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INTRODUCTION 

 

This PhD Research Project is developed in the framework of a collaboration between the 

“University of Naples Federico II” (Naples, Italy) and the “Procter and Gamble” company (P&G, 

Brussels Innovation Center, Belgium).  

Special attention has been paid over the years to structured detergents due to their large application 

in everyday life. The essential components for the majority of these systems are surfactants, 

although final products usually have a complicated formulation including auxiliary components 

such as builders, water softeners, enzymes, brighteners, fragrances, foaming controllers, pigments 

etc. 

The peculiarity of these detergents is to contain a structurant component capable to produce a 

permanent elastic microstructure to prevent settling of colloidal suspended particles and, therefore, 

to increase the product shelf-life. 

Rheological studies on complex fluids, which mimic the detergence products, could have a key-

role in designing physically stable products. In this Phd project, a simplified model of structured 

Heavy Duty Liquid, a liquid detergent for washing machines, is proposed. All auxiliary 

components of detergent systems are omitted from the formulation, so that the proposed model can 

be schematically described as a background surfactant solution reinforced by hydrophobic fibers. 

These fibers are added to the detergents to provide the desired rheological properties and 

specifically to provide a system with a yield stress and hence the ability of suspending objects like 

pigments, fragrances, silicone oil droplets or silicone microcapsules. 

In spite of the many advantages assured by the presence of the fibers in terms of shelf life, the 

resulting system can be mechanically unstable. Basically, the main responsible for this instability 

is the load applied by air bubbles, which are generated during the processing stages and core. The 

fiber concentration, which dictates the yield stress of the fluid, aeration level and temperature can 

influence the stability of the final product. In particular, under given conditions, bubbles can apply 

a remarkable load on the fiber network during their buoyancy-driven rise, thus inducing the 
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collapse of the structure. The result is a clear phase separation, with the matrix without fibers 

standing on the bottom of the fluid volume, and a more concentrated system moving towards the 

free surface. 

In this work various samples at different fiber concentration are studied. The rheological 

measurements at 20°C in dynamic and in steady modes have been conducted in a way to determine 

the dependence of the rheological parameters on the fiber content. As the HCO content is increased, 

the elastic response increases and a plateau modulus at low frequency appears, indicating the 

fingerprint of a gel-like network. Steady measurements confirm this response, by showing a yield 

stress at low shear rate values.  

A time lapse photography technique has been used to monitor the time evolution of the air bubbles 

trapped in the fluids. The motion of single bubbles of different sizes in lowly aerated fluids are 

tracked to obtain their terminal velocity. Data have been collected, critically analyzed and 

compared with theoretical predictions and a simulation model made by Comsol Multiphysics 

software. 

At last, the air bubble effect on physical stability of structured and highly aerated fluids is studied 

at different temperatures (25-30-40-50°C). The instability splitting edge has been measured as 

function of time and the instability has been determined by two parameters: the applied load 

(aeration and spheres size) and the fluid rheology (yield stress).  

The remaining of the work is organized as follows. In Section 1 a literature review concerning the 

rheological studies on yield stress fluids, on the rising motion of spherical objects and on the 

collapse and flocculation failure has been carried out. In Section 2 a description of the materials 

and the methods used in the current Phd project is given. From Section 3 to 5, the Phd results are 

properly discussed. Finally, concluding remarks and future developments are given in Section 6. 
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Chapter I 

1. State of the art 
Home-care products are detergent systems that differ for applications, formulation and structure. 

From a physical point of view, detergents are usually suspensions where a surfactant-based, 

micellar solution represents the continuous phase and colloidal fibers are added in order to provide 

viscoelasticity to the matrix. Basically, the system can be mechanically unstable, if the air bubbles, 

which are included during the making and packaging processes, apply a remarkable load on the 

fiber network. 

Academic and product-oriented researchers are interested in understanding the failure dynamics 

and, ultimately, in obtaining predictions on the physical stability of structured fluids over ageing. 

In the first chapter the state of art, pertaining to the subject of this thesis, is presented. In particular, 

it focuses on the rheological behavior of the structured fluid, on the motion of the single spherical 

body in a yield stress fluid and on the origins of the delayed collapse. 

 
1.1. Yield stress fluid 
The fluid used for our experiments is a surfactant micellar solution, in which colloidal fibers are 

added. In presence of attractive interactions, these colloidal particles can aggregate into ramified, 

fractal cluster, whose density decreases as their size increases. As a result, they can, in principle, 

grow to form a space-spanning network, or a gel, at arbitrarily low volume fraction φ. The network 

formed through colloidal aggregation is the most relevant feature controlling the rheological 

properties of such complex materials.  The fiber network is the main responsible of the solid-like 

behavior and the resulting fluid, reinforced with the fibers, is characterized by a yield stress. The 

yield stress is the critical shear stress that must be exceeded before irreversible deformation and 

flow occur. Viscoelastic materials are often characterized by a yield stress. Once the yield stress is 

exceeded, the material exhibits viscous liquid behavior. For applied stresses below the yield stress, 

the material deforms as an elastic body. An elastic material is deformed under stress, but then 
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returns to its original shape when the stress is removed. One method that has been frequently used 

for characterizing yield stress materials is to define two yield stresses—one static and one 

dynamic—or even a whole range for the yield stress (Mujumdar et al., 2002). The static yield stress 

is defined as the stress at which flow is initiated, while the dynamic yield stress is an extrapolation 

to zero shear rate of the stress applied to keep the sample flowing and is generally lower than the 

static value. Despite the yield stress clearly controls the behavior of many materials, even in daily 

activities such as squeezing a toothpaste from a tube or dispensing ketchup from a bottle, the 

concept of a true yield stress is still a topic of much debate (Barnes and Walters, 1985; Spaans et 

al., 1995). According to Barnes and Walters all materials can creep or flow in a similar manner 

over long enough timescales and consequently many materials, which are considered to have a true 

yield stress, are actually very high viscosity liquids. For this reason, the term apparent yield stress 

is widely used and is considered to represent the critical stress at which there is a distinct drop in 

viscosity. This key characteristic can be depicted in Figure 1.1 with a material having a true yield 

stress showing an infinite viscosity approaching zero shear rate and a material with an apparent 

yield stress showing a zero shear viscosity plateau. The distinction really needs to be made at low 

shear rates (representing long times) since, within a more limited shear rate range, the material may 

appear to have a yield stress, but at much lower shear rates a zero shear viscosity plateau can be 

observed. 

 

 

Figure 1.1: Flow curve for a material with a true yield stress and a zero shear viscosity: a) viscosity versus shear rate 
b) shear stress versus shear rate. 
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The determination of a yield stress as a true material constant can be difficult as the measured value 

can be very much dependent on the measurement technique employed and the conditions of the 

test.  

One such variable, which can affect the measured yield stress value, is time.  

“The magnitude of any measured yield stress depends on the time of the measurement”, because 

viscoelastic and thixotropic effects can mask other features, in fact “the measurement of the yield 

stress... is the measure of the experimenter’s patience” (Chan Man Fong and De Kee, 1993). 

“Suppose one works with Ph.D. chemical engineering students, so that the time scale is expanded 

to three years; and at the same time one finds a system where the density difference is 0.015 g/cm3. 

…Yield stress is  the ratio of the  system density difference to the patience of the graduate student.” 

(Astarita, 1990). 

James (1987) demonstrated that a variation in the yield stress by more than one order of magnitude 

can be obtained depending on how it is measured. To determine the duration of the 

observation/experiment vs. a characteristic time of the material deformation, Reiner (1964) defines 

the Deborah number as Equation (1.1). 

 𝐷𝑒 =
௧ೝ

௧೚್ೞ
  (1.1) 

where tr is a characteristic relaxation time and tobs the duration of the observation/experiment. De 

is zero for a Newtonian fluid and is infinite for a solid. The yield stress is directly related to the 

Deborah number. 

The timescale or frequency of testing is also important since viscoelastic materials may respond 

differently depending on the relaxation behavior of the material and the rate of deformation (Spaans 

and Williams, 1995). Micro-structural relaxation processes are best evaluated using dynamic 

testing on a rotational rheometer with inverse frequency correlating with time. Some typical 

frequency spectra and their mechanical analogues are shown in Figure 1.2. Since G’ is the modulus 

related to elasticity (and association) then, when its value exceeds the viscous modulus (G”), which 

is related to flow, the material can be considered to have an associated structure and hence a yield 
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stress. For a material to have a true yield stress then G’ must exceed G” at infinitely low 

frequencies, which would be the case for a viscoelastic solid and an ideal gel. For a viscoelastic 

liquid the material will only appear to yield in the frequency range where G’ exceeds G” and thus 

these materials can be considered to have an apparent yield stress or critical stress. It is not 

uncommon for real materials to show elements of all these types of behavior over a wide frequency 

range. However, due to measurement and time constraints it is often only possible to observe a 

limited frequency range. 

 
Figure 1.2: Illustration showing some typical frequency profiles for materials with a yield stress/critical stress and their mechanical 
analogues 

 

Another important factor is temperature. At higher temperatures, material components have more 

thermal energy and, hence, a lower stress input is required to initiate flow. Consequently, the yield 

stress tends to decrease with increasing temperature as long as there is no thermally induced 

structural enhancement at elevated temperatures (Larson, 1999). 
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1.2.  Rheology and microstructure properties of suspensions 
In the last decades special attention has been paid to structured detergents, due to their wide range 

of applications in everyday life (Zana and Kaler, 2007; Kuo-Yann Lai, 2015). From a physical 

point of view, most detergents are based on aqueous solutions of surfactants, with fibers usually 

added to improve the final mechanical properties. Very different micellar structures can be obtained 

by changing the surfactant concentration or the temperature and the pH (Larson, 1999). The 

different geometries of the micelles (such as spherical micelles, vesicles, lamellar bilayers etc.) are 

described by the packing factor parameter (Israelachvili et al., 1976). The transition from one 

morphology to another, also with very small variations in composition and temperature, has many 

consequences on the macroscopic behavior of the solution (Gaudino et al., 2015), and can in turn 

generate dramatic changes in the rheological response, making the surfactant systems suitable for 

different applications (Kefi et al., 2004; Pasquino et al., 2016). 

When colloidal particles are suspended in a surfactant solution the microstructure can become even 

more complicated. The network, kept together by colloidal aggregation forces, is decisive to control 

the rheological properties of such complex materials. For the above reasons, a full understanding 

of the developing microstructure and of its stability is highly desired (Manley S. et al., 2005). 

Colloidal particles can have different shapes, such as spherical, ellipsoids, rods, and different sizes. 

In the specific case of rigid rod suspensions, their fluid-phase micro dynamics, rheology and 

microstructure have been investigated in a number of contexts (Larson, 1999 ; Berry, 1987; Dhont  

and Briels, 2003; Pryamitsyn and Ganesan, 2008; Russo, 1993; Berry, 1987; Sherwood, 1981; 

Savenko and Dijkstra, 2006; Petrie, 1999; Powell, 1991; Rahnama et al., 1995; Stover et al., 1992; 

Mukhijaa and  Solomon, 2011; Hong et al., 2006; Solomon and Spicer, 2010; Barnes, 2000). Four 

key properties control the microstructure and rheology of rod suspensions: particle number density, 

aspect ratio, flexibility and interparticle forces. The number density ρ is proportional to the rod 

volume fraction ϕ = ρVp where Vp is the rod particle volume. It is possible to define three 

concentration regimes (Doi and Edward, 1986). For ρ << 1/L3, where L is the rod length, the rods 

are dilute and contacts are occasional. In the semi-dilute range, 1/L3 << ρ<< 1/bL2, where b is the 

rod width, each rod still has rather few structural interactions with its neighbors and the Brownian 

rotational motion is not negligible. Finally, in the concentrated regime, ρ >> 1/bL2, rod rotation is 
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severely hindered by strong structural correlations and multiple, random inter-rod contacts. The 

aspect ratio has also a fundamental role in the amorphous packing and phase stability of rods in 

suspensions. Indeed, Brownian translational and rotational dynamics are a strong function of the 

rod length (Doi and Edward, 1986). In this case, it is the ratio of rod length, L, and width, b, which 

is defined as the aspect ratio L/b, that determines the effect of excluded volume interactions on the 

microstructure. At high aspect ratios, rod glasses may form due to caging and packing constraints 

at seemingly low-volume fractions. At low aspect ratio rod gels are formed. The progression from 

glass to gel in rods can be generated through different combinations of volume fraction and aspect 

ratio. Therefore, the dynamical transition can vary from bonded gels (with heterogeneous fractal 

structure) to caged glasses (with homogeneous amorphous structure) (Huang et al., 2006, Zhang et 

al., 2009; Wilkins et al., 2009; Krall and Weitz, 1998; Mohraz et al., 2006; Brinke et al., 2007).The 

rods may also be either fully rigid or flexible. The flexibility is measured as L/lp, where lp is the 

persistence length. For rigid rods L/lp<<1, while for semi-flexible filaments L/lp~1. The role of the 

persistence length and the consequent rod flexibility on the rheological response of the systems is 

still under debate (Tassieri, 2017). Regarding interparticle forces, rod contacts may involve 

charges, dispersions, friction interaction and/or depletion forces (Chen and Schweizer, 2002). In 

fiber/surfactant systems, as the one studied in the present work, when particles come close to each 

other surfactant micelles are excluded from the tiny interparticle space. The resulting surfactant-

depleted region leads to a local difference in osmotic pressure. The overall effect is that the two 

adjacent particles producing the small gap are pulled together. This pulling force can be strong 

enough to overcome any repulsive forces and, with the addition of the van-der-Waals force, it can 

produce flocculation of the particles. This effect, known as depletion flocculation, can also be 

caused by very small particles present in the dispersion. When the volume concentration of micelles 

exceeds a critical value the onset of depletion flocculation occurs. At the beginning of flocculation, 

where the energy of interaction is relatively small, the particles will be able to approach closely in 

a floc. However, with increase in flocculation, the energy of attraction becomes larger and a more 

open floc structure can be obtained (Packman and Tadros, 1992). Another important manifestation 

of the depletion interaction is the formation of structural forces due to free energy changes upon 

packing of macromolecules in the confined space between approaching surfaces. Experimental and 

theoretical works (Sober and Walz, 1995) on depletion interactions have suggested the behavior of 
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a longer range repulsive potential energy barrier with increasing macromolecule concentration. 

This repulsive barrier has been explained in terms of interactions among the macromolecules as 

they are forced into the confining region between particles. 

From a macroscopic point of view, as previously explained, colloidal systems of the type 

investigated in this work can often show a mechanical gel-like behavior. To determinate the 

structure of a gel from rheological measurements, different scaling methods are proposed. (Brown 

and Ball, 1985; Brown, 1987; Ball, 1989) 

Brown and Ball (1985) were the first to develop a scaling theory on the elastic behavior of the gel 

structure. Shii et al. (1990) extended these data and developed a new scaling model, including 

previous results (Buscal et al., 1988; Kantor and Webman, 1891). They observed an attractive 

fractal gel of spheres, which in principle should not have a critical gelation limit. In this model, 

they assumed two different gel-like regimes: a strong-link regime at low particle concentrations, 

where the elasticity of the gel is given by the intrafloc links; and a weak-link regime at high particle 

concentrations, where the flocs are more rigid and the elasticity of the interfloc links determines 

the gel elasticity. The two regimes are extreme situations. Wu and Morbidelli (2001) developed a 

new scaling model to relate the microstructure of colloidal gels to their macroscopic elastic 

proprieties and introduced an intermediate regime where both inter and intrafloc links contribute 

to the elasticity of the gel. In these three regimes, the elastic modulus often follows a power law 

dependence upon fibril weight concentration, G0 ~ Cα (Pa¨a¨kko¨ et al., 2007; Tatsumi et al., 2002; 

Rezayati Charani et al., 2013; Saito et al., 2011) at least in the case where the dynamic moduli are 

almost independent on the angular frequency and are evaluated at a fixed frequency. The magnitude 

of the exponent α can be different, due to the type of fibrils and solvent quality (Quennouz et al., 

2016). For example, the power index of cacao butter, milk fat and tallow, examples of other weak-

link regime systems, are 1.67, 1.01, and 1.72, respectively (Morbidelli, 2001). In the strong-link 

regime, a larger power law exponent is usually expected, i.e. α = 2.25 for fibrillated cellulose fibers 

(Naderi et al., 2014) and α ~ 4 for boehmite alumina gel (Shii et al., 1990). The most extensive 

studies of the elastic scaling behavior of colloidal gels made by fibers refers to nanofibrillated 

cellulose (NFC). Quennouz et al.  have reported the rheological proprieties of cellulose nanofibrils 

in different surfactant solution. The fluids display a gel like behavior due to the associative 
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thickening mechanism resulting from the bridging between the fibers through micelles. This results 

in a strong shear thinning behavior and a power- law dependence of the elastic modulus on 

concentration, G0~C2.1. Naderi et al. (2014) demonstrated that when nanofibrillated cellulose 

(NFC) is carboxymethylated, it shows properties similar to other NFC systems available in 

literature. The storage modulus scale with concentration with a power law index of 2.4, slightly 

higher than the theoretical value of 2.25, proposed by de Gennes (1979) and Doi and Edwards 

(1978) for polymer systems in a semidilute regime. This suggests that the repulsive character of 

the fibers and their entanglements could induce system gelation. 

In absence of surfactant molecules, Tatsumi et al. (2002) studied various NFC suspensions in a 

wide range of fiber length and diameter and found that, also in this case, the fluid shows a gel like 

behavior with an elastic plateau modulus and a yield stress value dependent on the concentration 

of fibers with a power law index of 9/4. This suggests that α does not reflect the individual 

characteristics of the fibers but the structural properties of the suspensions. The power of 9/4 is 

consistent with the scaling theory of polymer gels in a good solvent. 

Many researchers consider the fluid yield stress as a necessary condition for the presence of a fiber 

network. For example, Kerekes et al. (1985) summarized this behavior with an empirical power 

law equation: σ0 = kCα where σ0 is the yield stress of the suspension and k and α are constants. The 

latter are unique for each suspension, with values in the range 1.18 < k < 24.5 and 1.26 < α < 3.02. 

From the above discussion, it can be concluded that the rheological behavior of fibril-based 

colloidal systems displays a wide range of possible responses that depend on many different 

factors. 

One of the aims of this work is to better understand the rheological response of a system formed 

by Hydrogenated Castor Oil (HCO) fibers suspended in a water surfactant solution, based on a 

surfactant widely used in commercial products. HCO can crystallize in three different 

morphologies: fiber, rosette and irregular crystals (Yang and Hrymak, 2013; De Meirleir et al., 

2014), depending on temperature, shear rate and time. Yang et al. (2013) have investigated the 

effect of HCO crystal morphology on their rheological response in aqueous suspensions. A power-

law index of 1.5 has been found between yield stress and particle volume concentration, regardless 
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of the irregular crystal morphology. Also De Merleier et al. (2014) have studied the morphology 

and the rheological behavior of the HCO systems, at concentrations ranging from 0.08 to 3wt%. 

The most interesting crystal shape is given by thin fibers because they tend to form an entangled 

network. The HCO‐fiber systems are produced by controlling the crystallization rate of HCO in 

LAS aqueous medium neutralized with Monoethylamine (MEA). The power law exponents of the 

elastic plateau modulus on the HCO concentration depends on the morphology. More specifically, 

for fibrous systems the slope is dependent on concentration and two values for the power law 

indices are measured, 1.52 and 0.94, in different concentration ranges.  

 

1.3.  The rising motion of single bubble in a yield stress fluid 
The motion of a spherical body through a complex fluid can be considered as a benchmark problem 

that provides information about the rheological characteristics of the fluid and the flow field around 

the particle. This topic is also relevant in many industrial applications, such as biochemical, food 

and detergent processing. For example, in the manufacturing and bottle filling processing stages, 

the presence of non-rising bubbles may be unwelcome and can induce instabilities (Clift et al., 

1978; Putz et al., 2008; Ansley et al., 1967; Gueslin et al., 2006). The buoyancy driven motion of 

an air bubble in a Newtonian fluid has been extensively investigated both theoretically and 

experimentally (Harper, 1972; Clift et al., 1978; Magnaudet and Eames, 2000; Tsamopoulos et al., 

2008). When the suspending fluid becomes non-Newtonian, however, the rising motion may be 

complicated. A wide body of literature considers the motion of bubbles in a viscoplastic material 

characterized by a yield stress and deals with the relative role of their size. Sufficiently small 

bubbles, such that the load exerted on the fluid does not overcome the yield stress, may remain 

entrapped into the liquid, without any motion (Bhavaraju et al., 1978; Dubash and Frigaard, 2004; 

Dubash and Frigaard, 2007).  In the mid ‘60s Astarita and Apuzzo (1965) investigated the bubble 

shapes and the terminal velocities in Carbopol solutions at different concentrations. They observed 

a jump in the rising velocity as a function of the bubble volume that depends on the yield stress of 

the material. Several theoretical and numerical works confirmed Astarita and Apuzzo’s 

observations on the existence of a critical bubble radius to achieve motion (Dubash and Frigaard, 
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2007; Dimakopoulos et al., 2013; Fraggedakis et al., 2016). The bubble dynamics become even 

more complicated when a surfactant solution is considered. The effects of surfactant type on bubble 

surface and the resulting viscous friction have been extensively studied (Denkov et al., 2005; 

Tcholakova et al., 2008). The same qualitative dynamics are encountered by a solid sphere 

sedimenting or rising in a viscoplastic fluid, according to the density difference (Fraggedakis et al., 

2016; Beris et al., 1985). Also in this case, the buoyancy force has to overcome the yield stress of 

the fluid to allow the particle to move. Nevertheless, there are relevant differences between bubbles 

and solid spheres which can be summarized in two main points: 

- bubbles can undergo surface deformation during their rising motion, more or less 

pronounced depending on their size and the rheological properties of the fluid; 

- the boundary condition at the interface is different, slip condition for the bubble and no-

slip for the solid sphere.  

Beris et al. (1985) numerically investigated the conditions such that a particle does not move in a 

Bingham fluid. They defined the dimensionless yield ratio as Equation (1.2): 

𝑌௖ =
3𝜎଴

2(𝜌௟−𝜌௕)𝑔𝐷
 

(1.2) 

where σ0 is the yield stress of the fluid, ρb and ρl are the particle and the fluid densities, respectively, 

g is the gravitational acceleration, D is the particle diameter. Yc represents the ratio between the 

yield stress of the fluid and the characteristic stress exerted by the particle. In other words, it 

measures the strength of the creep applied by the sphere during its rising motion on the surrounding 

fluid compared to the yield stress characteristic of the fluid. 

Beris et al. (1985) theoretically showed that a rigid sphere would not move if Yc exceeds a critical 

value, Yc,cr,= 0.072 (using Yc as in Equation (1.2), as for all the critical values shown in the 

following). From an experimental point of view, it is difficult to obtain accurate data sets when 

approaching Yc,cr. This is due, mainly, to the very low sphere velocity and to the consequent long 
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experimental time. Experimental data are, indeed, scarce and limited. The most extensive data set 

in literature is from Tabuteau et al. (2006) on Carbopol gels using ping-pong and metal spheres. 

They confirmed the theoretical predictions by Beris et al. (1985), extending the data set of Atapattu 

et al. (1995). Emady et al. (2013) experimentally determined a range of Yc,cr between 0.05 and 0.3 

for different classes of suspending liquids. More specifically, they focused on cellulose microfibers 

suspensions and compared the obtained experimental data with the more classical Carbopol 

solutions, suggesting that the knowledge of the bulk yield stress is often not sufficient for a 

prediction of the motion/no motion of spherical bodies. They found, indeed, that the Yc,cr depends 

on the suspending fluid microstructure and can vary significantly: Yc,cr is much lower in the case of 

cellulose microfibers suspensions, if compared with Carbopol solutions. In addition, Yc,cr is 

different for bubbles and solid spheres, because of the possibility of deforming the bubbles and the 

different boundary condition, as explained before. For asymmetric bubbles, the Yc,cr can change 

significantly if compared to the value of 0.072, previously discussed for a solid sphere. For 

asymmetric bubbles Dubash and Frigaard (2004, 2007) found a value of Yc,cr four to ten times 

larger than the value Yc,cr=0.25 found experimentally by Sikorski et al.. (2009). For spherical 

bubbles, N. Dubash, and I.A. Frigaard (2004) obtained a value of Yc,cr=0.43, whereas Tsamopolous 

et al.(2008) found a value of 0.10 for bubbles rising in a Bingham fluid. de Bruyn (2004; 2006) 

studied the velocity dependence of the drag force on a sphere moving through a foam, and Chafe 

and de Bruyn (2005) through Bentonite clay suspensions. Jossic and Magnin (2001) and Merkak 

et al. (2006) investigated the evolution of the velocity of spheres in response to an applied force. 

They observed the effect of roughness of the sphere’s surface: the drag force was about 25% higher 

for rough spheres as compared to smooth spheres. 

The problem of a yield-stress fluid flow past solid objects has been also extensively investigated 

through numerical simulations (Balmforth et al., 2014; Mitsoulis and Tsamopoulos, 2017; 

Saramito and Wachs, 2017). Following the aforementioned work by Beris et al. (1985), the 

problem of the flow around a solid sphere has been revisited by Blackery and Mitsoulis (1997) for 

a Bingham model and by Beaulne and Mitsoulis (1997) for a Herschel-Bulkley constitutive 

equation. The simulation results by Blackery and Mitsoulis (1997), obtained by “regularizing” the 

discontinuous Bingham model (Papanastasiou, 1987), closely matched those from Beris et al. 
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(1985) both in terms of drag coefficient and shape of yielded/unyielded region. The effect of 

confining walls was also investigated. A similar analysis has been carried out for different shapes 

of rising/sedimenting bodies (Roquet and Saramito, 2003; Mitsoulis, 2004; Mitsoulis and 

Galazoulas, 2009), for two spheres translating collinearly (Liu et al., 2003; Yu and Wachs, 2007, 

Derksen, 2011), by including the effects of inertia (Yu and Wachs, 2007, Derksen, 2011), slip 

conditions at the fluid-particle surface (Deglo de Besses et al., 2003), and elasticity (Fraggedakis 

et al., 2016). It is clear from the above experimental and numerical results both on solid spheres 

and bubbles that the Yc,cr is never unity because the particle must yield a finite volume of fluid to 

move. This point can be rephrased in terms of an effective particle volume, as the particle “feels” 

a volume of fluid that is larger than its own volume, whereas the fluid further away from the spheres 

remains unyielded. As a consequence, a spherical particle immersed in a fluid with yield stress 

moves when its load overcomes a multiple of the fluid yield stress given by 1/Yc,cr. The latter, 

therefore, can be also seen as a dimensionless critical particle diameter below which, for a given 

yield stress, no motion takes place in a reasonable experimental time window. The presence of 

different and contradictory values of Yc,cr for various systems reported in the literature points, on 

the one hand, to the difficulty to carry out consistent and reproducible experiments. On the other 

hand, it suggests that the motion of an object in a yield stress fluid is still an open issue. 

As far as experimental difficulties are concerned, various factors  must be considered: 1) the ability 

to univocally measure the macroscopic yield stress of the fluid; 2) the effort to obtain isolated 

bubbles trajectories, which can be biased by many different phenomena, e.g., ripening, 

desorption/absorption, bubble/bubble hydrodynamic interactions; 3) the presence of mechanical 

disturbances (such as vibrations and instrumental creep) and optical errors (refractions) in the 

experimental setup; iv) the often long duration of experiments, when small bubbles and fluids with 

a high yield stress are considered.  

In this work, air bubbles are small and undeformable, as proven by the low values of the capillary 

number. Bubbles and solid spheres, therefore, will be treated in the same way, the only difference 

standing in the boundary conditions used for the simulations. It is important to highlight that much 

of the previous experimental work on yield-stress fluids has been done using Carbopol solutions, 
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whereas in our case the yield stress comes from the presence of colloidal fibers in the surfactant 

solution. 

 

1.4.  Collapse and flocculation of structured fluid 
Despite the practical importance of suspensions of colloidal particles, they still present many 

unclear issues (Teece et al., 2014). Thanks to the attractive interactions, the colloidal system can 

aggregate into ramified, fractal clusters, whose density decreases as their size increases. As a 

result, they can, in principle, grow to form a space-spanning network, or gel, at arbitrarily low 

volume fractions ϕ (Manley et al. 2005). This arrangement of colloids is not stable and the gel 

suddenly destabilizes after some finite time. 

The properties of particulate gels depend of the strength of the inter particle bonds. It is helpful to 

distinguish between strong and weak gels, as already outlined in Section 1.2. In the strong gel the 

thermal flocculation does not play a role on the inter-particle bonds. Rather, the gel shows a 

sedimentation behavior. In contrast, the inter particle interactions in the weak gel regime have a 

finite lifetime due to thermal flocculation. Weak gels have a more complex behavior and it is 

possible to distinguish two effect of the bond-breaking flocculation: creeping sedimentation and 

delayed collapse. The first phenomenon occurs in distinct stages, characterized by a slow initial 

compression, after which gels undergo significant restructuring and rapid sedimentation, followed 

by a slow final compression to an equilibrium height. Alternatively, the delayed collapse can occur 

smoothly, so the rate decreases with time. (Buscall et al., 2009; Manley et al., 2005). Delayed 

collapse has been observed in many system (Glasrud et al.,1993; Parker et al.,1995; Allain et 

al.,1995; Poon et al.,1999; Verhaegh et al.,1999; Starrs et al.,2002; Kilfoil et al.,2003; Derec et 

al.,2003; Blijdenstein et al.,2004; Gopala et al.,2006; Huh et al.,2007; Kamp et al.,2009; Bartlett 

et al.,2012) and can be considered a universal feature of weak gels. 

When the network is locally affected by particle sedimentation/aggregation, a flocculation 

instability effect occurs. A floc is a collection of particles where the concentration decreases from 
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the center towards the outside, due to the way flocs are formed (Barnes, 2000). The simplest way 

of describing such a floc is to use fractals; in this way, we are able to depict the concentration 

falling off from the floc center, which usually follows a power law like in Equation (1.3) 

𝛽 = ൬
𝑅଴

𝑎
൰

௠

 (1.3) 

where 𝛽 is the number of particle in a floc, a is the radius of the particles, R0 is the radius of the 

smallest sphere enclosing the floc and m is the fractal dimension. m can vary from almost 3 for the 

densest floc to about 1 for a very open ‘linear’ floc with a few radiating arms. Ultimately, the value 

of m depends on the magnitude of particle interaction forces (Barnes, 2000). Floc formation can be 

induced by adding an electrolyte to the suspension or by changing the surface charge altering the 

pH (Larson, 1999). Flow can also affect flocculation: strong shearing can result in the flocs being 

reduced to the primary particles, but shearing at a low shear rate results in the partial breakdown 

or reformation of flocs.  

Up to now we have discussed the collapse of colloidal gels, mainly due to interparticle forces. 

When other entities are added to the colloidal gels, such as spherical bodies (solid spheres or gas 

bubbles) the collapse can also be induced due to interaction between these entities and the gel itself. 

Few examples are reported in literature, regarding systems as ethylene glycol distearate (Caggioni, 

2012) and HCO fiber suspensions (Zanchetta et al., 2013), where  glass‐beads are used to induce 

the instability.  Other investigated systems encompass colloidal gels obtained by salt induced 

destabilization of silica particles and gels obtained by inducing depletion interactions between 

colloids or emulsion droplets (Kamp and Kilfoil, 2009). 

Despite  this  wide  variety  of  systems,  the  basic  features  of  the  sample  evolution  are  

essentially the same: after a delay or initial compression period, the gel catastrophically collapses 

and  eventually consolidates at a final equilibrium height. 
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1.5. Theory of Poroelasticity 

Our system made by HCO fibers in aqueous surfactant solutions is nearly perfectly buoyancy‐

matched, such that HCO/surfactant systems are usually homogeneous and stable for years. 

However, when loaded with buoyancy‐mismatched particles, two distinct scenarios can be 

observed. Due to the total particle load applied during the rising motion of spherical bodies, the 

HCO‐network can be slowly compressed and then can eventually collapse after a delay time. These 

processes lead to the visual appearance of two distinct phases: a clear HCO‐free phase and a turbid 

phase that contains the HCO‐fibers and the particles. The fiber and particle distributions remains 

rather homogeneous in the turbid phase during the entire compression and collapse process.  

Because of the visual distinction between the two phases one can assess such failure mode by 

simply monitoring the time‐evolution of the moving interface between both phases. 

The route generally chosen for the description of this process is the poro‐elastic model, which we 

briefly outline in the following section. 

Since the seminal papers by Biot (1941) and by Buscall and White (1987) , it has been recognized 

that the gravitational collapse of colloidal gels can be generally understood within the framework 

of the poro‐elastic model. Under the effect of gravitational stress, the gel behaves like a porous 

medium that is squeezed like a sponge. This forces the background fluid to flow through the pores 

of the gel. As gels compress, a sharp interface appears between the highly turbid gel and the clear 

solvent: indeed, gels must expel the background solution in order to compress. The macroscopic 

behavior of the fluid can be studied by tracing the time evolution of the height interface. 

The collapse of colloidal gels results from a balance between the gravitational load, the resistance 

to fluid flow, and the systen elastic and plastic properties. Their stability and collapse behavior 

under gravity can be predicted by the theory of poroelasticity (Biot, 1941). 

Manley et al. (2005) presented a model for the collapse stage based on the Theory of Poroelasticity 

(Biot, 1941). The model takes into account the resistance to compression arising from a 

combination of the fluid pressure and the elasticity of the network. For weakly elastic gels, the 
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theory captures the initial compression and can be used to describe the behavior of the gel up to 

the delayed failure time, td, after which the rapid collapse is observed. The mechanism governing 

the initial stage is assumed to be the backflow of the fluid through the porous network, which 

determines the initial rate of compression, v0. Furthermore, it has been observed that v0 is nearly 

constant. The interstitial fluid, which is the surfactant background solution of the gel, is subjected 

to a pressure P due to the weight of the gel; thus, it flows at a velocity ν, within the porous and 

deformable network, leading to a local displacement of the solid w(z,t) in the z direction. Using 

Darcy’s Law: 

(𝟏 − 𝝓) ൬𝒗 −
𝝏𝒘

𝝏𝒕
൰ = −

𝒌𝟎

𝜼

𝝏𝑷

𝝏𝒛
 (1.4) 

where φ is the volume fraction of suspended particles, k0 is the gel permeability and η is the 

surfactant solution background viscosity. Since the rate at which the fluid is expelled from a 

material element is equal to the rate at which solid enters:   

(𝟏 − 𝝓) ൬
𝝏𝒗

𝝏𝒛
൰ + 𝝓

𝝏𝟐𝒘𝟐

𝝏𝒛𝝏𝒕
= 𝟎 

 
(1.5) 

If  ≪ 1 − 𝜙 , Equation 1.4 implies v  0. At short times, the gel is uncompressed and the elastic 

stress is negligible, so that   

𝝏𝑷

𝝏𝒛
= −𝚫𝝆𝒈𝛟       (1.6) 

where Δ𝜌  is the density difference between fluid and particles and g is the gravitational 

acceleration. Consequently, Equation (1.7) yields :  

𝒌𝟎 = −
𝜼

𝚫𝝆𝒈𝛟

𝝏𝒘

𝝏𝒕
ฬ

𝒕ୀ𝟎

 (1.7) 
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At long times, contributions from the network elasticity must become important, since the 

deformation of the network is no longer negligible. Therefore, at short times, the gravitational 

stress is balanced by the stress due to fluid flow, while at long times it is balanced by the network 

elasticity. At intermediate times we expect both to play a role. For Darcy’s flow the dominant 

contribution to the fluid stress comes from the fluid pressure, which is much larger than the viscous 

stress. After some deformation, the network elasticity starts to oppose to further compression. 

Assuming no significant change in the particle volume fraction along the vertical axis, the overall 

interface changes with time as follows:  

𝒉(𝒕) = 𝒉𝟎 + 𝚫𝒉𝒆ି
𝒕

𝝉                (1.8) 

where ℎ଴ is the e initial height and Δℎ is the total change in height; τ is the time scale for the 

collapse, calculated as follows, where G0  is the gel elastic modulus.    

𝚫𝒉 =
𝜟𝝆𝒈𝝓𝒉𝟎

𝟐

𝟐𝑮𝟎
                    (1.9) 

 

𝒕 ≈
𝟒𝜼𝒉𝟎

𝟐

𝝅𝟐𝒌𝟎𝑮𝟎
                      (1.10) 

Such a description is strictly valid only in the limit that the gel does not rearrange during 

compression. Tℎe fact that we generally observe two distinct stages in the evolution of h(t) is not 

accounted for in this model. Regardless of this obvious discrepancy between the physics 

underlying the model and the actually observed behavior, the Poroelastic Model is to date the 

only model able to describe the gravitational collapse of gels. It has been applied to describe the 

splitting edge, that is the variation of the temporal evolution of the height of interface of the 

gravitational collapse, in various stages: the initial compression (Manley et al., 2005), the first 

part of the second regime (Huh et al., 2007), and the final consolidation regime (Buzzaccaro et 

al., 2012).  The nature of the transition between the first and second stage is still somewhat 

unclear. It may be related to a cascade of yielding events on a local scale and consequent 
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fluidization of the fiber network, leading to global failure. Presuming that the initial stage 

corresponds to the time lapse during which the entire network is compressed, while in the second 

stage the network is broken down into clusters (that become gradually compacted), the use of the 

Poroelastic Model to describe both stages of the failure dynamics might be justified by assuming 

different porosities related to each previously described stage. 
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Chapter II 

2. Experimental setup 

For our purpose, a simplified formula of liquid detergent for washing machine is adopted; this fluid 

is, then, characterized in order to measure its relevant physical properties, which are used to 

compare the observed behavior to theoretical predictions. Since we have to study aerated products, 

we developed a method to obtain, from the basic model formulation, structured liquids containing 

different concentrations of air bubbles. We also performed experiments with solid hollow spheres, 

in a way to mimic the air bubbles in a controlled way and at the same time to tune the conditions 

at the interface and study its role on the bubble dynamics. In this way, tracking and loading tests 

can be performed on structured and aerated products. In this chapter all materials, experimental 

setups and apparatuses used in this study are described.  

 

2.1. Materials: fluids and spherical objects 
The fluid used is a simplified version of a structured Heavy Duty Liquid (liquid detergent for 

washing machines). The model fluid is made by a background surfactant solution, composed by an 

anionic surfactant, Linear Alkylbenzene Sulphonic Acid (HLAS) neutralized with 

Monoethanolamine (MEA) at pH = 8. Fibers are added to the solution in the form of a suspension, 

a premix formulation property of Procter & Gamble (Procter & Gamble, EP01396535B1, 2004) 

whose detailed composition is not given for confidentiality reasons. It can be said, however, that 

the most relevant component of the system is Hydrogenated Castor Oil (HCO), crystallized in the 

form of fibers. The latter have a diameter in the range of 20‒100 nm and a length in the range of 

1‒10 µm (De Meirleir et al, 2014). The mesh size of the network is dependent on HCO 

concentration and is in the nanometer range. 
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The raw materials have been provided by Procter & Gamble and used as received. Samples have 

been prepared by gently stirring surfactant and MEA in water and adding the HCO as fast as 

possible and close to the impeller blade (without submerging into the liquid) in order to optimize 

dispersion. Samples at a fixed concentration of HLAS and MEA were loaded with various HCO 

weight concentrations, ranging between 0 and 4%. The density of the fluid is 1.01 g/cm3. 

To study the rising velocity of spherical bodies, hollow glass microspheres with sizes and densities 

reported in Table I have been used (Cospheric Company, Santa Barbara CA USA). A very low 

weight concentration of spheres has been used to avoid hydrodynamic interactions between the 

particles. 

 

Diameter (µm) Density (g/cc) 

27-45 0.29 

75-90 0.30 

75-90 0.12 

90-125 0.09 

125-150 0.07 

150-180 0.06 

Table 1: Hollow glass microspheres properties 

 

In several experiments, we also observe and measure the rising velocity of air bubbles that are 

freely entrapped in the system during the preparation stage. The air bubble diameter ranges between 
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200 and 550 μm, whereas the glass beads are smaller (see Table 1).  In general, in experiments 

performed with hollow spheres, gas bubbles were avoided. When hollow spheres and bubbles were 

both present, the different refractive indices were used to discern between them.  

It must be observed that with our systems the high surface tension of the suspending fluid and the 

small bubble size guarantee that bubbles can be treated as undeformable spherical objects. Indeed, 

following Ducloué et al. (2014), the Capillary number, evaluated as: 

𝐶𝑎 =
𝜎ఙ𝑅

2𝜆
 

(2.1) 

where λ is the interfacial tension of the suspending fluid, is in the range 10-7 < Ca < 10-4. Moreover, 

the mesh size of the network is always significantly smaller than the particle size. This guarantees 

that during its rising motion the particle “feels” a homogeneous network and pushes the fibers 

away. 

 

2.2. Methods  
 

 Rheological  measurements 

Rheometrical tests have been performed on the fluids to determine their rheological properties and, 

in particular, the yield stress values. They have been performed on a stress controlled rotational 

instrument (MCR 702 TwinDrive, Anton Paar, Physica). Reproducibility has been checked by 

repeating the same test three times and by using different geometries: plate-plate (diameter 25 mm; 

gap 1 mm), cone-plate (diameter 25 mm, angle 0.99°) and Couette (radius of bob 13.3 mm, radius 

of cup 14.4 mm). Different cone angles and diameters have also confirmed the same rheological 

response, thus proving the absence of slip and shear-banding. Temperature has been controlled 

with a Peltier system and kept constant at 25°C. In order to minimize evaporation, an anti-

evaporation tool has been used and a fresh sample has been reloaded for each experiment. 

Measuring the viscoelastic properties of a structured system is usually difficult, since the results 

may depend on the preparation and the shear history of the sample, as well as on the flow geometry. 

The samples do not show ageing on a time scale of a year. In a way to compare all the samples at 
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the same initial conditions, as a protocol, all tests have been carried out after a pre-shear of 100 s-1 

for 30 s to erase the shear history of the samples. The preshear performed on the samples does not 

have a fundamental role on the evaluation of the dynamic yield stress value. Indeed, the 

experiments performed with and without preshear are perfectly overlapping. We have performed 

creep tests to determine long time response and to compare the yield stress value with the one 

calculated through the steady experiments. We decided to use the flow curves to obtain a single 

yield stress value, instead of creep experiments that provide a range of yield stresses. The yield 

stress evaluated through the steady measurements fall within the range determined with the creep 

measurements.  Steady-shear tests have been performed from 100 to 10-5 s-1 and the Herschel-

Bulkley model has been used to fit the curves (Mullineux, 2008). The sampling time has been taken 

in a logarithmic scale, starting from a few seconds at the highest shear rates and increasing the 

waiting time for the lowest values. The reproducibility has been proven by tuning the measuring 

time during the flow curve and, thus, confirming the yield stress value. 

 

 TEM measurements  

TEM measurements are executed with negative and osmium staining. The negative staining 

procedure consists in transferring a drop of 10 μl of sample on a perforated grid (Formvar/Carbon 

Membrane on 200 Mesh Copper Grids). A Glow Discharged (Mini Spec-Quorum Technologies) 

treatment is applied to the formvar/carbon film to make it hydrophilic before the deposition of the 

sample (15sec, 5 mA).  After 2 minutes the excess of liquid is removed by a filter paper sheet 

(Whatman). Each grid is floated on a 2% uranyl acetate (Sigma, Aldrich) drop for 40 seconds, and 

then dried at room temperature under hood. The osmium staining procedure requires to place a 500 

μl stock solution of fibers overnight in a sealed container with OsO4 vapor (2% water solution, 

Electron Microscopy Sciences) in the presence of 95-97% humidity to prevent sample evaporation. 

A drop of 10 μl of OsO4 stained fibers is placed on the 200 mesh Copper grid coated with 

formvar/carbon film after a glow discharge treatment; the excess of sample is removed by touching 

the edge with a filter paper sheet followed by drying at room temperature. All samples are observed 

using a Tecnai 20 Cryo-Tem instrument (FEI, Eindhoven) operated at 200 KV and equipped with 
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a LaB6 filament. Micrographs are recorded on a Gatan 2HS CCD Camera. In order to obtain 

quantitative information on the fiber microstructure, TEM images are analyzed by Image J (Image 

Processing and Analysis in Java – free download). From the heterogeneous network, it is possible 

to outline irregular polygons. The mesh size between the fibers is measured as the ratio between 

the surface and the perimeter of a significant amount of polygons for each TEM image. 

 

 Time-Lapse Photography Technique  

A home-made time-lapse photography setup has been used to monitor the dynamics of the 

bubbles/spheres in the viscoplastic fluids. Mechanical stability is the most essential component in 

our experimental setup, which is shown in Figure 2.1. It consists of mechanical (Newport 

Corporation) and optical (Canon Brand) parts. Both camera and sample holders have been placed 

on a common rail. The camera holder is supported by two micrometric precision stages that allow 

for movements parallel to the x- and z-directions (see Figure 2.1). A special macro lens, 

specifically designed for macro-photography, has been adopted to identify microparticles (MP-E 

65mm f/2.8 1-5x Macro Photo Lens). The lens provides extreme close-up imaging from a 1:1 (life-

size) magnification ratio to a 5:1 ratio. The macro-lens has been mounted on a full frame camera 

(Canon EOS 6D), offering exceptionally high quality image. All the apparatus has been placed on 

a compressed air suspended optical table, in a way to minimize vibrations. 

At the opposite side of the rail system, the sample stage is mounted allowing for movements along 

x and y directions. The sample has been placed in a polycarbonate cuvette 3.5 cm high, having a 

square section with sides 1 cm long and 4 optical faces. A sample holder, which can host up to four 

cuvettes, has been screwed onto the stage.  
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Figure 2.1:Time-lapse setup. The directions x, y and z are depicted on the bottom-right corner. The inset is a typical image 
captured by the camera. 

 

After sample loading, the cuvette has been placed on the sample holder and single spheres have 

been detected by the camera. Only spheres in the middle of the cuvette have been considered in 

order to minimize hydrodynamic wall effects. Snapshots of the bubble/sphere motion have been 

taken at fixed time intervals by a specific home-made recording software.  

The pictures have been analyzed by a home-made Bubble Tracking Tool, an image analysis routine 

able to detect a particle and to measure its position by tracking it over macro time lapse shootings.  

The constancy of the horizontal position over time guarantees the absence of mechanical drifts.The 

pixel/micrometer ratio has been measured accurately by using a micrometer optical caliper.  

The software provides also a mosaic image composition of the analyzed sample. The velocity of 

the spheres has been calculated as the derivative of the particle trajectory as a function of time, as 

shown in Figure 2.2. 
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Figure 2.2: Typical trajectory of a sphere over time with a diameter size of 110 μm in a fluid with a yield stress value of 0.0118 
Pa. 

 

The apparatus has been calibrated with a model Newtonian fluid and the velocity data of spherical 

bodies have been successfully compared with the Stokes theoretical prediction. 

 

  Simulation Technique 

Experimental data have been compared with finite element numerical simulations. The simulated 

system consists in the rising of a sphere in an infinite and quiescent Herschel-Bulkley fluid. The 

flow is governed by the usual conservation equations of mass and momentum for an incompressible 

fluid. Due to the very large viscosities characterizing the experimental fluids, creeping flow 

conditions are assumed. A schematic sketch of the computational domain is shown in Figure 2.3. 

A cylindrical reference frame with origin at the particle center is used. Axis-symmetry is applied 

along the z-direction (see Figure 2.3). The domain size Rd is chosen much larger than the bubble 
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radius R to avoid any interaction between the bubble motion and the far-field boundary conditions. 

Preliminary simulations show that Rd = 60R is sufficient to guarantee such a condition.  

Simulations have been performed by applying a force F on the particle and setting a zero-velocity 

field on the external boundaries far from the sphere. We consider two kinds of boundary conditions 

at the fluid-particle interface: no-slip (particle velocity equal to the velocity of the fluid at the solid-

liquid interface – case of solid spheres) and perfect slip (no tangential stresses – case of air bubbles). 

For each applied force F, the corresponding particle velocity V is computed. The particle velocity 

V is treated as additional unknown and is included in the weak form of momentum equation. Due 

to the inertialess assumption, the applied force F is equal to the drag force exerted by the fluid. 

Such a condition is imposed through Lagrange multipliers in each node of the particle surface. 

More details on the numerical method can be found in D’Avino et al. (2010).   

 

 

Figure 2.3: Schematic representation of the computational domain used in the simulations. A sphere with radius R is suspended in 
a Herschel-Bulkley fluid. A force F is applied on the particle. The characteristic dimension of the domain is Rd. 

 

The fluid is described by the Herschel-Bulkley model, having the following tensorial constitutive 

equations: 

R

Rd

r F
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𝝈 = 𝟐 ൬𝑲|𝜸̇| +
𝝈𝟎

|𝜸̇|
൰ 𝑫        |𝝈| > 𝝈𝟎  

𝐷 = 0                           |𝜎| ≤ 𝜎଴                                 

(2.2) 

where 𝜎0 is the yield stress of the fluid, 𝐾 is the viscosity index, n is the power law index (Barnes, 

1999), 𝑫 = (𝛻𝒗 + (𝛻𝒗)்)/2 is the rate-of-deformation tensor with 𝒗  the velocity field, |𝜸|̇ =

√2𝑫: 𝑫 is the second invariant of 𝑫, |𝝈| = √2𝝈: 𝝈 is the second invariant of the stress tensor 𝝈.  

Since the Herschel-Bulkley model is discontinuous, a regularization is needed to make it 

numerically treatable (Mitsoulis, 2007). In this work, the Papanastasiou regularization 

(Papanastasiou, 1987) is adopted whereby Equations (2.2) are replaced by the following equation: 

 

σ = 2[K |𝛾 ̇| ௡ିଵ+
ఙబ

|ఊ̇|
 | (1-exp(-m |𝛾̇ |))]𝐷 

 

(2.3) 

 

where the regularization parameter m must be selected sufficiently large in order to properly 

approximate the original constitutive equation at low shear rates. For each imposed force F, we 

perform several simulations by progressively increasing the value of the parameter m until the 

computed velocity V does not change anymore within a certain tolerance. As expected, lower 

values of F require higher values of m since the regions at low shear rates have a significant effect 

on the drag force. 

 

 Aeration methods 

The effect of the presence of air bubbles on the physical stability of our systems is studied by 

varying the aeration level. To measure it, each sample is poured in a 100 mL density cup and the 

aeration level is measured before and after each pouring by a specific weight static measurement. 

Indeed, from the specific weight of aerated samples, ρAereated, we are able to calculate the actual 

total volume fraction, , occupied by air bubbles in each vials from the following Equation (2.4) 
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𝜌஺௘௥௘௔௧௘ௗ = 𝜙𝜌஺ூோ + (1 − 𝜙)𝜌஻௔௦௘            (2.4) 

 

where ρair is the specific weight of air and ρbase is the specific weight of the non aerated structured 

samples. 

Two techniques have been used to induce air bubble formation into the suspending media. One 

method is able to produce homogeneous bubble size; the other instead guarantees a polydisperse 

distribution of the bubbles into the liquid. Both methods are discussed in the following sections.  

 

2.2.5.1 Homogeneous bubble size  

Our aim was to compare the behavior of the hollow glass microspheres with the air bubbles in the 

same conditions. Bubbles with the same diameter are made with a membrane emulsification unit. 

The setup is shown in Figure 2.4. It consists of a syringe pump, a stirred cell (batch) and a 

microporous membrane. 

 

Figure 2.4: Membrane emulsification unit setup 
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The main challenge is to control the total amount of air bubbles trapped in each sample. For this 

purpose, various tests are performed in order to find a relation between agitation time of the stirrer 

and speed of the syringe pump. In our case, the air is pumped from the syringe pump at 1ml/min, 

and passes through the microporous membrane. The stirrer favors the detachment of the bubbles 

from the membrane in the continuous medium. The velocity of the stirrer is fixed at 1251 rpm. The 

bubble size distribution obtained from the emulsification unit is analyzed by an Image Analysis 

software, which is able to automatically measure the diameter of the air bubbles, which is found to 

fall in the relatively narrow range between 40 and 60 μm. Four fluids are analyzed containing 

different amounts of fibers, from 0.1 to 0.4% wt. The volume fraction of the air bubbles is fixed at 

1 and 3%. The results are shown in Figure 2.5 and the values are reported in Table 2. It is important 

to highlight that bubble dimensions have been measured at room temperature, immediately after 

the emulsification process. 

 

Figure 2.5:Average radius of bubbles made by the Membrane Emulsification unit 
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HCO [%wt] 1%Aeratiom- r (µm) 3%Aeratiom- r (µm) 

0.1 51±21 40±16 

0.2 60±32 41±14 

0.3 45±20 42±17 

0.4 44±13 45±18 

 

Table 2: Average radius of air bubbles in different yield stress fluids 

. 

The samples reported in  

Table 2 are used to perform loading tests at different room temperatures (T= 25-30-50°C) with a 

time lapse apparatus.  In our setup, a Reflex Camera (Canon EOS 600D), remote controlled, is able 

to capture images at regular user-set intervals. In our case the pictures are taken each day for a time 

period of roughly 4 months. The tests are performed with a fixed vial long 6.5 cm and a circular 

section. In addition to this, each vial is sampled before loading tests in order to provide the bubble 

size distribution of each tested fluids and to recognize the features of bubbles fractions trapped into 

the fluid, due to the yield stress presence. 

 

2.2.5.2 Heterogeneous bubble size  

Aerated samples with a polydisperse bubble size distribution were simply obtained by high rpm 

stirring during the making process of the sample, immediately after the addition of the HCO fibers 

to the surfactant solution. Obvioulsy, in this case it is not possible to control the bubble size 

distribution. 

Forty five different samples, with fiber content from 0.2 to 0.4% wt  and air bubble volume 

fractions ranging from 2% to 5%, are used to study the effect of air bubbles on their physical 

stability at different temperatures (T=25-30-50 °C).  The tests are carried out for more than three 

months. 
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Chapter III 

3. Rheology of fiber suspensions based on 

micellar solutions with different surfactant 

content 

 

In this chapter, various systems are studied by tuning LAS and HCO concentrations to evaluate the 

contribution of surfactant and fibers on the resulting rheological response. The rheological 

properties of these systems are evaluated using a combination of oscillatory and steady shear flow 

measurements. Information on the fiber network has been obtained by electron microscopy images 

(TEM). 

 

3.1. Microscopy data  
TEM images of selected samples at fixed LAS concentration and different HCO concentrations are 

shown in Figure 3.1. The rod colloids are represented in white whereas the surfactant solution and 

residual dye are in black. The fibers are micrometer long whereas their diameter is in the nanometer 

range, as already proven elsewhere (De Merleier et al., 2014). As the concentration of the fibers 

increases, the network becomes tighter and tighter and fibers start to bundle creating an 

interconnected “sponge” with many branches. At concentration of [HCO] = 0.3%, Figure 3.1(a) 

shows a network with a well-defined mesh size. At the maximum concentration (Figure 3.1(b)), 

fibers create tighter tangles. A network-like system can still be identified characterized by a smaller 

mesh size. 
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Figure 3.1: TEM images of the solution of a) 0.3%HCO b) 4%HCO. The red lines are examples of irregular polygons tracked to 
measure the mesh size between the fibers. 

 

To quantify the mesh size l, we have analyzed TEM images with the Image J software (see details 

in the Material and Methods section). We have fitted the distribution of the fiber network at each 

concentration obtaining l=42±5 nm for [HCO] = 0.3% and l=6±2 nm for [HCO] = 4%. The mesh 

size decreases with increasing fiber concentration, with a power law index of -0.75, although 

obtained only for two points, proving that the network system is becoming tighter. 

 

3.2. Rheology data  
In this work, surfactant and fiber contributions are studied in order to characterize the mechanical 

proprieties of the system. We explored the phase behavior of LAS and HCO/LAS systems over a 

wide range of parameters. The dependence of the viscosity on LAS‐concentration exhibits the 

typical features expected for micellar systems that gradually evolve from spherical micelles to 

a) 

b) 



43 

 

worm‐like micelles and, eventually, to branched ones as the concentration further increases 

(Dreiss, 2017). 

 

Figure 3.2: a) LAS‐concentration dependence of zero‐shear viscosity of LAS solutions at T = 20°C. b) Linear mechanical response 
of the sample at 13% [LAS], strain 0.5%. 

 

As shown in Figure 3.2(a), the zero shear viscosity only slowly increases with concentration in 

the range of [LAS] < 5% to then increase by more than 3 orders of magnitude in the concentration 

range of 5‐13%. This transition from moderately increasing to strongly increasing viscosity is 

generally assigned to the formation of worm‐like micelles that increase in length as the 

concentration is increased, thereby becoming strongly entangled. In the latter case, their relaxation 

is determined by both breakage and reptation of the micelles along their own contour‐length 

(Dreiss, 2007); Cates et al., 1990). In the wormlike micellar phase, the rheological response can 

be considered as Maxwellian. An example of a typical rheological response is shown in Figure 

3.2(b) for [LAS] = 13%. At LAS concentrations exceeding 13% we find that the viscosity slightly 

decreases, a behavior that can be assigned to the abrupt decrease in contour length (Dreiss, 2007) 

or to the formation of branched micelles, characterized by an extra relaxation mode given by the 

sliding of the branches along the main backbone. Figure 3.3 shows the relaxation time and the 

high frequency elastic plateau modulus as function of the LAS concentration, obtained via 

frequency sweep data. The relaxation time follows the same trend of the viscosity whereas the 
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elastic plateau increases with increasing LAS concentration, reaching a plateau value as LAS 

exceeds 14%. This justifies the morphological transitions already explained before.  

 

Figure 3.3: LAS‐concentration dependence of relaxation time (left axis) and elastic plateau modulus (right axis) at T = 20°C. 

 

At concentrations larger than 16% (not shown in Figure 3.3) LAS forms lamellar phases and 

solutions become turbid. The solution with LAS at 16% has been considered as the base solution 

to study the effect of the HCO fibers content on the rheological response. In Figure 3.4(a) the 

steady-state viscosity at different fiber concentrations is reported to demonstrate the structuring 

effect of the fiber network. The base solution (no fibers, 16% LAS) displays a Newtonian 

behavior. Upon increasing the fiber concentration, the material shows a strong shear thinning. 

When data are plotted as shear stress vs. shear rate (see Figure 3.4(b)), the HCO concentration 

dependent yield stress value is clearly detected. As shown in Figure 3.4(b) the yield stress value 

strongly increases upon increasing the HCO content. As explained elsewhere (Mirzaagha et al., 

2017), the yield stress value can be extrapolated by fitting the data with a Herschel-Bulkley model 

(see Materials and Methods section). 
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Figure 3.4:Flow curves at different concentrations of HCO [0-4%] 16% LAS (see legend for details): a) viscosity versus shear rate 
b) shear stress versus shear rate. The dash-dot line is Herschel-Bulkley fit. 

 

In order to understand the rheological influence of the fibers over the surfactant background, a 

comparison between the oscillatory response of structured and unstructured samples is carried out, 

as reported in Figure 3.5.  

In Figure 3.5(a), at low frequencies the suspensions are clearly elastic: the storage modulus (G’) 

has no frequency dependence, leading to a plateau modulus G0. As expected, the plateau storage 

modulus increases with fiber concentration. Figure 3.5(b) shows the loss modulus of the solutions. 

At high frequencies the loss moduli of the samples seem to approach a limiting, concentration 

independent value, whereas at low frequencies the effect of network formation, already seen in the 

elastic modulus, again appears, although to a minor extent. 

It can be generally concluded that in our structured samples at low frequency the elasticity of the 

network dominates, while at high frequency the viscoelasticity of the worm-like micellar 

background prevails. 
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Figure 3.5:Rheological behavior at different HCO [0-4%] (see legend for details): a) Storage G’ and b) Loss moduli G’’ as function 
of frequency. 

 

In order to better understand the influence of the fibers on the rheological properties of the 

surfactant suspending medium, a comparison between the plateau modulus G0, calculated from the 

oscillatory response, and the yield stress value σ0 taken from the steady shear rate experiments is 

reported in Figure 3.6 as a function of HCO concentration.  

  

Figure 3.6: Comparison of elastic modulus and yield stress value at different HCO composition. 
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The trend with HCO content is the same considering both rheological parameters, with G’ always 

exceeding the yield stress value. The data set are lying on straight lines in a double logarithmic 

scale, characterized by the same slope, except for the points corresponding to the lowest 

concentrations. This could suggest the presence of a critical concentration for the onset of 

elasticity, which could depend on the surfactant content. As such, we decided to perform the same 

test for different LAS content and various HCO concentrations. Figure 3.7 (a) shows the low 

frequency elastic modulus G0 obtained in oscillatory strain experiments performed in the linear 

regime as function of the HCO content and parametric in the LAS concentration. The elasticity of 

the HCO network exhibits a critical onset and growth at a critical HCO value that depends on the 

surfactant concentration. LAS does not only determine the viscosity of the system, but also 

indirectly contributes to elasticity. For a given LAS‐concentration we typically observe that the 

system requires a minimum amount of HCO to exhibit elastic properties. Beyond this critical 

concentration, indicated in the following with [HCO]c, the elastic properties first strongly increase 

with [HCO] to then increase slightly faster than linearly at larger concentrations. The critical onset 

and growth of the elasticity is a function of [LAS]; the larger [LAS], the smaller [HCO]c.  

 

Figure 3.7: a) Low frequency modulus of fiber network G0 as a function of HCO‐concentration for HCO/LAS‐systems with LAS 
concentrations as indicated in the legend. The solid lines are fits to the data according to G0=A([HCO-HCO])α b) Same data as 
in (a) reported as a function of the reduced concentration [HCO]‐[HCO]c to demonstrate the validity of using a critical‐like 
function to describe the [HCO]‐dependence of G0. Black lines are linear regressions. 
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It is possible to scale out the dependence on HCO concentration by subtracting [HCO]c for each 

data set. The result is shown in Figure 3.7(b) for the various LAS concentrations, where the plateau 

modulus is plotted as function of [HCO]-[HCO]c. The behavior can be modeled with a power law 

dependence of the plateau modulus on the [HCO] content, G0 ~ Cα, and the fits are reported along 

with the data in Figure 3.7(b). The exponents obtained are of order of α = 1.1-1.8. Although the 

slope seems to be dependent on LAS concentration, Figure 3.7(b) shows that at LAS concentration 

higher than 10%, the dependence on the surfactant content is negligible. In this concentration range, 

G0 data are compared to the data by Merleier et al. (see Figure 3.8), who studied the rheological 

behavior of surfactant – water solutions containing different crystal shapes of HCO. They 

performed frequency sweep tests for each suspension composition and for HCO concentrations 

ranging from 0.08 to 3%, by keeping fixed [LAS] =12%. The elastic modulus does not reach a 

constant zero slope at low frequency (G0 ~ ωn, ω is the angular frequency and 0.17<n<0.22). As 

such, Merleier et al. evaluated G0 at a fixed angular frequency of 0.628 rad/s. Using these data, 

they found that α depends on the HCO content and is 1.52 for fiber content between 0.01% and 

0.1% and 0.94 for HCO concentration between 0.1% and 3%. Therefore, they experimentally found 

a double slope for G0 vs HCO content. A direct comparison between their data (performed at [LAS] 

= 12%) and the experimental measurements of the present work at two different LAS 

concentrations, 10% and 16%, is shown in Figure 3.8. 
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Figure 3.8:Elastic modulus as function of HCO composition. Circles are current experiments at [LAS] =10% and [LAS] =16% 
(see legend for details). Hollow Triangles: experimental data from De Meirleir et al.(2014). Black line is the linear regression 
fitting 

 

On the one hand, the quantitative overlap between our data and data by Merleier et al. is apparent. 

On the other hand, in our systems, the difference in slope according to the HCO range 

concentrations is not at all apparent. Looking at our wide range of data, it seems from Figure 3.8 

that the power law is characterized by a unique power index for the whole [HCO] range, equal to 

1.23. Nevertheless, the value of  α from the fit of our experimental data at [LAS] =10% and 16% 

is close to the value calculated by Merleir et al. at [LAS] = 12%, in the low concentration regime 

(1.23 vs 1.52). Therefore, we tend to conclude that the concentration dependent slope determined 

by Merleier et al. is possibly due to the way the elastic plateau has been evaluated or it is an artifact 

caused by the inevitable scattering of the experimental data points. 

The systematic shift of [HCO]c  with increasing [LAS], shown in Figure 3.8, demonstrates that 

LAS induces attractive interactions among the fibrillar clusters. It is reasonable to assume that 

these attractions are due to depletion phenomena. Depletion interactions are generally induced 

when larger colloidal entities coexist with smaller entities.  In such a case, there is a net gain in 

free volume for the smaller species when the colloids cluster together, which effectively results 
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in net attractive interaction between the colloids (Poon, 2002). In the HCO/LAS‐systems, LAS 

acts as a depletant and we can estimate the strength of interactions as Udepl =  ПVoverlap  with П 

the osmotic pressure of the LAS‐micelles in the background medium and Voverlap the overlap 

volume defining the volume around the HCO‐fibers, from which the center of mass of the 

micelles is excluded. In the semidilute regime of worm‐like micelles we can assume that П ~ξ-3, 

with ξ the correlation length exhibiting a scaling behavior with surfactant concentration “s” that 

depends on the flexibility of the micelles, ξ~s‐0.5‐1 (Berret, 2006). For the overlap volume of the 

fibrillar HCO, we assume Voverlap ~ ξ, such that Udepl ~ξ-2. To account for the impact of this 

interaction on the elastic properties of the network, we can consider that the absolute magnitude 

of the modulus is set by the spring constant k0 defining the resistance to bond‐stretching. Taking 

into account that the range of the depletion interaction is set by ξ, the spring constant can be 

estimated as k0 = Udepl/ ξ2~ ξ-4, such that we expect G0 ~ ξ-4Cα, where “C” is the HCO 

concentration The elastic modulus has been found to scale with the surfactant concentration as 

G0 ~ s9/4Cα. Such scaling relation describes the dependence on s remarkably well: a 

normalization of G0 with [LAS]9/4 leads to an almost perfect collapse of all data sets obtained at 

different [LAS], as  shown in Figure 3.9. This would indicate that ξ ~ s‐9/16. 

 

Figure 3.9: Same data as in Figure 3.5 where the elastic modulus is normalized by [LAS]9/4. For the normalization we use [LAS] 
in weight fraction rather than weight percent generally used in this report. The solid line corresponds to G0/[LAS] 9/4 = 4900 
[HCO]1.58. 
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Chapter IV 

4. The rising motion of a single sphere in 

structured fluids with yield stress 

Various yield stress values will be analyzed and, through a home-made time-lapse apparatus, the 

rising velocity of spherical bodies of different sizes will be measured. The experimental data are 

compared with numerical predictions from finite element simulations, assuming both interfacial 

slip and no slip conditions. To highlight the contribution of the power law index “n” for a Herschel-

Bulkley fluid, the results of the present work are compared with the experimental data and 

theoretical predictions coming from Tabuteau et al. (2006). Experimental and numerical results are 

interpreted and discussed in terms of correlations, involving the relevant dimensionless parameters. 

 

4.1.  Experimental rising velocities of spherical bodies 
Optical experiments are performed by analyzing spherical particles in the above-mentioned fluids. 

In each sample, we observed both the motion of air bubbles and of hollow glass microspheres. The 

pictures are taken over different time periods, from several hours to several weeks and the particle 

trajectory is reconstructed. After a very short transient time, the spherical bodies either reach a 

steady, terminal rising velocity or they remain still in the fluid.  

Figure 4.1 shows the experimental terminal velocity of the rising spherical objects as a function of 

the particles size, for different values of the fluid yield stress.  The rising velocity changes by four 

orders of magnitude. The smallest velocity is of the order of 10-3 μm/s. This actually translates in 

an experimental time of roughly 50 days. All the spherical objects that do not move in this time 

frame are considered immobile.  
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Figure 4.1: Terminal velocities of spherical particles and air bubbles as function of the particle diameter for different fluids 
(corresponding to different values of the yield stress). Lines are linear regression through the data. The legend shows the slope of 
each relative data set. 

 

Figure 4.1 clearly shows that both spheres size and yield stress value play a significant role in 

determining the rising velocity. As expected, a higher yield stress and a smaller sphere diameter 

lead to lower terminal velocities. 

It is worthwhile to point out that, although the experiments have been performed with all possible 

combinations of particles and fluids, only the hollow glass spheres with a particle diameter larger 

than 65 μm (see Table 1) effectively rise due to buoyancy, at least in our experimental time window.  

Moreover, the displayed data referring to a diameter larger than 200 μm are only air bubbles.  

The slope of each curve has units of a rate and the linear regression provides a characteristic shear 

rate for the specific yield stress fluid. This shear rate increases with increasing yield stress value 

and the results of a linear regression for each data sets are shown in Figure 4.1. 
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4.2. A dimensionless approach 
The experimental results shown in Figure 4.1 confirm many of the observations reported in the 

literature for homogeneous yield-stress fluids: 

- the bubbles move only when they are large enough (at least in the time frame explored in 

this work); 

- the critical sphere diameter for motion, which is the first data point in each data set, strongly 

depends on the fluid properties, in particular on the fluid yield stress; 

- when the particle is able to move, the velocity depends also on the size of the spherical 

object; 

- the characteristic shear rate coming from the fit for each fluid can be compared with the 

corresponding flow curve (Figure 3.4): the shear rate value “falls” in the range of shear 

rates between the yield stress plateau (no flow) and the linear regime (flow). Therefore, it 

can be considered as a threshold value, below which the particle is not able to move in the 

specific suspending medium. 

These experimental data are now compared with simulation results obtained by assuming that the 

suspending fluid is well described by the Herschel-Bulkley constitutive equation. Following 

previous works (e.g., Beris et al., 1985; Beaulne and Mitsoluis, 1997; Tabuteau et al., 2006), we 

plot the data in terms of three dimensionless numbers for a Herschel-Bulkley fluid: 

 

- the Stokes drag coefficient: 

𝐶௦ =
𝐹

6𝜋𝐾𝑉௡2ଵି௡𝑅ଶି௡
 

(4.1) 

 

- the Bingham number: 

𝐵𝑖 =
𝜎଴

𝑘 ቀ
𝑉
𝐷ቁ

௡ (4.2) 

 

- and the yield stress ratio, already proposed in Equation (1.2) 
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Notice that the definition of Cs is the same used by Beaulne and Mitsoluis (1997) with the drag 

correction factor (denoted by X(n) in their paper) set to one. This coefficient is an empirical 

parameter dependent on the power law index n (Dezhi and Tanner, 1985). For our fluids, such a 

coefficient is between 1 and 1.2 and, as such, its variation can be neglected. The Bingham number 

in Equation (4.2) compares the yield stress of the suspending fluid to the shear stress determined 

by the relative motion between fluid and sphere.  

The same data shown in Figure 4.1 are plotted in dimensionless form in Figure 4.2 in terms of 

Stokes drag coefficient as a function of the yield stress ratio. In the same figure, the results of the 

finite element simulations are plotted as lines. 

The simulation curves refer to two values of the power-law index (n = 1 and n = 0.8) and to both 

no-slip and perfect slip boundary conditions on the spherical surface. First of all, we remark that 

the black curve (no-slip condition and n = 1) quantitatively agrees with previous simulations 

(Beaulne and Mitsoulis, 1987), validating the code.  

The following observations can be made:  

- The whole experimental data set shown in Figure 4.2 all collapse on a single curve if plotted 

in a dimensionless fashion. Moreover, the data are well described by the simulation data in 

the case of no slip conditions.  

- The agreement between simulations and experimental data suggests the goodness of the 

rheological yield stress evaluation. 

- From a simulative point of view, solid spheres and air bubbles behave differently. The 

different Yc,cr value for bubbles and spheres, as shown by the vertical asymptote in Figure 

4.2 (and already discussed in the introduction), confirms the theoretical and experimental 

results obtained in the literature (Beris et al.,  (1985); Tsamopoulos et al.,  (2008); Sikorski 

et al., (2009)).  

- At a fixed yield ratio, the bubbles move faster than the spheres. This is expected as the drag 

force on a sphere in a Newtonian liquid is 2/3 of the Stokes drag where perfect slip holds 
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at the particle-fluid interface (Luo and Pozrikidis, 2008) (see the horizontal asymptote for 

Yc  0). 

- The power law index does not have a significant role on the rising spherical body motion, 

at least in the range evaluated. 

 

In Figure 4.3 the experimental data are shown in a different fashion, where the yield ratio is plotted 

as function of the Bingham number. The line passing through the data is representative of the 

simulations, previously discussed, in the case of no-slip condition and n=1. Along with the results 

of the present work, experimental data and theoretical predictions coming from Tabuteau et al. 

(2006) are plotted. They are, at the best of our knowledge, the most extensive data in literature, 

based on a Carbopol gel solution characterized by a power law index equal to 0.5. The theoretical 

prediction is based on the findings of Ansley and Smith (1967): 

 

1

𝑌
= 6𝑘𝑋(𝑛) +

6𝑋(𝑛)

𝐵𝑖
= 7 +

8.52

𝐵𝑖
 

(4.1) 

 

where the drag correction factor X(n) is 1.42 for n=0.5 (Dezhi and Tanner (1985)). Simulations 

have also been performed with n=0.5 and they are shown with a dashed line in Figure 4.3. It is 

possible to draw the following conclusions: 

- there is a good quantitative agreement between the experimental data and the numerical 

results in the case of no-slip conditions, despite our data are also on gas bubbles. A possible 

explanation of this phenomenon can be given by the surfactant molecules present in the 

solution, which could move towards the air/fluid interface and actually stiffen it (Denkov 

et al. 2009). In addition, we deal with small air bubbles, moving slowly, that can be treated 

as undeformable spherical objects and for which the condition of no-slip may work. These 

are just speculations and the absence of experimental data in literature on small not 

deformable gas bubbles makes the issue slip/no-slip condition even more complicated to 

be resolved.  
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- Comparing our experimental data with the data coming from Tabuteau et al. (2006), it is 

clear that our results widen the operative Bingham number window by several orders of 

magnitudes. 

- At high and low values of Bi the effect of the power law index is negligible, as shown by 

the overlap between the theoretical prediction by Tabuteau el al (2006) and our work. 

Indeed, at Bi approaching zero, the fluid behaves as purely viscous, whereas at high Bi the 

viscous component in the Herschel-Bulkley model is completely suppressed by the fluid 

yield stress. At intermediate Bi, the power law index becomes relevant and this is apparent 

by the mismatch between Tabuteau et al. (2006) and our data. The simulations performed 

at n=0.5 in the intermediate Bi fall slighlty below Tabuteau et al. (2006) data, confirming 

the dependence on n.  Finally, at low Bi numbers, the data of Tabuteau et al. (2006), based 

on metal spheres of centimeter size, deviate from simulations probably due to the increasing 

importance of inertial effects as the velocity increases. 

 

Figure 4.2: Stokes drag coefficient as function of the yield ratio. Empty symbols: experiments. Lines: simulations with different 
fluid-particle boundary conditions and power-law indices n. 
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Figure 4.3: Yield stress ratio as function of the Bingham number. Empty symbols: current experiments. Squares: hollow spheres. 
Circles: air bubbles. Red symbols: experimental data from Tabuteau et al. (2006). Solid line and long dashed back line: simulations 
with no-slip boundary conditions and power-law index n=1 and n=0.5, respectively. Dashed dotted grey line: theoretical approach 
following Tabuteau et al. (2006), with n=0.5. 
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Chapter V 

5. Stability under collective spherical bodies 

load 

The cooperative effect of the particle ensembles have been analyzed by the home-made time lapse 

photography technique, previously presented, in a way to study the dynamics of the spherical 

bodies and to verify the possibility of a microstructure collapse in the presence of a consistent 

number of spheres. The experiments last as long as several weeks. The edge split during phase 

separation has been monitored by changing various parameters such as temperature, aeration 

content and fluid yield stress. The results are novel for the peculiarity of the system and for the 

wide range of aspects used to study the phenomenon. The results will be presented in the following 

sections by treating solid bodies and air bubbles, separately. 

  

5.1. Stability under hollow glass microspheres 
The  initial  rate  of  compression of  the  gel  is  determined by  three parameters:  the applied 

load; the background viscosity and the structure of the network. In this paragraph, we address the 

problem of our fluid collapse by presenting a series of experimental observations. The load applied 

to the HCO‐system has been introduced by including hollow glass microspheres into the 

preparation, the load being controlled by the amount of spheres included vs the HCO content.   

This is similar to the classical experiments that probe the collapse of colloidal gels under their own 

weight; here load and structure are coupled, as they are both set by the particle volume fraction.  

We use three different sets of hollow glass microspheres (see Materials and Methods Chapter), 

with different diameter and density values. 

- Diameter 27-45 μm,  density  0.292 g/cm3 
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- Diameter 75-90 μm, density  0.12 g/cm3 
- Diameter 90-125 μm, density  0.09 g/cm3 

These experiments were performed in a cuvette with a square section of 1cm2, a height of 3,50 cm 

and 4 optical faces. The time lapse set up (see Material and Methods) was placed in an oven at 

40°C. Twelve structured samples have been studied for about 30 days, changing the size and the 

volume fraction of the entrapped particles. According to the motion model of the single bubble 

described above, we used a particle diameter such that the single sphere would not rise in the fluid. 

Tests are carried out with samples at [HCO] = 0.2% and 0.4% and fixed surfactant concentration 

[HLAS] = 16%. The the yield stress values at 40 °C are 0.14 Pa and 0.27 Pa, respectively. In Figure 

5.1 some examples of the splitting edge evolution as function of the time are reported and the 

properties of the samples are shown in Table 3. 
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Figure 5.1: Loading tests at 40°C. Samples 1 and 5 are stable. Samples 2, 7, 9 show a gravitational collapse. “h” shows the 
splitting edge of the gravitational collapse. 

h 
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Table 3: Samples properties for the systems analyzed in Figure 5.1 
 

All test results at 40 °C are shown in Figure 5.2, in a sort of “phase” diagram where different 

instabilities are indicated with different colors. The sharp phase separation with a defined moving 

boundary (i.e. a network collapse) is shown in red color, whereas the presence of regions of 

different density, typical of flocculation, is represented in yellow. The stability phenomenon is 

shown by a green symbol. 

 

Figure 5.2: Stability Phase diagram: yellow or red dot means that a failure occurs in the related samples (flocculation and 
collapse, respectively) whereas a green symbol indicates that the relative samples are stable. The sphere size is fixed for each 
diagram (a)  27-45μm b) 75-90 μm  c)90-125 μm 

 

Only two tests show a physical stability in 30 days, while all the others are unstable.  

The splitting edge of the gravitational collapse has been measured as function of time and the 

instability is determined by two parameters: the applied load (volume fraction and spheres size) 

and the fluid rheology (yield stress). In Figure 5.3, the sphere properties are fixed, whereas the 
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2 0.2% HCO 4% 27-45 μm 

7 0.4% HCO 2.5% 75-90 μm 

9 0.2% HCO 4% 75-90 μm 
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yield stress of the fluids and the volume fraction of the spheres have been changed. From the slope 

of the splitting edge as function of the time, it is possible to measure the velocity of the interface, 

indicated with vi.  

vi is essentially constant and equal to 0.037 ± 0.0033 cm/days for the spheres shown in Figure 5.3 

(a) while vi is equal  to 0.032 ± 0.0045 cm/days for spheres with a diameter size of 90-125 μm. 

This means that the yield stress of the fluid and the volume fraction of the spheres do not play a 

crucial role on the compression velocity. It is rather surprising that the plastic deformation does not 

dominate the velocity of collapse. It does influence, however, the time at which the failure occurs 

(td).  

 

Figure 5.3: Splitting edge vs time in different yield stress fluids at fixed sphere sizes a) 75-90 μm ,and  b ) 90-125 μm 

 

More specifically, we can conclude from Figure 5.3 that the time at which failure occurs strongly 

increases when the yield stress increases, that is by increasing HCO content. This phenomenon is 

more apparent in  

Figure 5.4, where the temporal evolution of the height of the network at two different yield stress 

of the fluids (0.14 Pa and 0.21 Pa) is plotted at a fixed volume fraction for the spheres (4%). 

Different curves correspond to various diameters. Spheres with smaller diameter need more time 
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to start the gravitational collapse, so td is longer for the particle loads with smaller beads. It is 

important to highlight that  

Figure 5.4 refers to beads characterized by different density values. The smallest beads have higher 

densities and, as such, apply a smaller load on the suspensions during their rising motion. With 

increasing spheres dimensions, the densities decrease and the load applied on the suspensions 

increases. The contribution of the sphere size is more relevant than the density mismatch, due to 

the fact that the size can change up to one order of magnitude. 

 

Figure 5.4: Splitting edge as function of the time at fixed volume fraction (4%) in different yield stress fluids: a) 0.27 Pa, b) 0.14Pa 

 

The range of the experimental data is not sufficient to be fitted with the Poroelastic model. It is 

possible to plot the delay time (td) at which the failure occurs as function of the volume fraction 

content, as shown in Figure 5.5 (a). The delay time is 

inversely proportional to the sphere concentration and shows no systematic dependence upon 

particle size. 

Further evidence that the yield properties of the network also determine the initial stage of compr

ession can be seen in Figure 5.5 (b). Indeed, at fixed bubble size, td is systematically larger with 
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increasing fiber content (i.e. yield stress of the fluid) and it is inversely proportional to the volume 

fraction. 

 

Figure 5.5: a) Delay time dependence on spheres concentration at fixed yield stress fluid parametric on the bubble size b) Delay 
time as function of the fibers content parametric on the volume fraction at fixed bubble size (75-90 μm) 

 

In  conclusion,  the  gravitational  collapse  of  HCO‐networks is described by two parameters: 

the velocity of the interface and the delay time at which the instability appears. The velocity of the 

interface does not depend significantly upon the yield stress of the fluid and of the volume fraction 

of the spheres but it does depend on the sphere size. The delay time is inversely proportional to the 

volume fraction and directly proportional to the fiber content. 

5.2. Stability under air bubble load. 
 

The effect of air bubbles on the physical stability of our structured and highly aerated samples is 

studied varying aeration levels at different temperatures (T=25-30-50 °C) and at different yield 

stress values for the fluids. 

In Figure 5.6 the values of the yield stress, extrapolated by the Herschel–Bulkley fit (as shown in 

Materials and Methods section), are reported as function of the fibers content, at various 
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temperatures.  

 

Figure 5.6:Yield stress values at different temperatures (T=25-30-40-50°C). 

 

From the model prediction reported in Fig. 4.3 regarding the motion of the single body motion, it 

is possible to define the minimum size of the bubble able to move in the specific fluid. The values 

of the critical size rc for each fluid are shown in Table 4. 
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rc[μm] 
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0.1 0.095 103.86 0.08 87.46 0.043 46.79 0.010 10.93 

0.2 0.220 240.53 0.213 232.87 0.141 153.83 0.050 54.66 

0.3 0.487 532.43 0.394 430.76 0.220 240.52 0.102 111.52 

0.4 0.634 693.15 0.567 619.90 0.268 293.00 0.145 158.53 

Table 4: Yield stress values at different temperatures (25-30-40-50°C) and the respective critical radius of the bubbles. 
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There are many ways to introduce stable air bubbles into a structured fluid. Of course, a choice 

among them can be done considering the features of the air bubble dispersion that we need to 

achieve. In this work, aerated samples are made with two different methods, as properly explained 

in the materials and methods section: by a membrane emulsification unit in a way to produce air 

bubbles with homogeneous diameter size and by mechanical agitation to create a non uniform  

bubble size distribution. As it will be explained more in details later, the bubble size polydispersity 

has a fundamental role on the physical instability of the studied systems. As such, we decided to 

separate the cases of presence of homogeneous bubble sizes produced via the emulsification unit 

and the heterogeneous case produced via mechanical mixing.  

 

 Homogeneous bubbles size 

Four fluids are analyzed containing a different amount of fibers, ranging from 0.1 to 0.4 % wt. The 

volume fraction of the air bubbles is fixed at 1% and 3%. The diameter of the air bubbles ranges 

from 40 to 60 μm. 

It is important to highlight that the average diameter of the produced bubbles is always smaller 

than the critical values shown in Table 4 except in the case of very low HCO content (0.1%) and 

highest temperatures (50°C).  

5.2.1.1 Loading tests 

In the following, the results for the samples with HCO= [0.1%] and with an aeration level of 3% 

are shown. As it is possible to see from Figure 5.7, the samples in these conditions are not unstable. 

The air bubbles do not remain entrapped inside the fluid and they are free to escape from the bottom 

to the top. The change in the sample turbidity indicates that the air bubbles content decreases in 

time. 
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T= 25°C 

 

T=30°C 

 

T=50°C 

 

Figure 5.7: Time Evolution of Loading Test Samples at HCO = [0.1%] at different temperatures with the initial air bubbles 
volume fraction equal to 3%. 

 

Figure 5.8 shows the pictures taken over time for the sample with HCO= [0.4%] and 3% of 

aeration. Under these conditions, it is possible to see the gravitational collapse effect, apparent only 

at 50°C, due to the increased value of the yield stress and, hence, the increased resistance exerted 

by the fluid to the bubble motion.  
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T= 25°C 

 

T=30°C 

 

T=50°C 

 

Figure 5.8: Time Evolution of Loading Test Samples at HCO = [0.4%] at different temperatures with initial air bubbles volume 
fraction of 3% 

 

It is possible to measure, as already shown with the solid spheres, the height of the splitting edge 

as function of time. Figure 5.9 shows the temporal evolution of the height of the network for the 

pictures shown in Figure 5.8. It is apparent that the height changes sharply with time in the first 

month, and then saturates to a plateau value, very far from the total height of the liquid in the vial 

(4.5 ± 0.2𝑐𝑚). From a linear regression of the first part before saturation, it is possible to calculate 

the slope and, as such, the rising interface velocity of the moving interface. In this case, the velocity 

is roughly 0.038 cm/days, similar to the interface velocity found for the hollow glass microspheres 

(see Chapter 5.1) 
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Figure 5.9: Splitting edge versus time for the sample with HCO= [0.4%] and aeration level equal to 3%, at T=50°C. 

 

All the samples at T=25°C and 30°C show a physical stability behavior. 

 

5.2.1.2 Heterogeneous bubble size 

5.2.1.3 Loading tests 

Forty five different samples, with fiber content from 0.2 to 0.4% wt and air bubble volume fraction 

ranging from 2 to 5%, are used to study the effect of air bubbles on their physical stability at 

different temperatures (T=25-30-50 °C).  The tests were carried out for more than three months. 
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Samples at 25 and 30°C did not show any physical instability. Figure 5.10 shows just one sample 

(with  HCO= [0.4%]) at different aeration levels. 

Figure 5.10: Loading test of the sample at HCO= [0.4%] with different aeration levels (ranging from 2 to 5%) at fixed Temperature 
(30°C)  

 

At 50°C the samples with fiber content equal to 0.3% and 0.4% wt show a gravitational collapse 

effect, as shown in Figure 5.11 and in Figure 5.12. It has to be marked that in some cases (such as 

the one referred to 0.3% of HCO content and 5% and 3% of aeration) a flocculation failure mode 

appears.   
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Figure 5.11: Loading tests of the sample at HCO= [0.4%] with different aeration levels (ranging from 2 to 5%) at fixed Temperature 
(50°C) 
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Figure 5.12: Loading tests of the sample at HCO= [0.3%] with different aeration levels (ranging from 2 to 5%) at fixed Temperature 
(30°C) 
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All test results at different temperatures are shown in Figure 5.13, in a phase diagram where 

different instabilities are indicated with different colors. The collapse and flocculation effects are 

shown in red and yellow color, respectively; while the stability phenomenon is shown with a green 

symbol. 

 

Figure 5.13: Stability Phase diagram: yellow or red dot means that a failure occurs in the related samples (flocculation and 
collapse, respectively) while a green symbol indicates that the relative samples are stable. (a) T=25-30°C ; b) T=50°C. 

 

The aim of Figure 5.13 is to understand if a failure occurs and which fluids are involved and, of 

course, to focus on the fluids that show instability to study its dynamics. Only samples with HCO= 

[0.3-0.4%] and aeration level higher than 3%, at 50°C, collapse. The variation of the temporal 

evolution of the height of the network is plotted in Figure 5.14. For each sample, two slopes, again, 

characterize the behavior of the splitting edge during time. For low times, there is a fast increase 

of the rising interface height with time, followed by a plateau region characterized by a specific 

value of the height, dependent on the aeration level. It is interesting to notice that the dynamics of 

the splitting edge with homogeneous (Figure 5.9) and heterogeneous spheres (Figure 5.14 a) in 

the same working conditions (T=50°C, 0.4% HCO and 3% aeration) is similar. 
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Figure 5.14: Splitting edge as function of time at T= 50°C for: a) HCO = [0.4%] and b) HCO= [0.3%].See legend for details about 
the aeration level of the samples. 

 

Moreover, it is important to highlight that the velocity of the splitting edge is not strongly 

dependent on the aeration level, whereas the time at which the instability appears increases with 

decreasing aeration level and increasing HCO content (i.e. yield stress of the fluid). The velocity 

of the splitting edge is roughly 0.12 cm/days for the case with HCO = [0.4%] whereas for HCO = 

[0.3%] it was not possible to measure it accurately. 

The poroelastic model well describes the gravitational collapse  of  our system.  It  has  been  applied  

to  describe h(t)  in  the two stages:  the  initial  compression and the consolidation regime. In 

Figure 5.15 the behavior of the splitting edge at HCO = [0.4%] at two different aeration levels (4-

5%) is reported, along with the sample at HCO = [0.3%] and 4% of aeration. The time is normalized 

by subtracting the delay time of each data set to the experimental time. The curves are well fitted 

by the Poroelastic models (black line, Equation (1.8) and the results are shown in  

Table 5. The two samples at fixed fiber concentration of 0.4% show the same slope in the initial 

compression. A different slope is instead found for HCO= [0.3%]; this means that the initial 

velocity of the interface depends on the yield stress of the fluid but not on the aeration level. It is 

possible from Equation 1.9 to calculate the time scale for collapse and the permeability of the 
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network. The values are reported in Table 5. The increase in gel permeability with decreasing fiber 

content can be justified by a larger network size.   

 

Figure 5.15: Splitting Edge Motion and Manley Model fit of Collapsed Samples 

 

Sample k0 (μm2) 𝛕 (days) 

HCO=[0.4%] ϕ=5% 41 8 

HCO=[0.4%] ϕ=4% 43 8 

HCO=[0.3%] ϕ=4% 59 10 

 

Table 5: Permeability of Collapsed Samples. 
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The splitting edge trend analyzed for the air bubble loading tests is different if compared to the 

hollow glass microspheres, discussed in Chapter 5.1. Indeed, for the hollow glass microspheres it 

is not possible to visualize the plateau region of the splitting height, but only a continuous increase 

of the height with time. A possible explanation for this difference can be given by considering that 

the loading tests for the spheres are carried out for a limited period of 30 days, whereas for the air 

bubbles the tests are performed for more than 100 days. Of course, the dynamic of the bubbles is 

more complicated than the rising motion of solid spheres due to different phenomena that can 

appear with bubbles and not with solid spheres (such as ripening, desorption/absorption, surface 

deformation etc). 

Also the physical stability results are different: the bubbles show collapse and flocculation 

phenomena only for the sample with fiber concentration above 0.3%wt; for the hollow glass 

microsphere a fiber content HCO = [0.2%] is already sufficient to induce an instability 

phenomenon.  
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6. Conclusions 
The motion of bubbles and hollow microspheres rising in a structured fluid showing a yield stress 

has been analyzed. The suspending fluid is a surfactant solution containing different fiber content 

that can be tuned in a way to vary the yield-stress value. A deep rheological study of the fluids has 

been carried out and the rheological parameters have been evaluated by considering the Herschel-

Bulkley constitutive equation. As the HCO content is increased, the elastic response increases and 

a plateau modulus at low frequency appears, indicating the fingerprint of a gel-like network. Steady 

flow measurements confirm this response, by showing a yield stress at low shear rate values.  

Data are fitted by a power law equation where G0 and σ0 are proportional to Cα, where C is the 

fibers concentration. In our case, α is roughly 1.23 for both yield stress and elastic modulus. Our 

measurements are compared with those of Merleier et al. (2014) and they are in good agreement, 

although with a unique slope valid for the whole HCO range. By tuning the surfactant 

concentration, the elastic modulus has been proven to be dependent on the LAS content and the 

experimental results have been analyzed in terms of depletion interactions between the HCO fibers. 

The rising velocity of rigid hollow spheres of different sizes and air bubbles, freely incorporated in 

the system during the mixing process, has been measured by tracking tests performed through a 

home-made time-lapse apparatus. Finite element simulations have been performed to support the 

experimental data. The experimental results confirm the existence of a critical diameter beyond 

which the spherical particle can move. As expected, such a critical size depends on the yield stress 

of the fluid. A comparison with numerical simulations has been carried out in terms of 

dimensionless variables by plotting the three fundamental characteristic numbers: the Stokes drag 

coefficient, the Bingham number, and the yield stress ratio. The good agreement between 

experiments and simulations suggests that, at least for the problem of a sphere motion and the 

experimental conditions adopted in this work, the structured liquids used in our experiments can 

be well modeled by standard constitutive equations for yield-stress fluids. The power law index n 

plays a significant role, in particular in the medium Bingham range value. This explains the 

difference between available data in the literature on Carbopol (well described by n=0.5) and our 

solutions (n approaching 1). Numerical simulations performed for different values of the power 

law index n confirmed these results. The results are well summarized in Figs. 4.2 and 4.3, which 
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can be used also as a valuable tool to predict the local mechanical properties of the suspending fluid 

at very low shear rates, often much lower than the typical sensitivity of commercial rheometers. 

They can be also used to discern between motion/no motion of submerged bodies in yield stress 

fluids and to indirectly measure their terminal velocity. Moreover, it is important to highlight that 

from a traditional rheological measurement, which is relatively short in time, it is possible to 

evaluate the terminal velocity of a sphere that, instead, would need an experimental time of several 

weeks. The results presented here have important implications for home-care industrial 

applications where many detergents show rheological properties similar to the structured fluids 

considered in this work. 

At last, loading tests are performed at different temperatures ranging from 25°C to 50°C on highly 

aerated and structured fluids in order to understand the effect of air bubbles on the physical stability. 

Each tested formula is poured in a glass vial and the aeration level is measured before each pouring 

by a specific weight static measurement; at the same time, each vial is sampled in order to obtain 

the bubble size distribution by a macro time lapse set up. Experiments with homogeneous and 

heterogeneous bubble size distribution have been performed. The bubble size is far below the 

critical diameter for which the motion of the single bubble would take place in the specific fluid. 

The first result we obtain is a sort of phase diagram in which, for each value of the structurant level 

and effective aeration content we are able to identify the samples interested in a failure. Secondly, 

when a failure occurred, we had the opportunity to study its dynamics and to differentiate between 

collapse and flocculation. The collapse has been studied and the dynamics of the splitting edge has 

been reported as function of time for an experimental period of more than three months. Samples 

with the highest level of structurant content (high yield stress values) and with aeration levels above 

2% at T= 50°C tends to collapse. The height of the moving boundary due to the incoming phase 

separation increases with time and then saturates at different plateaus values, depending on the 

initial aeration content. The time at which the collapse starts and the final plateau are strongly 

dependent on the yield stress of the fluid and the aeration content. The data are compared with 

experiments performed using hollow glass microspheres, the results are qualitatively and 

quantitatively different: the bubbles show collapse and flocculation phenomena only for the sample 

with fiber concentration above 0.3%wt; for the hollow glass microsphere a fiber content HCO = 

[0.2%] is already sufficient to induce an instability phenomenon. The splitting edge trend analyzed 
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is also different. Indeed, for the hollow glass microspheres it is not possible to visualize the plateau 

region of the splitting height, but only a continuous increase of the height with time. A possible 

explanation for this difference can be given by considering that the loading tests for the spheres are 

carried out for a limited period of 30 days, whereas for the air bubbles the tests are performed for 

more than 100 days. 
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