was mixed for approximately 15 minutes. After preparation, the homogenized dispersion was stored at 5°C for
30 minutes. This stage is essential to quench the heat produced in the liquid bulk by the
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high friction of the mixer. The final samples were prepared in batches of 5 ml by adding
pure Glycerol (Avantor Performance Materials, Inc.) in different amounts to the polymeric dispersion and by mixing the small liquid volumes by hand for about 5 seconds just
before loading the instruments. The usual temperature of the mixtures before loading was
around 15 ºC. The final volume of mixture loaded for all the experimental measurements
was 1 ml. The room temperature during all measurements was ∼ 21 °C.

4.2.2

Fourier Transform Mechanical Spectroscopy

The viscoelastic properties of the gelling material were tracked in time using a timeresolved rheometry technique known as multi-wave analysis. Commonly, it is necessary
to obtain the frequency dependence of both elastic and viscous moduli to draw a complete picture of the internal structure of a complex fluid. Hence, if the tested material
is subjected to a structural change in time, rigorously, one would require to periodically
stop the process which is causing the internal changes and perform a frequency sweep at
different stages of the material evolution (Winter & Chambon, 1986; De Rosa & Winter,
1994; Mours & Winter, 1996; De Carvalho & Djabourov, 1997). However, in some cases
full control of the process is not feasible and consequently the microstructure evolution
cannot be paused as needed. Furthermore, this technique yields too coarse a description
of the evolution of the material viscoelastic properties, and a more “continuous” description of the changes in the internal structure of the material is desirable. To this end, it is
more appropriate to apply a periodic sinusoidal deformation, characterized by a specific
amplitude and oscillation frequency, and observe how the storage and loss moduli evolve
in time. In this case, the same experiment should be repeated with different oscillation
frequencies to obtain a complete picture of the structure evolution. FTMS methods offer
the advantage to extract the evolution of the viscoelastic properties at several frequencies
with a single experiment. This technique, introduced by Holly, Venkataraman, Winter,
and Chambon (1988) and adopted by various researchers (Wilhelm, Maring, & Spiess,
1998; Ponton, Barboux-Doeuff, & Sanchez, 2000; Curtis et al., 2015) consists in applying a periodic shear deformation γ(t) given by the summation of different harmonics of a
base sinusoid:
N

h
γ(t) = ∑i=1
ai γ0 sin(ki ω0t)

(4.1)

where Nh is the number of harmonics, while ai and ki are scale factors for the deformation amplitude γ0 and frequency ω0 of the base sinusoid, respectively. An example of
the deformation function γ(t) is shown in Fig. 4.2.
If the maximum amplitude of the deformation is in the linear viscoelastic region
(LVR), then the storage modulus G0 and the loss modulus G00 , related to the elastic component and the viscous component of the oscillatory shear stress, respectively, can be
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Figure 4.2: Example of shear deformation applied in a multi-wave analysis.

directly obtained from a Fast Fourier Transform (FFT) analysis of the shear deformation
γ(t) and of the corresponding shear stress σ (t) recorded. Through this analysis the contribution of each harmonic can be isolated from the others and the evolution of the storage
modulus G0 and the loss modulus G00 at each frequency can be obtained as follows:


FFT(σ (t))
G (ωi ,t) = Re
FFT(γ(t))
0





FFT(σ (t))
G (ωi ,t) = Im
FFT(γ(t))
00

(4.2)

(4.3)

where ωi is the oscillation frequency of a single harmonic, given by the product between ki and ω0 (Eq. 4.1), σ (t) is the recorded shear stress signal, Re and Im are the
real and imaginary parts of the Fast Fourier transform, respectively (Brigham & Morrow,
1967).
The TA Instruments DHR3 was used to carry out all the rheological measurements.
This is a stress-controlled rotational rheometer, equipped with a Peltier plate to precisely
control the operating temperature and a stainless steel, sandblasted parallel plate geometry
(with surface roughness of 2 µm, as specified by the manufacturer) with a diameter of 40
mm and a gap of 800 µm. A solvent trap was used to avoid any solvent evaporation and
to assure a uniform temperature in the sample.
First, amplitude sweep measurements were performed to identify the linear viscoelastic regime (LVR) of Carbopol dispersions. The tests were performed for three representative samples: (i) a dispersion with the highest concentration in Carbopol (sample X1:
90%wt of Carbopol-PEG400 dispersion/10%wt Glycerol) after the gelation, (ii) a dispersion with the lowest concentration in Carbopol (sample X8: 20%wt of Carbopol-PEG400
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dispersion/80%wt Glycerol) after the gelation, (iii) a sample of mixture before gelation
takes place at the lowest content of glycerol to avoid any gelation during the test (sample X1). All tests were performed at 25°C. A sinusoidal deformation with a constant
frequency of 1 Hz, covering amplitudes from 0.1 to 100% of shear strain, was applied.
Storage and loss moduli against the % strain are shown in Fig. 4.3a. As can be observed,
up to 10% of amplitude strain both moduli remain constant. This means that below an
applied strain of 10%, G0 and G00 do not depend on the shear rate applied and the gel responds linearly to the imposed deformation. The tests were repeated for the two samples
after the gelation (X1 and X8) at a frequency of 8 Hz to confirm the extent of the linear
regime at the highest frequency used in the multi-wave analysis. As further confirmed by
Fig. 4.3b, all the following tests were performed in the linear viscoelastic regime.
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Figure 4.3: Amplitude sweep of sample X1 (90%wt of Carbopol-PEG400 dispersion/10%wt
Glycerol) after and before the gelation and of sample X8 (20%wt of Carbopol-PEG400 dispersion/80%wt Glycerol) after the gelation, performed at T = 25 °C applying an oscillation frequency
of a) 1 Hz and b) of 8 Hz (closed symbols: storage modulus; hollow symbols: loss modulus).

The gelation process was tracked using the multi-wave analysis tool of the TA Instruments Trios software, which consists in continuously applying a periodic shear deformation, as given in Eq. 4.1, obtained from the superposition of four different sinusoids
(Nh = 4 in Eq. 4.1) with characteristic frequencies of 1, 5, 20 and 50 rad/s. The parameters of the specific deformation function are reported in Table 4.1. The maximum value
of the shear deformation is 3.84%, which falls within the LVR.
Table 4.1: Parameter values of the sinusoidal shear deformation applied for the FTMS experiments.

γ0 (%) ω0 (rad/s) ai (−)
1

1

1

ki (−)
1,5,20,50
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To obtain correct values of the data points, the minimum acquisition time for each single point should be at least equal to one period of the fundamental frequency (Holly et al.,
1988), which in this case is 6.28 s. On the other hand, the acquisition time represents the
accuracy of the gelation time evaluation; hence, the lower, the better. An acquisition time
of 7 s showed to be reasonably lower than the characteristic gelation time for the majority
of the experimental conditions investigated and therefore was chosen for all the experimental conditions. All the tests were performed for samples containing different mass
fractions of glycerol in a range of temperatures from 25°C to 60°C. All the concentrations
and operating temperatures considered are summarized in Tables 4.2 and 4.3.
Table 4.2: Composition of the tested samples expressed as mass percentages. The last column
reports the mass percentage of Carbopol present in all samples after dilution with glycerol.

Sample

Glycerol (%wt)

Carbopol/PEG dispersion (%wt)

Carbopol (%wt)

X1

10

90

3.6

X2

20

80

3.2

X3

30

70

2.8

X4

40

60

2.4

X5

50

50

2

X6

60

40

1.6

X7

70

30

1.2

X8

80

20

0.8

Table 4.3: Operating temperatures tested for all samples.

Operating Temperatures (°C)
T1

T2

T3

T4

T5

25

30

40

50

60

A simple frequency sweep test was also performed to verify the reliability of the
data obtained at higher frequencies from the multi-wave tests. In fact, stress-controlled
rheometers can be subjected to problems of inertia when periodic deformations are applied, especially at high oscillation frequency, since the instrument needs a finite time tD
to reverse the direction of rotation. This can result in misleading values of the theoretical phase angle between the periodic shear strain and the corresponding periodic shear
stress. Since the instrument is stress-controlled, the desired deformation, imposed through
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the software, is actually measured from the applied torque (i.e. the stress) and not vice
versa; therefore, the instrument measures a raw phase angle, which is the real phase shift
between the stress signal and the deformation signal and then, through a corrective parameter, it calculates the theoretical one, which needs to be in the range 0-90º. However,
if the characteristic time of the periodic deformation is too low compared to tD , the raw
phase angle between the two signals is too high and the correction does not hold anymore.
Hence, to verify the presence of any dominant instrument inertia, the raw phase angle was
recorded during a frequency sweep test performed on sample X8 after gelation (20%wt
Carbopol-PEG400 dispersion/80%wt Glycerol) at 25 ºC. This quantity is the real phase
shift between the strain and stress signals.

Phase angle [°]

150

Raw phase angle
Corrected phase angle

100

50

0

10-1

100

101

102

w [rad/s]
Figure 4.4: Raw phase angle and corrected phase angle obtained from a frequency sweep of
sample X8 (20%wt of Carbopol-PEG400 dispersion/80%wt Glycerol) after gelation, performed at
T = 25 ºC applying an amplitude strain of 1%.

Usually stress-controlled rheometers apply a correction for inertia obtaining the correct phase angle. For TA Instruments DHR3 the raw phase angle above which the correction applied may be wrong is indicated as 150º. Fig. 4.4 shows that the raw phase angle is
always below the threshold value indicated by the manufacturer in the range of frequencies studied; this is further confirmed by the trend of corrected phase angle , which does
not follow the divergence of the raw phase angle but maintains values below 90°.
The samples, prepared as specified in Section 4.2.1, were loaded on the Peltier plate
at room temperature. The final temperature for each test was set only after the loading
process had ended. This procedure allows reducing any possible effect induced by the
loading step on the reproducibility of the tests.
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UV-vis Spectroscopy

The gelation process was also tracked using a UV-visible spectrophotometer (USB2000+,
Ocean Optics) with Peltier-controlled Cuvette Holder (CUV-QPOD, Ocean Optics). The
light absorbed by each sample (1 ml) was measured every 0.5 seconds at the full range
of wavelengths. The trend of the absorbance function with time was compared with the
rheological measurements using a wavelength of 500 nm, which is the standard employed
for turbidity measurements (Hofrichter, Ross, & Eaton, 1974; Bain, Bhowmik, Ghosh, &
Chattopadhyay, 2009; Bain et al., 2010). The glycerol spectrum was used as reference for
the absorbance calculations. All measurements were repeated for the same range of concentrations and temperatures specified in the previous section. The results obtained were
used to confirm the mechanism proposed for the gelation process and will be presented in
the last part of the results section.

4.3
4.3.1

Results and Discussion
Characterization of the gelation transition

The evolution of the viscoelastic properties follows the same trend in all conditions studied. An example is shown in Fig. 4.5 where both the storage and loss moduli are presented
for sample X4 (40%wt glycerol/60%wt Carbopol/PEG dispersion) at a gelation temperature of 40 ºC. Three different stages can be clearly observed for both properties: a first
stage in which both moduli remain constant or increase very slowly, a transition stage
with a comparatively rapid monotonic increase of both G0 and G00 , and a final plateau
region in which the moduli slowly increase, eventually reaching their equilibrium values.
The trends of G0 (t) and G00 (t) and their similar behaviour have already been observed
for Carbopol dispersions in PEG400 by Bonacucina et al. (2004) and can be explained
by considering the final structure that this type of gel has. Carbopol is known to form a
microgel structure, consisting of individual soft swollen particles which become packed
above a critical concentration and are confined by their neighbours (Taylor & Gordon,
1982; Ketz et al., 1988). During this process, the viscous modulus increases as a consequence of the increased viscous contribution of the soft particle phase, while the elastic
component rises because of the increased confinement between the swelling polymer particles, making the macroscopic elastic response gradually controlled by the elasticity of
the whole network of particles (Norton et al., 1999; Gabriele, Spyropoulos, & Norton,
2009).
Generally, loss and storage moduli of Carbopol gels depend strongly on polymer
concentration (Piau, 2007), crosslinking degree of the Carbopol used, solvent (Barry &
Meyer, 1979b; Chu et al., 1992; Kim et al., 2003; Bonacucina et al., 2004) and, in some
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Figure 4.5: Evolution of the storage modulus (closed symbols) and loss modulus (open symbols)
obtained at four different frequencies for a premixed sample of 40%wt glycerol (X4) at the operating temperature of 40 ºC.

cases, shear history to which the initial dispersion is subjected during the gelation process
(Weber, Moyers-González, & Burghelea, 2012; Dinkgreve et al., 2018). In this specific
case, it is reasonable to state that the final plateau values of G0 and G00 at a specific temperature in different samples predominantly depend on the sample composition. Since only
one type of Carbopol molecule was tested, there is no dependence on the crosslinking
degree. Additionally, any effect of the shear rate is negligible considering that the applied
strain is small enough to avoid any disruption of the internal structure of the sample. The
dependence on sample composition includes two different aspects: solvent composition
and Carbopol concentration. The two variables cannot be completely decoupled considering that each sample has a different solvent composition and Carbopol concentration.
However, in a previous study by Chu et al. (1992), the authors pointed out that the final
viscoelastic behaviour of Carbopol gels is not strongly affected by the composition of the
solvents when using non-aqueous mixtures. Therefore, it is assumed that the final viscoelastic behaviour of our system mainly depends on Carbopol concentration. Fig. 4.6
shows the plateau values obtained at each frequency for all samples reported in Table 4.2
for a gelation temperature of 40 ºC, with the error bars referring to the standard error
obtained from three multi-wave test repetitions. As can be noticed, the experiments show
a good reproducibility of the final state of the Carbopol dispersions. For Carbopol mass
fractions higher than 1.2%wt (samples X1-X6) the final activated matrix exhibits a weak
gel behaviour, characterized by an almost constant elastic component that dominates the
viscous one, which, however, is not negligible (Janacek & Ferry, 1970; Wong, Schrag,
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& Ferry, 1971). With an increase in Carbopol content, the elastic behaviour becomes
stronger and the gap between G0 and G00 widens. On the other hand, a further dilution of
the original dispersion with glycerol (samples X7 and X8) leads to a viscoelastic liquid
with comparable values of G0 and G00 .
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Figure 4.6: a) Storage and b) loss modulus plateau values at the four frequencies tested for all
samples at 40 ºC.

A clearer analysis of these results can be obtained by observing the trends of the loss
tangent tan δ (obtained as G00 /G0 ) with the actual mass fraction of Carbopol for all the
temperatures studied at a representative frequency of 1 rad/s (Fig. 4.7). The transition
to a weak gel behaviour starts when the concentration of swollen Carbopol particles is
enough to have significant particle confinement. In this event, the elastic modulus prevails
over the loss modulus. As a consequence, the loss tangent decreases to a value lower than
1. With a further increase in Carbopol content, the system reaches a packed condition,
with consequent plateauing of the viscoelastic properties. The mass concentration of
Carbopol at which this condition is reached is referred to as jamming concentration. As
can be observed in Fig. 4.7, for all temperatures the characteristic concentration at which
the stable mixtures start to behave as a weak gel lies around 1.2% wt (sample X7), as
highlighted from values of tan δ lower than 1, while the jamming concentration is around
2.8% wt (sample X3). For Carbopol concentrations higher than this value, the loss tangent
remains constant at a minimum plateau value in the order of magnitude of 0.1 and it is
weakly dependent on the oscillation frequency, which is typical of soft-glassy materials
(Ng & McKinley, 2008; Stokes & Frith, 2008).
Given the different properties of the final matrices obtained at different Carbopol concentrations, the definition of a characteristic time of the process for all concentrations
investigated is not straightforward. Winter and co-workers (Winter & Chambon, 1986;
Mours & Winter, 1996) were able to study the viscoelastic behaviour of crosslinking gels
at the gel point, defining a criterion to determine a characteristic gel time based on the
self-similarity found between the viscoelastic liquid in the pre-gel conditions and the vis-
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Figure 4.7: Loss tangent against effective Carbopol mass fractions reported for all the temperatures investigated for a representative oscillation frequency of 1 rad/s.

coelastic solid in the post-gel condition. As a consequence of this, at the gel point, the
material presents a power law dependence of the loss and storage moduli on the frequency:
G00 (ω) ∼ G0 (ω) ∼ ω n

(4.4)

Therefore, the loss tangent is frequency-independent and the gel point can be obtained
as the time at which the loss tangent crosses for all oscillation frequencies ω. Even though
this criterion was developed for cross-linking gels (Lin, Mailin, Chien, & Winter, 1991;
Mours & Winter, 1996), the power law dependence of the viscoelastic properties at the
sol-gel transition has been found to hold for different kinds of gelling systems presenting
a percolated structure (Jokinen, Gyorvary, & Rosenholm, 1998; Verheul, Roefs, Mellema,
& de Kriuf, 1998; Ponton et al., 2000; Magami & Williams, 2018). In Fig. 4.8 a representative example of the evolution of the loss tangent for all frequencies studied is reported
with the aim of highlighting possible differences in the transition that the dispersions experience when the sample composition is varied. Specifically, the three graphs show the
results obtained for three samples containing an increasing mass fraction of Carbopol at
40 ºC.
For samples with the lowest concentration of Carbopol (sample X8) the mixture does
not present a true cross-over, the loss tangent being higher at lower oscillation frequencies, which is typical of viscoelastic liquids (Lin et al., 1991). A cross-over is observed
for sample X4, which might suggest the presence of a percolated structure at intermediate Carbopol mass fractions. Finally, for the most concentrated samples (sample X2),
the cross-over is again not present and the loss tangent is predominantly higher at higher
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Figure 4.8: Evolution of the loss at the four frequencies tested in the multi-wave analysis obtained
at 40 ºC for: a) 20%wt Carbopol-PEG400 dispersion/80%wt glycerol (X8); b) 40%wt CarbopolPEG400 dispersion/60%wt glycerol (X6); c) 80%wt Carbopol-PEG400 dispersion/20%wt glycerol (X2).

frequencies, which is typical of viscoelastic solids, thus possibly indicating that the Carbopol volume fraction in the sample is high enough to quickly reach a complete jammed
configuration, without forming any percolated structure. This suggests that the transition
observed is not induced by strong particle interactions, but instead is caused by the increased level of confinement associated with the increase of the effective particle volume
fraction.
In addition to the uncertainty related to the applicability of the method described above
to this specific case, the criterion gives an indication of the gelation time and not a continuous description of the evolution of the material independently of its final state, which is
fundamental from a processing viewpoint and our main goal. Therefore, a kinetic analysis
was performed on the evolution of the storage modulus G0 (t), which is directly related to
the build-up of internal micro-structures (Calvet, Wong, & Giasson, 2004; Gabriele et al.,
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2009). To obtain a continuous description of the evolution of the material, a structural
“degree of conversion” XS was defined as a normalization of the storage modulus:
XS (t, ωi ) ≡

G0 (t, ωi ) − G0 0 (ωi )
G∞ 0 (ωi ) − G0 0 (ωi )

(4.5)

where G0 (t, ωi ) is the storage modulus at time t and frequency ωi , G0 0 (ωi ) is the
plateau of the storage modulus for the oscillation frequency ωi at the initial stages of the
gelation process and G∞ 0 (ωi ) is the final equilibrium plateau value.
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Figure 4.9: Structural degree of conversion XS obtained at four different frequencies for a premixed sample of 40%wt glycerol (X4) at the operating temperature of 40 ºC. The solid line reports
the fitting applied as described in Eq. 4.6.

The mathematical description of the evolution of XS can be used to derive a generalized kinetic model for the complete uncoiling and swelling of the Carbopol molecules
with direct insight in the evolution of their structures. The shape of XS maintains the
same characteristic of the curves observed in Fig. 4.5, but thanks to the normalization,
the curves at different frequencies overlap (Fig. 4.9), thus allowing a unique fitting for all
the samples at a specific operating temperature. As can be seen from Fig. 4.9, XS does
not significantly depend on the oscillation frequency. This allows to express its evolution
through a modified version of the Hill equation (Giraldo, Vivas, Vila, & Badia, 2002;
Calvet et al., 2004):
tn
(4.6)
tn + θ n
where n and θ are the two parameters of the kinetic function. θ is the gelation halfXS (t, ωi ) =
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time, defined as the time at which the system reaches half of its conversion (Calvet et al.,
2004), while n is correlated to the slope of the function XS (t) at the gelation half-time.
The value of this slope, denoted as P, is given by the following relation (for further details
see Appendix B):
P≡

dXS
dt

=
t=θ

n
4θ

(4.7)

P can be physically interpreted as the characteristic rate of the swelling process. Both
parameters (θ and P) are used to depict the kinetic behaviour of the process upon addition of glycerol. It should be noted that the actual concentration of Carbopol present in
each tested sample changes when the second solvent is added. Naturally, the polymer
concentration affects the rate of the process; however, the main interest of this analysis is
to study the gelation when different fractions of the two main liquid streams − i.e. the
polymeric dispersion (PEG400/Carbopol, with fixed Carbopol concentration), treated as
a whole, and the glycerol − are mixed together in a process. Therefore, in the following
analysis all parameters are directly referred to the glycerol content of the samples studied.

4.3.2

Influence of glycerol dilution

The effect of the addition of glycerol on the gelation process can be qualitatively observed
in Fig. 4.10, where the evolution of the degree of conversion XS is plotted for four different
samples at a fixed temperature of 40 ºC.
The rate of conversion clearly increases with glycerol mass fraction. This trend can
be quantified by plotting the kinetic parameters θ (gelation half-time) and P (transition
rate) characterizing the function XS (t) (see Eqs. 4.6 and 4.7) against the mass fraction
of glycerol, as shown in Fig. 4.11 for the five temperatures tested. It is clear that the
whole process is dramatically affected by the mass fraction of glycerol present in the
sample; for all temperatures, an increase in glycerol concentration results in a decrease of
the gelation half-time θ as well as an increase of the rate of transition P. This effect is
most probably caused by the better affinity that glycerol has as a solvent with Carbopol
molecules compared to PEG400. Given the crosslinked nature of Carbopols, the uncoiling
process in the cases considered does not implicate a disruption of the polymer molecules
but an uncoiling of their collapsed dry structure with consequent swelling. The whole
mechanism depends on the affinity with the surrounding molecules of solvent and the solvent diffusion coefficient (Miller-Chou & Koenig, 2003). Following the theory developed
by Hansen (Miller-Chou & Koenig, 2003), the polymer solubility parameters depend on
three interactions: (i) a dispersive interaction, which is the attractive force present in all
molecules caused by the electromagnetic field induced by the electrons motion around
the atom nucleus, (ii) a polar cohesive force, caused by permanent dipole-dipole interactions, and finally (iii) a molecular interaction caused by hydrogen bonding, which is

Chapter 4

Results and Discussion

137

1.0

XS [-]

0.8
0.6
0.4
X2
X4
X6
X8

0.2
0.0

0

150

300

450

600

750

900

Time [s]
Figure 4.10: Evolution of the structural degree of conversion XS obtained at a gelation temperature
of 40 ºC for four distinct samples each containing a different amount of glycerol (20%wt, 40%wt,
60%wt and 80%wt of glycerol, following the legend order).

usually more relevant in polymer dissolution than the previous two. Hence, from the observation of the chemical structure of the two solvents used, glycerol presents a higher
density of hydroxyl groups than polyethylene glycol, which gives the molecule a higher
polarity and a better ability to form hydrogen bonds with the lateral carboxyl groups of
the acrylic acid; it is thus thermodynamically preferred. Furthermore, glycerol is smaller
than PEG400 and can more easily penetrate the crosslinked network of Carbopol.
In considering the effect of the glycerol content on the process kinetics, it should be
taken into account that the corresponding amount of dispersed polymer in each sample
decreases upon glycerol addition, as indicated by the real mass fractions in Table 4.2. On
the assumption that in the initial conditions, when the powder is uniformly dispersed in
the liquid bulk, each Carbopol particle uncoils and swells independently of the others,
the lower the number of swelling particles, the longer the time needed to reach complete
packing conditions in a confined liquid volume. A schematic of this assumption is shown
in Fig. 4.12, where Carbopol particles are idealized as perfect spheres. In the presence
of a uniform liquid solvent, particles swell at the same rate regardless of their initial
concentration. At time t2 (third column) the sample with the higher number of particles
reaches the packing condition; after this point the particles start to deform as a result
of the contact with their neighbours. The particles in the lower concentration sample,
on the other hand, continue to swell until packing is reached. Therefore, when glycerol
is added to the polymeric dispersion there are two counteracting effects that influence
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Figure 4.11: a) Gelation half-time θ and b) transition rate P against glycerol mass fraction at
the five temperatures tested (25, 30, 40, 50 and 60 ºC, following the legend order). The symbols
represent the values obtained from the fitting of the structural conversion degree (Eq. 4.6); the
dashed lines are the power law fittings at each temperature, obtained from Eq. 4.8 and Eq. 4.9,
respectively.

the process kinetics, (i) the dilution which tends to decrease the gelation rate and (ii)
the higher percentage of glycerol, which tends to increase the process kinetics. From
experimental observations, the second one seems to dominate.
To verify the hypothesis on the effect of dilution, the same time-resolved rheometry
technique was applied to different samples containing PEG400 (but no glycerol) with
increasing concentrations of Carbopol, i.e. 0.5%wt, 2%wt and 6%wt at 40 ºC. As shown
in Fig. 4.13, the higher the Carbopol concentration is, the faster the storage modulus
increases, as predicted. This trend can be clearly observed comparing the results obtained
at the two highest concentrations (2% wt and 6% wt in Carbopol), where in the first
case there is only a slight increase of G0 over time, while in the second the increasing
monotonic trend is evident. However, even at the highest mass fraction of Carbopol (6%
wt), which is higher than the maximum Carbopol mass fraction considered in the samples
of interest (i.e. 3.6% wt in sample X1), the storage modulus is far from reaching a plateau
value, in opposition with what can be directly observed for the same operating condition
for sample X1, reported in Fig 4.13. Therefore, using only PEG400, the process is slower
than what was observed in the presence of glycerol, thus confirming its dominant effect.

4.3.3

Influence of operating temperature

The operating temperature exhibits a similar effect to that of glycerol concentration on the
process kinetics, as can be observed in Fig. 4.14a, where the structural conversion degree
is plotted against time for sample X4 for the five temperatures studied. The higher the operating temperature is, the faster the gelation progresses. This trend can also be observed
in Fig. 4.11, where an increase in temperature shifts the characteristic transition velocity
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Figure 4.12: Simplified schematic of the swelling behaviour of Carbopol particles dispersed in a
single solvent at two different polymer concentrations (top row: high concentration; bottom row:
low concentration). At the initial time, t0 , each particle starts to uptake solvent and consequently
swells independently from its neighbours (t = t1 ) until reaching the packing condition. At time
t2 the high concentration sample has already reached the final packing condition because of the
higher number of particles present. The low concentration sample can still potentially swell until
reaching the final packed condition.

to higher values. For each temperature, a power law can be fitted to both parameters θ
and P, obtaining the following equations:
θ = kθ xg −mθ

(4.8)

P = kP xg mP

(4.9)

The values of the fitting parameters, kθ , kP , mθ and mP are reported in Table 4.4. As
expected, the constants kθ and kP decrease and increase with temperature, respectively.
On the other hand, the exponents mθ and mP slightly decrease at 30 ºC and 25ºC, respectively, whilst remaining roughly constant at the highest temperatures, with a mean value
of around 0.956.
The temperature dependence can be better understood by observing the Arrhenius
plot. Fig. 4.14b shows the characteristic rate of the process P against 1/T for three
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Figure 4.13: Evolution of the storage modulus for three different concentrations of Carbopol
dispersed in PEG400 at 40ºC and sample X1(containing 3.6%wt of Carbopol). The FTMS test was
performed in the same conditions as the main samples but, for clarity, only the curves obtained at
an oscillation frequency of 1 rad/s are reported.

different samples. A classic Arrhenius model can be fitted to all concentrations:


∆Ea
P = KA exp −
RT

(4.10)

where KA is the pre-exponential constant, ∆Ea is the activation energy and R is the
ideal gas constant; the ratio ∆Ea /R can be further defined as an activation temperature T ∗
(Messaâdi et al., 2015). Eq. 4.10 can be written equivalently as follows:
T∗
(4.11)
T
The fitting parameters of this equation are reported in Table 4.5. For all samples the
activation temperature appears to be reasonably constant, with an average value of 9169 ±
3% K. However, to formulate a coherent interpretation of this findings, it is essential to get
a clearer understanding of the mechanism of the whole gelation process. Therefore, in the
following section a mechanism based on the theory of polymer dissolution is proposed.
ln P = ln KA −

4.3.4

Mechanism for uncoiling/swelling of a Carbopol particle

The dissolution process of a non-crosslinked polymer into a solvent involves typically
three main steps: (i) solvent diffusion into the polymer matrix, (ii) formation of an external swollen gel-like layer (plasticization) and (iii) chain disentanglement with consequent
transport of polymer chains into the solvent bulk. Following these steps, at first the solvent
penetrates into the polymer, creating an external swollen layer of polymer which expands
in the opposite direction to that of the solvent flux. The swelling of the gel layer in the
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Figure 4.14: (a) Evolution of the structural degree of conversion XS obtained at the five gelation
temperatures tested (25, 30, 40, 50 and 60 ºC, following the legend order) for sample X4 (40%wt
of glycerol content). (b) Arrhenius plot of the transition rate P. For clarity only the values for three
different samples are reported. The dashed lines are the corresponding fittings of the Arrhenius
law.

Table 4.4: Fitting parameters for the power laws defined in Eq. 4.8 and 4.9 obtained at each tested
temperature.

T (°C)

kθ (s)

mθ (−)

kP (1/s)

mP (−)

25

529

0.743

0.002

0.767

30

154

0.859

0.006

0.882

40

46

0.932

0.027

0.967

50

29

0.958

0.048

0.979

60

21

0.915

0.072

0.923

direction of the solvent bulk is counterbalanced by the polymer dissociation at the boundary between the gel layer and the solvent with consequent diffusion of polymer chains
into the solvent bulk, which finally causes the complete dissolution of the initial polymer matrix (Miller-Chou & Koenig, 2003). All existing mathematical models are based
on this qualitative description and mainly differ in the complexity with which the transport phenomena are described. A full classification of models available for dissolution of
amorphous and semi-crystalline polymers can be found in the literature (Miller-Chou &
Koenig, 2003; Kaunisto, Marucci, Borgquist, & Axelsson, 2011).
In case of a crosslinked system, as Carbopol molecules, the main difference with the
description above is that single polymer chains do not dissolve in the solvent as a result
of the disentanglement of the polymer network, but the whole matrix uncoils and swells
until reaching a final equilibrium condition, which is regulated by the balance between the
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Table 4.5: Linearized pre-exponential parameter and activation temperature obtained from the
Arrhenius fitting of the transition rate P for all concentration tested.

Sample

ln KA (1/s)

T ∗ (K)

X1

23

9247

X2

23.5

9094

X3

22.5

8673

X4

23.5

8878

X5

25

9316

X6

25

9323

X7

26

9675

X8

25

9146

osmotic pressure between the internal and external environment of the polymer network
and the restoring elastic pressure exerted by the crosslinked network (Candau, Bastide,
& Delsanti, 1982) and therefore depends on solvent type, temperature and crosslinking
density of the polymer network (Piau, 2007). Hence, the swelling of a Carbopol molecule
can be seen as a direct consequence of solvent penetration inside the crosslinked matrix,
which consequently swells in the outward direction. Typically the diffusion process is
mathematically described using Fick’s phenomenological law of diffusion to describe the
solvent transport inside the swelling polymer bulk, which at the same time expands in the
opposite direction (Mazich, Rossi, & Smith, 1992; Rossi & Mazich, 1993).
Following this picture, the swelling kinetics of a single dry crosslinked molecule, and
consequently the characteristic time of the process, is controlled by the time needed by
the solvent to diffuse into the whole polymer network. Despite the higher complexity
of the real system, this description can be directly applied to a single Carbopol particle,
idealized as a spherical particle surrounded by the solvent (Fig. 4.15). Under the hypothesis of a solvent diffusion-controlled condition, the solvent molecules penetrate into the
crosslinked surface of the polymer particle passing through a diffusion layer. During the
diffusion process, the coiled Carbopol network starts to uncoil creating a swollen diffusion layer. On the external boundary (the one in contact with the solvent) this diffusion
layer has a polymer equilibrium volume fraction cE , which is regulated by the force balance between the osmotic and the elastic restoring force of the network (Flory, 1985),
while on the internal boundary (the one in contact with the polymer network) has a saturation equilibrium volume fraction cS (Tu & Ouano, 1977), which depends on the specific
polymer/solvent system. The diffusion layer proceeds in the direction of the polymer core
as a reaction front, leaving behind the swollen Carbopol external layer, at a polymer vol-
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Figure 4.15: Schematic of the mechanism of swelling of a single Carbopol particle in a liquid
solvent (thick arrows show solvent flux).

ume fraction cE . Following this description, in quiescent conditions the swelling of each
Carbopol particle depends mainly on the final difference between the initial and equilibrium configuration ∆R (i.e ∆R = RSW − RIN , where RSW and RIN are the equilibrium
swollen radius and the initial radius of the Carbopol particle, respectively) and on the
solvent diffusion coefficient. A change in composition of the solvent affects significantly
the value of the diffusion coefficient, while changes in the final swollen dimension can be
also expected.
For binary mixtures of solvents, it has been shown that the overall kinetics of solvent diffusion into the polymer network increases with an increase in the fraction of solvent with smaller molecular size, which penetrates more easily in the crosslinked system
(Devotta & Mashelkar, 2010). Therefore, a higher fraction of glycerol is expected to have
a positive effect on the process kinetics, as experimentally observed in this work. All
these considerations can be qualitatively applied to the whole bulk of the studied system, showing that, in all conditions studied, the kinetics of the process is dominated by
diffusion.
To confirm the dominance of the diffusive phenomenon in the mechanism of uncoiling/swelling of the Carbopol molecules, UV-vis spectroscopy was employed to track the
evolution of the absorbance for the same conditions studied in the rheological analysis.
At the wavelength considered (500 nm), only the dry core of Carbopol particles causes
the absorption of the emitted light, whereas the swollen layers have a negligible absorp-
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tion signal. Fig. 4.16a shows the evolution of the absorbance of four different samples
at a temperature of 40 ºC. At the beginning of the process, all samples appear milky because of the presence of Carbopol particles dispersed in solution in their initial coiled
configuration.
5000
q
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Figure 4.16: (a) Evolution of the absorbance function at a wavelength of 500 nm during the gelation process of four different samples at 40 ºC. At the lowest glycerol concentration, the initial
scattering of the sample lasts longer and the exponential decay is observable only after a certain
induction time, as indicated in figure with tdelay . (b) Settling time of the gelation process, tS , calculated from the absorbance measurements and gelation half-times against glycerol mass fraction
for a representative temperature T1.

Therefore, in the initial stages the light is scattered preventing any transmission through
the sample and causing a noisy signal of the absorbance (seen clearly in the black curve in
Fig. 4.16). When the solvent starts to penetrate inside the crosslinked particles, creating
the swollen equilibrium layer, the core of the coiled particles shrinks causing an exponential decay of the measured absorbance. Similar to the rheological data, an increase
in temperature and in the mass fraction of glycerol results in a faster decay of the absorbance. In the slower conditions, the absorbance starts to drop after an induction time,
before which the scattering is too large to allow any transmission of the incident light. It
should be noted that, given the nature of the samples, a further analysis of the measured
spectra at the different wavelengths cannot give any additional information. Indeed, the
range of wavelengths covered by the UV-vis spectrometer is not appropriate to obtain
any information regarding changes in the internal configuration of polymeric mixtures
(e.g. simultaneous formation of hydrogen bonds with microgel swelling). To this end,
other techniques such as FT-IR (Fourier transform infrared) spectroscopy should be implemented (Islam et al., 2004; Jaiswal et al., 2010). Nevertheless, UV-vis spectroscopy
can reveal the time needed for the samples to become transparent, which can be used as
an indicator for the completion of the swelling process.

Results and Discussion

145

1.0

5

0.8

4

0.6

3

1

2

3

0.4

2

0.2

1

0.0
0

100

200

300

400

500

1

Absorbance [AU]

XS [-]

Chapter 4

2

3

0
600

Time [s]
Figure 4.17: Comparison between the evolution of the structural conversion degree XS (left hand
axis) and of the absorbance (right-hand axis) for sample X3 at temperature T3. The graph can be
divided in three areas depending on the swollen degree of the particles: 1) dry particles region; 2)
partially swollen particles region; 3) fully swollen particles region.

To this aim, a settling time of the absorbance curves was calculated for all measured
samples as the time required by the normalized absorbance to reduce to 98% from its initial value. The absorbance signal was normalized considering as maximum the first value
after the noisy part of the signal and as minimum the final plateau reached. Characteristic times ts at all conditions are reported in Table 4.6 together with gelation half-times
obtained from the rheological measurements. As can be observed, the qualitative effects
of glycerol and temperature are the same, but the settling times predicted with the UV-vis
are higher than the corresponding characteristic time obtained from the rheological measurements, even if for all temperatures, the difference between the two decreases with the
decrease in Carbopol content. For the most concentrated samples, the time scale from the
UV-vis measurements is more than twice that from the rheological measurements, while
for the most diluted samples the two scales are nearly the same (Fig. 4.16b). Considering
that the two methods monitor different aspects of the same phenomenon, this trend confirms the mechanism presented in the previous section. In fact, UV-vis absorbance only
tracks the extinction of the dry coiled polymer core, which depends mainly on the diffusion of the solvent into the polymer matrix, while the evolution of the storage modulus
also strongly depends on the local interactions between neighbouring swelling particles.
The two phenomena, i.e. solvent penetration and chain swelling, proceed together in each
single particle, but the local interactions between swelling particles arise as soon as the
steric effects between neighbours become significant, thus triggering the change in the
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elastic modulus of the material. Therefore, the two methods considered predict similar
time scales when the particle interactions are negligible, i.e. in dilute conditions, which
is what is observed experimentally in the results, but progressively diverge as Carbopol
concentration increases. A schematic summarising the comparison between the two measurements and the corresponding swollen state of Carbopol particles is shown in Fig.
4.17.
Table 4.6: Settling time of the gelation process, tS , calculated from the absorbance measurements
for all experimental conditions. The gelation half-times θ are also reported for direct comparison.

T1

T2

T3

T4

T5

t (s)

θ (s)

t (s)

θ (s)

t (s)

θ (s)

t (s)

θ (s)

t (s)

θ (s)

X1

 3500

3385

> 3500

1242

1536

379

556

277

235

163

X2

3485

1538

2714

912

456

202

212

133

133

89

X3

2272

1201

916

397

411

156

183

84

112

72

X4

1440

955

873

253

383

103

95

64

106

51

X5

994

881

521

307

297

90

109

58

73

41

X6

909

778

476

256

198

88

97

52

57

38

X7

813

762

437

200

151

63

94

41

49

28

X8

771

656

225

216

97

48

55

30

43

23

4.3.5

Application of the kinetic equation: Conversion maps

From what reported so far, the kinetic behaviour of the gelling mixtures strongly depends
on both operating temperature and solvent composition. The dramatic rheological change
that the material undergoes during the gelation process can have significant consequences
on the efficiency of the process itself and therefore on the properties of the final product
obtained. Hence, the kinetic equation of the structural conversion degree (Eq. 4.6, along
with Eqs. 4.7−4.9) can be used to obtain conversion maps which can be employed to
design the new continuous manufacturing process. The maps, obtained at a constant
temperature, report the conversion degree XS for the full range of sample compositions
against a process residence time. The maps at three temperatures (25, 40 and 60 ºC) are
reported in Fig. 4.18. The colour legend shows the evolution of the structural conversion
degree with the residence time (horizontal axis) and the glycerol mass fraction (vertical
axis). To obtain a smooth map for XS , the parameters θ and n in Eq. 4.6 were replaced
with their fitting equations; specifically, Eq. 4.8 was used for the gelation half-time,
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while for the coefficient n, by combining Eqs. 4.7,4.8 and 4.9, the following relation was
obtained:
n(xg ) = 4kθ k p (xg )m p −mθ

(4.12)

As can be observed in Fig. 4.18, the qualitative trend is the same for the three temperatures: at lower mass fractions of glycerol the transition is slower, while for higher mass
fractions the boundaries of the maps collapse to a vertical asymptote, showing (as expected) a faster transition. Therefore, the change in operating temperature simply shrinks
or expands the time of the whole process. This aspect can be useful when the whole
manufacturing process presents different stages, as it is in the current case (e.g., mixing, gelation, inclusion of additives), which, with the help of the conversion maps, could
be designed in a modular way, by changing the temperature to slow down or accelerate
the gelation process. The simplest example is the mixing of the two liquid phases. In this
case, during the mixing process it would be advisable to avoid any gelation of the material
to avoid the onset of viscoelastic instabilities triggered by the complex nonlinear rheology
or sudden viscosity divergence; this would ensure a complete homogeneity of the final gel
matrix. To this end, the mixing section should have a residence time lower than the time
needed to obtain an appreciable change of the structural degree of conversion. To achieve
this, it is convenient to work at a temperature sufficiently low as to render the gelation
process slow enough. Hence, the conversion maps just derived can offer a first guidance
in the mixer design by allowing to determine the required temperature range wherein the
system should work; however, it is necessary to highlight that the maps should be used
with caution for processes in flow, given the possible influence that the shear history could
have on the kinetics of gelling systems.

0.8

a)

xg[-]

0.7

0.8

b)

0.7

0.8
0.7

0.6

0.6

0.6

0.5

0.5

0.5

0.4

0.4

0.4

0.3

0.3

0.3

0.2

0.2

0.2

0.1

0

600

0.1
1200 1800 2400 3000 3600 0

Residence time [s]

100

200

300

400

500

Residence time [s]

c)

0.1
600 0

XS [-]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

100

200

300

400

500

600

Residence time [s]

Figure 4.18: Conversion maps reporting the structural conversion degree XS against residence
time and glycerol mass fraction at a temperature of a) 25 ºC, b) 40 ºC and c) 60 ºC.
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Conclusions

In this chapter, the kinetics of the gelation process of non-aqueous Carbopol dispersions
in PEG400 and glycerol was investigated with the aim of explore the possibility of decoupling the mixing stage of the process of interest from the gelation process. To this
aim, the structure evolution of different samples was tracked in time and the effect of
the main operating variables was investigated. Both temperature and composition of the
solvent have a dramatic effect on the kinetics, where an increase in both temperature and
mass fraction of the solvent with higher polarity and small molecular dimension (glycerol) generates an increase in the characteristic rate of the process. A simple Fickian
diffusive mechanism, based on polymer dissolution theory, was used to explain the trends
observed. UV-vis spectroscopy was also implemented to confirm the dominance of the
diffusive phenomenon.
From the final comparison between the characteristic times of the two experimental
methods, it was deduced that the tests monitor two different aspects of the mechanism:
through the observed absorbance decay, it is possible to track the characteristic time of
the solvent penetration inside the cross-linked Carbopol structure, while, the evolution of
the storage modulus gives a more complete understanding of the internal microstructure
changes, which depend not only on the solvent diffusion kinetics into the cross-linked
polymer but also on the local interactions between swelling particles. Thus, from a process design viewpoint UV-vis spectroscopy can give an estimation of dry core extinction
time. However, if the evolution of the material structure is essential for design purposes,
purely optical techniques based on turbidity could be misleading and a direct measurement of the structure evolution should be carried out.
Finally, the kinetic equation defined in Eq. 4.6 was used, together with the equations
for the two fitting parameters (Eqs. 4.8 and 4.9), to summarise in conversion maps the
overall evolution of the gelation process at different operating conditions. The maps offer
a first guidance towards the design of the coupled mixing/gelation process and highlight
the possibility to decouple the two stages through a modular approach. These results show
the relevance of the kinetic analysis performed to processing and offer a generic methodology that can be potentially applied to other systems where the change in rheological
properties affects the design of the process.

Chapter 5

Scaling behaviour of the rheological
properties of non-aqueous Carbopol
dispersions

This chapter explores the effect of the two solvents (i.e. glycerol and PEG400) used in the
current formulation on the rheological properties of non-aqueous Carbopol dispersions.
The main objectives are (i) to investigate the final swollen conformation induced by the
two solvents and the effect when the two are combined, independently of the kinetics
aspect previously analysed in Chapter 4, and (ii) to explore the possibility of scaling the
rheological properties of the Carbopol dispersions with the effective volume fraction of
Carbopol particles, independently of the different combinations of solvent used. To this
end, the rheological behaviour of dispersions of Carbopol 974P NF in glycerol, PEG400
and a mixture of the two solvents was mapped from very dilute to highly concentrated
conditions and the results were analysed in the framework of soft particle suspensions
rheology.
The results of this chapter have been published:
Migliozzi, S., Meridiano, G., Angeli, P., Mazzei, L. (2020). Investigation of the swollen
state of Carbopol molecules in non-aqueous solvents through rheological characterization. Soft Matter, 16, 9799 − 9815.
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Introduction

As already reported briefly in Chapter 4 and more extensively in Chapter 2, in the vast
majority of applications, Carbopol preparations are water-based and as a consequence
the swelling behaviour and the final rheological properties of aqueous dispersions have
been extensively investigated (Barry & Meyer, 1979b, 1979a; Ketz et al., 1988; Carnali
& Naser, 1992; Piau, 2007; Lee et al., 2011; Gutowski et al., 2012; Bhattacharjee et al.,
2018; Dinkgreve et al., 2018). Similar to most polyelectrolytes, the final swollen configuration in aqueous environment depends on the internal density of uncompensated ions
on the polymer backbone: the larger the density of these ions, the higher the difference in
osmotic pressure between the internal crosslinked network and the external environment.
This imbalance promotes the diffusion of water inside the coiled Carbopol molecule, inducing the swelling (Carnali & Naser, 1992). The final system results in a clear suspension of soft elastic particles, whose final dimensions are controlled by the pH of the
solution (Lee et al., 2011; Gutowski et al., 2012; Jofore et al., 2015). In the concentrated
regime, when the amount of Carbopol is enough to induce packing of the soft particles,
the rheological properties of these water-based dispersions show a typical soft glass behaviour, which manifests macroscopically through the presence of a yield stress (Ketz
et al., 1988; Piau, 2007; Jofore et al., 2015). Nonetheless, some discrepancies, mainly
in the form of thixotropic behaviour (Divoux, Grenard, & Manneville, 2013; Dinkgreve
et al., 2018; Donley et al., 2019) were observed for systems that experienced different
preparations, showing that the yielding behaviour of these systems is strongly influenced
by changes in the internal microstructure (Kim et al., 2003; Lee et al., 2011; Oppong &
de Bruyn, 2011). These changes can be induced by different preparation protocols or by
the presence of additives (Barreiro-Iglesias et al., 2003; Shao et al., 2013; Lefrançois et
al., 2015), thus highlighting the importance of this aspect in the development of novel
non-aqueous formulations, where the combined effect of different solvents is difficult to
predict.
The behaviour of Carbopol molecules in the absence of water, when ionic forces are
weak, is still poorly understood. In the previous chapter, we observed how polar solvents such as glycerol and poly(ethylene glycols) of low molecular weight can initiate the
swelling without the use of neutralizing agents. This suggests that compared to water,
the organic nature of the solvents ensures a greater affinity with the Carbopol network,
which promotes the internal diffusion of the solvent molecules even at low degree of dissociation of the carboxyl groups constituting the Carbopol backbone. In these cases, the
dimensions of the solvent molecules and their affinity with the carbomer structure can
affect the final swollen conformation and alter the strength of colloidal interactions between microgel particles, thus impacting the rheological properties of the final product.
The effect of different solvents and co-solvents on the final properties of Carbopol disper-
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sions has been investigated by some authors (Chu et al., 1992; Bonacucina et al., 2004;
Varges et al., 2019), showing differences in the viscoelastic response of the material, yet
no coherent analysis has been made in terms of how different solvents affect the swelling
of Carbopol molecules and their interactions and how the rheological properties can be
scaled accordingly.
With this aim, this chapter presents an investigation on the effect of both glycerol and
PEG400 and a combination of the two on the swelling and mutual interaction of Carbopol
molecules. The rheological properties of dispersions of Carbopol 974P NF (C974P NF)
in three different media, (i) PEG400, (ii) glycerol and (iii) a 50/50% wt mixture of the two
solvents, were mapped from dilute to highly concentrated conditions. Thanks to the high
crosslinking density of C974P NF, the molecules are expected to maintain a well-defined
particle identity even when they are swollen, an attribute that allows rationalizing the rheological properties of the dispersions in the framework of soft particle suspensions. For
all solvents, small-amplitude oscillatory tests were conducted to characterise the onset
of the jamming transition in the three different media. These were followed by largeamplitude sweeps and steady shear tests to investigate the changes in the particle-particle
interactions that different solvents might induce on the yielding of the suspensions. Studying the yielding behaviour of microgel systems has proven to be extremely valuable for
identifying the driving mechanism of their liquid-to-solid transition, distinguishing between a purely cage-driven process, typical of repulsive glasses (Miyazaki, Wyss, Weitz,
& Reichman, 2006; Carrier & Petekidis, 2009), and a bond-driven process, triggered by
particle-particle attractions (Furst & Pantina, 2007; Pham et al., 2008; Koumakis & Petekidis, 2011). In the absence of free ionic charges and polymer additives, the solvent type
can affect the interparticle interactions in different ways, e.g., altering the repulsion between electric double layers, through a change of the dielectric constant of the solvent or
affecting the steric stabilisation of the particles through the strength of solvation (Likos,
2001). In the case of commercial molecules such as Carbopols, predicting or characterizing rigorously how different solvents affect the interparticle interactions is arduous.
Hence, this study is limited to finding evidence of changes in the interparticle interactions which could significantly alter the liquid-to-solid transition of C974P NF molecules
dispersed in different solvents.
The final dimensions of swollen Carbopol particles in each medium were estimated
from viscosity measurements conducted in dilute conditions and compared with direct
observations of swollen unconfined Carbopol molecules through fluorescence confocal
imaging. This chapter is structured as follows: in Section 5.2 materials and descriptions of
samples preparation are first presented, followed by details of the experimental methods.
The results obtained from the rheological investigation are presented and discussed in
Sections 5.3 and 5.4, while the concluding remarks are reported in Section 5.6.
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Materials and Experimental Methods
Materials and sample preparation

Carbopol 974P NF (C974P NF, Lubrizol Limited) dispersions in the range of polymer
mass fractions between 0.15% wt and 8% wt were prepared in each of the three solvents
mentioned: (i) poly(ethylene glycol) (PEG400 MW = 400 Da, Sigma-Aldrich, UK), (ii)
glycerol (purity > 99%, Sigma-Aldrich, UK) and (iii) a 50/50% wt mixture of the two
solvents. Densities and viscosities of the solvents at ambient temperature (T = 25 °C)
are reported in Table 5.1 together with the apparent density ρP and the hydrodynamic
diameter RIN of the unswollen Carbopol particles. ρP was determined by picnometry
in hexane (Reagent grade ≥ 99%, Honeywell) to preserve the internal dry state of the
unswollen particles (Carnali & Naser, 1992), whilst RIN was determined through dynamic
light scattering (DLS) measurements, performed using a DelsaMax-Pro DLS analyzer
(Beckman Coulter, Brea, CA, USA) at 25 °C. For these tests, Carbopol was dispersed in
isopropanol (Certified AR for analysis, Fischer Chemical) to prevent particle aggregation
and consequent settling and at the same time prevent any swelling for the duration of the
test. In fact, alcohols can swell Carbopol molecules only in the presence of a neutralizing
agent (Varges et al., 2019). Tests repeated on the same sample after one week confirmed
the particle dimensions obtained in the first instance, corroborating the absence of any
swelling.
Table 5.1: Raw materials properties at ambient temperature (T = 25 °C). ∗ The error is the standard
deviation calculated on three different measurements. † The error is the standard deviation of the
distribution evaluated through DLS.

ρ (g cm−3 )

ηs (Pa s)

G

1.2559

0.815

P

1.1218

0.0935

PG

1.1889

0.353

C974P NF

ρ p (g cm−3 )

RIN (nm)

1.24±0.004∗

137±37†

Carbopol molecules can swell in the absence of a neutralizing agent in all three solvents chosen; therefore, to ensure samples were reproducible, it was crucial to disperse
the polymer homogeneously into the liquid phase before significant swelling occurred.
Since Carbopol swells more slowly in PEG400, the polymer powder was first dispersed
in PEG400 at a controlled temperature of 20 °C, using a high-shear mixer (Silverson,
L5 Series) working at 7000 rpm for approximately five minutes; then, the concentrated
dispersions were diluted with PEG400 or PEG400/glycerol mixtures to reach the final
concentrations required. After dilution, the solutions were gently mixed with a magnetic
stirrer in small batches of 20 g until they fully homogenized (∼ 10 s). The vials were
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then left overnight in an ultrasonic bath (SciQuip Ultrasonic bath, heated, 150 W) at 50
°C. Given the quick swelling response of Carbopol in glycerol, a different approach was
required to prepare the samples in pure glycerol. First the glycerol was heated up with
a stirred hot plate to reduce its viscosity and form a central vortex; at this point, the required amount of Carbopol was poured gradually to avoid lumps. Once all the Carbopol
had been added, the magnetic stirrer was switched off and the solutions were stirred with
a mechanical stirrer at 800 rpm for 15 minutes and then left overnight at 150 rpm. At
the end of the process the samples were perfectly clear and uniform. For the most diluted
samples, a stock solution at 0.7% wt of Carbopol in glycerol was prepared, as explained
above, and then further diluted with glycerol to obtain the final samples with the correct
Carbopol content. All samples were usually left at rest for a minimum of three days before
conducting any rheological tests. For brevity from here on the final Carbopol dispersions
in the three different solvents are referred to as P (PEG), G (glycerol) and PG (50/50% wt
PEG/glycerol) dispersions.

5.2.2

Rheological measurements

All rheological measurements were performed with an Anton Paar MCR302 stress-control
-led rotational rheometer. The instrument was equipped with a Peltier plate to precisely
control the operating temperature and a parallel plate geometry (OD: 40 mm) with sandblasted surfaces (surface roughness of 2 µm) to avoid slip effects. All tests were carried
out with a gap of 900 µm at a constant temperature of 25 °C. To avoid solvent evaporation, sample menisci were sealed with silicon oil (5 cSt), which enabled reliable measurements on the same sample for more than 10 hours. Three different rheological tests
were performed: (i) small-amplitude oscillatory shear (SAOS) tests, (ii) large-amplitude
oscillatory shear (LAOS) tests and (iii) steady shear tests. Before all tests, samples were
pre-sheared at a constant shear rate of 100 1/s for 60 s and left to rest for 900 s, which
were verified to be sufficient to remove any mechanical history and obtain reproducible
data for all tests. This was achieved by tracking the evolution of the shear stress σ during
sample preconditioning. An example of the curve obtained for the sample with the highest Carbopol concentration (i.e. 8% wt) is reported in Fig. 5.1. σ maintains a constant
value throughout the pre-shear and suddenly relaxes when the shear rate is forced to 0.
The stress appears to plateau to a constant value, as expected for a yield stress fluid (Bonn
et al., 2017), in roughly 200 s. The flow curves obtained for the same sample by waiting
10 minutes and 30 minutes after the pre-shear show good superposition between the data
acquired (Fig. 5.1).
SAOS experiments were carried out to obtain insights into the changes of the sample
microstructure induced by different Carbopol concentrations and to find the characteristic
concentration at which the liquid-to-solid transition takes place for the different solvents
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used. To this end, the viscoelastic response of the samples to a sinusoidal deformation
with fixed amplitude in the linear regime (i.e., γ = 0.6%) was recorded in the range of angular frequencies ω = 0.01 − 100 rad/s and the corresponding values of the storage (G0 )
and loss (G00 ) moduli were measured. All samples showing a readable elastic response
were then tested through oscillatory amplitude sweeps experiments to investigate their
yielding behaviour. LAOS tests were performed with fresh samples at a constant angular
frequency ω = 1 rad/s in the range of amplitudes γ = 0.001 − 1000%. To complete the
analysis of the rheological properties in the limit of non-linear deformations, steady shear
experiments were performed, applying constant shear rates γ̇ from 0.001 to 1000 1/s and
recording the shear stress σ once steady state was reached. Data gathered from the most
diluted samples were used to estimate the dimensions of the swollen particles in the three
media. Note that, since a parallel-plate geometry was used for all rheological measurements, all the steady shear rheological data presented in the following sections represent
the true values of stress and viscosity obtained by applying the Weissenberg-Rabinowitsch
correction to the raw experimental data (see Appendix C).
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Figure 5.1: Left: Trend of the shear stress during the pre-shear stage (closed symbols) and during
the rest stage (hollow symbols) for G solution at 8% wt of Carbopol; Right: Steady-shear tests for
the same sample with two different resting times.

5.2.3

Confocal fluorescence microscopy

Confocal fluorescence microscopy was implemented to obtain direct images of swollen
Carbopol particles in unconfined conditions and compare the results with the rheological
findings. To this end, diluted dispersions at 0.1% wt of labelled Carbopol were prepared
following the same procedure described in Section 5.2.1. Carbopol particles were chemically labelled with rhodamine-123 (R123 mitochondrial specific fluorescent dye, Sigma
Aldrich, UK). The labelling reaction is based on the method described by Laguecir et
al. (2006) for uncrosslinked polyacrylic acid molecules. The method involves attaching
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two intermediaries, n-hydroxysulfisuccinimide sodium salt (Sigma Aldrich, UK) and 1[3-(dimethylamino)-propyl]-3-ethylcarbodiimide (Sigma Aldrich, UK), to the C974P NF
monomeric units. The intermediaries are then substituted by R123. The solution is then
purified via dialysis and freeze dried 1 . The use of labelled Carbopol particles as opposed
to the addition of a fluorescent dye in solution (Gutowski et al., 2012; Lefrançois et al.,
2015; Géraud, Jørgensen, Ybert, Delanoë-Ayari, & Barentin, 2017) allows distinguishing single particles and therefore measuring the average particle diameter of the swollen
molecules. The diluted solutions were placed on a glass bottom dish (X20, Fischer Scientific, UK) and examined with a LSM 710 (Zeiss) confocal microscope equipped with an
oil immersion objective (Plan-Apochromat 63x/1.4 Oil DIC M27, Zeiss). Samples were
illuminated with an Argon laser (λ = 512 nm) with collected fluorescence bandwidth set
to [519 − 682 nm]. A sample image obtained from Confocal microscopy is shown in Fig.
5.2. For all samples at 0.1% wt of Carbopol, a sparse particle phase was observed, where
individual particles can be distinguished. Particles appear aggregated in small clusters,
well dispersed in solution, showing an acceptable efficiency of the dispersion step (further images are shown in Appendix D). Confocal images reported by other authors at
similar Carbopol concentrations in water with adjusted pH (Lee et al., 2011; Lefrançois
et al., 2015; Dinkgreve et al., 2018) are generally denser and in some cases present large
connected areas. Besides the different protocol used to tag the Carbopol molecules, as
explained above, the dissimilar results may be due to a difference in the effective volume
fraction of Carbopol in the samples, which is significantly lower than those reported in
the literature. This is related to the smaller swelling degree obtained when Carbopol is
not completely neutralized, as it is in this case, as opposed to the cases reported above,
where an optimal amount of neutralizing agent was always added in solution to reach the
maximum swollen dimension attainable by the specific Carbopol molecule.
The images were analysed with Fiji–ImageJ software. Particles were identified manually, the areas (i.e., the number of pixels occupied by each particle) were collected, and the
radii, calculated as the radii of the equivalent circles occupying the same areas (Fig. 5.2),
were used to create particle size distributions for different solutions. Particle sizes are
at the limit commonly associated with colloidal particles (≈ 1µm) (Hamley, 2007) and
close to what is typically indicated by the manufacturer or by other authors for C974P
NF (Lee et al., 2011; Lefrançois et al., 2015). The average particle radius, estimated on a
sample of 100 particles per solvent type, is of 660 ± 39 nm and 654 ± 26 nm for G and PG
solutions, respectively. Within their standard deviations, the values are equal. A lower
particle radius is found for P solutions, around 563 ± 15 nm. This result is based on a
lower number of particles (around 20), given the higher difficulty to individuate single
particles in this sample. These results suggest a reduction of the swollen particle dimen1

The author wishes to acknowledge Ollie Hughes from the group of Prof. Paul Bartlett (School of
Chemistry, University of Bristol, UK) for providing the labelled Carbopol.
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Figure 5.2: Sample image obtained through confocal microscopy of 0.1%wt labelled Carbopol
swollen in Glycerol. The scale bar indicates a dimension of 10 µm. The inset shows how single
particles are identified manually. Particle radius is calculated as the radius of the equivalent circle
covering the same pixel area.

sion when only PEG400 is used, even though final conclusions cannot be drawn simply
from this difference, which is too close to the limits of resolution of the images.
The sizes of the swollen particles obtained from the confocal images can be taken as
a first particle size reference and used to evaluate the apparent particle volume fractions
of the samples investigated. A table summarising all mass fractions considered in the
rheological investigations and corresponding apparent volume fractions can be found in
Appendix D. Given the uncertainties related to the particle dimensions and the great sensitivity to volume fraction of the rheological response of these systems, especially in the
denser regimes, all data will be presented as a function of mass fractions and values of
the corresponding apparent volume fractions φ will be given only as an indication of the
extent of particle confinement.

5.3

Rheological response to linear deformations – SAOS
results

5.3.1

Linear viscoelastic properties

Oscillatory tests at small amplitudes show a clear transition in the structural behaviour
of the solutions upon increasing the amount of Carbopol (Fig. 5.3.3). For polymer mass
fractions lower than 0.2% wt, all suspensions present a purely viscous behaviour, with the
loss modulus linearly proportional to the solvent viscosity (i.e., G00 ∝ ωηs ) and the storage
modulus undetectable (i.e., G0 = 0) in the entire range of frequencies tested. This indi-
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cates that below 0.2% wt particle interactions are negligible and the macroscopic elastic
properties of the suspensions are related solely to the elasticity and the thermal energy of
the single particles (Pellet & Cloitre, 2016). This contribution is extremely small and can
hardly be measured, resulting in a purely viscous behaviour. As the polymer concentration increases to mass fractions of 0.4% wt, while P solutions still present a purely viscous
behaviour, for G and PG solutions, which approximately have a particle volume fraction
of 0.4 (see Table D.1, Appendix D), the particles contribution becomes more appreciable
and the macroscopic elastic properties of the suspension can be detected. In this regime,
particle interactions and confinements appear still negligible and the suspensions display
the typical behaviour observed for a Maxwell fluid in the viscous limit (also referred to
as terminal viscous regime), with G0 ∝ ω 2 and G00 ∝ ω.This indicates that the longest
relaxation time of the solutions is far smaller than the reciprocal of the highest frequency
tested (i.e., Demax ≡ λmax ωmax  1, where De is the Deborah number).
For a further increase of mass fraction to 0.7% wt (Fig. 5.3a), P solutions present the
same terminal viscous regime observed for G and PG solutions at 0.4% wt, whilst the G
and PG solutions deviate from it, with the storage and loss moduli having a similar slope
of 1 in the window of frequencies sampled. The viscous components are still higher than
their elastic counterparts, but an anomalous power law of the storage modulus (1 instead
of 2) is observed. The same behaviour is shown by P solutions at 1%wt (Fig. 5.3b). The
indicative apparent volume fractions associated with these conditions are between 0.6 and
0.7, indicating significant particle confinement; this entails a more complex response to
linear deformations, because a local rearrangement of particles can propagate and cause
a second rearrangement elsewhere in the material and so on. This leads to a distribution
of relaxation times resulting in an anomalous macroscopic rheological response (Sollich,
1998), as seen in Fig. 5.3a for G and PG solutions and in Fig. 5.3b for P solutions.
At a Carbopol mass fraction of 1% wt (Fig. 5.3b), G and PG solutions start to show
a plateau of G0 at low frequencies followed by a crossover where G00 slightly overtakes
G0 . This behaviour suggests that particles confinement is more significant than in P solutions, the G and PG solutions being closer to a disordered arrested state where particles are caged by their neighbours. As the G and PG solutions approach this state,
their macroscopic elastic response becomes gradually controlled by the elasticity of the
whole network of particles; consequently, the storage modulus gradually increases and
the frequency interval in which it is constant widens. On the other hand, the viscous
response is controlled by the viscous dissipation in the solvent, which arises from the
superposition of the dissipation induced in the liquid by the particle motion and the dissipation induced in the liquid by the deformation applied to the sample externally. While
the second contribution increases with the frequency monotonically, independently of the
particle concentration, the first is significant only in a (low) range of frequencies related
to the characteristic distribution of relaxation times H(λ ), which, in turn, is associated
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Figure 5.3: Frequency dependence of the storage (closed symbols) and loss (hollow symbols)
moduli in the three different solvents for increasing Carbopol concentrations: a) 0.7% wt; b) 1%
wt; c) 2% wt; d) 3% wt; e) 5% wt; f) 8% wt. Dashed lines indicate the power law trends.

with the particles mobility. In particular, the dissipation induced by the particle motion is
important when λmin ω  1, where λmin is the lowest value for which H(λ ) is significant.
As particles are increasingly confined, their movements are more and more restricted and
the contribution to the total viscous dissipation induced by particle motion becomes more
significant. This entails that, in comparison with the purely viscous case, the total viscous
dissipation in the solutions increases at lower frequencies, as observed by comparing the
trend of G00 for G and PG solutions in Fig. 5.3a and Fig. 5.3b.
In a generic repulsive system of Brownian particles, by further increasing particle confinement, the system eventually reaches the onset of the glass transition, where particles
are trapped in metastable cages formed by their neighbours. In these conditions, each particle can move in the cage with a characteristic time related to its Brownian motion, but it
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Figure 5.4: First derivative of G00 for all solutions at 2% wt of Carbopol. For all solutions the
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will only be able to escape its position for times exceeding those experimentally observable (Vlassopoulos & Cloitre, 2014). Hence, the viscous response in the glassy regime is
dominated by the “outside the cage” motion (α-relaxation) at very low frequencies, usually unattainable in the range of experimental frequencies achievable, by the “in-cage”
motion (β -relaxation) at intermediate frequencies (λmin ω  1), and by the viscous dissipation induced in the solvent by the external deformation at higher frequencies. This
physical picture translates in a specific viscous response, which is typically characterised
by the appearance of a minimum for G00 in the range of frequencies experimentally accessible, associated with the characteristic relaxation time of the in-cage motion, followed
by a power law increase with ω, where G00 gradually reaches G0 . As the particle concentration further increases, the in-cage motion is limited by the increased confinement of
the particles, which are forced to contact, and the minimum shifts to lower frequencies.
Hence, in the range of experimental frequencies, the profile of G00 flattens in the lowfrequency region of the range (as G00 approaches the minimum) and the region dominated
by the viscous dissipation caused by the externally-applied deformations extends. This
marks the onset of the jamming transition, which, from the data depicted in Fig. 5.3c,
appears to happen between Carbopol mass fractions of 1 and 2% wt for all solutions. At
2% wt, the plateau of G0 extends to higher frequencies, whilst G00 tends to a shallow minimum at low frequencies, as can be more clearly observed by plotting the first derivative
of G00 (Fig. 5.4).
Moving away from the minimum as the frequency is increased, G00 rises monotonically following a power law with a slope of 0.5. This trend, typical of randomly packed
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emulsions (A. J. Liu, Ramaswamy, Mason, Gang, & Weitz, 1996) and observed also for
microgels close to the jamming transition (Liétor-Santos, Sierra-Martín, & FernándezNieves, 2011; Menut et al., 2012; Conley et al., 2019), is associated with the presence of
regions where slip happens between loosely packed particles, which increases the viscous
dissipation in the solvent at higher frequencies. This slip also implies the presence of a
distribution of relaxation times, which, for randomly distributed dispersions (A. J. Liu et
al., 1996), yields a power law dependence of the loss modulus of ω 1/2 . A clear distinction
between the glass transition and the jamming transition is not observed from the trends
of G0 and G00 versus frequency in the range of concentrations investigated. This is likely
to occur, because a clear distinction between the two phenomena can be attained only if
the characteristic time of the test (which for SAOS experiments corresponds to the reciprocal of the frequency of oscillation, i.e. 1/ω) is longer than the characteristic time of
Brownian motion (Ikeda et al., 2013), which can be evaluated as:
τT =

3πηs a3
kB T

(5.1)

where a is the average particle diameter (i.e. 2RSW , where RSW is the radius of the
swollen Carbopol particle), kB is the Boltzmann constant and T is the operating temperature. Using the rough particle diameter obtained from confocal microscopy, τT is equal
to 4.3 · 103 s, 1.8 · 103 s and 3 · 102 s for G, PG and P solutions, respectively. Hence,
to sample the thermal contribution of the particles, experimental oscillations lower than
10−3 Hz should be sampled, which are below those reached in the experiments.
Moving towards more concentrated samples, for all solvents the viscoelastic properties show the typical features of a densely packed system of soft particles. The storage
modulus is nearly constant over the range of frequencies sampled, with a mild increase at
high frequencies, and the gap between the P and G/PG solutions gradually decreases, their
respective curves almost overlapping at the highest concentration considered (i.e. 8% wt;
Fig. 5.3f). This behaviour reflects the ability of these microgel particles to deform when
highly compressed. As the particle density increases, the space occupied by the solvent is
gradually filled with polymer. In these conditions, the elastic response is controlled by the
particle elastic modulus G p , which primarily depends on the chemistry of the crosslinked
system (Di Lorenzo & Seiffert, 2013), thus yielding (in a log scale plot) close values of
G0 for the three solutions. As the interstitial spaces between particles decrease, G0 and
G00 increase, the ratio G0 /G00 increases, and the power law dependence of G00 at higher
frequencies reduces to ω 1/3 . The decrease of the power law exponent agrees with studies
on microgels systems above the jamming transition (Sessoms, Bischofberger, Cipelletti,
& Trappe, 2009; Menut et al., 2012; Conley et al., 2019) and could reflect the ability
of soft polymer particles to deform and partially interpenetrate when compressed, a behaviour that promotes frictional effects between sliding particles (Sessoms et al., 2009;
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Conley et al., 2019). Although direct observations of the compressed state of the system
are unavailable, for all solutions a non-monotonic variation of the loss tangent is observed
with an increase of Carbopol concentration at a fixed frequency, a finding that agrees with
what is reported in the work of Conley et al. (2019) (Fig. 5.5): the loss tangent monotonically decreases with an increase of microgel concentration until reaching a minimum
at the onset of the compressed state, after which it increases moderately approaching a
plateau. The authors observed that the anomalous large losses scaled with the degree of
interpenetration of the microgels, thus possibly associating the altered scaling behaviour
of G00 with the presence of frictional forces between the compressed dangling ends of the
microgels.
Based on the results discussed so far, the use of PEG400, in contrast to the other
two solvents, clearly induces a shift of the characteristic polymer mass fraction at which
the liquid-to-solid transition occurs (close to 2% wt for the P solutions and between 1%
and 2% for the G and PG solutions), albeit no significant differences in the viscoelastic
properties are observed once the dispersions become densely packed. This suggests that
the solvent might influence mainly the final dimension of the swollen Carbopol particles.
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Figure 5.5: Evolution of the normalised loss tangent with Carbopol concentration at a fixed frequency (ω = 1 Hz) for G, PG and P solutions. The inset zooms closer to the point where the loss
tangent increases again. The dotted lines are guides for the eye.

5.3.2

The liquid-to-solid transition

To obtain a clearer picture of the liquid-to-solid transition and how it is influenced by
solvent type, the values of G0 at a fixed frequency of 1 rad/s (G00 ) were plotted against
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the mass concentration of Carbopol in the suspension (c). The results are reported in
Fig. 5.6, starting from Carbopol concentrations equivalent to a mass fraction of 0.4%
wt for G/PG and 0.7% wt for P solutions (at 0.4% wt the signal of G0 for P solutions is
significantly scattered at a frequency of 1 rad/s); at these low mass fractions, the values of
G00 are very low, in line with the viscous behaviour observed in Fig. 5.3. At intermediate
concentrations (from 0.7% wt to 1.5% wt for G and PG solutions and 1% wt to 2%
wt for P solutions), G00 increases steeply for all solutions (hollow symbols in Fig. 5.6).
Interestingly, values for PG and G solutions clearly overlap in the entire window, while
the values for P solutions are shifted to higher Carbopol concentrations
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Figure 5.6: Storage modulus (at ω = 1 rad/s) as a function of Carbopol concentration for P, G
and PG solutions. The closed symbols are data above the jamming transition, whilst the hollow
symbols are data below the jamming transition. The black dotted and dashed lines represent data
fittings with the linear relation G00 = Kp (c − cc ). The inset shows the same data versus the apparent
volume fraction φ in semilog scale. The line indicates a power law trend G00 ∝ φ 8 .

The rapid increase of the storage modulus is reported for a variety of colloidal and
soft systems, from colloidal suspensions of hard spheres (Mason & Weitz, 1995; Paulin,
Ackerson, & Wolfe, 1996; Le Grand & Petekidis, 2008) and packed emulsions (Mason et
al., 1997) to microgel systems (Senff & Richtering, 1999; Prasad et al., 2003; Le Grand
& Petekidis, 2008; Laurati et al., 2009; Scheffold et al., 2010; Menut et al., 2012; Pellet
& Cloitre, 2016; Conley et al., 2019), and is typically associated with the presence of
a soft interaction potential between neighbouring particles, which appears to control the
elastic behaviour of the system as this increasingly concentrates. Scheffold et al. (2010)
showed that soft microgels can be modelled considering the microgel particles as dense
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cores decorated with polymer brushlike coronas. Following this picture, the origin of
the soft interactions can be attributed to brushlike interactions between close microgels,
which strongly depend on the ratio between the particle diameter and the extension of the
thickness of the coronas. This approach yields a distinct scaling behaviour for a specific
microgel system, which can be approximated to a power law in a limited range of volume
fractions. Although in this specific case a quantitative assessment is not feasible given the
limited number of points in the range of interest, it can be noticed that the data points in
this intermediate regime can be collapsed for all solutions by simply using the apparent
volume fraction evaluated from the confocal images. The results can be observed in the
inset of Fig. 5.6 and show a common scaling which approximates a power law of 8, thus
suggesting that the delay observed in the P solutions is attributed to the smaller swollen
dimension of the particles.
As the solutions concentrate further (from 1.5% wt for G and PG solutions and from
2% wt for P solutions), a smooth transition of G00 is observed from the steep power law
trend to an asymptotic linear increase with polymer concentration. This is commonly
observed for microgel systems above the jamming transition and its physical interpretation from dynamic data is not unique (Ghosh et al., 2019). The most common scenario
considers the ability of soft particles to deform and adapt their shape as they are forced
by the steric constraint of the other particles. In these conditions, particles form a dense,
packed system, where the elastic behaviour is controlled by the physical properties of the
microgel core (Menut et al., 2012; Pellet & Cloitre, 2016; Conley et al., 2019). In this
regime, the plateau of the storage modulus is predicted to increase linearly with the particle volume fraction (Seth et al., 2006), G00 = G p (φ − φc ), G p being the particle elastic
modulus, φ the particle volume fraction and φc the characteristic volume fraction corresponding to close packing. Assuming as a rough approximation a linear relation between
the particle volume fraction φ and the mass concentration c (i.e. φ ≈ kM c, where kM is a
proportionality constant) the equation above translates into G00 = K p (c − cc ),where cc is
the close packing concentration, which marks the onset of a densely packed regime (i.e.
regime in which particle deformations start to become significant and the onset of the
linear behaviour is observed (Conley et al., 2019)) and K p is a proportionality constant,
independent of the solvent considered, related to the particle elastic modulus G p by the
relation K p = kM G p . The estimated values of K p and cc can be obtained by linear regression of the data at the highest concentrations (closed symbols in Fig. 5.6), yielding a value
of 38 m2 /s2 for K p and values of the characteristic concentration cc of 0.0158 g/mL for
G and PG solutions and of 0.0214 g/mL for P solutions, corresponding to Carbopol mass
fractions of 1.25%, 1.3% and 1.9% for G, PG and P solutions, respectively, in line with
what is shown in Fig. 5.3. Thus, the use of different solvents does not alter the interparticle interactions in the limit of small deformations, but it clearly influences the swelling
behaviour of the Carbopol molecules, an outcome reflected in a shift in the P solutions to
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a higher cc .
Note that the critical concentration cc does not indicate the typical onset of the jamming transition, which by definition is the point at which a suspension of particles reaches
the random packing volume fraction φJ , but indicates the point at which significant particle deformation and contacts occur. The corresponding mass fraction at which the jamming transition happens cannot be clearly defined from linear viscoelasticity for a system
of soft particles, where the actual volume fraction is not precisely defined. From the
data obtained and based on the apparent volume fractions reported in Appendix D, it can
simply be said that the jamming transition is expected to occur at mass concentrations
between 1% wt and cc . Based on the data obtained so far and on the rough estimates of
the apparent volume fractions, the transition to a solid arrested state seems to be mainly
"cage" driven for all solutions.

5.4

Rheological response to non-linear deformations

To further examine the influence of solvent quality on the soft interactions between Carbopol particles and on the nature of the transition observed in the linear viscoelastic
regime, the response to non-linear deformations of different samples was tested through
large amplitude oscillatory sweeps (LAOS) and steady shear rheology. The yielding response of microgel systems strongly depends on the nature of the interparticle interactions
and on the particle volume fraction; thus, the results obtained from both tests for samples
that are significantly beyond the densely packed regime (i.e. all concentrations clearly
belonging to the linear region in Fig. 5.6, c ≥ 3% wt) and below this threshold will be
discussed together to highlight possible differences induced in the particle-particle interactions by the solvents used.

5.4.1

Densely packed state

For densely packed systems (all samples with c ≥ 3% wt), the response to shear deformations is controlled by the elastic restoring force of the packed medium and the frictional
forces between particle facets (Cloitre et al., 2003a). When the stress is high enough to
overcome the restoring forces, particles can escape their positions at rest and slide against
each other thanks to the presence of thin liquid films between the facets that allow a fluidlike response of the material under shear flow. Experimentally, when an increasing shear
strain is applied, this mechanism entails a distinctive response of the loss and storage moduli as the material yields, which is characterized by a crossover between the two moduli
and a maximum of G00 . The peak of the viscous component is typically attributed to an
increase of the viscous dissipative energy associated with particle rearrangement (Carrier
& Petekidis, 2009; Donley et al., 2019). In the flow regime, after the yielding point, G0
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and G00 monotonically decrease with the amplitude of the strain applied following a power
law dependence, i.e., G0 ∼ γ −µ and G00 ∼ γ −ν , with µ/ν ≈ 2. Fig. 5.7 shows the results
from LAOS experiments at 1 rad/s for all Carbopol dispersions with c ≥ 3% wt.
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Figure 5.7: Strain amplitude dependence of the storage (closed symbols) and loss (hollow symbols) moduli at ω = 1 rad/s for highly concentrated samples (c ≥ 3% wt) for the three different
solvents obtained from LAOS experiments: a) glycerol; b) PEG/glycerol; c) PEG.

All samples exhibit the main features described above, independently of the solvent
used, thus confirming the results obtained in the linear regime. Specifically, the mean
value of the ratio µ/ν was found to be equal to 2.3 ± 0.2, a result that agrees with the
value expected for soft glassy materials (Miyazaki et al., 2006; Pham et al., 2008; Pellet
& Cloitre, 2016). The values of the characteristic yield strain amplitude γy can be found
from the analysis of stress (amplitude) vs strain (amplitude) curves as the values at which
the stress deviates from the linear elastic regime (σ = Gγ) to a sublinear regime of the type
σ ∼ γ m with 0 < m < 1 (Fig. 5.8). The data obtained for all samples are collected in Table
5.2 together with the estimated values of the yield stress σy = G00 γy and the characteristic
power law exponents µ, ν and m.
The values of yield strain and consequently of yield stress obtained from the LAOS
tests should not be considered as absolute thresholds between flow and no-flow conditions. As highlighted in the literature (Rouyer, Cohen-Addad, & Höhler, 2005; Dinkgreve,
Paredes, Denn, & Bonn, 2016; Donley et al., 2019), the yielding process of soft materials
is not discontinuous, but a smooth transition from a completely structured to a completely
unstructured state. As a consequence, various ways have been proposed to calculate the
yield point from LAOS, at least five (Dinkgreve et al., 2016; Donley et al., 2019), which
give yield stress values that can differ significantly, thus highlighting the challenge of
defining unambiguously the yield point from these tests.
As expected for a jammed glass, the exponent m remains constant with an average
value of 0.45 ± 0.02 and the yield strain increases mildly with the polymer concentration,
maintaining values between 10-30%, which is in the range found for various soft jammed
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Figure 5.8: Shear stress (amplitude) vs shear strain (amplitude) at ω = 1 rad/s for 8% wt Carbopol
samples obtained from LAOS experiments. The black line is the fitting for the linear regime, whilst
the other lines are the power law fittings with slope m.

systems in the densely packed regime (Pham et al., 2008; Carrier & Petekidis, 2009;
Ghosh et al., 2019). Note that the high values observed at the highest mass fractions (5%
wt and 8% wt) might highlight that the yielding behaviour in this regime is dominated by
the elastic forces exerted at the particle facets, rather than by the elasticity of the particle
cages (Carrier & Petekidis, 2009). By plotting the values found for γy as a function of the
apparent volume fraction (Fig. 5.9a), a unique qualitative trend is revealed for all solutions
where γy increases almost linearly with the volume fraction, an outcome consistent with
the predictions for jammed Hertzian elastic particles (Nordstrom et al., 2010).
The typical yielding behaviour of jammed glasses is also recovered through steady
shear measurements, as can be observed from Fig. 5.10, where stress vs shear rate curves
are presented for the same samples discussed above. All flow curves can be modelled
with the Herschel-Bulkley (HB) constitutive equation:
σ = σB + kn γ̇ nB

(5.2)

where σB , kn and nB are the fitting parameters of the model. Values of the parameters for all samples in the fully packed regime are collected in Table 5.2. An interesting
result is given by the values found for the power law coefficient nB , which are all close
to 0.5 (the average value considering all samples is 0.485 ± 0.04), this being the value
commonly found experimentally (Erwin, Cloitre, Gauthier, & Vlassopoulos, 2010; Pellet
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Table 5.2: Experimental parameters evaluated from the LAOS tests and values of the HB parameters obtained from fitting of the experimental flow curves in the densely packed state. Values of
γy are extrapolated from the analysis of stress vs. strain curves as depicted in Fig. 5.8. G00 values
represent the plateau of G0 in the linear viscoelastic region (Fig. 5.7) and the yield stress σy is
calculated as σy = G00 γy .
γy (%)

σy (Pa)

m(−)

µ(−)

ν(−)

G00 (Pa)

σB (Pa)

kn (Pa sn )

nB (−)

G

38

903

0.48

1.16

0.44

2834

259

1102

0.46

PG

23

699

0.42

0.93

0.46

2332

223

916

0.54

P

31

624

0.42

1.08

0.55

2279

197

671

0.44

G

30

527

0.46

1.13

0.47

1732

131

544

0.47

PG

22

346

0.42

1.046

0.49

1503

127

496

0.44

P

18

202

0.43

1.13

0.51

1087

87

158

0.51

G

22

155

0.45

1.25

0.53

696

55

166

0.51

PG

13

85

0.46

1.15

0.49

6486

39

163

0.48

P

12

44

0.46

1.22

0.52

351

29

61

0.51

wc (%)

8

5

3

& Cloitre, 2016) and predicted theoretically for soft particle glasses above the jamming
transition (Seth et al., 2011). Note that the yield stress values found through the fitting
of the steady shear measurements, σB , are always lower than the values found through
LAOS experiments. The discrepancy reduces as the system moves away from the densely
packed regime, until it reaches very close values at concentrations closer to cc . This is
depicted in Fig. 5.9b, where σB and σy are reported as a function of the effective volume
fraction for the three solvents. Although small differences between the two quantities
have been observed in the literature in similar systems (Ghosh et al., 2019) and might
be in part related to the ambiguity of the yield stress definition from the LAOS experiments, the trend observed in Fig. 5.9b suggests that the discrepancy might be related to
interactions between squeezed dangling ends of the microgels, which, in extremely dense
regimes, can interpenetrate, thus locally creating stronger interconnections between particles that enhance the threshold required to yield the sample when a finite deformation is
applied (as in the case of LAOS). The morphology of Carbopol particles is in fact highly
irregular (Oppong & de Bruyn, 2011), allowing the particles to strongly deform, squeeze
and interpenetrate when forced at high compression levels.
Hence, from all the results above, it can be concluded that the use of different solvents
does not influence the qualitative behaviour of the flow properties of the suspensions when
these are densely packed, thus confirming that, in this regime, particle interactions are
mainly elastic and flow results from an interplay between the elastic interaction between
particles in direct contact and structural rearrangements. In these conditions, any mild
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Figure 5.9: a) Yield strain as a function of the apparent volume fraction φ for G, PG and P
solutions in the densely packed regime (the values corresponding to 2% wt of Carbopol in G and
PG solutions are also added). The dotted line is a guide for the eye and indicates a slope of 1
in the log-log plot. b) Discrepancy between σy (closed symbols) and σB (hollow symbols) as a
function of Carbopol apparent volume fraction for G, PG and P solutions. The values reported are
normalised with the particle modulus G p reported in Table 5.4. The dotted lines are guides of the
eye.

attractive force induced by a specific solvent is overwhelmed by the elastic interaction.
Therefore, it is necessary to analyse the nonlinear response of less concentrated samples
before drawing conclusions on the effect of the different solvents on the liquid-to-solid
transition of Carbopol dispersions.

5.4.2

Below the densely packed state

When the Carbopol concentration is reduced to values closer to the jamming transition,
the effective particle volume fraction in solution decreases, approaching the typical value
for random packing (0.64 −0.75 depending on the polydispersity of the powder). At these
volume fractions, the interstitial spaces between the particles increase and the nature of
the interparticle interactions begins to play a crucial role in the flow behaviour of the
dispersions and the way particles escape their positions at rest to rearrange when large
deformations are applied. Fig. 5.11 reports the responses of G0 and G00 from LAOS tests
as the concentration approaches the critical condition cc and is further reduced below this
threshold for the three different solvents. At the highest concentration plotted (2% wt),
the trends of both moduli for PG and G solutions present the same behaviour observed
in the previous section for higher concentrations; this is expected since the concentration
is still higher than the critical value cc , indicating that particles are still significantly confined and possibly deformed. However, the peak of G00 appears less pronounced and wider
compared to the more concentrated cases. The crossover between G00 and G0 is slightly
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Figure 5.10: Flow curves of the samples in the densely packed regime for the three different
solvents: a) Glycerol; b) PEG/Glycerol; c) PEG. The dashed lines represent the fitting of the
experimental data with the Herschel-Bulkley model (Eq. 5.2).

delayed towards higher strains, roughly in the middle of the flat region of the peak of G00 .
These observations hint at the formation of a second peak in the loss modulus, which is
usually observed for colloidal systems close to the jamming transition presenting attractive interactions (attractive glasses) (Pham et al., 2008; Koumakis & Petekidis, 2011).
The typical physical picture of the yielding behaviour of these systems is described as a
cascade of events: at increasing oscillatory strain, first particle-particle interactions are
disrupted; this implicates a peak of G00 at a value γ = γc1 (with γc1 ≈ 10%), which is
linked to the energy dissipated by bond breaking, and an initial decrease of G0 , due to
local particle rearrangement. Then, for a further increase of the strain applied, particle
cages break (γ = γc2 ≈ 100%) and particles are free to escape their positions (Pham et
al., 2008; Laurati, Egelhaaf, & Petekidis, 2011) giving rise to a second peak of G00 and
to the terminal power law decrease of G0 . As the particle volume fraction decreases below the jamming point, at fixed interparticle interactions, the position of the second peak
moves to higher strains and the shear-thinning behaviour of G0 in the region between the
two peaks enlarges and becomes more pronounced (Koumakis & Petekidis, 2011). This
behaviour is typically associated with de-structuring of disordered particle networks or
particle cluster networks induced by the attractive interactions, which allows at low strain
levels to maintain a yield stress behaviour down to low volume fractions (Buscall et al.,
1987; Laurati et al., 2009; Koumakis & Petekidis, 2011) (e.g. φ ≈ 0.2; however, this
value strongly depends on the strength of the attraction (S. A. Shah, Chen, Schweizer, &
Zukoski, 2003)).
The data in Fig. 5.11 were replotted by normalizing G0 and G00 with their corresponding plateau values at γ → 0 to better reveal the presence of the peaks; the results are shown
in Fig. 5.12. For all different solvents, the same qualitative behaviour is observed. As
the mass fraction of Carbopol decreases to the limit of the critical concentration cc , i.e.

Chapter 5

Response to nonlinear deformations

G', G'' [Pa]

103
10

G', G'' [Pa]

a)

2

101
100
103

2% wt
1.5% wt
1% wt

b)

101

10-1

G', G'' [Pa]

170

2% wt
1.5% wt
1% wt

c)

101

10-1

10-3
10-3

2% wt
1.5% wt
1% wt

10-1

g [%]

101

103

Figure 5.11: Strain amplitude dependence of the storage (closed symbols) and loss (hollow symbols) moduli at ω = 1 rad/s below the densely packed regime for the three different solvents
obtained from LAOS experiments: a) Glycerol; b) PEG/Glycerol; c) PEG.

2% wt for P solutions and 1.5% wt for G and PG solutions, the normalized storage modulus maintains the same shape and monotonically decreases following a smooth sigmoidal
trend, whilst the magnitude of the peaks of G00 decreases, and the initial peak observed
for densely packed regimes is replaced by a first peak occurring at γ = γc1 ≈ 10% and by
a second peak at γ = γc2 ≈ 100%, which appears more or less pronounced in the three
different solvents.
Nonetheless, as the Carbopol concentration is reduced to 1% wt, at the frequency
tested, the elastic contribution becomes lower than the viscous one in the entire range of
strains. For G and PG solutions, G00 shows a local depression just after γ = γc1 followed
by a temporary recovery at γ = γc2 , readily followed by a mild shear thinning decrease.
On the other hand, G0 decreases almost linearly up to a characteristic strain, slightly lower
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than γc2 , at which a peak shows, before reaching the viscous terminal behaviour. A similar
behaviour is observed for P solutions, although the gap between the magnitude of G00 and
G0 is more significant and the normalized peaks are more pronounced, as can be observed
from Fig. 5.12.
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Figure 5.12: Normalised G0 (upper row graphs) and G00 (lower row graphs) as function of the
strain amplitude for the three different solvents.

Steady shear tests applied to the same sample concentrations reveal the presence of a
yield stress for all G and PG solutions with Carbopol concentration equal or above 1%
wt, whilst for P solutions the stress plateau has already disappeared for solutions at 1%
wt (Fig. 5.13). Just above the critical concentration cc (i.e. G and PG solutions at 2% wt),
all samples present a yield stress and the shear stress can be fitted with the HB model,
giving a shear-thinning index nB still close to 0.5. As the samples move away from a
densely packed condition, nB further increases and the flow curves are better fitted with a
modified version of the HB model (Siebenbürger, Fuchs, Winter, & Ballauff, 2009; Pellet
& Cloitre, 2016), which includes a second power law regime at lower shear rates:
σ = σB + kn γ̇ nB + k p γ̇ p

(5.3)

Fitting parameters for all solutions are reported in Table 5.3. The coefficient p increases as the samples move away from the jamming transition, as observed in previous
works (Siebenbürger et al., 2009; Pellet & Cloitre, 2016).
As the Carbopol concentration further decreases, the yield stress disappears and a
Newtonian behaviour is observed for γ̇ → 0, i.e., the stress curves reach an asymptotic
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slope equal to 1 (Fig. 5.13), marking the transition from a glassy arrested state to a viscous
solution. The transition happens in the range of Carbopol concentrations 1% wt − 0.8%
wt for G and PG solutions and 1.5% wt − 1% wt for P solutions, which is consistent with
the linear viscoelastic behaviour described in Section 5.3.2. Note that these ranges of
concentrations correspond to apparent volume fractions not lower than 0.62 (which is the
value for P solutions at 1% wt, see Table D.1). The flow curves in this regime can be fitted
with the Carreau-Yasuda model (see Appendix D.2 for fitting parameters). All solutions
behave as shear-thinning fluids, with shear-thinning indexes that increase with decreasing
Carbopol concentration until the Newtonian behaviour is reached in the complete range
of shear rates tested.
Table 5.3: Values of the HB parameters obtained from fitting of the experimental flow curves
below the fully jammed regime.

σB (Pa)

kn (Pa sn )

nB (−)

k p (Pa s p )

p (−)

G

19.3

70

0.57

−

−

PG

12.5

66

0.54

−

−

P

4.9

3.7

0.76

20

0.52

G

2.4

37.3

0.68

16.7

0.25

PG

2.3

29.8

0.67

8.4

0.28

P

0.19

5.7

0.71

3.5

0.37

G

0.43

19.7

0.68

5

0.3

PG

0.16

5.7

0.81

7.9

0.49

P

−

−

−

−

−

wc (%)

2

1.5

1

Overall, the results obtained from LAOS and steady shear measurements indicate that
for all solutions a loss of solid-like behaviour is observed as soon as the particle confinement is lost, which is typically observed in soft repulsive systems undergoing a glass
transition (Ikeda et al., 2013; Pellet & Cloitre, 2016). However, close to the jamming
transition, the yielding behaviour is not characterised by a single peak but instead the
loss modulus shows two peaks, indicating a more complex particle escaping mechanism.
This behaviour suggests the presence of short-range interparticle attractions (e.g. Van der
Waals interactions), which can form disordered particle clusters only when particles are
in close contact. At higher particle concentrations, these contacts can extend between
clusters, forming larger aggregates that are usually sensitive to the specific shear protocol
applied.
To verify this picture, the reversibility of the yielding behaviour of samples close
to and just below cc was further investigated by performing consecutive ascending and
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descending amplitude sweeps at a fixed frequency of 1 rad/s. Before each ramp, samples
were conditioned by applying a pre-shear at 100 s−1 for 60 s, followed by a rest period of
900 s.
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Figure 5.13: Flow curves of the samples for decreasing Carbopol mass fraction in the three different solvents. For each plot from top to bottom: 2% wt, 1.5% wt, 1% wt, 0.8% wt, 0.7% wt, 0.5%
wt, 0.4% wt and 0.2% wt). Black dashed lines indicate slope 1. Coloured dotted lines represent
fitting of the experimental data with the Herschel-Bulkley model (Eq. 5.2); dashed lines fitting
with the modified HB model (Eq. 5.3), continuous lines fitting with the Carreau-Yasuda model.

In the presence of repulsive particle interactions, the response to nonlinear deformations is expected to be perfectly reversible because there is no significant interconnection between particles and the suspension yields simply by a ’cage’ escape mechanism,
meaning that, as the deformation is reduced, the initial microstructure is recovered as particles are confined again in the cages, thus showing the same plateau values of G0 and
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G00 . By contrast, for attractive particle interactions, the yielding behaviour is extremely
sensitive to the shear history that the sample has experienced because of the significant
de-structuring that the initial microstructure, characterized by connectivity between single particles, undergoes under flow (Shao et al., 2013). In fact, in an ascending amplitude
sweep the initial particle network will be progressively broken into smaller clusters until
ideally reaching a dispersion of single particles, whilst in a descending ramp, the original
strongly interconnected structure will be unable to reform in the time of the experimental
ramp, thus causing a reduction of the linear elastic plateau, which can be of one or more
orders of magnitude.
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Figure 5.14: Ascending (A) and descending (D) amplitude sweeps for P solution close (2% wt)
and below (1.5% wt) the critical concentration cc . As usual, closed symbols indicate the storage
modulus, whilst hollow symbols the loss modulus.

For brevity, only the results obtained for P solutions at 2% wt (i.e., close to cc ) and
1.5% wt (i.e., just below cc ) of Carbopol are reported in Fig. 5.14, which better highlight the effect of mild particle-particle attractions on the reversibility of the yielding
behaviour at the tested frequency. The response to nonlinear deformations is perfectly
reversible for both samples only for high strain amplitudes (i.e., γ > γc2 ), where the sample has completely yielded and the initial structure has been broken. At lower strains, the
linear plateaus of G00 and G0 obtained with the descending sweeps for the sample close
to the jamming transition (i.e., 2% wt in Fig. 5.14) remain in the same order of magnitude, reducing only by a factor of 1.1 and 1.5, respectively. The same results were found
for all samples close to the jamming transition, independently of the solvent used (addi-
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tional graphs are reported in Appendix D, Fig. D.2). This modest decrease reveals that,
although the initial microstructure is mainly maintained by the topological confinement
of the particles, as happens for repulsive systems, there is a small component related to
particle-particle interactions, which alters the structure reorganisation in the descending
ramp. This is better highlighted at lower particles concentrations, just below the jamming
transition (i.e. 1.5% wt in Fig. 5.14), for which the descending sweep displays a clear loss
of the original structure, which is partially recovered at lower strains. These observations
resemble what has been already reported by other authors for similar systems (Shao et al.,
2013). In this previous study, the loss of reversibility was attributed to an increase of the
characteristic size of the smallest clusters achievable, which entailed a reduction of the
cluster-cluster contacts and therefore of the network strength, resulting in a drop of the
elastic plateau of one order of magnitude. In the present case, the results obtained from
LAOS experiments indicate a similar mechanism, showing that once the sample has been
destructed, it cannot fully recover its initial configuration within the experimental time.
As particle concentration reduces just below the jamming threshold, particle caging
begins to fade until solutions no longer present a stress plateau. Nonetheless, since particle
concentration is still significant, random clusters can still form in the bulk of the solution
between particles that are at close distance, thus explaining the behaviour observed with
the LAOS tests for P solutions at 1% wt, which do not show a yield stress in steady
shear tests: as a shear deformation is applied, particle clusters can interact with each
other forming bigger aggregates and deform under shear more freely without breaking
up. At smaller amplitude strains, the movement of these aggregates will create local
pockets of solvent, which cause the local decrease observed in the loss modulus. As the
amplitude of the strain applied increases, the aggregates deform up to a certain point at
which eventually they break again into smaller clusters. Just before the breaking point,
the aggregates have reached the maximum deformed configuration; in this condition the
system is able to accumulate the stress applied as elastic energy, hence showing a peak
in the storage modulus, which is then abruptly dissipated after rupture (see Fig. 5.12
for solvent P). The interactions between clusters in this regime happen randomly when
particles are forced to contact under flow and the absence of a solid-like behaviour at low
strains (i.e. absence of a yield stress) suggests the lack of a strong interconnected structure
spanning the whole bulk of the suspensions.
Hence, although the results obtained from LAOS experiments indicate the presence
of some interparticle attractions, which influences the yielding mechanism near random
packing concentrations, all suspensions undergo a transition from a viscous solution to a
glassy state induced by a "cage effect", independently of the solvent used. This confirms
that the use of different solvents mainly influences the final swollen state of Carbopol
particles and therefore the rheological behaviour of all solutions should be scalable with
the particle volume fraction. Note that, in the range of shear rates investigated, a clear
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glass transition cannot be distinguished from the flow curves for the solutions studied;
this is likely because, given the limit in the range of shear rates, the flow behaviour of
the solutions is sampled in the athermal regime (Ikeda et al., 2013) (τT > 1/γ̇min , for all
solutions), where any effect related to the thermal energy of the particles is suppressed.
The nature of the interparticle attractions responsible for the rheological behaviour
observed is unclear and difficult to predict. Considering their efficacy only at concentrated regimes, they are probably related to Van der Waals potentials between swollen
particles, which overcome the repulsive electrostatic and steric interactions only at close
particle contact. The qualitative effect on the bulk rheological properties appears to be
independent of the solvent, although P solutions show a more noticeable difference in the
magnitude of the normalised peaks, for sample at 1% wt of Carbopol, compared to the
other two solvents, as shown in Fig. 5.12. This could indicate stronger attractive forces
in the sole presence of PEG400 molecules, which are, however, difficult to explain at this
stage. The difference could be related to various aspects, from a worse degree of solvation of the external polymer chains, which would reduce the steric repulsion between
particles, to a decrease of the electric double layer due to the worse dielectric properties
of PEG400 compared to glycerol, which would in turn also partially affect the Van der
Waals interactions through the Hamaker constant (Likos, 2001).

5.5

Determination of the particle final swollen radius

To estimate the final swollen dimensions of the Carbopol molecules in the three solvents,
the zero-shear relative viscosity is plotted as a function of Carbopol mass concentration.
Data for all solvents are reported in Fig. 5.15. Like what is predicted for hard sphere
suspensions at increasing particle volume fraction, the relative viscosity ηr diverges as the
critical jamming concentration is approached. The data for G and PG solutions fall on the
same curve, while the values for P solutions diverge at higher Carbopol concentrations.
If a linear relation is assumed between the mass concentration c and the final volume
fraction ζ of the type:
ζ = kM c

(5.4)

the trends in Fig. 5.15 suggest a shift in the effective volume fraction of P solutions,
which can be directly related to a reduced swelling of Carbopol molecules in PEG. Note
that here, the apparent volume fraction obtained from the rheological measurements is
denoted as ζ to distinguish it from the values φ acquired from the confocal images. In
the assumption that Carbopol particles can be modelled as porous spheres, with initial
radius RIN , apparent dry density ρ p and final swollen radius RSW , Eq. 5.4 can be written
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as follows:
4
4
n p πR3SW = kM n p πR3IN ρ p
(5.5)
3
3
where n p is the particle number density per unit volume of suspension. By rearranging
Eq. 5.5, the final swollen radius is given by:
RSW = RIN (ρ p kM )1/3

(5.6)

where kM is the only unknown. Hence, in the limit of validity of Eq. 5.4, kM can be
found by fitting the data reported in Fig. 5.15 with a theoretical model for the relative
viscosity of sphere suspensions. Both sets of data are fitted with the equation derived by
Mooney for concentrated suspensions of spherical particles (Mooney, 1951):


2.5ζ
ηr = exp
1 − λM ζ


(5.7)

where λM is a fitting parameter related to the maximum packing factor that the system
can achieve, which for polydisperse systems depends significantly on the particle size
distribution. As an indication, λM ≈ 1/ζ p , where ζ p is the volume fraction at maximum
packing. The equation derived by Mooney is an extension of the Einstein equation for
infinitely diluted systems and considers the crowding effect of neighbouring particles;
it has been developed for hard spheres but has been successfully applied also to softer
systems such as emulsions (Mooney, 1951). By substituting Eq. 5.4 into Eq. 5.7, the
following fitting equation is obtained:


2.5kM c
ηr = exp
1 − λM kM c


(5.8)

Assuming that the final value of λM depends only on the polydispersity of the Carbopol particles in the dry state, the same value should be assumed for all solutions and
(G/PG)
P (for details
data can be fitted together to obtain the optimal values of λM , kM
and kM
about the fitting procedure see Appendix D.4). The data in Fig. 5.15 can be replotted as a
function of the apparent volume fraction ζ (following Eq. 5.4). The outcome is displayed
in Fig. 5.16, which shows an efficient rescaling of the zero-shear viscosity up to ζ ∼ 0.5.
Note that the majority of the data are at intermediate volume fractions, where other relations commonly used for dilute dispersions do not apply. For reference, the Batchelor
equation (Batchelor, 1977) (ηr = 1 + 2.5ζ + 6.2ζ 2 ) is also reported in Fig. 5.16, clearly
showing a significant deviation from Mooney’s prediction beyond its limit of validity (i.e.
around ζ ∼ 0.2) (inset in Fig. 5.16). The final values of the fitting parameters are reported
in Table 5.4, with the corresponding final radii obtained from Eq. 5.6 and the values of
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Figure 5.15: Relative viscosity as a function of Carbopol concentration for G, PG and P solutions
in the semi-dilute regime. The solid lines represent the fitting with Eq. 5.8.

the swelling ratio QS defined as:
VSW −VIN
QS =
=
VIN



RSW
RIN

3
−1

(5.9)

The values of RSW agree with those found from confocal microscopy (reported previously in Section 5.2.3). In pure glycerol, Carbopol 974NF can swell up to more than 8
times from its initial size, whilst in PEG the swelling is reduced to 5 times. This difference can be attributed to the different degree of ionization that the two solvents induce on
Carbopol molecules. For linear chains of uncrosslinked polyacrylic acid, the final conformation of the molecules in a solvent is reported to strongly depend on the density of the
dissociated carboxyl groups distributed along the backbone of the molecule, which alter
the conformation due to electrostatic repulsions (Laguecir et al., 2006). In a crosslinked
structure, such as that of Carbopol molecules, although the presence of electrostatic repulsions might play a role in inducing an initial unravelling of the collapsed structure, the
final swelling degree is controlled by the osmotic pressure between the internal charged
environment and the external solvent. In the absence of neutralizing agents, the effect
of each pure solvent is mild but still quite distinguishable, as highlighted by the rheological measurements. Thanks to the higher density in OH groups, glycerol molecules
can induce a higher degree of ionization compared to polyethylene glycol thus promoting a more pronounced swelling. Interestingly, when the two solvents are combined, the
outcome is equal to what is observed in the sole presence of glycerol.
These findings highlight that the kinetic aspect of the swelling process is critical to the
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Figure 5.16: Relative viscosity rescaled with Carbopol volume fraction ζ for G, PG and P solutions in the semi-dilute regime. The solid line represents the fitting with Mooney’s equation
(Eq. 5.7), whilst the dashed line is the Batchelor equation. The inset shows the point at which the
Batchelor equation starts to deviate from Mooney’s.

final swollen state achieved. As reported in the previous chapter, the swelling kinetics of
these systems is diffusion-controlled, meaning that smaller molecules with a better affinity
with the polymer and a higher capability of transporting charges will preferentially move
inside the crosslinked structure of Carbopol. Hence, if the amount of glycerol in solution
is enough to swell the majority of the particles, the final swollen average dimension will
be equal to that obtained in the pure solvent.
The values found through the rheological measurements are estimated on the assumption that Eq. 5.4 is still valid in the semidilute regime (for 0.25 < ζ < 0.5) and particles
can fully swell to their final equilibrium dimension. Although a reduction of the final
particle dimensions surely happens for samples above the jamming transition for steric
effects, the predictions of the critical mass fraction wJ at which the jamming transition
happens for all solvents (obtained from the volume fraction ζJ at which the relative zeroshear viscosity diverges, i.e. ζJ ≈ 1/λM = 0.769) are within the ranges expected from
the analysis of the flow curves at higher concentrations, as previously reported in Section
5.4.2. This suggests that the assumption is acceptable in the range of concentration used
to fit the Mooney equation. The values of wJ are reported in Table 5.4 for all solutions.
Determining precisely the particle radius in microgel systems such as Carbopol above
the semi-dilute regime can be quite challenging because of their ability to de-swell and deform to accommodate a higher number of particles, thus altering their original dimension
and the actual particle volume fraction, which should be used to scale all the rheological
properties. Despite the lack of accuracy of Eq. 5.4 above the semi-dilute regime, it is
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Table 5.4: Parameters obtained from fitting of the experimental relative viscosity with Eq. 5.8, final swollen radii, swelling ratio, particle elastic modulus, characteristic time of the thermal fluctuations (recalculated with the updated particle dimensions) and Carbopol concentration cJ and mass
fraction wJ corresponding to the apparent volume fraction at the jamming transition (considered as
the volume fraction ζJ at which the relative zero-shear viscosity diverges, i.e. ζJ ≈ 1/λM = 0.769)
for Carbopol particles swollen in the three different solvents.

λM (−)
G
PG
P

kM (mL g−1 )

RSW (nm)

QS ( −)

G p (Pa)

68.9

603

8.4

554

1.3

τT (s)
3.3E+3

cJ (g/mL)
0.011

1.4E+3
43.7

518

5.3

873

2.4E+2

wJ (wt%)
0.89
0.94

0.0176

1.57

possible to use the fitting parameter kM to estimate the particle elastic modulus G p (which
can be calculated from the parameter K p found in Section 5.3.2, i.e. G p = K p /kM ) and
the apparent volume fraction ζ (i.e., ζ = kM c), and verify that the flow behaviour for all
solutions follows the same scaling laws predicted for athermal suspensions of soft elastic
particles with no significant attractive forces in all the regimes investigated.
Close to the jamming point, all flow curves can be collapsed on two separate branches,
one above and the other below the jamming transition, by scaling the shear stress σ and
the shear rate γ̇ as σ /(E |ζ − ζJ |∆ ) and (ηs γ̇)/(E |ζ − ζJ |Γ ), respectively (Nordstrom et
al., 2010; Olsson & Teitel, 2012; Ikeda et al., 2013; Bonn et al., 2017). In the scaling
relations, E represents the elasticity of the particles (i.e., G p ) and ∆ and Γ are power law
parameters that for Hertzian particles theoretically have the values of 2 and 4 (Nordstrom
et al., 2010), respectively.
Hence, all data presented in Fig. 5.13 with concentrations close to the jamming
transitions (i.e. for % mass fractions 0.7% < w < 2% wt for G and PG solutions and
1% < w < 2% wt for P solutions) can be replotted by applying the scaling laws above
(see Table 5.4 for a summary of the parameters used for scaling). The outcome is shown
in Fig. 5.17. Independently of the solvent used, it is possible to collapse all flow curves
close to the jamming point in two separate branches, one above and the other below jamming, thus confirming that the nature of the liquid-to-solid transition is mainly dominated
by a jamming dynamics and that different solvents mainly influence the final swollen
dimensions of the polymer particles.
The scaling above derives from the specific nature of the jamming transition and does
not hold far above or below the jamming point. Hence the flow curves obtained in a
densely packed regime, which are far above this point, should be collapsed considering a
different scaling. At these high volume fractions, the flow behaviour is controlled by the
competition between the elastic restoring force and the viscous forces between particle
facets (Seth et al., 2011; T. Liu, Khabaz, Bonnecaze, & Cloitre, 2018). This physical
picture is well captured by a micromechanical model developed by Seth and co-workers
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Figure 5.17: Scaled version of Fig. 5.13 for G (red), PG (blue) and P (black) solutions, down to
concentrations of 0.7% wt for G and PG solutions and of 1% wt for P solutions. All concentrations
above the jamming transition (i.e. with % mass fractions w > wJ ) are reported in closed symbols,
whilst below the jamming point are reported in hollow symbols. The dashed line is the theoretical
HB fitting with power law exponent equal to 0.53.

(Seth et al., 2011), for athermal suspensions of soft elastic particles, which incorporates
the effects of elastic interactions with the hydrodynamic contributions resulting from particles sliding. The model predicts a constitutive equation for the flow curve of a packed
dispersion of elastic particles, with particle contact modulus E ∗ , dispersed in a solvent of
viscosity ηs , of the HB type:


 ∗ 2 1/2
σ
ηs 1/2
E γB
= 1 + k γ̇ ∗ 2
; k ≡ (kn /σB ) γ̇
σB
ηs
E γB

(5.10)

where, σB and γB are the yield stress and strain, respectively, which are linked by the
relation for linear elastic solids and k is the dimensionless consistency index. Therefore,
the flow curves of Fig. 5.10 can be replotted using the dimensionless shear stress σ /σB
and the dimensionless shear rate γ̇ηs /(γB2 E ∗ ), where γB is calculated from the HB yield
stress (i.e. γB = σB /G00 ) and E ∗ = G p . The result of the scaling is shown in Fig. 5.18.
The curves overlap independently of the solvent used and collapse (within an error <
20%) on the theoretical prediction (black line), thus showing that all samples behave as
suspensions of jammed soft spherical particles and, independently of the real dimension
and degree of deformation of the Carbopol particles, their flow behaviour can be scaled
with the particle elastic modulus G p obtained from the estimated parameter kM .
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Figure 5.18: Collapsed flow curves in the densely packed regime. Symbols legend is the same as
in Fig. 5.10. The black line represents the fitting with Eq.5.10.

5.6

Conclusions

In this chapter, the effect of PEG400 and glycerol on the swelling behaviour and mutual
interactions of Carbopol particles was investigated to understand how these phenomena
impact the rheological design of the non-aqueous formulation of interest in this work.
The rheological properties of dispersions of Carbopol 974P NF (C974P) in glycerol
(G), PEG400 (P) and a mixture of the two (PG) were mapped from the dilute to the
densely packed regime. At increasing Carbopol concentration, all solutions display the
typical viscoelastic properties of mildly attractive soft particle suspensions. A clear shift
in the onset of the jamming transition occurs when pure PEG400 is used as solvent, whilst
the liquid-to-solid transition is the same for G and PG dispersions. Nevertheless, once
the jammed state is reached, the elastic modulus is simply scalable with the polymer
volume fraction, regardless of the solvent used. These results suggest that the use of
different solvents clearly influences the swelling behaviour of Carbopol molecules, which
is reflected in a higher characteristic jamming concentration for P solutions, yet without
altering the interparticle interactions in the limit of small deformations.
The typical behaviour of a fully packed suspension of soft particles is also confirmed
by the response to non-linear deformations from both LAOS and steady shear experiments. Above the close packing regime, when particles are significantly deformed against
their neighbours, all dispersions behave as a packed dispersion of elastic deformable particles and the flow behaviour is mainly regulated by the interplay between the elastic
interaction between particles in direct contact and hydrodynamic interactions originating
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from particles sliding. Below the close packing concentration, LAOS experiments reveal the presence of shortrange attractive forces between Carbopol particles, which are
highlighted by the two-step yielding mechanism of the loss modulus at increasing shear
deformations. Nonetheless, the loss of a yield stress just below the jamming transition
suggests that the attractions are only significant when particles are in close contact and
the liquid-to-solid transition for all solvents considered is mainly ‘cage’ driven. Carbopol
particles swell up to more than eight times their initial size in G and PG dispersions, whilst
in PEG the swelling is reduced to five times. These findings, confirmed also by confocal
microscopy, highlight that, even in the absence of water, the main driving mechanism that
controls the final swollen conformation is the degree of ionization induced by the solvent
on Carbopol molecules. Furthermore, in the presence of co-solvents the kinetic aspect of
the swelling process is critical to the final swollen state achieved, as highlighted by the
equal swelling degree obtained for G and PG dispersions. The swelling kinetics of these
systems are diffusion-controlled, thus if one of the solvents presents better permeability
in the carbomer network and is present in amount sufficient to swell the majority of the
particles, the final swollen average dimension of the particle is equal to what is obtained
in the presence of that solvent alone.
Once the average particle dimension is known, the flow properties above and below
jamming can be scaled for all solvents simply with an apparent particle volume fraction,
showing a flow behaviour consistent with soft particle systems in the athermal regime,
with some anomalies observed at significantly high particle concentrations. These results
highlight that, even if typically the morphology of Carbopol molecules is described as
quite irregular, thanks to its high crosslinking degree, C974P, as opposed to other types
with a lower crosslinking degree, can be well approximated to a soft spherical particle
until densely packed regimes are reached. In these regimes, the rheological behaviour becomes more sensitive to particles irregularities (e.g. presence of dangling ends, possible
uneven distribution of the crosslinking density or of functional groups), which influences
the interactions between the particles when they are forced to close contact. Despite these
irregularities, the general findings of this chapter highlight the possibility of scaling the
rheological properties of the Carbopol dispersions just from the knowledge of the effective volume fraction of Carbopol particles, independently of the different combinations of
solvent used. This aspect can be exploited, in combination with the kinetic analysis obtained in Chapter 4, to predict the evolution of the rheological properties in the continuous
gelation process and achieve a more detailed design of the new process.

Chapter 6

A modelling approach for the
continuous gelation process

A simple approach to the modelling of the continuous gelation process is now presented.
The main objective is to provide a guide towards the development of a CFD numerical
tool that incorporates the kinetics of gelation with the inherent changes of the rheological
properties induced by the gelation itself, therefore achieving a more detailed design of the
new process. The chapter covers (i) the general methodology used to combine the kinetic
relation found in Chapter 4 with the scaling of the rheological properties found in Chapter
5 and (ii) the implementation into a CFD code in the simple case of steady-state laminar
flow in a straight channel.

6.1

Introduction

For process design purposes, numerical methods such as computational fluid dynamics
represent a valuable tool to achieve a quicker and more cost-efficient investigation of the
different process variables (J. B. Joshi & Ranade, 2003). Nonetheless, when dealing with
complex three-dimensional flows where the material properties evolve in space and time,
the computational cost associated with the solution of a time-dependent problem coupled
with the continuous update of the physical properties makes the practical implementation
of numerical parametric studies often unfeasible. In this specific case, this complexity can
however be overcome by treating the problem as a simple laminar flow reaction. Independently of the complexity of the geometry, a pressure-driven viscous laminar flow, with
constant inlet conditions, is intrinsically steady, and the degree of gelation of a specific
element of fluid will depend only on its residence time (Levenspiel, 1999; Bird et al.,
2002).
Hence, a method is presented to transform the kinetic relation found in Chapter 4,
which is a function of time, in a reaction rate term that can be used in a scalar transport
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equation, allowing a steady-state solution of the problem. Following this approach, the
gelation process can be simulated by the coupled solution of the single-phase transport
equation and a scalar transport equation, with the scalar quantity directly related to the
structural degree of conversion XS , and the progressive change of the rheological properties can be achieved by introducing a user-defined viscosity, as a function of the scalar
quantity. In addition to the progression of the gelation process, this viscosity should also
incorporate a dependence on the shear rate to capture the non-Newtonian character of the
Carbopol suspensions. In Chapter 5, it was shown that the flow properties of Carbopol
suspensions, similarly to those of soft particle suspensions (Ikeda et al., 2013; Pellet &
Cloitre, 2016), present two distinct functionalities, (i) one below the jamming threshold,
where the viscosity can be modelled with a Carreau type equation, and (ii) one above the
jamming threshold, where the dispersions present a yield stress and the flow properties
are better described by the Herschel-Bulkley model. Close to the jamming point, the flow
curves collapse on two separate branches depending on the final Carbopol volume fraction (Fig. 5.17) and the transition from one branch to another is discontinuous, as it is
typical of suspensions undergoing a jamming transition (Nordstrom et al., 2010; Olsson
& Teitel, 2012). During the gelation process, the volume fraction of the Carbopol particles increases in time due to particle swelling. This implies that, if the final Carbopol
volume fraction ζSW is below the jamming threshold ζJ (i.e. ζSW < ζJ ), the viscosity of
the gelating material can be described with a unique equation, whilst, if ζSW > ζJ , the
material will transition discontinuously from a shear-thinning to a yield stress fluid and
the user-defined viscosity should reflect this transition.
Since the scope of this chapter is to provide preliminary results of this modelling
approach, for simplicity, only the numerical implementation of the condition where ζSW <
ζJ is considered and the implementation of the cases where ζSW > ζJ are postponed to a
future work, although the general approach developed will be applicable to both cases.
The chapter is structured as follows. First, the mathematical derivation of the gelation
rate term and of the user-defined viscosity as a function of the process progression are
reported. This is followed by the description of the numerical implementation in the CFD
environment and the presentation of preliminary results.

6.2

Derivation of the gelation rate

To derive an expression for the gelation rate, the integral method of data analysis used
in reaction engineering to interpret conversion data found from batch reactors is reversed
(Levenspiel, 1999). The conventional method consists in testing the validity of a specific
reaction rate (rA ) equation by integrating and comparing the predicted conversion (XA )
versus time curve with the experimental data of the conversion versus time. A schematic
of the mathematical steps implemented is shown in Fig. 6.1. From the kinetic analysis
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presented in Chapter 4, a relation of the conversion degree versus time (equivalent to
step 3 in Fig. 6.1) is already available and from that relation it is possible to retrieve the
gelation rate as a function of the structural degree of conversion.

𝑋𝐴,𝑓

𝑟𝐴
𝑑𝑋𝐴
=
= 𝑓(𝑋𝐴 )
𝑐𝐴0
𝑑𝑡

න
0

(1)

𝑡
𝑑𝜒
= න 𝑑𝑡′
𝑓(𝜒)
0

𝐹(𝑋𝐴 ) = 𝑡 → 𝑋𝐴 = 𝐹 −1 (𝑡)

(2)

(3)

Figure 6.1: Steps of the integral method for batch reactor data analysis. Suppose to have a reaction
A → products, with initial reactant concentration cA0 . (1) A reaction rate functionality, f (XA ), is
hypothesised and the mass balance over the conversion degree for the batch reactor is written; (2)
the equation is integrated on both sides and (3) the predicted evolution of the conversion degree
versus time is found. F(XA ) is the primitive function of f (XA ), i.e. F 0 = 1/ f . χ and t 0 in step (2)
are dummy variables.

Starting from the kinetic relation found in Chapter 4:
tn
tn + θ n
Eq. 6.1 is invertible and therefore it is possible to write:
XS (t) =



XS
t =θ
1 − XS

(6.1)

1/n
→ kt = F(XS )

(6.2)

where k = 1/θ and F(XS ) is the primitive function of the reciprocal gelation rate,
S
1/ f (XS ) = dX
dt = rG . Hence, 1/ f (XS ) can be retrieved by performing the following
derivative:
d
dXS

"

XS
1 − XS

1/n #


 1−n
n
1
XS
1
=
n 1 − XS
(1 − XS )2

(6.3)

and the gelation rate is:
" 
#−1
 1−n
n
n−1
n+1
1
XS
1
n
dXS
n (1 − X ) n
rG =
=k
=
(X
)
S
S
dt
n 1 − XS
θ
(1 − XS )2

(6.4)

To directly observe how the gelation rate changes with the structural conversion degree, graphs of rG versus XS are reported at different operating conditions. Note that the
dependence of rG on the operating parameters manifests through the kinetic parameters n
and θ defined previously in Chapter 4 and reported for clarity below:
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m −mθ

n = 4kθ k p xg p

(6.5a)

θ = kθ xg−mθ

(6.5b)

In the equations above, the dependence on the operating temperature is included in
the fitting parameters kθ , k p , mθ and m p , as reported in Table 4.4. The results for different
glycerol mass fractions and temperatures are reported in Fig. 6.2.
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Figure 6.2: Gelation rate as a function of the structural degree of conversion XS for increasing
glycerol mass fractions at T = 25 °C (left) and for increasing operating temperature at xg = 0.5
(right).

As can be seen, Eq. 6.4 yields an autocatalytic type of reaction rate, meaning that
for degree of structural conversion equal to 0, the reaction rate is zero and the gelation
process cannot start. The gelation rate increases monotonically up to a maximum value of
XS (i.e., XS = (n + 1)/2n) after which the rate decreases steeply until reaching a value of
zero when the structural conversion degree equals one. As expected, an increase of both
glycerol mass fraction and operating temperature speeds up the gelation process, thus
increasing the magnitude of the gelation rate. From a formal viewpoint, the functionality
observed in Fig. 6.2 is coherent with the sigmoidal trend observed for XS (t), which is
typical of autocatalytic processes (Levenspiel, 1999); however, from a physical point of
view, the necessity of a non-zero XS to start the gelation is incorrect, since we know
that the swelling of Carbopol particles starts spontaneously as soon as the particles are
dispersed in solution and the initial plateau observed in the sigmoidal trend of XS (t) only
derives from the fact that the increase of the elastic modulus becomes readable only when
the soft particle volume fraction in solution has reached a certain threshold. Hence, the
apparent volume fraction ζ appears to be a better variable to track the evolution of the
gelation process.
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The results of previous chapter showed that the elastic modulus G0 can be scaled with
the apparent volume fraction ζ independently of the solvent used. Hence, the functionality G0 (ζ ) can be used to rewrite Eq. 6.1, substituting the structural degree of conversion
XS with ζ . Note that this procedure implies that a change of the particle volume fraction
related to an increase of the number of particles (as it is in the case of the results of Chapter 5) is equivalent to an increase related to a change in the particle dimensions. This is
acceptable in this case since the change in dimensions should not alter significantly the
nature of the particle interactions (Senff & Richtering, 1999; Menut et al., 2012). The
data of G0 shown in Fig. 5.6 are replotted in Fig. 6.3, although as a function of the Carbopol apparent volume fraction ζ . As also discussed in the previous chapter, two different
trends can be distinguished for the elastic modulus, one above a densely packed condition ζc (which is slightly higher than the jamming volume fraction ζJ ≈ 0.769), where
the data can be described with a linear relation (i.e., G0 = G p (ζ − ζc )), and one below
that threshold, which can be approximated with a power law. From a formal viewpoint,
the two regimes present a discontinuity at ζ = ζc , even though the real system transitions
smoothly from a regime to another. Hence, to avoid numerical issues, a second power
law is used to fit the data in the densely packed regime, which intersects the power law
used for the lowest volume fractions in ζ = ζ ∗ = 1.034. Following this procedure, the
following functionality is obtained:
(
G0 = Kζ m with

K = 85.062 ; m = 8.5 for ζ ≤ ζ ∗
K = 102.24 ; m = 1.96 for ζ > ζ ∗

(6.6)

If one recalls that the structural degree of conversion is defined as a storage modulus
normalised with the plateau values obtained at the beginning and at the end of the swelling
process, Eq. 6.6 can be substituted in Eq. 6.1 and the following relation is obtained:
XS =

G00
G0 (t) − G00
Kζ (t)m
tn
=
−
=
G0∞ − G00
G0∞ − G00 G0∞ − G00 t n + θ n

(6.7)

In Eq. 6.7 the two constants G0∞ and G00 can both be expressed using Eq. 6.6 once the
initial and final volume fractions, ζIN and ζSW , are known and the final shape of ζ (t) can
be written as follows:
 1

m
1
tn
ζ (t) =
Q+ n
n
KM
t +θ


(6.8)

where M and Q are two constants defined as M = 1/(G0∞ − G00 ) and Q = G00 /(G0∞ −
G00 ). Hence, if the initial and final volume fractions are known, Eq. 6.8 shows how the
volume fraction evolves in time, depending on the operating conditions. An example
is reported in the case of a Carbopol concentration of 0.6% wt, which yields an initial
volume fraction ζIN of 5.98 · 10−3 and a final volume fraction ζSW of 0.5 (obtained as-
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Figure 6.3: Storage modulus (at representative frequency ω = 1 rad/s) as a function of Carbopol
apparent volume fraction ζ for P, G and PG solutions. The data reported are the same previously
shown as a function of Carbopol mass concentration in Fig. 5.6. The closed symbols are data
above the densely packed condition, whilst the hollow symbols are data below the densely packed
condition. The dashed lines are the power law fittings for ζ < ζ ∗ (red) and ζ > ζ ∗ (blue).

suming a final swollen dimension equal to 603 nm) (Fig. 6.4). ζ increases monotonically
in time, showing an initial rapid increase followed by a saturation plateau, once the final volume fraction has been reached. An increase of glycerol content or of temperature
yields a steeper increase of the volume fraction, reducing the time required to reach the
final condition.
To retrieve an expression for the gelation rate as a function of ζ , the variable XS in Eq.
6.4 has to be replaced with ζ . By rearranging Eq. 6.7, an expression of XS (ζ ) is obtained:
XS (ζ ) = MKζ m − Q

(6.9)

Hence, Eq. 6.4 can be written as:
rG =

d
dζ
dζ
dXS
=
(MKζ m − Q)
= MKmζ m−1
dt
dζ
dt
dt

(6.10)

and the new rate of gelation can be defined as follows:
n+1
n−1
dζ
n
=
ζ 1−m [1 − (MKζ m − Q)] n (MKζ m − Q) n
(6.11)
dt
θ MKm
The trends of the gelation rate obtained from Eq. 6.11, corresponding to the same
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Figure 6.4: Upper panels: Evolution of the apparent volume fraction in time for increasing glycerol mass fractions at T = 25 °C (left) and for increasing operating temperature at xg = 0.5 (right);
Lower panels: gelation rate as a function of the apparent volume fraction ζ for increasing glycerol
mass fractions at T = 25 °C (left) and for increasing operating temperature at xg = 0.5 (right).

conditions depicted in the upper panels of Fig. 6.4, are reported in the lower panels in
Fig. 6.4 as semi-log plots. For all conditions, the rate is maximum at the lowest volume
fractions and monotonically decreases until going to zero for ζ → ζ∞ . Note that for
increasing operating temperatures the initial slope of the curves decreases, resulting in a
lower initial rate. However, as the process progresses, the magnitude of the gelation rate
decreases less sharply, maintaining in the most of the range of ζ a higher magnitude. This
n
trend can be explained by dividing Eq. 6.11 in three terms (i.e. term 1 = θ mKM
ζ 1−m ; term
n+1

n−1

2 = [1 − (MKζ m − Q)] n ; term 3 = (MKζ m − Q) n and observing their functionality at
small volume fractions. The results are shown in Fig. 6.5. As can be seen, at low volume
fractions the reaction rate is controlled by the balance between term 1 and term 3, with
term 2 being equal to 1 for all conditions. The two terms have opposite trends with the
temperature: term 1 increases in magnitude with the temperature, thanks to its direct
proportionality with the inverse of the gelation half-time θ , which decreases with T ; term
3 decreases in magnitude with the temperatures and its dependency on it is related to the
changes of the exponent (n − 1)/n.
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Figure 6.5: Trends of the three terms of Eq. 6.11 with the volume fraction for increasing operating
temperature at xg = 0.5.

Note that Eq. 6.11 refers to a batch reactor and therefore is valid only if the volume
of fluid is constant. In a flow, if it can be assumed that the single elements of fluid (i)
maintain a constant volume and (ii) remain isolated (absence of diffusion), then, Eq. 6.11
can be written as:
∗
Dt ζ = rG

(6.12)

where Dt is the material derivative. Nonetheless, if the volume of each fluid element
is constant, ∇ · v = 0, and Eq. 6.12 becomes:
∗
∂t ζ + ∇ · (ζ v ) = rG

(6.13)

which, in steady-state conditions reduces to:
∗
∇ · (ζ v ) = rG

(6.14)

Hence, Eq. 6.14 can be used to track the progression of the gelation process in flow
as far as the density of the gelating system does not change during the process. In this
case, this assumption is valid since Carbopol particles are considered uniformly dispersed
in the solvent during the whole process and therefore the entire system can be treated as
a single phase.

6.3

Derivation of a constitutive equation for the viscosity
of the gelating system

The procedure presented in the previous section provides an approach for tracking the
evolution of the gelation process in flow but does not incorporate any changes to the
viscosity of the solution as the gelation proceeds. To this end, a non-Newtonian viscosity
η that evolves with the volume fraction, function of both the scalar ζ and the shear rate γ̇
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(i.e., η = η(ζ , γ̇)), needs to be implemented.

6.3.1

Shear rate dependence of the gelation process

The first step towards the definition of η(ζ , γ̇) is to verify that the gelation process is not
influenced by the shear rate applied. In fact, so far, the effect of the shear rate on the
gelation kinetics was not taken into account. This aspect might become relevant when
simulating the process in flow, since a change of the shear history could influence both
the kinetics and the final properties of the gels (De Carvalho & Djabourov, 1997; Norton
et al., 1999; Wolf et al., 2000; Piau, 2007; Fernández Farrés & Norton, 2014). In this
case, since the rheological behaviour of the suspensions appears to be consistent with that
of soft particle systems in the athermal regime and the solid-like behaviour originates by
an effective packing of the soft particles, the shear rate should not influence the kinetic
process or the final properties of the dispersions, which should only depend on the final
particle volume fraction. To verify this picture, the gelation process was tracked by performing a simple time-sweep at a constant shear rate and recording the evolution of the
viscosity in time.
The time sweeps were performed using an Anton Paar MCR302 stress-controlled rotational rheometer, equipped with a Peltier plate and a cone-plate geometry (OD: 50 mm,
truncation gap of 0.099 mm) to ensure constant shear rate throughout the sample. Data
points were recorded with a fixed acquisition time of 7 s to obtain direct comparison with
the data obtained in Chapter 4. The procedure was repeated only for one sample composition, i.e. sample X5 (50%wt of glycerol - 50%wt PEG400/Carbopol dispersion) and for
four different temperatures, i.e. T = 25,30,40,50 °C. For each temperature, four different
shear rates were tested, γ̇ = 0.1, 1, 10, 10 1/s. As for the previous kinetic analysis, the
samples, prepared as specified in Section 4.2.1, were loaded on the Peltier plate at room
temperature and the final temperature for each test was set only after the loading process
had ended. A fresh sample was loaded for each shear rate tested. To check the properties
of the final dispersions, at the end of each time-sweep, the storage (G0 ) and loss (G00 )
moduli were measured by applying a sinusoidal deformation with fixed amplitude (i.e.,
γ = 0.6 %) and in the range of frequencies f = 0.1 − 100 1/s. The entire procedure was
repeated three times for each experimental condition to check the reproducibility of the
results.
An example of the time evolution of the viscosity η at a representative temperature of
30 °C is reported in Fig. 6.6a. As the gelation proceeds, the viscosity increases monotonically until reaching its final plateau value ηe . The gap between the experimental curves
obtained at different shear rates progressively increases with time, thus showing an increase of the shear-thinning character of the solution in the range of shear rates considered. This is better depicted in Fig. 6.6b, where the instantaneous values of viscosity are
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reported as a function of the shear rate. To check if the progression of the gelation is influenced by the specific shear rate applied, the viscosity reported in Fig. 6.6a is normalised
as follows:
ηn =

η − ηi
ηe − ηi

(6.15)

where ηi is the first viscosity value measured at t = 7 s and ηe is the final plateau value.
The normalised curves collapse onto each other (Fig. 6.6c), thus showing that the kinetics
is not affected by the shear-rate applied during the process. This outcome is confirmed for
all temperatures tested as can be observed from Fig. 6.6d, where the half-gelation time,
evaluated as the time at which the normalised viscosity reaches a value of 0.5, appears
constant with the shear rate, for all temperature tested.
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Figure 6.6: a) Time evolution of the viscosity obtained at four different shear rates for a premixed
sample of 50%wt glycerol (X5) at the operating temperature of 30 ºC. The vertical error bars
are the standard error obtained from three different measures; b) viscosity as a function of the
shear rate for the same sample at different times during the gelation process. The dashed lines
correspond to power-law fittings; c) normalised version of the graph in panel a). The pink shadow
is the standard error obtained from three different measures; d) half-gelation time versus shear rate
for the four temperatures tested. The vertical error bars are the standard error obtained from three
different measures.
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In addition to having no influence on the kinetics of the gelation process, the shear
protocol also does not influence the final properties of the dispersions, as can be observed
from the results of the frequency sweeps performed after the constant shear time sweep,
reported in Fig. 6.7 at two different temperatures, i.e. T = 30 °C and T = 50 °C. For
the same temperature, the viscoelastic properties of the final sample collapse on the same
curve. Note that the operating temperature imposed during the gelation process was also
maintained during the frequency sweep, hence the difference between the data obtained at
different temperatures. In fact, by applying the time-temperature superposition principle
to shift horizontally the data obtained at T = 50 °C, all curves collapse on the same master
curve (inset in Fig. 6.6).
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Figure 6.7: Storage (closed symbols) and loss (open symbols) moduli as a function of the oscillatory frequency performed after constant shear time sweeps once complete gelation was reached, at
two operating temperatures (T = 30 °C and T = 50 °C). the inset shows the same data but shifted
using the time-temperature superposition principle.

Hence, the shear rate does influence the kinetics of the gelation process and therefore
the only dependence on the shear rate is related to the shear-thinning character of the
solutions.

6.3.2

Viscosity constitutive equation

The shear-rate independence of the gelation process entails that if the flow properties
of the dispersions can be described with the same expression of η(γ̇) during the whole
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process, the evolution of η with the particle volume fraction ζ can be embedded in the
parameters controlling the employed viscosity model. For example, looking at the evolution of the flow curves shown in Fig. 6.6b, it is clear that, in that limited range of shear
rates, the viscosity can be fitted at all time steps with a simple power-law model, which
will have both the consistency index k p and the flux index n p expressed as a function of
time, and consequently, as a function of ζ (i.e. η = k p (ζ )γ̇ 1−n p (ζ ) ). From Chapter 5,
we know that for ζ < ζJ the flow properties can be described with the Carreau-Yasuda
model independently of the solvent used. Hence, the fitting parameters found for different
Carbopol volume fractions and reported in Tables D.2-4 can be used to find scaling laws
that describe the functionality of each parameter with the Carbopol volume fraction ζ .
Let us start by reporting the Carreau-Yasuda equation:
η = η∞ + (λc − η∞ )[1 + (γ̇λc )a ]

nc −1
a

(6.16)

In Eq. 6.16, η is the shear viscosity, η∞ is the infinite-shear viscosity, η0 is the zeroshear viscosity, λc is the Carreau relaxation time, which indicates the onset of the shearthinning behaviour, a is a fitting parameter, which is related to the smoothness of the
transition between the zero-shear and the infinite-shear plateau, and nc is the flux index.
For ζ < ζJ , each fitting parameter can be expressed as a function of ζ and the user-defined
viscosity can thus be generally expressed as:

n
o nc (ζ )−1
a(ζ )
a(ζ )
∀ (ζ < ζJ )
η(ζ , γ̇) = η∞ (ζ ) + [η0 (ζ ) − η∞ (ζ )] 1 + [γ̇λc (ζ )]

(6.17)

The trends of the Carreau-Yasuda fitting parameters are plotted as a function of ζ
for the three different solvents combinations used in Chapter 5 (Fig. 6.8). Note that the
parameter a is equal to 0.5 for the majority of the samples and therefore is not reported in
Fig. 6.8, and will be considered equal to 0.5 in the implementation of Eq. 6.17.
As can be seen from Fig. 6.8, both the Carreau relaxation time and the flux index
collapse on the same curve independently of the background solvent. The same can be
achieved for the zero-shear and infinite-shear viscosities, once the values are normalised
with the solvent viscosity. Hence, for each parameter a unique fitting equation can be
substituted into Eq. 6.17. The equations for each parameter are reported as follows:
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2.5ζ
η0 (ζ ) = ηs exp
1−λζ


ζ −B
η∞ (ζ ) = ηs 1 −
A


λ = 1.302

(6.18a)

A = 0.819
B = 0.61

(6.18b)

λc (ζ ) = H exp (kλ ζ nλ )

H = 1.05 · 10−5
kλ = 21.3
nλ = 0.5

(6.18c)

nc (ζ ) = W [1 + exp (−an ζ )]

W = 0.49
an = 1.5

(6.18d)

The zero-shear viscosity can be expressed through the Mooney equation, already presented in the previous chapter. The infinite-shear viscosity can be described using the
same form found in the literature for the infinite-shear viscosity of particle suspensions
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(Russel, Wagner, & Mewis, 2013; Pellet & Cloitre, 2016), which is derived from phenomenological relations such as the MPQ (from the names of the authors, Maron and
Pierce (1956) and Quemada (1977)) and the Krieger-Dougherty equations (Krieger, 1972;
Brady, 1993; Quemada & Berli, 2002). Note that the typical values of A and B reported in
the literature for colloidal suspensions are 0.71 and 2, respectively, where the parameter A
is the equivalent of a packing volume fraction at high shear rates, usually higher than the
one at zero-shear because of the effects induced by the high shear forces (Senff & Richtering, 1999; Russel et al., 2013), and the coefficient B arises from the MPQ derivation
(Quemada, 1977). In this case the optimal fitting yields a value for A slightly higher than
ζJ , as expected, but a coefficient B significantly lower than 2, meaning that the infinite
viscosity rises less quickly than what is observed for hard colloidal suspensions, probably
due to the high deformation that the soft Carbopol particles can experience at high shear
rates. The Carreau relaxation time is fitted with an exponential function with a pre-factor
close to zero, so as Eq. 6.17 reduces to η0 for ζ → 0. Finally, the flow index is fitted with
Eq. 6.18d, which captures the initial almost-linear decrease of nc and at same time the
asymptote to a constant value close to 0.5 for ζ → ζJ .
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By substituting Eqs. 6.18a-d in Eq. 6.17, we obtain the final functional expression for
the viscosity of the gelating material, which can be applied for any condition as long as
ζ < ζJ . Even though the implementation of the model was limited to conditions where
the final Carbopol volume fraction is below the jamming condition, it is worth noting that
above ζJ , it is possible to apply the same procedure just presented, although using the
Herschel-Bulkley model:
σ (ζ )
η (ζ ) =
=
γ̇

(

σ < σB

∞
σB (ζ )
γ̇

+ kn

(ζ ) γ̇ n(ζ )−1

σ ≥ σB

∀ (ζ ≥ ζJ )

(6.19)

In Eq. 6.19, σB is the yield stress, kn is the consistency index and n is the flow index.
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As for the Carreau-Yasuda parameters, a unique fitting can be found for the apparent
volume fraction dependence of each Herschel-Bulkley parameter independently of the
solvent used, as reported in Fig. 6.9.

6.4

CFD implementation of the continuous gelation
process

Once an expression is obtained for the gelation rate and for the viscosity of the gelating
material, the modelling approach can be implemented in a CFD environment. ANSYS
Fluent v17.2 was used for this task. As already specified in Section 6.2, the gelation process is simulated by introducing a scalar transport equation, with a source term constituted
by the gelation rate (Eq. 6.14), and a non-Newtonian user-defined viscosity, function of
the scalar ζ (Eq. 6.17). The complete set of equations solved by the software is therefore equal to what is typically solved in the case of the species transport model, with the
only difference that the scalar quantity ζ is introduced as an external variable by the user.
Within the software, ζ is called User Defined Scalar (UDS). When introducing a UDS in
Fluent, the program automatically adds a scalar transport equation, which in steady-state
conditions can be written as:
ρ∇ · (Yi v ) = ∇ · (ρDi ∇Yi ) + Si

(6.20)

where ρ is the density of the fluid, Yi is the generic scalar, v is the velocity field, Di
is the coefficient of diffusion of scalar Yi and Si is the source term. To obtain Eq. 6.14
from Eq. 6.20, the diffusion coefficient is set to zero and the source term, which is equal
∗ (Eq. 6.11), is given as a User
to the product of the density with the gelation rate rG
Defined Memory (UDM), a variable defined from the user, which is calculated and saved
at each iteration. A second UDM is then introduced to calculate and save the user-defined
viscosity, expressed by Eq. 6.17, at each iteration. The two codes implemented for the
definition of the source term and of the user-defined viscosity can be found in Appendix
E.
Since the scope of this chapter is to test the applicability of the approach, the gelation
model was tested for a simple case involving a sample with a low mass concentration of
Carbopol, which flows in a circular channel at constant temperature. In these conditions,
the problem can be simplified to a 2D axisymmetric problem, thus significantly reducing
the computational cost of performing the simulation in a three-dimensional domain. The
domain was defined as a rectangular section of a circular tube, with height equal to the radius of the tube Rt and total length equal to L. The simulations were performed assuming
a constant temperature of 25 °C and a sample composition with glycerol mass percentage
wg of 90% wt and PEG400/Carbopol dispersion of 10% wt, hence resulting in a Carbopol
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mass percentage wc of 0.4% wt. A summary of the dimensions of the geometry and of
the material properties used, is reported in Table 6.1 and a schematic of the domain is
presented in Fig. 6.10.
WALL
INLET

y

𝑅𝑡

OUTLET

AXYS

z

𝐿

Figure 6.10: Schematic of the CFD domain. The red dash-dot line is the axis of symmetry.

To perform the simulations, the boundary conditions (BC) were set as follows (refer
to Fig. 6.10 for boundary name assignments):

INLET :



 2 

y


 v(z) = 2U 1 − Rt
v(y) = 0



 ζ =ζ
IN

(
; OUT LET :

pout = patm
; WALL :
Qζ = 0

(

v=0
ζ = ζSW

(6.21)
In Eqs. 6.21, U is the average velocity in the tube cross-section, ζIN is the initial
Carbopol volume fraction, pout is the pressure at the outlet boundary of the tube, patm is
atmospheric pressure, Qζ is the diffusive flux of ζ normal to the boundary and ζSW is
the Carbopol volume fraction at its equilibrium swollen dimension. The BC on ζ at the
wall derives from the no-slip boundary condition on the velocity, which implies that the
material on the wall has infinite residence time and therefore has to be at its final swollen
dimension. Finally, the Fluent default “axys” BC was set on the axis of symmetry. Note
that the BC imposed for ζ at the outlet is required only for a numerical reason and does not
influence the results of the simulations. In fact, in theory, only the BC at the inlet should
be necessary to solve the convective transport equation of a scalar (Eq. 6.14), however,
because of the specific structure of the solver, Eq. 6.20 is formally solved considering the
diffusive term (even though the diffusivity is set to zero), thus requiring a second BC.
The simulations were repeated for two different inlet velocities (i.e. U 1 = 1 · 10−5
m/s and U 2 = 1 · 10−4 m/s) to observe the effect of the nominal residence times, τN , on
the evolution of ζ . The values of τN corresponding to the two average velocities are
τN1 = L/U 1 = 5000 s and τN2 = L/U 2 = 500 s. Hence, based on the operating maps
presented in Chapter 4 (Fig. 4.18a), in the first case, the final ζSW is expected to be
reached within the total length of the channel, whilst an outlet value lower than ζSW is
expected in the second case.
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Table 6.1: Dimensions of the CFD domain, physical properties (solvent density ρs and viscosity ηs ) and composition
of the fluid used in the simulations. ζIN and ζSW are estimated as

ζ = c/ 34 πR3 ρ p , where c is the Carbopol concentration in the sample, which is this specific case
is equal to 0.005 g cm−3 , ρ p is the particle density (ρ p = 1.24g cm−3 ) and R is Carbopol average radius, which in the initial condition is equal to RIN = 137 nm and in the final condition is
RIN = 603 nm.

Rt (m)

L (m)

ρs (kg/m3 )

ηs (Pa s)

wg (% wt)

wc (% wt)

ζIN (−)

ζSW (−)
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Figure 6.11: Profile of the apparent volume fraction along the axis of symmetry, obtained with
three different meshes (M1 = 40,000, M2 = 160,000 and M3 = 640,000). The simulations were
performed using the BC reported in Eq. 6.21, with U = U 1 .

The geometry was discretised using a mapped mesh with square elements. Mesh
convergence tests were performed using three different meshes with increasing number
of elements, i.e. M1 = 40,000, M2 = 160,000 and M3 = 640,000. The tests were
performed only for the lowest average velocity (i.e. U = U 1 ). Fig. 6.11 shows the
profiles of the apparent volume fraction for the three different meshes along the axis of
symmetry (i.e. y = 0). At the lowest mesh resolution, the solution presented convergence
problems, and it was not possible to reach the correct final volume fraction for the majority
of the domain length. The problem was resolved by refining the mesh, as can be seen
by the superimposed profiles obtained with meshes M2 and M3, which plateau to the
final equilibrium value ζSW , as expected. Hence, mesh M2 was selected to perform the
simulation with the other velocity. For all simulations the second-order upwind scheme

Chapter 6

CFD implementation

201

was used to differentiate both the linear momentum and the tracer transport equations.
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for the two conditions investigated (U = U 1 (left), U = U 2 (right)).
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The results obtained in the two cases (i.e. U = U 1 and U = U 2 ) are summarised in Fig.
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6.12, where the profiles of volume fraction ζ , gelation rate rG
along the radial component are reported for different lengths along the channel, which
correspond to increasing residence times. As can be seen from the top panels in Fig. 6.12,
the swelling process proceeds along the channel length, yielding a progressive increase of
the volume fraction. The radial profiles smoothly evolve from the steep inlet condition,
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where ζ jumps from ζIN to ζSW close to the channel walls, to a constant radial profile with
ζ = ζSW . Between these two conditions, the profiles show a monotonous increase from
the centre of the channel towards the walls. The corresponding profiles of the gelation
rate present the opposite trend, with the rate monotonously decreasing with an increase
of the volume fraction, as expected from what previously reported in Fig. 6.4, whilst
the magnitude of the viscosity follows a similar trend to ζ , progressively increasing as
Carbopol particles swell.
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Figure 6.13: Radial velocity profiles at different axial positions along the length of the channel for
one of the two conditions investigated (U = U 1 ). The velocity is normalised against the average
velocity U.

Note that in flow the relation between ζ and η is not simply represented by the dependence η(ζ ) but is further complicated by the changes in the flow field induced by the
evolution of the viscosity. In fact, as the process progresses along the channel the velocity
profiles deviate from the initial parabolic profile, as can be observed in Fig. 6.13, which
reports the radial profiles of the normalised velocity magnitude at different axial positions
for the case U = U 1 .
Given the initial parabolic velocity profile, the residence time of each element of fluid
changes along the radial component, progressively decreasing as the radial position moves
from the channel walls to the central axis, thus resulting in the trend reported for the
volume fraction in Fig. 6.12. The gradient of ζ along the radial component entails a
gradual increase of the fluid viscosity closer to the wall, which, in turn, modifies the initial
parabolic shape of the velocity. Hence, as Carbopol swelling proceeds, the fluid elements
at the centre of the channel, with a lower viscosity, move faster than the elements closer to
the wall, thus progressively increasing the maximum velocity at the centre of the channel,
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as can be seen from Fig. 6.13, where the parabolic profile appears to sharpen towards
the centre along the axial coordinate. Once the radial profile of the volume fraction starts
to flatten, the difference in viscosity reduces and the velocity progressively recovers the
parabolic profile. The process repeats in the same way when imposing a higher mean
velocity. Note that the results obtained with the two velocities, reported in Fig. 6.12 at
different axial positions z/L, can be approximately scaled by plotting the radial profiles
at different values of the variable τ ≡ z/U (Fig. 6.14), although some differences in
the velocity profiles arise. The discrepancies reported in Fig. 6.14b might be related to
differences in the evolution of the effective distribution of the residence times, especially
in the early stages of the process, which could modify the development of the velocity
profile as the process develops.
In conclusion, the results obtained in this simple example show that the modelling
approach described in this chapter can be successfully used to model the continuous gelation process in a CFD environment and therefore provide a tool to achieve a more detailed
design of the new process.
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Figure 6.14: Radial profiles of the volume fraction (panel a) and the normalised velocity (panel b)
for the two conditions investigated (U = U 1 and U = U 2 ) sampled at the same average residence
time.

6.5

Conclusions

In this chapter, an approach to the modelling of the continuous gelation process was presented with the objective of providing a guide towards the development of a CFD numerical tool, able to incorporate the kinetics of gelation with the inherent changes of the
rheological properties induced by the gelation itself. To overcome the complexities related
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to the simulation of complex three-dimensional flows with material properties evolving
in space and time, the problem was approached from a reaction engineering perspective,
where the gelation process can be treated as a reactive process and the gelation kinetics introduced as a reaction rate term. In this way, the process can be simulated by the
coupled resolution of a single-phase transport equation and a scalar transport equation,
with the scalar quantity directly related to the evolution of the material properties of the
fluid. Using the gelation kinetics found in Chapter 4 for the structural conversion degree
XS (t) and the scaling relation of the elastic modulus with the apparent volume fraction of
∗ as function
Carbopol ζ , found in Chapter 5, an expression to describe the gelation rate rG
of ζ was derived. This expression was therefore implemented as the reaction term in the
scalar transport equation used to track the evolution of the process, which is expressed in
terms of the apparent volume fraction ζ . To incorporate the changes to the viscosity of the
solution as the gelation proceeds, a user-defined non-Newtonian viscosity η that evolves
with the volume fraction was also derived. Since the gelation kinetics appeared to be independent of the shear-history, the evolution of η with the particle volume fraction ζ was
embedded in the parameters controlling the function used to capture the shear-thinning
behaviour of the solutions, thus obtaining a single expression to describe η as a function
of ζ and γ̇.
Finally, the modelling approach was tested in a CFD environment in the simple case
of steady-state laminar flow in a straight channel, successfully showing the applicability
of the modelling approach.

Chapter 7

Conclusions and future work

The major objective of this work was to provide a new approach for the development of
a continuous process aimed at the production of a non-aqueous Carbopol gel used in oral
health formulations and address fundamental issues related to their manufacturing. In
particular, the focus of this research was on the initial critical stages of the process, which
involve consecutive gelation and mixing steps, where a polymer gel phase (obtained from
Carbopol and polyethylene glycol (PEG)) is diluted with a liquid phase (i.e. glycerol), to
obtain the final matrix to which solids and additives are later added. Owing to the poor
understanding of the behaviour of the single components and their mutual interactions
in a non-aqueous environment and to the high variability of the rheological properties
during the different steps of the process, these novel formulations pose major challenges
in product characterization and manufacturability. The conversion of traditional batch
operations into continuous processes represents a promising step towards more efficient
and controlled manufacturing strategies, which could allow a better control on the final
texture and quality of the product. For the process of interest, the development of a new
continuous approach presents two critical points: (i) the effect of non-linear rheological
properties such as viscoelasticity, typical of complex non-Newtonian mixtures, on the
efficiency of the in-line mixing process, and (ii) the ability to control the gelation process
of Carbopol dispersions and predict the evolution of their rheological properties over the
entire process.
The first point was addressed in Chapter 3, where the influence of complex rheological properties on the mixing dynamics in in-line mixing devices was investigated experimentally and computationally. Two static mixers, with distinct geometric features,
were employed to study the interplay between different flow kinematics and fluid rheological properties and to investigate their effects on the topology of the mixing patterns.
The experimental results highlighted the severe mixing challenges induced by the onset
of viscoelastic instabilities in these complex geometries. Independently of the mixer geometry, clear deviations from the Newtonian benchmark were observed as soon as the
205
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Deborah number exceeded 1, revealing the onset of viscoelastic instabilities induced by
an increased solid-like response of the fluid to changes of the shear rate field. Different
transitions were observed as the mean flow rate was increased, the nature of which appeared to be influenced by both the rheological properties of the fluid and the flow field
induced by the complex geometries considered. In both geometries, the enhanced solidlike behaviour that the viscoelastic solutions assume with an increase in the mean flow
rate strongly affected the stretching of the fluid elements and therefore the final shape
of the mixing pattern. This effect greatly disturbs the robustness and reproducibility of
the concentration profiles that are typical of static mixers in laminar flows of Newtonian
fluids, thus conveying the necessity of modifying essential steps of the manufacturing
protocol when shifting from a batch to a continuous framework.
Following the mixing limitations highlighted in Chapter 3, the possibility of decoupling the mixing from the gelation process was investigated in Chapter 4. To this aim,
a kinetic analysis of the structural evolution of non-aqueous Carbopol dispersions was
performed by tracking the evolving viscoelastic properties of the material using a Fourier
Transform Mechanical Spectroscopy (FTMS) experimental technique at different operating temperatures and sample compositions. Both operating parameters revealed a dramatic effect on the kinetics, where an increase in both temperature and mass fraction
of the solvent with higher polarity and small molecular dimension (glycerol) caused an
increase in the characteristic rate of the process. Following these findings and those obtained from UV-vis spectroscopy, the swelling mechanism of Carbopol particles appeared
to be diffusion-controlled. A structural conversion degree related to the storage modulus
was defined to develop a kinetic expression to describe the evolution of the material as a
function of the operating conditions. From a processing viewpoint, the kinetic expression
was used to generate conversion maps, which offer a first guidance towards the design
of the coupled mixing/gelation process. The overall kinetic analysis highlighted the possibility to decouple the two stages through a modular approach, allowing to perform the
mixing stage between two miscible Newtonian phases and postpone the gelation stage,
thus avoiding any complications related to the mixing of complex non-Newtonian fluids.
The influence of the two solvents used in the current formulation on the rheological
properties of Carbopol dispersions was explored in Chapter 5. The main objectives of
this investigation were to (i) understand better of how the use of different solvents and
Carbopol concentrations impact the rheological design of the final formulation and (ii)
explore the possibility of scaling the rheological properties of the Carbopol dispersions
with the effective volume fraction of Carbopol particles, independently of the different
combinations of solvents used, in order to combine it with the kinetic analysis presented
in Chapter 4. To this end, the rheological behaviour of dispersions of Carbopol in glycerol, PEG400 and a mixture of the two solvents were mapped from very dilute to highly
concentrated conditions and the results analysed in the framework of soft particle sus-
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pension rheology. The use of different solvents clearly influences the swelling behaviour
of Carbopol molecules, which was reflected in a higher characteristic jamming concentration when using PEG400 as solvent, yet without altering the interparticle interactions.
Above the jamming concentration, all dispersions presented the typical rheological features of a fully packed suspension of soft elastic particles and the flow behaviour appeared
to be mainly regulated by the interplay between the elastic interaction between particles in
direct contact and hydrodynamic interactions originating from particles sliding. Independently of the solvent used, the liquid-to-solid transition observed at increasing Carbopol
concentration can be considered as mainly ‘cage’ driven, thus showing the possibility of
scaling the rheological properties of these systems with the apparent volume fraction of
Carbopol particles in solution. To this end, the swollen average particle dimension in each
solvent was obtained from steady-shear rheology. Carbopol molecules showed a swollen
dimension eight times higher than their initial size when dispersed in glycerol or a mixture of PEG400/glycerol, whilst in PEG400 the swelling was reduced to five times. These
findings, confirmed also by confocal microscopy, highlighted that, even in the absence of
water, the main driving mechanism that controls the final swollen conformation of these
molecules is the degree of ionization induced by the solvent and, in the presence of cosolvents, the kinetic aspect of the swelling process is critical to the final swollen state
achieved. The flow properties above and below jamming were then scaled for all solvents
simply with an apparent particle volume fraction, showing a flow behaviour consistent
with soft particle systems in the athermal regime.
Finally, a methodology for the development of a CFD numerical tool, able to incorporate the kinetics of gelation found in Chapter 4, with the inherent changes of the rheological properties induced by the gelation itself, was presented in Chapter 6. To overcome the
complexities related to the simulation of complex three-dimensional flows with material
properties evolving in space and time, the problem was approached from a reaction engineering perspective, where the gelation process was treated as a reactive process and the
gelation kinetics introduced as a reaction rate term. Using the gelation kinetics found in
Chapter 4 for the structural conversion degree XS (t) and the scaling relation of the elastic
modulus with the apparent volume fraction of Carbopol ζ , found in Chapter 5, an ex∗ as function of ζ was derived. To incorporate the
pression to describe the gelation rate rG
changes to the viscosity of the solution as the gelation proceeds, a constitutive equation
for the non-Newtonian viscosity η that evolves with the volume fraction was also derived.
Since the gelation kinetics appeared to be independent of the shear-history, the evolution
of η with the particle volume fraction ζ was embedded in the parameters controlling the
function used to capture the shear-thinning behaviour of the solutions, thus obtaining a
single expression to describe η as a function of ζ and γ̇. The process was therefore simulated by the coupled solution of a single-phase transport equation and a scalar transport
equation, with the scalar quantity expressed in terms of the apparent volume fraction ζ
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∗ . The modelling approach was tested in a CFD environand the reaction term equal to rG
ment in the simple case of steady-state laminar flow in a straight channel, successfully
showing the applicability of the method.

7.1

Future work

Although this work has achieved important results about the development of a new continuous process involving complex non-aqueous formulations, it has also raised new research
challenges.
Viscoelastic instabilities in complex mixing geometries
The experimental investigations reported in Chapter 3 show, for the first time, the presence of complex flow transitions in static mixers when employing fluids with complex
nonlinear rheological behaviour. Even in laminar conditions, the flow was characterised
by time-dependent fluctuations of the concentration field, with a detrimental impact on
the mixing performance of these devices, thus highlighting the generic technological
relevance of this issue. The onset and characteristics of the instabilities observed were
sensitive to both the specific rheological properties of the solutions and the geometry
considered. These results highlight the necessity of further investigations aimed at elucidating the origin of the instabilities and of the characteristics of the different transitions
observed. Specifically, investigating the velocity fields in the mixing area, as opposed
to observing the concentration field downstream, could provide great insights in this direction. To this aim, the current experimental setup should be modified by employing
custom-made mixing elements that could allow direct optical access for particle image
velocimetry (PIV) measurements. Direct insights in the flow field could not only provide additional information to enrich the conclusions reported in Chapter 3, but also help
individuate characteristic geometric features of the mixing elements responsible for the
onset of the instabilities and therefore provide strategies toward new designs, optimised
for applications with viscoelastic fluids.
In addition, it would be of great interest to study the role of specific rheological features, such as normal stress differences as opposed to extensional properties, on the rich
unstable phenomenology observed. This could be achieved experimentally by extending
the investigations to different polymeric solutions, carefully tailoring their rheological
properties. Nonetheless, since it is often difficult to isolate specific rheological characteristics in real fluids, computational fluid dynamics modelling could represent an important
tool to this scope, since it would give the possibility to clearly isolate different rheological
features by employing specific nonlinear rheological models. Thanks to the growing capabilities of numerical methods, it is now possible to use complex nonlinear rheological
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models to simulate the flow of complex fluids in non-trivial geometries by using opensource codes (e.g. Rheotool in OpenFOAM® (Pimenta & Alves, 2017)). However, the
direct implementation to complex three-dimensional geometries such those of static mixers still represents a great challenge and the reliability of the results would always require
careful experimental validation.
Microscopic approach to the gelation kinetics and further numerical investigations
The kinetic relation found in Chapter 4, although useful from an engineering viewpoint,
was obtained through the fitting of a macroscopic property (the storage modulus) of the
gelating system and, as such, does not consider the microscopic aspect of the physical
process. The derivation of a kinetic equation based on the mechanism of gelation would
be of great interest to develop a more generic approach to the modelling of the gelation
of other Carbopol/solvent systems or of similar microgels. Based on the results of this
work, the gelation process is controlled by the swelling of the single particles, so the use
of microscopic models developed to describe the swelling kinetics of polymer particles
seems the most promising route. This problem has been studied for years (Tanaka &
Fillmore, 1979; Mazich et al., 1992; Rossi & Mazich, 1993; Bouklas & Huang, 2012) and
a proper analysis of the various equations proposed in the literature must be conducted
to ensure their applicability to the system under study. For example, the Tanaka’s model
(Tanaka & Fillmore, 1979), which represents one of the most used approaches to describe
the kinetics of swelling of polymer networks, applies only to small network deformations
and therefore cannot be used in this application, where particle swells up to eight times
their initial size. Models that consider both the internal transport of solvent molecules in
the polymer network and its subsequent finite displacement, should therefore be preferred
to obtain a rigorous description of the process of interest (Rossi & Mazich, 1993; Ang,
Liu, Kim, Hui, & Bouklas, 2020).
Independently of the method used to derive the kinetics of gelation, the numerical
approach described in Chapter 6 still applies and further efforts toward its development
and validation are required. In fact, as mentioned in Chapter 6, the CFD code developed so
far, only applies to final Carbopol concentration regimes below the jamming concentration
ζJ . Above ζJ , the scaling of the rheological properties changes, and a different rheological
model should be implemented in the code to reflect the correct scaling and extend its
capability to the full range of concentrations. In addition, numerical results should be
validated. The case of a gelating laminar flow in a circular channel is simple enough to
provide a good benchmark for this validation. To this end, an experimental setup has been
already designed and developed. The setup consists of a rectangular transparent box with
a stainless-steel base and lateral access for channel insertion. The box was designed to
work at the same time as a thermostatic bath, to regulate the temperature of the process,
and as visualisation box to perform optical measurements in the channel. Thanks to this
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design, the evolution of the velocity profiles during the gelation process will be recorded
and compared with the numerical results at different operating conditions, thus validating
the CFD model developed as a proper tool for the design of the process of interest.
Rheology and microstructure of the final product
The last aspect to consider in future investigations regards the rheological properties and
internal microstructure of the final product, which is important for the efficient design
of new formulations. In Chapter 5, I reported a complete investigation of the rheological properties of Carbopol dispersions in different solvents, highlighting how changes in
solvent composition impact the swollen conformation of these molecules and how this
aspect influences the rheological properties of the final microgel system. Specifically,
a behaviour consistent with that of soft athermal particle suspensions was found, even
though anomalies in the yielding behaviour of the dispersions close to the jamming point
were observed. These anomalies were tentatively ascribed to the presence of short-range
interactions between particle clusters at close contact, probably related to the irregularities of Carbopol particles. This should be investigated further to better reveal the origin of
these anomalies and their impact on the yielding of these material, which in steady-shear
conditions macroscopically obey the classic Herschel-Bulkley model, but might present a
more complex response under different types of flow. A Fourier analysis of the raw data
obtained from the large amplitude oscillatory tests could help revealing the nature of sequence of physical processes causing the yielding and therefore obtaining further insights
into the internal microstructure of the material (Rogers, Erwin, Vlassopoulos, & Cloitre,
2011; Donley et al., 2019).
Finally, the effect of the addition of solids and other additives to these non-aqueous
matrices on the rheological properties of the final product is of great interest from a formulation viewpoint and further investigations are necessary to understand the impact of
different ingredients on the changes in rheology observed at different stages of the process, which often result in lack of consistency in the final properties of the product. In the
framework of the CORAL project, new fundamental insights have been gained into the
rheology of irregular hard sphere suspensions, which are typical of these formulations,
in Newtonian media, but the combined effect of porous non-Brownian particles and soft
microgels in solution is still unexplored. In addition, the physical and chemical interaction of additives, such as surfactants and sweeteners, with Carbopol molecules is also of
great interest, since their addition might impact both the swollen conformation and mutual interactions of Carbopol particles. Preliminary results, obtained by adding small concentrations of an anionic surfactant (i.e., Sodium dodecyl sulfate) to the same Carbopol
solutions investigated in Chapter 5, revealed a significant reduction of the final swollen
dimension of Carbopol molecules, which resulted in a reduction of the final viscosity and
elastic properties of the gels, thus significantly altering the final consistency of the prod-

Chapter 7

Future work

211

uct. On the other hand, the addition of Mannitol, a common sweetener used in toothpaste
formulations, appeared to alter the thermodynamic stability of Carbopol dispersions by
promoting crystallization phenomena in solution, which altered the microstructure and
consequently the rheological properties of the final matrix. These two examples show
the complexity of the interactions that can arise in non-aqueous media, highlighting the
necessity of future investigations in this area.

Appendix A

False diffusion calculation

The false diffusion associated to the numerical results on the mixing patterns obtained
through CFD simulations can be calculated using a volume average method, which is
independent of the discretization scheme used by the solver. The method was developed
by M. Liu (2011) and is applicable to any scalar field and any 3D geometry. It consists in
mathematically manipulating the scalar equation of motion in a way that the total average
diffusivity Dtot in a control volume can be retrieved. If one takes the scalar conservation
equation (Eq. 3.10) in steady-state condition and multiplies it by the concentration c of
the scalar obtains the following:


∇ · c2 v = ∇ · D∇c2 − 2D(∇c)2

(A.1)

where D is the molecular diffusivity of the scalar. Eq. A.1 can be integrated over the
entire flow domain, characterised by a control volume V and boundary surface S, and all
the convection terms converted through the Stokes theorem as follows:
Z

n · vc2 dS =

S

Z
S

n · D∇c2 dS − 2

Z
V

D(∇c)2 dV

(A.2)

with n the unit normal vector to the surface. Considering that the velocity v is null at
the solid walls, as well as the gradient of concentration, Eq. A.2 can be rewritten as:

Q

c2IN

−

c2OUT



  2
 2

∂c
∂c
− AOUT
+ 2V D h∇ciV2
= D AIN
∂ n IN
∂ n OUT

(A.3)

In Eq. A.3, the subscript IN and OUT refer to variables calculated at the inlet and
outlet surface of the control volume, respectively, Q is the average flow rate, c2IN and
c2OUT are the flow rate weighted average
the scalar c2 ; AIN and AOUT are
D 2 E valuesD of2 E
the values of cross-sectional areas, ∂∂cn
and ∂∂cn
are the flow rate weighted
IN

OUT

averages of the gradient of c2 and at the inlet and h∇ciV2 is the volume average value of
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the last term in Eq. A.2. If one divides all terms by the flow rate Q and rearrange to find
the diffusivity, we obtain:
D 2E
D=h
UIN ∂∂cn

IN

c2IN − c2OUT
D 2E
−UOUT ∂∂cn

OUT

i

(A.4)

+ 2τ h∇ciV2

where UIN and UOUT are the average velocity at the inlet and outlet section and τ is
the residence time of the fluid. Eq. A.4 can be further simplified if one considers that for
high mass Peclet numbers the gradient of concentration in the flow direction is negligible,
thus obtaining:
D=

c2IN − c2OUT
2τ h∇ciV2

= Dtot

(A.5)

Hence, Eq. A.5 can be used to calculate the total diffusivity of the numerical results,
thus obtaining an estimate of the relevance of the false diffusion D f by simply considering
Dtot ∼ D + D f .
Table A.1: Numerical parameters for the CFD simulations in the helical mixer geometry. The false
diffusion analysis was carried out only with the Newtonian fluid. To calculate Pecell a characteristic
cell dimension equal to 1.4 · 10−4 m was used.

Re (−)

Pe (−)

Pecell (−)

Dtot (m2 /s)

δN (µm)

δT (µm)

50

7.39 · 109

4 · 107

3.2 · 10−7

452

9.45 · 10−1

15

2 · 109

1.1 · 107

7.02 · 10−8

402

1.17

10

1.33 · 109

7.39 · 106

5.93 · 10−8

434

1.8

1

1.33 · 108

7.39 · 105

5.7 · 10−9

445

6.96

0.1

1.33 · 107

7.39 · 104

5.03 · 10−10

417

22

0.01

1.33 · 106

7.39 · 103

5.3 · 10−11

428

69.6

We report in Table A.1 and A.2 the calculated Dtot for different operating conditions
for the helical and the SMB-R geometry, respectively. The Reynolds and the mass Peclet
number - calculated as Ul/D, where U is the average inlet velocity, l is the characteristic
length of the geometry, which is taken in this case as the pipe diameter D and D is the
molecular diffusivity - are also reported together with the cell Peclet number, which is the
Peclet number associated to a single cell of the mesh (i.e. in this case the characteristic
length l is equal to the characteristic size of the cell ∆x). Finally, I report the estimate
√
of the numerical δN and the theoretical δT penetration lengths, calculated as Dtot τ and
√
Dτ respectively. As can be seen from the data reported, the false diffusion hinders
the molecular one in all conditions studied, proportionally increasing with an increase in
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the mean velocity of the flow. As a consequence, we find that for a specific geometry,
mesh and solver scheme, if Pe  100 and the false diffusion dominates, the characteristic
penetration length of diffusion is constant. Hence, it is possible to evaluate the smallest
striation thickness that can be captured with accuracy in all simulations, which is above
1 mm (i.e. ∼ 2δN ) for both geometries. Note that it is typically predicted that the false
diffusion is suppressed when Pecell ≤ 10, independently of the value of the physical Pe
(Zalc & Muzzio, 1999; Vanka, Luo, & Winkler, 2004; M. Liu, 2011). Using the averaging
procedure, we are able to recover the molecular diffusivity as soon as Pe = 10 (as reported
in blue in Table A.2), thus confirming the efficacy of the procedure adopted.
Table A.2: Numerical parameters for the CFD simulations in the SMB-R geometry. The false
diffusion analysis was carried out only with the Newtonian fluid. To calculate Pecell a characteristic
cell dimension equal to 2.8 · 10−4 m was used.

Re (−)

Pe (−)

Pecell (−)

Dtot (m2 /s)

δN (µm)

δT (µm)

50

3.7 · 109

O(108 )

1.1 · 10−6

667

7.62 · 10−1

15

1.1 · 109

O(107 )

3.4 · 10−7

681

1.37

10

7.6 · 108

O(107 )

2.3 · 10−7

680

1.68

1

7.6 · 107

O(106 )

2.3 · 10−8

684

5.32

0.1

7.6 · 106

O(105 )

2.3 · 10−9

682

16.8

0.01

7.6 · 105

O(104 )

2.3 · 10−10

680

53.2

1 · 10−6

7.6 · 102

10

1.4 · 10−12

178

174

Appendix B

Mathematical derivation of the
characteristic rate of the gelation
process

Below the mathematical demonstration leading to the definition of Eq. 4.7 is reported.
Since a non-symmetric sigmoidal function was used for the fitting of XS (t), the characteristic rate of the function increase (which gives an indication of the rate of the tracked
process) is defined as the slope of the function at its inflection point, which is approximately equal to θ . The demonstration is reported below.
The first derivative of the function f (t) = t n /(t n + θ n ) is calculated:
f 0 (t) =

nθ nt n−1
nt n−1 (t n + θ n ) − nt n−1t n
0
→
f
(t)
=
(t n + θ n )
(t n + θ n )2

(B.1)

Then, the second derivative is given by:
f 00 (t) =

n(n − 1)t n−2 θ n (t n + θ n )2 − 2(t n + θ n )n2t 2(n−1) θ n
(t n + θ n )4

(B.2)

The inflection point can be found equating Eq. B.2 to 0:
n(n − 1)t n−2 θ n (t n + θ n )2 − 2(t n + θ n )n2t 2(n−1) θ n = 0 →
θ
→ (n − 1)t + θ n − 2nt = 0 → t = √n n+1

(B.3)

The inflection point is directly proportional to the half-gelation time θ and inversely
√
proportional to a function of n, g(n) = n n + 1. To clarify the dependence from the parameter n we can analyse function g(n). The function is characterized by two asymptotes
for ∈ [−1; +∞]:
lim g(n) = +∞ ; lim g(n) = 1
n→+∞

n→−1

215

(B.4)
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However, by plotting the function, it is possible to observe that for n ≥ 4 (which is the
condition found for all tests) the function has already reached a plateau and its value is
approximately 1.
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Figure B.1: Dependency of the function g(n).

Therefore, the inflection point is at t = θ . Substitution in Eq. B.1 yields Eq. 4.7.

Appendix C

Mathematical derivation of the
Weissenberg-Rabinowitsch correction
for a parallel plate rheometer

This appendix reports the mathematical derivation of the Weissenberg-Rabinowitsch correction applied to all data obtained through steady-shear measurements with a parallel
plate rotational rheometer.
Let us consider a rotational parallel plate rheometer as schematised in Fig. C.1, with
diameter R and gap h, rotating with a constant rotational speed Ω.

Ω

𝑅
ℎ

Figure C.1: Schematic of a parallel plate rheometer.
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Independently of the rheological properties of the liquid between the two parallel
plates, the shear rate γ̇ in the fluid volume is not uniform and changes radially as follows:
Ω
r
(C.1)
h
The torque M required to move the upper plate is given by a volume integration of the
local viscous force exerted on a single fluid element multiplied by its distance r from the
centre of the plate:
γ̇(r) =

Z R

M=

2πrdrσ (r) · r =

Z R

0

2πr2 σ (r)dr

(C.2)

0

In Eq. C.2, σ (r) is the local shear stress, which is a bijective function of the radial
coordinate r. The integral in Eq. C.2 cannot be solved if a functionality of σ (r), which is
not available for any type of fluid, is not found. To solve this issue, since both σ (r) and
γ̇(r) are bijective functions of r, the integration variable in Eq. C.2 can be changed from
r to γ̇:
h
h
; f 0 (γ̇) =
Ω
Ω
Hence, the relations found in Eq. C.3 can be substituted in Eq. C.2:
r = f (γ̇) = γ̇

Z γ̇E

M = 2π
0

 2
Z
h
2πR3 γ̇E 2
h
σ (γ̇) d γ̇ =
γ̇ σ (γ̇) d γ̇
γ̇
Ω
Ω
γ̇E 0
2

(C.3)

(C.4)

where γ̇E is the shear rate at the edge of the plate (i.e. γ̇E = Ω/hR).
If we consider that for a Newtonian fluid the shear stress at the edge of the plate is
equal to:
σEN =

2M
πR3

(C.5)

Eq. C.5 can be written as:
σEN =

4
γ̇E3

Z γ̇E

γ̇ 2 σ (γ̇)d γ̇

(C.6)

0

If we derive both terms for γ̇E :




3
1 dσEN
1
γ̇E dσEN
1
d ln σEN
σE = σEN + γ̇E
=
3+
=
3+
4
4
d γ̇E
4
σEN d γ̇E
4
d ln γ̇E

(C.7)

where σE (γ̇E ) is the true shear stress at the edge of the plate.
Hence by plotting the curve of σEN vs γ̇E found through steady-shear measurements,
one can evaluate the ratio d ln σEN /d ln γ̇E as the local slope n of the graph plotted in
log-log scale and finally re-construct the true flow curve.
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D.1

Confocal images and summary of all concentrations
tested

In this appendix section the images obtained from confocal microscopy in each of the tree
solvents discussed in Chapter 5 are reported together with a summary of the composition
of all samples tested in terms of mass fraction, mass concentration of polymer per unit
volume of solvent and apparent volume fraction, obtained from the particle radii estimated
from the confocal images.

G

PG

P

Figure D.1: Confocal images obtained for G, PG and P solutions at 0.1% wt of Carbopol. The
red bar indicates a dimension of 1 µm.

A rough estimation of the apparent volume fraction φ of all the samples can be obtained assuming a linear relation between the mass and volume of the microgel particles:


1 RSW 3
φ=
c
ρ p RIN

(D.1)

where ρ p is the particle density (ρP = 1.24gcm−3 ), c is the mass concentration and
219
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RSW and RIN are the radius of the swollen and dry particle, respectively. The results
obtained using the dimensions from the analysis of the confocal images are reported in
Table D.1.
Table D.1: Compositions of all samples used in terms of % wt (wc ), mass concentration c (g/mL)
and apparent volume fraction φ , evaluated from the dimensions obtained through image analysis.

G

PG

P

wc (%)

c (g/mL)

φ (−)

c (g/mL)

φ (−)

c (g/mL)

φ (−)

0.15

1.88 · 10−3

0.17

1.78 · 10−3

0.16

1.68 · 10−3

0.092

0.2

2.5 · 10−3

0.23

2.4 · 10−3

0.21

2.24 · 10−3

0.12

0.4

5 · 10−3

0.45

4.75 · 10−3

0.42

4.5 · 10−3

0.25

0.5

6.28 · 10−3

0.56

6 · 10−3

0.52

5.6 · 10−3

0.31

0.55

6.9 · 10−3

0.62

6.54 · 10−3

0.57

6.2 · 10−3

0.34

0.6

7.53 · 10−3

0.68

7.13 · 10−3

0.62

6.73 · 10−3

0.37

0.7

8.8 · 10−3

0.79

8.32 · 10−3

0.73

7.85 · 10−3

0.43

0.8

0.01

0.90

9.5 · 10−3

0.83

8.97 · 10−3

0.49

0.9

1.13 · 10−2

1.02

1.07 · 10−2

0.94

0.01

0.56

1

1.25 · 10−2

1.13

1.2 · 10−2

1.04

1.12 · 10−2

0.618

1.5

1.88 · 10−2

1.7

1.78 · 10−2

1.56

1.68 · 10−2

0.927

2

2.5 · 10−2

2.26

2.38 · 10−2

2.09

2.24 · 10−2

1.23

3

3.77 · 10−2

3.4

3.57 · 10−2

3.13

3.37 · 10−2

1.85

5

6.28 · 10−2

5.7

5.94 · 10−2

5.2

5.61 · 10−2

3.09

8

0.1

9.06

9.5 · 10−2

8.3

8.97 · 10−2

4.9

Appendix D

D.2

Carreau-Yasuda fitting parameters

221

Carreau-Yasuda fitting parameters

This section reports the Carreau-Yasuda parameters obtained from fitting the CarreauYasuda model of viscosity to all solutions that did not present a yield-stress. In the range
of intermediate concentrations, between the dilute and glassy regimes, all dispersions
present a shear-thinning behaviour that can be modelled with the Carreau-Yasuda equation:
η = η∞ + (η0 − η∞ )[1 + (γ̇τ0 )a ]

nc −1
a

(D.2)

where η is the shear viscosity obtained from the rheometer and corrected with the
Weissenberg-Rabinowitsch correction, η∞ is the infinite-shear viscosity, η0 is the zeroshear viscosity, τ0 is the Carreau relaxation time, which indicates the onset of the shearthinning behavior, a is a fitting parameter, which is related to the smoothness of the transition between the zero-shear and the infinite-shear plateau, nc is the flow index. Values
of the parameters for each solvent can be found in the tables below.
Table D.2: Values of the fitting parameters of the Carreau-Yasuda model for G solutions

wc (%)

η∞ (Pa s)

η0 (Pa s)

τ0 (s)

nc (−)

a (−)

0.15

0.821

1.03

0.078

0.81

0.5

0.2

0.85

1.29

0.1

0.76

0.5

0.4

1.095

2.81

0.57

0.75

0.5

0.5

1.12

6.86

1.35

0.72

0.5

0.55

1.307

20.5

10

0.66

0.5

0.6

1.47

44.2

82.2

0.65

0.45

0.7

1.95

61.7

141.5

0.65

0.45
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Table D.3: Values of the fitting parameters of the Carreau-Yasuda model for PG solutions

wc (%)

η∞ (Pa s)

η0 (Pa s)

τ0 (s)

nc (−)

a (−)

0.2

0.36

0.55

0.102

0.84

0.5

0.3

0.39

0.82

0.257

0.83

0.5

0.4

0.43

1.13

0.9

0.8

0.5

0.5

0.52

2.51

5.2

0.78

0.5

0.55

0.54

5.12

15.1

0.77

0.5

0.6

0.6

9.31

85.3

0.76

0.5

0.7

0.8

42.9

352

0.635

0.5

Table D.4: Values of the fitting parameters of the Carreau-Yasuda model for P solutions

wc (%)

η∞ (Pa s)

η0 (Pa s)

τ0 (s)

nc (−)

a (−)

0.2

0.0935

0.125

0.01

0.99

0.5

0.4

0.1

0.192

0.05

0.9

0.5

0.5

0.12

0.235

0.1

0.89

0.5

0.7

0.13

0.394

0.35

0.89

0.5

0.8

0.141

0.812

0.98

0.845

0.5

1

0.17

2.77

22.5

0.78

0.5

D.3

Reversibility of the yielding behavior near the jamming transition

Ascending and descending amplitude sweeps for G and PG solutions near the jamming
transition (1.5% wt) are reported below (Fig D.2). The behaviour is the same observed
for P solutions. The response to non-linear deformations is perfectly reversible for strain
above γc2 . At lower strains, the dispersions partially loose the initial structure, showing
a decrease of the linear plateaus of G00 and G0 obtained with the descending sweeps.
However, the reduction is mild (i.e. for both solvents the reduction factor is of 1.2 and of
1.4, respectively for G00 and G0 ).
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G', G'' [Pa]

G

PG

102

101

100 -3
10

1.5% wt - A
1.5% wt - D

1.5% wt - A
1.5% wt - D

10-1

g [%]

101

103 10-3

10-1

g [%]

101

103

Figure D.2: Ascending (A) and descending (D) amplitude sweeps for G solution (left) and PG
solution (right) close the jamming transition. Closed symbols indicate the storage modulus, whilst
hollow symbols the loss modulus.

D.4

Determination of Mooney’s equation parameters

In the hypothesis of a linear relation between the volume and the mass fraction of Carbopol particles in the most diluted regimes studied, the constant of proportionality kM , can
be found through the use of theoretical models for the relative viscosity of hard sphere suspensions. To this end, Mooney’s equation for the viscosity of concentrated hard spheres
suspensions was used. As shown in Eq. 5.7 of the manuscript, in its original form, the
equation contains one fitting parameter λ , which takes into account the effect of crowding
that is strictly dependent on the polydispersity of the system. For perfectly monodisperse
spheres, λ is equal to the reciprocal of the maximum packing achievable (typically 1.35
< λ < 1.91). However, if the system is polydisperse, the parameter λ can assume values
lower than 1.35, (Mooney, 1951). Therefore, assuming that the polydispersity of the dry
Carbopol powder is maintained once it has swollen, the parameter λ should be the same
for all samples studied and the two sets of data presented in Fig. 5.15 can be treated as a
vectorial set of data of the form:
y = y1 i + y2 j

(D.3)

where y1 and y2 are the set of experimental data for G and PG dispersions and for P
dispersions, respectively, which can then be fitted with the vectorial equation:






2.5kM1 c
2.5kM2 c
+ exp
fM = f1 (x, β ) + f2 (x, β ) → fM = exp
1 − λ kM1 c
1 − λ kM2 c

(D.4)
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Hence, if the least squares method is used to obtain the optimal fitting parameters, the
final equation to minimise is:

"
2 
2 #


2.5kM1 c
2.5kM2 c
min y − fM → min y1 − exp
+ y2 − exp
1 − λ kM1 c
1 − λ kM2 c
(D.5)
which yields the parameters presented in Table 5.4.
At this point, the data in Fig. 5.15 can be replotted as a function of volume fraction
(Fig. 5.16).

Appendix E

CFD codes developed for the continuous
gelation process

In this appendix, I report the CFD codes implemented for the numerical simulation of
the gelation process in flow. The first code is the User Defined Function (UDF) used to
calculate the gelation rate at each iteration, whilst the second code is the UDF used to
define the viscosity as a function of the particle volume fraction and the shear rate.

1

# include " udf . h "

2
3

/* Constants definition ( assumption of glycerol fraction 0.9 and
working temperature of 25 Cdegrees */

4
5

# define m_theta
gelation time */

-0.743

/* power law coefficient of the half

6
7

# define m_P
velocity */

0.767 /* power law coefficient of the gelation

8
9

# define k_theta
gelation time */

529 /* power law constant of the half

10
11

# define k_P
velocity */

0.002 /* power law constant of the gelation

12
13

# define conc_gly

0.9 /* glycerol mass fraction */

14
15

# define rho

1242.5

/* density of the fluid phase */

16
17

/* ******************************************** */

18
19

DEFINE_ADJUST ( first_term , domain )
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21
22
23
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{
Thread * t ;
cell_t c ;
double theta , n , m , k , R /* This is equivalent to 1/( G_inf - G_0 ) */ , Q
/* This is equivalent to G_0 /( G_inf - G_0 ) */ , pow_coeff1 ,
pow_coeff2 , pow_coeff3 , phi , term1 , term2 , term3 , term4 , source ;

24
25

26
27

28
29
30
31
32
33
34
35

// theta = k_theta * pow ( conc_gly , m_theta ) ;// This line should be
enabled when glycerol concentration changes during the
simulation .
theta = 572.0;
// n = 4 * k_theta * k_P * pow ( conc_gly , ( m_P - m_theta ) ) ;// This
line should be enabled when glycerol concentration changes
during the simulation .
n = 4.22;
m = 8.5;
k = 85.062;
R = 108.21;
Q = 0.00000000000000116;
pow_coeff1 = (n -1) / n ;
pow_coeff2 = ( n +1) / n ;
pow_coeff3 = (1 - m ) ;

36
37

thread_loop_c (t , domain )

38
39
40

{
begin_c_loop (c , t )

41
42

{

43
44

phi = C_UDSI (c , t , 0) ;

45
46
47
48
49
50
51
52

53
54
55
56
57
58

if ( phi < 0.004) // This value should be phi_0
{
term1 = pow (0.004 , m ) ;
term2 = R * k * term1 ;
term3 = term2 - Q ;
term4 = 1 - term3 ;
source = rho * ( n / ( theta * m * R * k ) ) * pow ( phi , pow_coeff3 ) * pow ( term4 ,
pow_coeff2 ) * pow ( term3 , pow_coeff1 ) ;
}
term1 = pow ( phi , m ) ;
term2 = R * k * term1 ;
term3 = term2 - Q ;
term4 = 1 - term3 ;
source = rho * ( n /( theta * m * R * k ) ) * pow ( phi , pow_coeff3 ) * pow ( term4 ,
pow_coeff2 ) * pow ( term3 , pow_coeff1 ) ; // One extra rho is needed
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since the transport equation for the UDS requires that , if we
use the default formulation for solving the UDS
59
60

C_UDMI (c , t , 0) = source ;

61
62

}

63
64

end_c_loop (c , t )

65
66

}

67
68
69

}
/* ******************************************** */

70
71
72
73
74

DEFINE_SOURCE ( source1 , c , t , dS , eqn )
{
double source ;

75
76

source = C_UDMI (c , t , 0) ;

77
78
79

return source ;
}

Listing E.1: User-defined source term
1

# include " udf . h "

2
3

/* Constants definition for viscosity glycerol 90% wt */

4
5

# define eta_s

0.6707

/* solvent viscosity */

6
7

# define a

0.5

/* a factor in Carreau - Yasuda */

# define l

1.3

/* lambda Mooney */

8
9
10
11

# define A_inf

0.819

/* A eta_inf */

# define B_inf

-0.61

/* B eta_inf */

# define H_tau

0.0000105 /* H tau_0 */

# define k_tau

21.3

# define n_tau

0.5

12
13
14
15
16
17

/* k tau_0 */

18
19

/* n tau_0 */

20
21
22

# define Z_n

0.49

/* Z n_c */
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# define a_n
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-1.5

/* a n_c */

24
25
26

/* ******************************************************** */

27
28
29
30

DEFINE_PROPERTY ( viscosity_gel , cell , t )
{

31
32

double gamma , X , eta_inf , eta_0 , n , tau , t_Mooney , t_inf , pow_tau ,
t_tau , t_n , term_exp_n , t_Carreau , t_Carreau2 , ind , eta ;

33
34

gamma = C_STRAIN_RATE_MAG ( cell , t ) ;

35
36

X = C_UDSI ( cell , t , 0) ;

37
38

/* Fittings from Carbopol rheology */

39
40

// eta_0

41
42

if ( X < 0.765)

43
44

t_Mooney = (2.5* X ) / (1 - l * X ) ;

45
46

else

47
48

t_Mooney = (2.5*0.765) / (1 - l *0.765) ;

49
50

eta_0 = ( exp ( t_Mooney ) ) * eta_s ;

51
52

// eta_inf

53
54

if ( X < 0.81)

55
56

t_inf = (1 - ( X / A ) ) ;

57
58

else

59
60

t_inf = (1 - ( X /0.81) ) ;

61
62

eta_inf = pow ( t_inf , B ) * eta_s ;

63
64

// tau_c

65
66

pow_tau = pow (X , n_tau ) ;

67
68

t_tau = k_tau * pow_tau ;
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69
70

tau = ( exp ( t_tau ) ) * H_tau ;

71
72

// n_c

73
74

t_n = a_n * X ;

75
76

term_exp_n = exp ( t_n ) ;

77
78

n = (1 + term_exp_n ) * Z_n ;

79
80

// Carreau viscosity

81
82

t_Carreau = tau * gamma ;

83
84

t_Carreau2 = 1 + pow ( t_Carreau , a ) ;

85
86

ind = (1 - n ) / a ;

87
88

eta = eta_inf + ( eta_0 - eta_inf ) * pow ( t_Carreau2 , ind ) ;

89
90

C_UDMI ( cell , t , 1) = eta ;

91
92
93
94

return eta ;
}

Listing E.2: User-defined viscosity
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