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GLOSSARY OF ABBREVIATIONS  

𝑨𝒉 Hamaker constant 

𝑪𝑫 Drag coefficient 

𝑫 Diffusion coefficient 

𝑫𝒃 Bubble diameter 

𝑫𝟎 Needle diameter 

𝑭𝑩 Buoyancy force 

𝑭𝑫 Drag force 

𝒈 Gravitational acceleration 

𝑯𝟎 Initial liquid height 

𝑯 Foam height 

𝑯𝑳 Bubbly liquid height 

𝑯𝑭 Total liquid height 

𝒉 Liquid film thickness 

𝒉𝒃 Liquid film thickness at bursting (bubble) 

𝒉𝒇 Liquid film thickness before drainage 

𝒉𝒗𝒅𝑾 Critical liquid film thickness (van der Waals) 

𝒍𝒄 Capillary length 

𝑳𝝉 Normalized foam lifetime (Eq.1.11)  

𝑴 Molar mass 

𝑵𝑨 Avogadro’s number 

𝑷 Pressure 

𝚫𝑷 Laplace pressure 

𝑷𝟎 Pressure in liquid film 

𝑷𝑩 Pressure in Plateau border 

𝑸 Injected air flowrate 

𝑹 Column radius 

𝑹𝒃 Bubble radius 

𝑹𝒇 Curvature radius of the border of Plateau 

𝑹𝒆  Reynolds number 

𝑹  Gas constant 

𝑼 Bubble rising speed 

𝑼𝑻𝑪 Taylor-Culick speed 

𝑽 Volume  

𝑽𝒃 Bubble volume  

𝑽𝟎 Needle volume  

𝑻 Temperature 

𝑻𝒃 Boiling temperature 

𝑻𝒎 Melting temperature 

𝒕 Time 

𝒙𝒊 Molar fraction of species i 

𝒙𝟏
𝒎𝒂𝒙 Molar fraction for maximum foamability 

𝜶 Characteristic foam length (Eq.2.24) 

𝜹𝒃 Geometric factor 

𝜸 Surface tension 

𝜸𝒊 Surface tension of species i 

𝚫𝜸 Difference of surface tension 

𝑬𝜸 Excess surface tension (Eq.3.15)  

𝜿 Permeability  

𝝁 Viscosity of mixture 

𝝁𝒊 Viscosity of species i 

𝚷𝑫 Disjoining pressure 

𝚷𝒆𝒍 Electrostatic contribution 

𝚷𝒗𝒅𝒘 Van der Waals contribution 

𝚷𝒔𝒕 Steric contribution 



 

𝝆 Liquid density 

𝝈𝒊 Molar surface of species i (Eq.2.3)  

𝑺𝒊 Reduced molar surface of species i (Eq.3.14)  

𝝎 Ultra Turrax rotating speed 

𝒗𝒊 Molar volume of species i 

𝝉 Lifetime of bubble/foam (Eq.1.10)  

𝚪𝒊 Surface molar fraction of species i 

𝝀𝑫 Debye length 

𝚽𝑳 Liquid volume fraction 

𝚽𝑩 Volume fraction of gas in the bubbly liquid 
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RÉSUMÉ 

La formation de mousse dans les mélanges d’huiles est un problème courant, par exemple dans 

les boîtes de vitesses de moteurs électriques. Des agents anti-mousses peuvent être utilisés, mais 

il est important de comprendre comment se forme la mousse. Les liquides purs ne forment pas 

de mousse en raison de la courte durée de vie des films liquides, où aucun effet ne s’oppose aux 

interactions attractives de van der Waals. Toutefois, l’effet permettant d’augmenter les temps 

de vie des films liquides dans les mélanges d'huiles, et en l'absence d’autres effets stabilisants 

connus, n'a pas été expliqué. Cette thèse propose un mécanisme à l’origine de cette 

augmentation. Nous avons mesuré le temps de vie de mousses dans des mélanges binaires dont 

la composition et la taille des bulles varient. Des expériences sur des bulles uniques formées à 

la surface d’un bain liquide ont permis de mesurer l’épaisseur du film liquide au moment de sa 

rupture. Nous démontrons que l’effet stabilisant est dû aux différences de concentration des 

espèces entre le volume et l’interface avec l’air : le liquide de tension de surface la plus faible 

a une concentration légèrement supérieure à l’interface et joue ainsi le rôle d’un tensioactif. 

Nous montrons ensuite comment ces différences de concentration sont reliées aux non-

linéarités des variations de la tension de surface du mélange avec sa composition et quelles sont 

les conséquences sur le temps de vie des films liquides. Enfin, la rhéologie de surface de ces 

systèmes est plus simple que celle des films de savon et nous proposons une description 

quantitative de la formation, du drainage et de la rupture des films liquides. 
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ABSTRACT 

Foaming in oil mixtures is a common problem, for example in electric motor gearboxes. Anti-

foaming agents can be used, but it is important to understand how foam forms. Pure liquids do 

not form foams because of the short life of liquid films, where there is no effect against 

attractive van der Waals interactions. However, the effect at the origin of increased lifetimes of 

liquid films in oil mixtures, in the absence of other known stabilizing effects, has not been 

explained. This thesis proposes a mechanism for this increase. We have measured the lifetime 

of foams in binary mixtures of varying composition and bubble size. Experiments on single 

bubbles formed on the surface of a liquid bath allowed us to measure the thickness of the liquid 

film at the time of its rupture. We demonstrate the stabilizing effect is due to differences in 

species concentration between the volume and the interface with air: the liquid with the lowest 

surface tension has a slightly higher concentration at the interface and thus acts as a surfactant. 

We then show how these concentration differences are related to the non-linearities of the 

variations of the surface tension of the mixture with its composition and what are the 

consequences on the lifetimes of liquid films. Finally, we show that the surface rheology of 

these systems is simpler than that of soap films and propose a quantitative description of the 

formation, drainage and breakup of liquid films. 
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INTRODUCTION & BIBLIOGRAPHY 

INDUSTRIAL PROBLEMS 

 

Figure Intro-1-1 : Electric motor rotates at high speeds.  Air can infiltrate circuits and 

potentially trigger fluids to foam, causing device materials to be damaged. 

The awareness of global climate change has finally encouraged people to rethink their means 

of transportation, and electric cars are becoming a replacement for classic petrol cars for a 

sustainable green energy future.  At a glance, the main differences between these two types of 

cars lie in the points below. 

 

Classic cars need gasoline or diesel to run, motor oil to lubricate their engine parts such as 

valves, pistons. 

As the name suggests, electric cars run on electricity. However, they still need lubricants for 

their engines, lubricants and additives are indispensable to protect an electric vehicle’s gearbox.  
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Foaming is a common problem with oil lubricated parts of car engines. But it is really drastic 

for electric car, as their motor and gearboxes operate at rotation speed five to ten times larger 

than the ones of classical cars. Gearboxes rotation generates small air bubbles can accumulate 

at liquid surface, and be convected by the flow near the gears, decreasing the lubricant effect of 

oil.  The main objective of this work is to understand the origin of foaming of oil mixture, in 

order to control it.  

LIQUID FOAM 

First, we briefly recall what is a liquid foam. Liquid foam is a dispersion of gas bubbles in a 

liquid with a gas concentration large enough for the bubbles to be pressed one against the other. 

As a consequence, bubbles are faceted. The facets are liquid films that separate bubbles from 

their neighbor. Their structure is represented in the graph below. 

 

Figure Intro-1-2 : Descriptive diagram of the structure of a foam [1]. 

These liquid films are connected by 3 into channels, which are called Plateau borders. The 

liquid is mostly contained in these borders. They are themselves connected by 4 vertices as 

shown in Figure Intro-1-2.  

 

Liquid foams offer a variety of unique and intriguing properties. They are employed in a variety 

of applications all around us, such as foods, cosmetics and oil recovery. 
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Plateau borders 

One of the destabilizing mechanisms of the foams is the capillary suction of liquids from the 

films to the Plateau border. Indeed, the pressure in the Plateau border 𝑃𝐵 is lower than the 

pressure inside the bubbles because of the curvature of the Plateau's borders. More precisely, 

the pressure in the Plateau border 𝑃𝐵 is writes: 

 𝑃𝐵 = 𝑃0 −
𝛾

𝑅𝑓
 Eq.Intro.1 

where 𝑃0 is the gas pressure, 𝛾 is the surface tension of the liquid and 𝑅𝑓 is the radius of 

curvature of the border of Plateau.  

 

Figure Intro-1-3 : Schematic of a horizontal film and a Plateau border.  

We will explain that the pressure in the film can be different from the gas one under the effect 

of molecular interactions disjoining, which can be described as a pressure term called disjoining 

pressure. This is the object of the following section. 

 

Disjoining pressure 

The concept of disjoining pressure, which has been defined by Derjaguin [2], describes the 

pressure difference between the pressure in a thin film and the pressure in the bulk fluid when 

the two are connected by a channel. The origins of the disjoining pressure are the molecular 

forces that may be attractive or repulsive and that become important when the film is very thin, 

that is of thickness smaller than about 100 𝑛𝑚.  

Liquid film

𝑹𝒇

𝑷𝟎 𝑷𝑩𝑷𝑩

𝚷𝑫
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Figure Intro-1-4 : Disjoining pressure 𝚷𝑫 between two interfaces as a function of liquid 

film thickness 𝒉. The different contributions to the disjoining pressure – van der Waals, 

electrostatic, steric – are represented by the dash lines and the continuous line 

represents their sum. [3] 

First, imagine a liquid film with two infinite interfaces separated by a liquid thickness ℎ. This 

film is submitted to various short-range interactions, electrostatic, Van der Waals or steric, 

known as DLVO interaction [4,5]. They are responsible for the disjoining pressure that writes 

thus: 

 𝛱𝐷 = 𝛱𝑒𝑙 + 𝛱𝑣𝑑𝑤 + 𝛱𝑠𝑡 Eq.Intro.2 

with the repulsive electrostatic contribution Π𝑒𝑙, the attractive Van der Waals contribution Π𝑣𝑑𝑤 

and the steric repulsive contribution Π𝑠𝑡. as illustrated in Figure Intro-1-4. 

 

Electrostatic forces When ionic surfactants are adsorbed at interfaces, then those interfaces 

become electrically charged. The charged interfaces repel each other. The electrostatic 

contribution is: 

 Π𝑒𝑙  ~ 𝑒
−
ℎ
𝜆𝐷 Eq.Intro.3 

where 𝜆𝐷 is the Debye length. It is always repulsive and thus the electrostatic – disjoining 

pressure contribution is positive. 
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Van der Waals forces When the interfaces of a liquid film are close enough, van der Waals 

forces that are always attractive becomes to be predominant. The Van der Waal attraction 

contribution to the pressure is negative and writes: 

 Π𝑣𝑑𝑊 = −
𝐴ℎ
6𝜋ℎ3

 Eq.Intro.4 

where 𝐴ℎ is the Hamaker constant of the air/fluid system.  

 

Steric forces Steric forces can appear if surfactants are adsorbed in monolayers on each 

interface. If the thickness of the film is smaller than twice the thickness of the monolayers, the 

energy of the system may increase. This may generate repulsive interactions, but that are short 

range and only with organized molecules layers. 

 

The value of the disjoining pressure, and especially its sign, show how the two interfaces 

interact: a positive disjoining pressure corresponds to repelling interfaces, while a negative 

disjoining pressure indicates attracting interfaces. An equilibrium between the Laplace and 

disjoining pressures is may be attained if: 

 
2𝛾

𝑅𝑓
+ Π𝐷 = 0 Eq.Intro.5 

As a result, equilibrium can be reached only if  Π𝐷 is repulsive, thus only if there are 

electrostatic or steric repulsions. 

 

In the absence of any surface-active species, only the attractive contribution of Van der Waals 

intervenes. There is thus no solution for the equation above and thus films thin and hence 

coalesce. As a result, foams made from pure oil mixes are predicted to thin continuously and to 

break; thickness will decrease to zero, and then pinching will occur. Thus, the question of our 

PhD is the following: what determines the life-time of foams in the absence of repulsive 

interaction in the films? We show in the next section that mechanisms, including Marangoni 

flows, can slow down the thinning towards a few tens of seconds. 
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ROLE OF MARANGONI EFFECT 

 This section will go over the Marangoni effect and how it affects film stabilization. 

 

Film stabilization - Foam 

• Marangoni flow in a film containing surfactants 

 

H. Lhuissier et al. [6]  investigated the behaviour of bubbles at the surface of a tap water bulk. 

Bubbles are generated in the range of millimeters in size. Because the curvature of these bubbles 

is less than the capillary length, capillary pressure completely dominates hydrostatic pressure. 

Most of the liquid is drawn off the film in the beginning of drainage, known as capillary 

emptying time. This very first stage lasts just 10−2 𝑠. However, they show that purity is an 

important component that controls the dynamics of thinning of the liquid film. 

 

 

Figure Intro-1-5 :  (a) Stretching: plug-type flow velocity profile in the pure liquids. 

In the absence of Marangoni effect, i.e., in the case of pure liquid, surface tension is 

homogenous. The thinning of the film is done by a plug flow – or film stretching. The flow 

velocity profile will be of the plug type in this scenario, as indicated in Figure Intro-1-5 (a), 

is: 

 𝑈𝑥−𝑝𝑙𝑢𝑔 ~ 
𝑅𝑏
2

𝜇
 
𝜕𝑃

𝜕𝑥
 ~

𝑅𝑏
2

𝜇

Δ𝑃

𝑅𝑏
~
𝛾

𝜇
 Eq.Intro.6 

 

The characteristic time can be estimated 𝜇𝑅𝑏/𝛾 ~ 10
−4 𝑠, for  𝜇 =  10−3 𝑃𝑎. 𝑠, surface tension 

𝛾 =  10−2 𝑁.𝑚−1 and bubble size 𝑅𝑏 = 10−3 𝑚.   
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However, in the presence of surface-active components, the interface cannot deform easily, and 

the drainage inside the film adopts a Poiseuille type velocity, see Figure Intro-1-6: 

 𝑈𝑥−𝑃𝑜𝑖𝑠𝑒𝑢𝑖𝑙𝑙𝑒 ~ 
ℎ2

𝜇
 
𝜕𝑃

𝜕𝑥
 ~

ℎ2

𝜇

𝛥𝑃

𝑅𝑏
~
𝛾

𝜇

ℎ2

𝑅𝑏
2 ≪ 𝑈𝑥−𝑝𝑙𝑢𝑔 Eq.Intro.7 

The characteristic time can be estimated 𝜇𝑅𝑏
3/𝛾ℎ2 ~ 102 𝑠, for  𝜇 =  10−3 𝑃𝑎. 𝑠, surface 

tension 𝛾 =  10−2 𝑁.𝑚−1, bubble size 𝑅𝑏 = 10−3 𝑚 and film thickness ℎ = 10−6 𝑚.   

This long time has been observed for tap water in Lhuisser's article.  

 

Figure Intro-1-6 : Drainage: Poiseuille flow velocity profile with surface-active 

components. 

In order to quantify the Marangoni effect that is able to hinder the film stretching and thus to 

force Poiseuille flow, we have to estimate the gradient of surface tension in the case of 

Poiseuille flow. This writes: 

 𝜇
𝜕𝑈𝑥
𝜕𝑧

 ~ 
𝜕𝛾

𝜕𝑥
 Eq.Intro.8 

Using the scaling law 𝜇 (𝜕𝑈𝑥)/𝜕𝑧 ~ ℎ𝛾/𝑅𝑏
2 and 𝜕𝛾/𝜕𝑥 ~ Δ𝛾/𝑅𝑏, we obtain: 

 Δ𝛾 ~ 𝛾
ℎ

𝑅𝑏
≪ 𝛾 Eq.Intro.9 

The order of magnitude of surface tension variations in the thin film sufficient to immobilize 

the surface is expected to be Δ𝛾 ~ 10−3 𝑁.𝑚−1 ≪ 𝛾. Note that this effect is tiny. Such a 

variation of surface tension for instance is not measurable with a classical tensiometer. 

 

To conclude, the tiny Marangoni effects can lead to Poiseuille flow and thus slow thinning of 

liquid films.  

 

In addition, Marangoni effect can also be generated by evaporation. Following that, we will go 

through this impact in further depth. 
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Evaporation-induced foam stabilization 

 

Figure Intro-1-7 : Schematic showing the mechanism of bubble stabilization resulting 

from evaporation-induced Marangoni effect. 

Recently, Chandran Suja et al. [7] have performed an experiment with a single bubble to study 

the foam stabilization mechanism – for liquid mixtures with different evaporation rate of the 

constituents. This paper claims that the evaporation in liquid mixtures is implicated in the 

stability of foams in various oil combinations. When the component with the lower surface 

tension is the more volatile, its evaporation produces a surface tension gradient, resulting in a 

Marangoni flow. The mechanism underlying this phenomenon is illustrated in the above figure. 

We have a liquid mixture of two components: 1 and 2, with the former having a higher surface 

tension and being more volatile. Consider a bubble approaching the air/liquid interface and 

forming a liquid layer. Because the molecules in liquid 1 are more volatile, the proportion in 

this layer is decreased. Thus, a gradient of concentration between the film and the Plateau 

border is generated by evaporation. It results in a gradient of surface tension, with a surface 

tension larger in the film than in the Plateau border. Hence Marangoni flow occurs from the 

border to the film, forcing liquid to flow in the opposite direction of the drainage. As a result, 

in this case, the Marangoni effect stabilizes the liquid layer. 
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Questions about foam of binary and ternary mixtures  

The pure liquid films without surface active species, as described in the preceding paragraphs, 

are extremely unstable. They will snap in a thousandth of a second. As a result, pure liquids 

cannot produce foam. However, mixtures of pure liquids do foam as shown by literature. 

 

It has been observed that binary and ternary combinations of pure liquids put together can foam. 

And, more precisely, the ability to foam depends on the fractions of the components. S. Ross 

and G. Nishioka [8] noticed this, and their findings are displayed in the graph below. 

 

 

Figure Intro-1-8 : Phase diagram of ternary systems and lines of iso-foamability (dotted 

line) dotted lines): (a) ethanol/benzene/water system - (b) ethylene glycol/butanol/water 

system at 20 °C. 

In the graphs of Figure Intro-1-8, they report the lines corresponding to foam lifetime of 5 to 

25 seconds for various ternary mixtures. They observed that their foamability increases as one 

approaches the critical point, as long as one remains on the side where the mixture is a single 

homogeneous phase. This large foamability was attributed to the vicinity of a critical point but 

no understanding of the phenomena was proposed. 

 

At opposite, in the region where the solvents separate into two immiscible mixtures, the lifetime 

of foams becomes extremely small. The authors hypothesize that one of the mixtures behaves 

as an antifoam of the other mixture. The system of lower surface tension will spontaneously 

spread on the surface of the other. The mechanism is the following. A droplet of the phase with 
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the lowest interfacial tension reaches the liquid gas interface, and spreads on it, leading to a 

thinning of the liquid film by Marangoni effect and then to its piercing. This effect is related to 

the effect of antifoams and will not be discussed in this work. 

 

Figure Intro-1-9 : A molecule of the liquid having the lowest surface tension in the 

mixture inside a film. Its formation and spreading on the film surface, causing the film 

to thin and the liquid to flow. The film thins to the point where it breaks. [3] 

 

 

(a): Liquid molecule having the lowest surface tension 
inside the liquid film

(b): It migrates to the gas/liquid interface

(c): Its spreading on the surface

(d): Marangoni spreading mechanism

(e): The liquid film thins and eventually breaks
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Our research with binary mixtures 

Based on the observations and studies presented above, we focus our work on monophasic 

binary mixtures. A primarily test consists in examining the levels of foaming in two bottles. 

The liquid in the first bottle 1 is pure (Decane), but the liquid in bottle 2 is a combination of 

two pure liquids (Decane and Toluene) that are miscible. When we shake the bottle 1, we are 

not able, with eyes to detect any bubbles formation. In contrast, by shaking bottle 2, we can 

clearly detect the creation of a foam layer, which remains for a few tens of seconds. Moreover, 

the liquids used have no surfactant nor impurity (because the polarity of the liquid used is lower 

than most of the pollutant contained in air). Furthermore, in contrast to the mixtures studied by 

Chandran Suja et al. [7], the effect of evaporation induced Marangoni effect is predicted to 

destabilize the films that are formed, because in the decane-toluene mixture the more volatile 

component (Toluene) has a higher surface tension.  

 

 

Figure 1-10: No foam observed in pure liquid (left); a foam layer at the top of mixture of 

liquid (right) 

Thus, in the next chapters of this study, we will quantify the foaming capacity of various liquid 

mixtures, in order to understand these phenomena, and to model them. In Chapter 1, we will 

present the methods that we have used to characterize foaming, and film thickness before 

drainage. The Chapter 2 will discuss and propose theoretical models to explain the origin of 

liquid mixture foaming of mixtures of liquids with very similar size. More complicated mixes, 

called asymmetric binary mixtures, will be addressed in greater depth in Chapter 3. Lastly in 

the last chapter, Chapter 4, we will explain how to model the lifetime of bubbles. 
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1. EXPERIMENTAL METHODS  

 

 

 

 

 

 

 

 

 

 

This chapter will be divided into three sections that will discuss our approach for measuring 

foamability, the foamability dependence on bubble sizes, and the measurement of film 

thickness/bubble lifetime. First, foamability mixtures will be assessed using Bikerman columns. 

We will show that Bikerman test can provide an estimation of the bubble lifetime. We will then 

present our results on the foamability of various mixtures. Lastly, we will investigate the effect 

of bubble size on foamability. Finally, we present experiments performed on single bubbles, in 

order to measure the thickness of the liquid film at the onset of bursting.  
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1.1. DETERMINING THE FOAMABILITY OF BINARY MIXTURES WITH 

A BIKERMAN COLUMN 

Experimental description 

 

Figure 1-1 : Schematic of the experimental set-up 

First, we describe our measurement of the foam lifetime measured with Bikerman columns.  

According to literature, there are numerous methods [9–11] that have been mentioned and 

applied both in laboratory experiments and in the industry to study foam lifetimes. We have 

used the Bikerman method [12,13]. Gas is injected into liquids through a porous material to 

form foam. To measure formability, we determine the volume or the height of foam formed in 

the liquid. 

This experiment is performed to measure the foam height of binary liquid mixtures. The 

experimental set-up is represented as shown in Figure 1-1. Our Bikerman test consists of a 

glass column (Robu Glass column - 85 𝑚𝐿, radius 𝑅 = 1 𝑐𝑚) with a filter disc at its bottom 

(porosity: 10 −  16 𝜇𝑚). A studied liquid mixture is poured into the column with an initial 
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height of 𝐻0. Then, air is injected from the bottom of the column through the filter disc at 

constant flow rate 𝑄. The flow rate is accurately controlled/measured by a flowmeter and can 

vary between 1 𝑚𝐿. 𝑠−1 and 8 𝑚𝐿. 𝑠−1. The experiment was carried out at room conditions: 

𝑇 = 25°𝐶 and 𝑃 = 1 𝑎𝑡𝑚. The whole experimental process is recorded by a side-view camera 

at 30 𝑓𝑝𝑠. The recorded images are processed by ImageJ software. During the air injection, a 

stationary state is established, and the final height 𝐻𝐹 is reached a few seconds after the 

experiment begins. 

 

In this work, we have investigated the foam behavior of binary mixtures of Toluene and linear 

alkanes; mixture of linear alkanes of different size and mixtures of Cyclopentanol with linear 

alcohols, respectively.  

 

In addition, we will also discuss at the results on PDMS/Decane mixture that were performed 

by Léa Delance1. The PDMS/Decane mixture strongly foams and a much smaller flowrate was 

used, 𝑄 = 0.6 𝑚𝐿. 𝑠−1. In order to prevent retention of PDMS in the porous filter, it was 

chemically modified using a perfluorosilane.  

 

For each tested binary mixture, mixture composition can also be varied in order to examine its 

relation to foam. 

1.1.1. Measurement of the foam height 

When gas is injected, the liquid and the foam phases reach a stationary state, see Figure 1-2. If 

we consider a column of radius 𝑅, the liquid volume fraction in the foam equal to Φ𝐿 and the 

volume fraction of bubble in the liquid column below the foam Φ𝐵. The initial amount of liquid 

poured 𝐻0𝜋𝑅
2 is divided between: 

• A bubbly liquid forms in the lower part of height 𝐻𝐿. The liquid volume is equal to 

𝐻𝐿(1 − Φ𝐵)𝜋𝑅
2. In this part, air bubbles that are spherical in shape and have no 

interaction with one another. They are spread throughout the liquid phase and move 

towards the interface liquid/foam.  

• The upper part consists of a foam of height 𝐻 with liquid volume 𝐻Φ𝐿𝜋𝑅
2. 

 
1 The experimental results related to the PDMS/Decane mixture in this chapter were performed 

by Léa Delance in her PhD. 
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(a) (b) 

Figure 1-2 : (a) Binary mixtures in Bikerman column; (b) Formation of foam in the top 

of the column after the air injection 

The volume conservation of liquid mixture gives us: 

 𝐻0𝜋𝑅
2 = 𝐻𝐿(1 − Φ𝐵)𝜋𝑅

2 + 𝐻Φ𝐿𝜋𝑅
2 Eq.1.1 

Besides, the total height 𝐻𝐹 is written: 

 𝐻𝐹 = 𝐻𝐿 + 𝐻 Eq.1.2 

By combining Eq.1.1 and Eq.1.2, we can deduce an expression for H-foam height: 

 𝐻 = 
𝐻𝐹(1 − Φ𝐵) − 𝐻0

1 − Φ𝐵 −Φ𝐿
 Eq.1.3 

1 cm

𝑯𝟎

1 cm
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𝑯



 

- 37 - 

 

1.1.2. Determination of the foaming height by the measure of the total height.  

In fact, we can directly measure the height of the foam 𝐻 with most of the studied mixtures as 

shown in section 1.1.1. Nevertheless, the boundary between the bubbly liquid and the foam is 

sometimes difficult to discern for a variety of reasons, which we shall discuss later. In these 

circumstances, we had to measure the final height of liquid and foam 𝐻𝐹,  and deduce 𝐻 using 

Eq.1.3. 

For that purpose, we need to estimate the other two parameters that affect the foam height. They 

are as follows: the volume fraction of gas in the bubbly liquid Φ𝐵 and liquid volume fraction 

of foam Φ𝐿. 

1.1.2.1. 𝐶𝑎𝑠𝑒 𝑜𝑓 𝑛𝑜𝑛 − 𝑓𝑜𝑎𝑚𝑖𝑛𝑔 𝑙𝑖𝑞𝑢𝑖𝑑 

Since Φ𝐵 is the volume fraction of gas in the bubbly liquid, we can perform the experiment 

with non-foaming systems to determine Φ𝐵. For that purpose, we use a pure liquid that does 

not form a foam. In this case, gas injection only increases the height of liquid in the Bikerman 

column. 

Eq.1.1 becomes: 

 𝐻0 = 𝐻𝐿(1 − Φ𝐵) Eq.1.4 

We can, therefore, deduce Φ𝐵 as follows: 

 Φ𝐵 =
𝐻𝐹 − 𝐻0

𝐻0
 Eq.1.5 

 

Figure 1-3 : 𝚽𝑩 is evaluated as a function of 𝑸 at a varied value of 𝑯𝟎 for Decane.  
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We first worked at constant viscosity, exclusively conducting tests using Decane as shown in 

Figure 1-3. For each fixed value of 𝐻0 between 1 − 15 𝑐𝑚, we vary the value of 𝑄 from 0.01 

to 25 𝑚𝐿. 𝑠−1.  Experimentally, the final height clearly changes with flow rate 𝑄 and with the 

initial height 𝐻0.  We remark in Figure 1-3 that Φ𝐵 is dependent on the initial liquid height, 

but only for small values of 𝐻0.  

For small 𝐻0 values (𝐻0 ≤ 7.5 𝑐𝑚), we observe also non-linear dependence of Φ𝐵 with 𝑄.  

For 𝐻0 > 8.5 𝑐𝑚, we notice two distinct regimes depending on 𝑄: Φ𝐵 varies linearly with 𝑄 in 

the range 0 − 10 𝑚𝐿. 𝑠−1. For 𝑄 larger than 10 𝑚𝐿. 𝑠−1, the liquid height will not be stationary. 

It will produce massive air pockets and a large amplitude oscillation of the liquid/gas interface. 

Therefore, we cannot exactly determine Φ𝐵 in this regime. 

 

We now compare experiments on 4 liquids of different viscosity. For each liquid, we alternately 

modify 2 parameters which are the flow rate and the initial height 𝐻0 of the liquid in each 

measurement in order to find optimal value of Φ𝐵.  

 

It can be seen from Figure 1-4 that Φ𝐵 does not depend on the tested liquid. Thus, viscosity 

does not affect the value of gas volume fraction in the bubbly liquid. Φ𝐵 decreases with 𝐻0 and 

reach a plateau for 𝐻0 > 10 𝑐𝑚. Thus, we choose in this work to use only values of 𝐻0 larger 

than 10 𝑐𝑚, for which the plateau is reached. 

 

Figure 1-4 : 𝚽𝑩 is evaluated in terms of 𝑯𝟎 at a fixed value of 𝑸 =  𝟔 𝒎𝑳. 𝒔−𝟏 for 

𝟒 liquids of different viscosity: Water, Heptanol, Cyclopentanol and Decane. 
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The next parameter to consider which could affect the volume fraction of gas in the bubbling 

liquid is the injected flow rate. Figure 1-3 and Figure 1-5 describe the dependence of Φ𝐵 on 

𝑄. We observe that throughout the examined range, Φ𝐵 increases linearly as 𝑄 increases for all 

liquids (or in other words, for all viscosities tested), see Figure 1-5. 

As mentioned above, Φ𝐵 does not vary with viscosity 𝜇. Hence, we can calibrate the volume 

fraction of gas in the bubble liquid and identify the right experimental range in which Φ𝐵 is 

independent of the initial liquid height 𝐻0 and flow rate 𝑄. Experimentally, Φ𝐵 is 0.18 as 𝐻0  ≥

 10 𝑐𝑚 for 𝑄 = 6 𝑚𝐿. 𝑠−1. 

 

 

Figure 1-5 : 𝚽𝑩 is evaluated as a function of 𝑸 at a varied value of 𝑯𝟎 from 10 cm to 15 

cm for three liquids of different viscosity: Heptanol, Cyclopentanol and Decane. 

In this manuscript we will use always a value of 𝑄 = 6 𝑚𝐿. 𝑠−1  and a value of 𝐻0 = 10 𝑐𝑚 

except when explicitly specified. The following is a summary graphic showing the calibration 

volume fraction of gas in the bubbly liquid based on the initial height of the liquid and the 

injected flowrate, see Figure 1-6. 
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Figure 1-6 : Calibration summary chart 

1. Red zone: for 𝑄 > 10𝑚𝐿. 𝑠−1 and for 𝐻0 > 7.5 𝑐𝑚, the height of the foam layer is not 

steady in this scenario. 

2. Orange zone: for 𝑄 > 10𝑚𝐿. 𝑠−1 and for 𝐻0 < 7.5 𝑐𝑚, Φ𝐵 has a nonlinear relationship 

with 𝑄. 

3. Violet zone: for 𝑄 < 10𝑚𝐿. 𝑠−1 and for 𝐻0 < 10 𝑐𝑚, Φ𝐵 varies linearly with 𝑄, 

however, but its value depends on 𝐻0. 

4. Green zone: for 𝑄 < 10𝑚𝐿. 𝑠−1 and for 𝐻0 > 10 𝑐𝑚, Φ𝐵 varies linearly with 𝑄 and Φ𝐵 

no longer depends on 𝐻0. This last domain is the only one used in the following. 

 

We will now discuss the physics of the bubble rising in this liquid column. 
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1.1.2.2. Discussion of the non-foaming results  

The fact that Φ𝐵 does not depend on the viscosity suggests an inertial drag on rising bubbles. 

Moreover, the fact that Φ𝐵 is proportional to the air flux, suggest that bubbles rise without 

interacting (and thus coalescing). We now estimate the rising velocity of the bubbles and 

compare it to the expected value from theory.  

• Ascending bubble's speed in a column 

 

Figure 1-7 : Forces acting on a rising bubble in the Bikerman column 

Consider a bubble of diameter 𝐷𝑏 rising at speed 𝑈 in the Bikerman column in a liquid of 

density 𝜌 and viscosity 𝜇, see Figure 1-7. The buoyancy force 𝐹𝐵 and the drag force 𝐹𝐷 are the 

only two forces impacting on the bubble. The drag force can be calculated using the Reynolds 

number 𝑅𝑒 and the drag coefficient 𝐶𝐷. 

Table 1: Drag coefficient and drag force of a sphere at various Reynolds scales 

𝑹𝒆 =
𝜌𝑈𝐷𝑏
𝜇

 𝑪𝑫 𝑭𝑫 =
1

2

𝜌𝜋𝐷𝑏
2

4
𝐶𝐷𝑈

2 

𝑅𝑒 ≤ 1 𝐶𝐷 =
24

𝑅𝑒
 𝐹𝐷 = 3𝜋𝜇𝐷𝑏𝑈 

1 ≤ 𝑅𝑒 ≤ 103 𝐶𝐷 =
18.5

𝑅𝑒0.6
 𝐹𝐷 =

18.5

8
𝜋𝜌0.4𝜇0.6(𝐷𝑏𝑈)

1.4 

103 ≤ 𝑅𝑒 𝐶𝐷 ≈ 0.5 𝐹𝐷 =
1

16
𝜌𝜋𝐷𝑏

2𝑈2 
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The bubble volume fraction in the liquid column is Φ𝐵. The flux of gas being imposed in the 

experiment, the average flux of gas is related to the rising speed of the air bubbles by: 

 𝑈expΦ𝐵 =
𝑄

𝜋𝑅2
 Eq.1.6 

where 𝑈exp is the experimental value of the bubble rising. Using the experimental values Φ𝐵 =

 0.18 and 𝑄 = 6 𝑚𝐿. 𝑠−1 gives us: 𝑈exp = 0.1 𝑚/𝑠.  

The bubble diameter is approximately 𝐷𝑏 = 1.6 ± 0.3 𝑚𝑚 for the Bikerman column. The 

number 𝑅𝑒, thus, is: 

 𝑅𝑒 =
𝜌𝑈exp𝐷𝑏

𝜇
= 160 Eq.1.7 

with  𝜌 ≈ 103 𝑘𝑔.𝑚−3 and 𝜇 ≈ 10−2 𝑃𝑎. 𝑠. 

As a result, we are theoretically in the second regime of Table 1. 

The drag force writes thus: 𝐹𝐷 =
1

2

𝜌𝜋𝐷𝑏
2

4
𝐶𝐷𝑈

2, with 𝐶𝐷 =
18.5

𝑅𝑒0.6
. 

The buoyancy force is: 𝐹𝐵 =
1

6
𝜋𝐷𝑏

3𝜌𝑔. 

The force balance equation for a single bubble yields:  

 𝐹𝐷 = 𝐹𝐵 Eq.1.8 

By replacing the expression of 𝐹𝐷 and 𝐹𝐵 in the previous equations, we obtain the expression 

of the bubble's rising speed: 

 𝑈 = (
4

3 × 18.5
 (
𝜌

𝜇
)
0.6

𝑔𝐷𝑏
1.6)

1
4⁄

 Eq.1.9 

The resulting theoretical value 𝑈 = 0.18𝑚 𝑠⁄  is quite close to the experimental one 𝑈exp. This 

demonstrates that the drag is inertial and that the interaction between the bubbles and between 

bubbles and boundary of the glass column are negligible, in the non-foaming case. There is a 

small difference between the measured experimental findings and the theoretical value 

predicted from the model. The explanation for this mismatch might be that the modification of 

the flow in the case of many bubbles  This situation was reported by Richardson and Zaki [14] 

in their research, but only in the case of viscous drag, and will be discussed more below. 

We have measured the liquid fraction in the foam using Eq.1.3. The results are the following 

section. 
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1.1.2.3. Foaming systems – Measurement of liquid fraction in the foam 𝛷𝐿 

We turn now to foaming systems. First, we have measured the liquid fraction in the foam ΦL. 

Figure 1-8 depicts the experimental results demonstrating the relationship between liquid 

fraction and injected flowrate. 

 

 

Figure 1-8 : Experimental fraction liquid 𝚽𝑳 of binary mixtures of linear alkanes and 

toluene as a function of 𝝁𝑸. 

As previously stated, when the border between the foam and bubbly liquid can be detected, it 

is simple to determine the liquid fraction Φ𝐿 in the foam using Eq.1.3. However, in more 

complicated situations, the liquid fraction in the foam cannot be determined. In this 

circumstance, we require an estimating method for the liquid fraction's value in order to 

determine the foam's height. This estimation requires the use of the drainage equation and is 

described in the Appendix A. 
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1.1.3. Foam lifetime 

It reasonable to wonder how the lifetime of bubbles is related to the foam height.  

 

The height of the foam 𝐻, indeed, depends on injected flow rate 𝑄. In the condition where 𝐻0 

is set at 10 𝑐𝑚, we conduct an experiment to measure 𝐻 by varying 𝑄. The results of the test 

are presented in the following graph. 

 

Figure 1-9: Experimental foam height 𝑯 of binary mixtures of linear alkanes and 

Toluene as a function of injected flowrate 𝑸. 

From the values of experimental foam height 𝐻, we can calculate the foam lifetime, which is 

the average time that takes a bubble to go from the bottom to the top of the foam part.  

Thus, the expression for the lifetime of foam is:  

 𝜏 =
𝐻𝜋𝑅2

𝑄
 Eq.1.10 

We observe that these values are constant for any given liquid mixture and are unaffected by 

flow rate in our experiments as shown in Figure 1-10 for different mixtures.  

 

Thus, the Bikerman column allows, in our conditions, to measure lifetimes of foams that are 

independent of the injection conditions (flowrate and initial liquid height). 
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Figure 1-10 : Experimental foam lifetimes of binary mixtures of linear alkanes and 

Toluene as a function of injected flow rate 𝑸. 

1.1.4. Normalized foam lifetime 

We will see later in the manuscript that it is convenient to write the lifetime as a normalized 

lifetime 𝐿𝜏 given by the product of the lifetime with the capillary velocity 
𝛾

𝜇
 : 

 𝐿𝜏 = 
𝜏𝛾

𝜇
 Eq.1.11 

In order to evaluate 𝐿𝜏,  the viscosities of the investigated mixtures must be determined. Mixture 

viscosities were measured with a rheometer (Low Shear 400, Lamy Rheology) or calculated 

using the empirical Kendall-Monroe equation [15], which has been demonstrated to be 

appropriate for alkane-Toluene mixtures [16]. Appendix B has a detailed explanation and the 

experimental results. The typical value of this normalized height is typically 100 𝑚 and 10 𝑚 

for the binary mixtures of Toluene and linear alkanes and of Cyclopentanol and linear alcohols, 

respectively. Definition of this height allows to include the effect of viscosity and of interfacial 

tension and compare lifetimes of foams formed in different mixtures.  

The foamability of binary mixtures is of key interest in this research. To determine the 

relationship between foamability and composition as well as chemical nature, we will analyze 

the foaming capacity of each mixture using the normalized foam lifetime. Based on this 

quantity, we can furthermore develop a model to quantify the foamability. These concerns will 

be addressed in the following section. 
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1.1.5. Effect of Evaporation 

  

Figure 1-11 : Issue of Evaporation for the studied mixtures. (left) Open system set-up; 

(right) Closed system set-up. 

As explained in the introduction, Chandran Suja et al. [7] have shown that the stability of foams 

in some oil mixtures has been linked to asymmetric evaporation in liquid mixtures. Thus, we 

can ask ourselves whether evaporation is of importance on foaming in our case. We thus check 

the effect of evaporation by performing experiments in closed and open systems, as described 

in Figure 1-11. In closed system, the gas equilibrates with the oil mixture and evaporation 

disappears. Thus, comparing closed and open experiments allows to detect whether evaporation 

in our situation has a role or not. All of the liquids in the studied mixtures are quite volatile. 

However, their evaporation rates are different. In addition to the fact that in open column, the 

ratio of the two species may drift with time, the lifetime of the foam may be affected by 

evaporation. Figure 1-12 shows us the comparing results between two methods: empty squares 

and full squares represented the open and closed systems, respectively. For the small molar 

fraction of Decane 𝑥1 < 0.15, the difference in normalized foam height 𝐿𝜏 is not truly clear. 

Nevertheless, starting from 𝑥1 > 0.2, the distinction is fairly apparent.  
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Figure 1-12 : Normalized foam lifetime of a Decane/Toluene mixture as a function of the 

Decane molar fraction 𝒙𝟏 in open system and closed system. The solid line is a guide for 

the eye. 

This variation results from the volatile nature of the studied liquids. The boiling points 𝑇𝑏 of 

Decane and Toluene are 174.1°𝐶 and 110.6°𝐶, respectively. Toluene is therefore more volatile 

than Decane. The mechanism underlying this phenomenon is illustrated in Figure 1-13. We 

have a liquid mixture made up of two components: Toluene and Decane, with the former having 

a greater surface tension but being more volatile. Imagine that a bubble is now approaching the 

air/liquid interface and creating a liquid layer. Because Toluene molecules are more volatile, 

the Decane/Toluene proportion in this layer has been modified. A gradient of surface tension is 

caused by a gradient of concentration. In other words, the surface tension of the layer is lower 

than the surface tension of the surrounding liquid. Marangoni flow occurs, and liquid drains 

from the film in the same direction as the drainage. As a result, in this situation, the Marangoni 

effect totally destabilizes the liquid layer. 

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

120

        Decane/Toluene

 Open system

 Closed system

 Guide for the eye

L
t 

(m
)

x1



 

- 48 - 

 

 

Figure 1-13 : Schematic showing the mechanism of bubble destabilization resulting from 

evaporation-induced Marangoni effect. 

 Clearly, the Marangoni effect resulting from evaporation destabilizes the liquid films in our 

case and makes 𝐿𝜏 smaller than real values.  

 

This is contrary to the situation studied by Chandran Suja et al., where the Marangoni effect 

resulting from evaporation stabilizes the film. The explanation of the difference can be found 

in the liquids investigated. In their case, liquids having a lower surface tension are more volatile 

than liquids with a higher surface tension. Toluene, on the other hand, is a more volatile in our 

study yet has a higher surface tension than Decane in the binary mixture. 

 

In the following we will only present results for which we assume that evaporation play no role, 

either using weak volatile liquids or using closed set-up. The properties of the used pure liquids 

are given in Table 2 below. 
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Table 2 : Physico-chemical characteristics of the studied liquids 

Name Chemical 

formula 

Abbreviation 

(used in this 

study) 

Melting 

point 

 

Boiling 

point  

 

Density  

 

Molar 

mass 

 

Molar 

volume  

Surface 

tension 

(25°C) 

Viscosity 

(25°C) 

 

   (°𝐶) (°𝐶) (𝑔. 𝑐𝑚−3) (𝑔.𝑚𝑜𝑙−1) (𝑐𝑚3. 𝑚𝑜𝑙−1) (𝑚𝑁.𝑚−1) (𝑚𝑃𝑎. 𝑠) 

Heptane C7H16 C7 -90.6 98.5 0.680 100.2 147.4 19.65 0.39 

Octane C8H18 C8 -56.8 125.6 0.698 114.2 163.6 21.14 0.51 

Nonane C9H20 C9 -53.5 150.8 0.714 128.3 179.6 22.37  0.65 

Decane C10H22 C10 -29.7 174.1 0.727 142.3 195.8 23.37 0.85 

Decane (50°C) C10H22 C10 (50°C) -29.7 174.1 0.707 142.3 201.2 21.53 0.61 

Hexadecane C16H34 C16 18.1 286.8 0.770 226.4 294.0 27.04 3.04 

Eicosane (50°C) C20H42 C20 (50°C) 36.8 343.0 0.768 282.5 367.7 26.74 3.20 

Toluene C7H8 T -94.9 110.6 0.862 92.1 106.9 27.92 0.55 

Pentanol C5H12O C5OH -78.9 137.9 0.811 88.2 108.7 25.51 3.51 

Hexanol C6H14O C6OH -44.6 157.6 0.815 102.2 125.3 25.73 4.34 

Heptanol C7H16O C7OH -34.0 176.4 0.819 116.2 141.9 26.21 5.90 

Nonanol C9H20O C9OH -5.0 213.3 0.825 144.3 174.9 27.58 9.72 

Cyclopentanol C5H10O Cyclo -19.0 140.4 0.943 86.1 91.3 32.19 9.60 

Polydimethylsiloxane (C2H6OSi)n PDMS -40.0 >205.0 0.918 770 838.8 18.76 5.00 
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1.1.6. Interfacial tension of binary mixtures & Effect of composition and chemical 

natures on foamability 

1.1.6.1. Effect of composition and chemical natures on foamability 

We now report foaming experiments performed with mixtures of fully miscible liquids that are 

either oils or alcohols. The studied binary mixtures are represented in the Table 3. 

Table 3 : The studied binary mixtures 

Binary mixtures Liquid 1 Liquid 2 Observation 

Linear alkane 

/Toluene 

Heptane (C7) Toluene (T) 

Foam 

Octane (C8) Toluene (T) 

Nonane (C9) Toluene (T) 

Decane (C10) Toluene (T) 

Linear alcohol/ 

Cyclopentanol 

Pentanol (C5OH) Cyclopentanol (Cyclo) 

Hexanol (C6OH) Cyclopentanol (Cyclo) 

Heptanol (C7OH) Cyclopentanol (Cyclo) 

Linear alcohol/ 

Linear alcohol 
Pentanol (C5OH) Nonanol (C9OH) 

PDMS/ 

Linear alkane 
PDMS Decane (C10) 

Linear alkane/ 

Linear alkane 

Heptane (C7) Hexadecane (C16) 

Decane (C10) (50°C) Eicosane (C20) (50°C) 

Heptane (C7) Octane (C8) No detectable 

foam Octane (C8) Decane (C10) 

 

All the studied mixture are described in Table 3, and all the physicochemical useful parameters 

of each liquid are given in Table 2. In the manuscript, in all the mixtures, the species with the 

lowest surface tension, i.e., the linear alkane or linear alcohol, is referred to as liquid 1. On the 

other hand, liquid 2 refers to the component with the highest surface tension, such as Toluene 

or Cyclopentanol in the mixtures studied. In this study, we are also particularly interested in 

alkanes with long carbon chain, such as eicosane - C20 (a paraffin). C20, on the other hand, is 

solid in the laboratory conditions and has a melting point 𝑇𝑚 ≈  36.5°𝐶. As a result, in order to 

perform the experiment and ensure that the resulting liquid mixture is homogeneous, the 
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experiment between Decane (C10) and eicosane (C20) was carried out at a temperature of 𝑇𝑒𝑥𝑝 =

50°𝐶, which is much higher than the melting point of C20. All other experiments were 

conducted at room temperature (𝑇𝑒𝑥𝑝 = 25°𝐶). 

 

Mixture composition is varied for each tested binary mixture to check its capacity to foam. The 

foaming ability of the examined liquid mixtures is noted in the last column of this table. The 

majority of these mixtures can foam, as demonstrated by the Bikerman column experiment. 

However, in some of them, we only observe a thin layer of bubbles at the air/liquid surface, that 

means the foam height equals to diameter of these bubbles. So, this is also the error Δ𝐻 of the 

height of 𝐻 in our experiments. To put it another way, it appears that these mixtures have no or 

very little foaming ability. We evaluate these mixtures as "No detectable foam" in Table 3. 

 

 

(a) 

 

(b) 

Figure 1-14 : Experimental normalized foam lifetime 𝑳𝝉 as a function of molar fraction of 

liquid 1 𝒙𝟏 in the binary mixtures. (a) of linear alkanes and Toluene; (b) of linear alcohols 

and Cyclopentanol/ of 2 linear alcohols. The full lines are the guide for the eye. 

Figure 1-14 (a) shows the normalized height of foam 𝐿𝜏 for various alkane-Toluene mixtures as 

a function of alkane molar fractions 𝑥1. Once again, we can observe that as 𝑥1 is 0 (pure Toluene) 

or 1 (pure alkane), the normalized foam lifetime is 0. This confirms that pure liquids do not foams, 

and this also prove by the way that there are no contaminant species that could be responsible for 

some foaming. Between 0 < 𝑥1 < 1, the variations in lifetime 𝜏 and normalized foam lifetime 𝐿𝜏 

are nonmonotonic, whereas the viscosity varies monotonically with composition [8]. A maximum 

for normalized foam lifetime is obtained at an alkane fraction that is depending on the length of 
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the alkane's carbon chain. The maximum value lifetime and 𝐿𝜏 is more strongly dependent on the 

alkane in the mixture with Toluene. For example, Decane/Toluene foams the most in liquid 

mixtures, whereas heptane/Toluene has a normalized foam lifetime which is five times smaller 

than that of Decane/Toluene.  

 

Alcohol/Cyclopentanol mixtures have been shown in Figure 1-14 (b) to present similar properties. 

Experimentally, we have observed that the binary mixtures alkane/Toluene as well as 

alcohol/Cyclopentanol have varying normalized foam lifetimes depending on their compositions 

and chemical natures. In particular, in all situations, there is a ratio 𝑥1 at which the degree of 

foaming is greatest. It's called as 𝑥1
𝑚𝑎𝑥. 

 

Aside from the non-foaming mixes (C7/C8 or C8/C10), the other two liquid alkane/alkane mixtures 

exhibit roughly comparable foaming performance to alkane/Toluene or alcohol mixtures, see 

Figure 1-15. Like the previous two types of liquid mixtures, the alkane/alkane mixtures have also 

lifetime curves with a maximum. 

 

Figure 1-15 : Experimental normalized foam lifetime 𝑳𝝉 as a function of molar fraction of 

liquid 1 𝒙𝟏 in the alkane/alkane mixtures. Only 2 foaming mixtures are represented. C7/C8 

and C8/C10 are the non-foaming mixtures. The full lines are the guide for the eye. 
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Finally, Figure 1-16 illustrates the measured result 𝐿𝜏 of the PDMS/Decane mixture. As compared 

to the above mixtures, the PDMS/Decane is a strongly foaming mixture. The difference is that the 

maximum position is extremely near to 0. That is, even if only a tiny amount of PDMS is added 

to the Decane liquid, a considerable volume of foam will be produced. PDMS/Decane mixture 

exhibits also a maximum in foamability, for an amount of PDMS of about 𝑥1 ≈ 10−3. 

 

Figure 1-16 : Experimental normalized foam lifetime 𝑳𝝉 as a function of molar fraction of 

PDMS (𝑴 = 𝟕𝟕𝟎 𝒈.𝒎𝒐𝒍−𝟏;  𝝁 = 𝟓𝒄𝒔𝒕) in the mixture with Decane. Inset: same curve with 

𝒙𝟏 in log scale. 
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1.1.6.2. Interfacial tension of binary mixtures 

We can ask ourselves whether foaming is related to the surface tension of the liquid mixture. For 

that, we have systematically measured the surface tension of mixtures as a function of their 

composition. The binary mixtures used are the compounds in Table 3. First, we use linear 

alkane/Toluene measurements and 𝑥1 range from 0 to 1. As illustrated in Figure 1-17, the surface 

tension was discovered to vary in a nonlinear way. This deviation from linearity is clearly visible, 

and it has been noticed in a number of previous works [17–19]. Second, we do the same 

measurement on binary mixtures of various alcohols. Similar findings show that there is a 

sublinear relationship between surface tension and molar fraction. Nevertheless, the difference in 

these data is less pronounced than in the case of alkane/Toluene mixtures. 

 

(a) 

 

(b) 

Figure 1-17 : Measurement of interfacial tension 𝜸 as a function of molar fraction of liquid 

1 𝒙𝟏 in the binary mixtures. (a) of linear alkanes and Toluene; (b) of linear alcohols and 

Cyclopentanol/ of 2 linear alcohols. For example, 𝒙𝟏 = 𝟎 corresponds to surface tension of 

pure Toluene and 𝒙𝟏 = 𝟏 corresponds to alkane’s surface tension for the alkane/Toluene 

mixtures. The dashed line indicates linear variations. 

Furthermore, we do the same experiment using a liquid mixture of two linear alkanes. We begin 

with two non-foaming liquid mixtures. Unlike the previous two types of mixtures, we do not see 

this sublinear connection in this situation; instead, the surface tension varies linearly with respect 

to the liquid composition in the mixture, see Figure 1-18. Nevertheless, the variation of surface 

tension with the liquid composition of two foaming alkane/alkane mixtures is entirely different 

from that of the other mixes. The surface tension in this situation was discovered to vary in a super-

linear form. Several prior research with mixed alkanes have shown similar experimental results on 

this behavior [20]. 
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Figure 1-18 : Measurement of interfacial tension 𝜸 as a function of molar fraction of liquid 

1 𝒙𝟏 in the binary mixtures of 2 linear alkanes. The dashed line indicates linear variations. 

Finally, we determine the surface tension of the PDMS/Decane mixture based on its composition. 

Surface tension varies non-linearly in this case, as it does in alkane/Toluene mixtures and mixtures 

of alcohols. The measurement exhibits a sublinear variation in more depth. 

 

Figure 1-19 : Measurement of interfacial tension 𝜸 as a function of molar fraction of PDMS 

in the mixture with Decane. The dashed line indicates linear variations. 
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At this stage of our work, one can wonder how interfacial tension of the mixtures is related to 

foamability. Two tentative of correlations are described below.  

 

(a)  Relation between foamability and difference in interfacial tension 

Figure 1-20 describes the correlation between normalized foam lifetime and the difference in 

surface tension between the components contained in the investigated liquid mixtures. We can 

observe that 𝐿𝜏 is small as Δ𝛾 is small too. The Pentanol/Nonanol mixture is a typical example 

(shown by circle in olive color). However, this link between 𝐿𝜏 and Δ𝛾 is not entirely obvious. 

This may be seen in Heptane/Toluene (orange square); while the difference in surface tension in 

this mixture is quite significant, 𝐿𝜏 is of modest value. Nevertheless, Δ𝛾 is moderate in cases like 

Decane/Toluene (red square) and Decane/Eicosane (50°C) (cyan triangle), whereas these mixtures 

have very large value of 𝐿𝜏. 

 

 

Figure 1-20 : Experimental normalized foam lifetime 𝑳𝝉 of studied binary mixtures as a 

function of corresponding surface tension difference 𝚫𝛄. 

We may conclude from data that the foamability cannot be explained merely by the difference in 

surface tension between the two liquids involved in the mixture. 
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(b) Relation between foamability and surface tension non-linearities 

 We can also wonder that the way the surface tension varies is also a contributing factor.  

The surface tension of binary liquid mixtures can be fitted with their compositions using the 

equation below: 

 𝑥1𝑒
𝜎𝑓𝑖𝑡 

𝛾−𝛾1
𝑅𝑇 + 𝑥2𝑒

𝜎𝑓𝑖𝑡 
𝛾−𝛾2
𝑅𝑇 = 1 Eq.1.12 

where 𝛾𝑖 is the surface tension of liquid 𝑖 (𝑖 = 1, 2), 𝑥𝑖 is molar fraction in the mixture with 𝑥1 +

𝑥2 = 1. And 𝜎𝑓𝑖𝑡 is the area per mole, which, in a first approximation, is assumed to be the same 

for both liquids in the mixture. Eq.1.12 is inspired from the well-known Butler equation [21], but 

as will be explained in the next chapter, the value of 𝜎𝑓𝑖𝑡 may be in practice in some case very 

different from the real area per molecules. 

 

We may deduce the relation between the surface tension and molar concentration from the above 

equation: 

 𝛾(𝑥1) = −
𝑅𝑇

𝜎𝑓𝑖𝑡
ln[𝑥1𝑒

−𝜎𝑓𝑖𝑡
𝛾1
𝑅𝑇 + (1 − 𝑥1)𝑒

−𝜎𝑓𝑖𝑡
𝛾2
𝑅𝑇] Eq.1.13 

For all mixtures, this relation was fit to the experimental data using 𝜎𝑓𝑖𝑡 as the only fitting 

parameter. 

Table 4 : Values of 𝝈𝒇𝒊𝒕 for used binary mixtures 

Mixture C7/ 

T 

C8/ 

T 

C9/ 

T 

C10/ 

T 

C5OH/ 

Cyclo 

C6OH/ 

Cyclo 

C7OH/ 

Cyclo 

C5OH/ 

C9OH 

C7/ 

C16 

C10/ 

C20 

(50°) 

PD

MS 

/C10 

𝝈𝒇𝒊𝒕 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 
0.56 0.74 1.14 1.63 0.48 0.52 0.93 0.68 -0.32 -0.16 2.23 

 

 

Note that 𝜎𝑓𝑖𝑡 is positive when the interfacial tension/molar composition dependence is sublinear; 

and negative if it is super-linear. The graph above represents the normalized foam lifetime as a 

function of this value. The correlation is not very good between the two variables the normalized 

foam lifetime and 𝜎𝑓𝑖𝑡
Δ𝛾

𝑅𝑇
, see Figure 1-21. For positive values of 𝜎𝑓𝑖𝑡

Δ𝛾

𝑅𝑇
  foamability can be 

qualitatively related to the difference in surface tension between two liquids times the deviation 

from linearity.  But the origin of foaming is more complicated and will be explored in detail in the 

following chapter. 
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Figure 1-21 : Experimental normalized foam lifetime 𝑳𝝉 of studied binary mixtures as a 

function of corresponding 𝝈𝒇𝒊𝒕
𝚫𝛄

𝑹𝑻
. 

Table 3 shows which mixture foams and which does not foam. In general, we can see that the 

majority of liquid mixtures foam. Understanding the origin of foaming and quantifying 

foamability, on the other hand, is more challenging. Detailed theoretical calculations will be 

discussed in the following chapters. Before we get into these discussions, let's look at some further 

behaviors: the effect of bubble size on foamability and experiments with single bubble. 

 

The bubble diameter is nearly unchanged in Bikerman columns studies, 𝐷𝑏 = 1.6 𝑚𝑚, whatever 

the porosity of the filter disc. To investigate the effect of foams resulting from bubble sizes, we 

have developed a set up using an Ultra Turrax device that allows to control the bubble sizes. 
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1.2. VARYING THE BUBBLE SIZE WITH AN ULTRA TURRAX SET-UP 

Geometry of Ultra Turrax 

Ultra Turrax is a dispersion device that is used for homogenization, emulsification, and suspension. 

It allows to strongly shear a liquid. In this investigation, we use the T18 digital Ultra Turrax from 

IKA Dispersers. It has a rotation speed range of 3000 – 25000 𝑟𝑝𝑚, allowing us to work at high 

circumferential speeds. This device is utilized for amounts ranging from 1 to 1500 𝑚𝐿 and comes 

equipped with a dispersing tool. The dispersing tool (S18 N - 10 G) having a diameter of 10 𝑚𝑚 

and an immersion length of 70 𝑚𝑚 is also provided by IKA. 

Experimental description 

 
 

Figure 1-22 : Schematic of the experimental set-up with Ultra Turrax device.  

Based on the function and design of the Bikerman column, we have built a customized glass 

instrument that is compatible with the Ultra Turrax device, see Figure 1-22. It is made up of a 

primary column with a radius of 𝑅 =  1 𝑐𝑚, which is utilized to contain the liquid mixture. The 

two sides of the main column consist of two auxiliary pipes of different purposes. The left pipe 

has a diameter of 1.3 𝑚𝑚 that works as a needle holder to inject air into the liquid mixture at a 

constant flowrate 𝑄. The flowrate can be varied between 10 𝜇𝐿. 𝑠−1 and 5000 𝜇𝐿. 𝑠−1. In the 

meantime, the right pipe is bigger of diameter 12 𝑚𝑚 to fit the dispersing tool of Ultra Turrax.  
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The rotation speed 𝜔 of this dispersion tool may be readily modified between 3000 𝑟𝑝𝑚 and 

18000 𝑟𝑝𝑚 using Ultra Turrax. To prevent producing vortexes during Ultra Turrax operation, we 

installed a fiberglass grill (𝐷𝑔𝑟𝑖𝑙𝑙𝑒 = 2 𝑐𝑚; mesh size is 1 𝑚𝑚 × 1 𝑚𝑚) in the main column just 

above the position of the dispersion tool. In addition, we have to avoid the temperature changes of 

the device as the dispersing tool rotates. The temperature is measured using an electronic 

thermometer with a precision of at least 0.1°𝐶. Each experimental measurement lasted between 

30 𝑠 − 1 𝑚𝑖𝑛. During this period of the experiment, the reported temperature did not change. The 

delay between each operation, however, is typically 10 minutes to guarantee that the liquid 

temperature is constantly at room temperature. 

 

The fluid mixtures utilized was identical to that used in the Bikerman column experiment. They 

are also poured to the initial height 𝐻0. The task to determine foam layer height 𝐻 and final height 

𝐻𝐹 during the air injection process is likewise entirely comparable to the prior experiment. 

However, it is harder to identify the boundary between the foam layer and the bubbly liquid layer 

as the dispersive device rotates at high speed in this operation. Therefore, characteristics like 

volume fraction of gas Φ𝐵 or liquid fraction Φ𝐿 are necessary to estimate 𝐻 from 𝐻𝐹. 

 

To prevent evaporation, the experiment was carried out with a closed system, like set-up with 

Bikerman column. 

1.2.1. Measurement of bubble sizes by image analysis 

 

Figure 1-23 : Experimental images for different rotation speeds of Ultra Turrax device at 

fixed flowrate 𝑸 = 𝟏𝟎𝟎 𝝁𝑳. 𝒔−𝟏. 

First of all, we have to examine the experiment's effectiveness. The aim of this experimental 

system is to use the Ultra Turrax to create bubbles that are smaller in size than the previous 
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experiment – the Bikerman column. To begin, we will examine the diameters of bubbles generated 

in two cases: without and with Ultra Turrax (at the minimum rotational speed 𝜔, i.e., 3000 𝑟𝑝𝑚). 

We'll then gradually increase 𝜔 to see how Ultra Turrax affects the size of the bubbles in the foam, 

see Figure 1-23. All studies in this section were carried out at a constant flowrate 𝑄 =

100 𝜇𝐿. 𝑠−1 , with a liquid mixture of Heptanol/Cyclopentanol at 𝑥1
𝑚𝑎𝑥 = 0.12.  

𝑥1
𝑚𝑎𝑥  is the molar fraction of liquid 1 in the mixture at which normalized foam lifetime 𝐿𝜏, or the 

degree of foaming, is maximum. 

 

Figure 1-24 : Bubble diameter evaluated by image analysis based on rotation speed of the 

Ultra Turrax device at fixed flowrate 𝑸 = 𝟏𝟎𝟎 𝝁𝑳. 𝒔−𝟏. The diameter of the air bubbles is 

𝑫𝒃 = 𝟐. 𝟓 𝒎𝒎 when no Ultra turrax is used, i.e., 𝝎 = 𝟎 𝒓𝒑𝒎. 

The results are depicted in Figure 1-24. As illustrated in this figure, we can subdivide the air 

bubbles injected into the column of studied liquid mixtures by using Ultra Turrax. Average bubble 

diameter is approximately 𝐷𝑏 = 0.5 𝑚𝑚 (𝜔 = 3000 𝑟𝑝𝑚), 5 times smaller than the initial size 

without Ultra Turrax. As the speed of the rotation increases, the size of these bubbles falls linearly 

until it reaches a critical size 𝐷𝑏 = 0.25 𝑚𝑚 at 𝜔 = 9000 𝑟𝑝𝑚. From this rotating velocity on, 

the diameter of the bubbles remains nearly constant, and 6 times smaller than the Bikerman 

experiment bubbles. 
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To be more specific, the mean bubble diameters are statistically determined for each rotating speed 

over a total of 50 consecutive measurements. Similarly, as Figure 1-25 shows, the size of bubbles 

in the foam system is reduced when the rotational speed of the device is increased. However, the 

bubble's size distribution remained practically unchanged afterwards. 

 

 

Figure 1-25 : Cumulative probability distribution of bubble sizes at the boundary foam – 

bubbly liquid for different rotation speeds of Ultra Turrax device at fixed flowrate 𝑸 =

𝟏𝟎𝟎 𝝁𝑳. 𝒔−𝟏. 

1.2.2. Validation of bubble sizes by estimation from creaming phenomena 

The previous section showed the findings of the experiment to measure the size of the bubbles. 

We employed the Richardson and Zaki model [14] in size bubble estimation from creaming 

phenomena to better understand this phenomenon and observed outcomes. 

From this model, we can estimate the diameter of bubbles:  

< 𝐷𝑏 >  = 0.34 𝑚𝑚 

The values above show that the two methods, measurement from image analysis or estimation 

with creaming phenomena, produce the same results. 

A detailed description of calculations using this model is given in the Appendix C. 
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1.2.3. Influence of flowrate on bubble sizes 

 

Figure 1-26 : Bubble diameters as a function of injected flowrate 𝑸 (red squares) at a fixed 

Ultra Turrax rotation speed are in comparison to bubble diameter in Bikerman tests (blue 

circle) – Heptanol/Cyclopentanol mixture (at 𝒙𝟏
𝒎𝒂𝒙 = 𝟎. 𝟏𝟐). 

In fact, it appears that if the velocity of the rotor has a little impact on the bubble diameter, the air 

flux has a great importance. The rotational speed chosen is the optimum rotational speed stated in 

the previous section 𝜔 = 9000 𝑟𝑝𝑚. The flowrate of air injection 𝑄 is adjusted between 

100 𝜇𝐿. 𝑠−1 and 4800 𝜇𝐿. 𝑠−1 – which is similar to the flowrate used in the Bikerman case 

(~ 6000 𝜇𝐿. 𝑠−1). 

 

The data acquired in measuring the bubble size of the Ultra Turrax at a fixed rotational velocity 

revealed that raising the flowrate did actually increase the average diameter of the bubbles created 

in the foam, see Figure 1-26. When their flowrates are essentially comparable, their average 

diameter appears to be approaching the value observed in the Bikerman column experiment.  

 

In summary, using a specially designed set-up, we are able to form bubbles of size varying between 

0.2 𝑚𝑚 and 1.2 𝑚𝑚.  
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1.2.4. Normalized foam lifetime results 

To summarize, as seen in the preceding sections, we were able to inject smaller air bubbles into 

the liquid mixture using Ultra Turrax than in the case of Bikerman column. the diameter of these 

bubbles depends weakly on the variation in rotation speed, but can be easily tuned varying the 

injected flowrate. We measure the height of the layer of foam created by these air bubbles, 

similarly to prior research. 

Finally, we attempt to compare the normalized height of foam according to bubble size. 

 

Figure 1-27 : Normalized foam lifetime variations as a function of bubble diameters in the 

foam. Ultra Turrax experiments – red squares and Bikerman experiment – blue circle. 

Heptanol/Cyclopentanol mixture (at 𝒙𝟏
𝒎𝒂𝒙 = 𝟎. 𝟏𝟐). 

Figure 1-27 above depicts the relationship between 𝐿𝜏 and the size of the air bubble introduced 

into the liquid, obtained from different air flow rates. 𝐿𝜏 decreases with increasing bubble size., 

the measured test results reveal that when the average size of the bubbles in the foam is reduced 

by about 10 times, the normalized foam lifetime increases more than 5 times. 

 

To conclude this section, we conducted an experiment using a device called the Ultra Turrax. We 

can indeed generate bubbles five times smaller than in Bikerman column with this equipment. We 

may then test the foaming level with the studied liquid mixtures when the bubble sizes are changed. 

Experiment results demonstrate that the bubble lifetime decreases for increasing bubbles diameter.  
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1.3. MEASURING THE LIQUID FILM THICKNESS/LIFETIME BY A 

SINGLE BUBBLE EXPERIMENT 

As we've seen in earlier sections, the experiment with the Bikerman column yielded quantitative 

data on the foamability. Experiments at the macro level, on the other hand, make it impossible to 

exactly estimate the thickness of liquid films between bubbles as they burst. As a result, we 

developed a novel measurement method to determine this thickness with single bubble. 

Experimental description 

 

  

(a) (b) 

Figure 1-28 : (a) Schematic of the set-up for single bubble experiments; (b) Schematic of 

the set-up from the side-view. 

In order to study thin films of binary liquid mixtures, we have an experimental setup allowing us 

to measure the bursting speed as well as the life time of single bubble, see Figure 1-28. In our 

experiments, the studied mixture is placed in a reservoir. The size of the box (5 × 5 × 5 𝑐𝑚3) is 

much larger than the diameter of the bubbles to avoid any boundary effect. Using a syringe pump, 

air is injected at a constant flow rate into the mixture through a tube and a metal needle of 1mm 

diameter, and stopped when a bubble is formed. The needle is placed vertically at a distance of 1 

mm from the surface of liquid bath. A motorized vertical translation stage is used to control this 

distance. A glass cover plate is used to avoid the evaporation effect. A bubble is then formed and 
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touches the surface in being held with the needle. The volume of the bubble is fixed at 5 𝜇𝐿. The 

experiments are performed at the laboratory temperature (25°𝐶). The life time of the bubble is 

measured with a high-speed camera above of the bath. The bursting speed of the bubble is also 

estimated from the videos filmed with this high-speed camera. 

The whole process is observed by 2 cameras as illustrated in Figure 1-28. An LED panel is placed 

under the liquid bath to illuminate the whole experimental system.  

The top view is recorded by a high-speed camera (PHOTRON) and the side view is recorded by a 

normal camera with a respective framerate of 37500 𝑓𝑝𝑠 and 30 𝑓𝑝𝑠, respectively. The side view 

camera is tilted at an angle of 5° to avoid meniscus effect on the bath wall. In addition, the camera 

on the side of the bath also plays a role in capturing the bubble shape which is important, as 

explained in the next section. 

1.3.1. Methods 

1.3.1.1. Top-view camera 

 

 

(a) 

  

(b) (c) 

Figure 1-29 : (a) Formation of a single bubble in a Heptanol/Cyclopentanol mixture (at 

𝒙𝟏
𝒎𝒂𝒙 = 𝟎. 𝟏𝟐); (b) and (c) Spatio-temporal diagram: bubble diameter versus time 

(horizontal axis). The first stage is represented in green area. The second stage – 

corresponding to the stable geometry prior bursting – is illustrated by cross pattern zone.         
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The top-view camera is used to observe the formation, evolution and bursting of bubbles. With 

this high-speed camera, we can directly determine the size of the bubble and its lifetime when it is 

visible on the surface. 𝐷𝑏 is diameter of the bubble. 

The diameter of the bubble is determined from top view images recorded during its swelling. It 

also deforms the air/liquid interface before bursting. It is clear that the diameter of the bubble 

always increases due to air injection. Figure 1-29 shows the bubble diameter as a function of time. 

Two stages taking place at very different time scales can be considered. In the first stage, the 

bubble expands linearly with time. This swelling process occurs very quickly, in a few tens of 

milliseconds. Remarkably, this duration does not appear to be affected by the injected flowrate. 

This due to the gas compressibility and detailed explanation is given in the Appendix D. Then, its 

size remains practically unchanged during the second stage, until its rupture. The diameter of the 

bubble is about 2.5 𝑚𝑚.  

 

As a result, we can also define that the bubble lifetime 𝜏 is the period of second phase. The initial 

time 𝑡 = 0 is the intersection of 2 peripheral red dot lines, see Figure 1-29 (c). 

Figure 1-30 reports results of the cumulative distribution of bubble lifetimes measured over 50 

different experiments of 12% in molar fraction of Decane in the mixture with Toluene.  From the 

collected data, we can observe that the distributions are rather narrow. 

 

Figure 1-30 : Cumulative probability density function of bubble lifetimes measured at the 

surface of Decane/Toluene mixture at 𝒙𝟏
𝒎𝒂𝒙 = 𝟎. 𝟏𝟐.  
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In other mixtures, for each composition, the mean bubble lifetimes are statistically determined 

over a total sampling of 25 experiments under the same experimental conditions, see Figure 1-31.  

 
(a) 

 
(b) 

 
(c) 

Figure 1-31 : Cumulative probability distribution of bubble lifetimes in the single bubble 

experiments for different compositions of: (a) Octane/Toluene mixture; (b) Decane/Toluene 

mixture and (c) Heptanol/Cyclopentanol mixture. Continuous lines indicate the best fits of 

the data using a log-normal distribution function. 

As can be seen in graph above, there is a proportion for each mixture where the lifetime of the 

bubbles is the maximum. It's defined as 𝑥1
𝑚𝑎𝑥. The difference in bubble lifetimes between the 

compositions of these mixtures is truly quite small, barely approximately 0.5 𝑠. 

 

Figure 1-32 : Comparison between cumulative probability distribution of bubble lifetimes 

with three mixtures: Octane/Toluene, Decane/Toluene and Heptanol/Cyclopentanol at 

𝒙𝟏
𝒎𝒂𝒙. Continuous lines indicate the best fits of the data using a log-normal distribution 

function. 
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In Figure 1-33, we compare the bubble lifetime at 𝑥1
𝑚𝑎𝑥 between three different mixtures: 

Octane/Toluene, Decane/Toluene and Heptanol/Cyclopentanol. As shown by the graph, the life 

time of the bubbles (scale on the left) has similar variations with composition as the one of the 

foams measured by Bikerman tests (scale on the right). But there is a factor ten between the 

respective lifetimes. 

 

Figure 1-33 : 𝑳𝝉 obtained from single bubble experiments and foam experiments as a 

function of the molar fraction in the mixture of the species with the smallest surface 

tension. The full points represent the results of the single bubble experiments, while the 

foam experiments are shown as solid lines with the empty points: Octane/Toluene (green), 

Decane/Toluene (red) and Heptanol /Cyclopentanol (brown). 

In addition, we have measured the film thickness.  

1.3.1.2. Side-view camera 

  

(a) (b) 

Figure 1-34 : (a) Image of a single bubble in the Heptanol/Cyclopentanol mixture at the 

air/liquid interface captured by a side-view camera; (b) Schematic of a bubble at the 

interface from the side. 𝝋𝟎 is the angle between the upper part of the bubble and the 

interface. 
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To measure the film thickness, we will measure the growth velocity of the holes in a film after 

spontaneous piercing. The bubble burst is recorded at 37500𝑓𝑝𝑠 using the top-view camera. The 

bubble bursting speed allows us to estimate the film thickness at the time of rupture using Taylor-

Culick relation in following section. 

The side-view camera also plays an important role in capturing the bubble shape and projection 

angle of the top view. Bubbles are formed at the air/liquid interface, see Figure 1-34 (a). The 

upper part of the bubble (above the bath interface) can be fitted by a spherical cap, see Figure 1-34 

(b). This cap creates an angle of about 𝜑0 = 38.5 ± 1.5 degrees with the interface. We have found 

that the value of this angle is found to be nearly independent of the mixture utilized, leading to the 

conclusion that in our system the piercing is deterministic contrary to what is observed in surfactant 

foams [22]. 

 

1.3.1.3. Taylor-Culick relation 

The entire bursting process is recorded to measure Taylor-Culick speed.  

 

From the top view, we can examine break-up kinetics, as shown as in Figure 1-35 (a). A red dot 

represents the point at which the bubble begins to burst in this graph. We draw a line connecting 

this breaking point and the center of the bubble. Using Image J, we can obtain a spatio-temporal 

diagram in which the line taken from each image is represented horizontally, with time represented 

by the vertical axis. The value received from this opening of the hole with the top view camera, 

on the other hand, is merely the projections on the horizontal plane.  

 

 

(a) 
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(b) 

Figure 1-35 : (a) The breaking point is the red dot. A spatio-temporal diagram in which the 

line taken from each image is represented horizontally, with time represented by the 

vertical axis; (b) Schematic of a bubble at the surface from the side. The curvilinear length 

travelled by the edge of the opening hole, 𝒔(𝒕), is obtained from both its projection 𝒓(𝒕) in 

the horizontal plane and the angle 𝝋(𝒕) measured from top and side views of the bubble. 

In order to obtain the projection angle of the top view, we need analyze the supplementary 

information from the side view, see Figure 1-35 (b). the curvilinear distance travelled by the edge 

of the opening hole, 𝑠(𝑡), is obtained by correcting 𝑟(𝑡) with the angle 𝜑(𝑡). 

 

Figure 1-36 : Evolution of the curvilinear length travelled by the edge of the opening hole 𝒔 

(brown circles, left axis) and of the angle 𝝋 (green circles, right axis) in the burst as a 

function of time (Heptanol/Cyclopentanol 𝒙𝟏 = 𝟎. 𝟏𝟐). The hole opens at constant speed 

during a first stage (yellow zone). The slope of the full line is the Taylor-Culick speed from 

which the thickness at bursting is inferred.  
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Figure 1-36 represents the results about the evolution of the opening hole and the angle 

measurement at the opening hole's edge. As obvious from the figure, 𝜑(𝑡) progressively drops to 

0 - this position corresponds to the apex of the bubble. After that, it subsequently changes its sign 

to negative values, indicating that the hole expands on the other half of the air bubble.  

 

This graph also shows us that opening length 𝑠 increases linearly with the time. The hole opens at 

constant speed during a first stage. This process is indicated by the yellow zone on the graph, 

suggesting that the film has a nearly constant thickness. Therefore, we can deduce the opening 

speed of the hole 𝑈𝑇𝐶 – the Taylor-Culick speed. We have performed several experiments to 

determine this speed. From these values, we can also estimate the error bar of the measurements.  

 

The film thickness is determined by using the Taylor-Culick relation between the hole opening 

speed 𝑈𝑇𝐶 and film thickness ℎ𝑏 at bursting [23,24]: 

 ℎ𝑏 =
2𝛾

𝜌. 𝑈𝑇𝐶
2   Eq.1.14 

As demonstrated in this "Methods" section, we may quantify the liquid film thickness of a single 

bubble from the investigated foaming liquid mixtures using the Taylor-Culick relation. 
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1.3.2. Thickness measurements 

We measured the thickness of a thin liquid layer using three different liquid mixtures: 

Heptanol/Cyclopentanol, Octane/Toluene and Decane/Toluene. We selected three compositions 

to conduct the experiment for each mixture. The composition corresponds to the maximum 

foaming level, and the other 2 compositions correspond to the average foam level obtained from 

the Bikerman column experiment. The measured 𝐿𝜏 are shown in Figure 1-37. The normalized 

foam lifetimes are represented by the thickness of the liquid thin layer, which is computed using 

the Taylor-Culick speed. 

 

According to Figure 1-37, the film has a thickness in the micro-size range, and the normalized 

foam lifetime changes proportionately to the squared thickness of this film. The ℎ𝑏 error is 

computed from the Taylor-Culick speed error and is around 30%. We will explain the found 

variation in the following chapters. 

 

 

Figure 1-37 : Experimental plot of normalized foam lifetime 𝑳𝝉 as a function of liquid film 

thickness 𝒉𝒃 for studied binary mixtures. The full line is a guide to the eye. 
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1.4. CONCLUSION 

To summarize, we measured normalized foam lifetime 𝐿𝜏 and thickness ℎ𝑏 using different liquid 

mixes in this chapter.  

We observed the following tendencies: 

The film lifetime decreases for increasing diameter of bubbles. 

The film thickness increases with the film lifetime as a power law with an exponent 2. 

In these mixtures, surface tensions vary sublinearly or superlinearly with composition. There is no 

simple relation between the interfacial tension of mixtures and foamability. 

In the following chapters, we will go through these experimental results in further insight. The 

Chapter 2 will demonstrate the relationship between normalized foam lifetime 𝐿𝜏 and the 

physicochemical characteristics of symmetric liquid mixes. Chapter 3 will discuss asymmetry in 

liquid mixes and explain why this feature shifts the surface tension curve 𝛾(𝑥) from sublinear to 

super-linear. Furthermore, we will show how the asymmetry and change in shape of the gamma 

curve have an effect on the normalized foam lifetime 𝐿𝜏. 

Finally, in Chapter 4, we will explain why normalized foam lifetime varies as a quadratic function 

of liquid film thickness ℎ𝑏. 
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2. SYMMETRIC BINARY MIXTURES 

 

 

 

 

 

 

In the previous chapter, we have shown that stability measurable lifetime – of the order of a few 

seconds - can be observed in foams and single bubbles of most of the liquid mixtures. In the present 

chapter, we investigate the mechanisms leading to this effect. In order to keep things simple, this 

chapter will exclusively cover symmetric mixtures, i.e., mixtures of liquids of similar molecular 

volumes and surfaces. We will show that differences in concentration in bulk and at interfaces are 

at the origin of a thickness-dependent surface tension for liquid films, and that this effect is 

responsible for the existence of a life-time of a few seconds. 

The results presented here have been published in a paper that we reproduce at the end of the 

chapter. Note that in this paper, equations have been derived in the more general case of liquids 

with different molar surfaces. However, the results were not valid for very asymmetric mixtures, 

which will be considered in Chapter 3. So, in this text we will limit ourselves to the case of 

symmetric (same molar volume and surface) molecules. 

 

In the present chapter, in a first part, we will introduce the experimental liquid mixtures tested. 

Then, in the next part, we propose a mechanism for the stabilization of thin films of liquid mixtures 

based on the non-linear variation of the mixture's surface tension with its composition. We show 

that this phenomenon is at the origin of a thickness-dependence of the surface tension. Lastly, we 

present experimental data on the lifetimes of foams in binary mixtures and compare them to the 

predictions made by this proposed mechanism. 
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2.1. DEFINITIONS OF SYMMETRIC BINARY MIXTURES  

2.1.1. Used symmetric binary mixtures 

Table 5 : The characteristics of used liquids. The molar surfaces were calculated using the 

cuboid molecule approximation from the molar volumes. 

Mixture Liquid 1 Liquid 2 𝝈𝟏 

(𝒌𝒎𝟐. 𝒎𝒐𝒍−𝟏) 

𝝈𝟐 

(𝒌𝒎𝟐. 𝒎𝒐𝒍−𝟏) 

Linear alkane 

/Toluene 

Heptane  

(C7) 

Toluene  

(T) 
0.24 0.19 

Octane  

(C8) 

Toluene  

(T) 
0.25 0.19 

Nonane  

(C9) 

Toluene  

(T) 
0.27 0.19 

Decane  

(C10) 

Toluene  

(T) 
0.28 0.19 

Linear alcohol/ 

Cyclopentanol 

Pentanol 

(C5OH) 

Cyclopentanol 

(Cyclo) 
0.19 0.17 

Hexanol 

(C6OH) 

Cyclopentanol 

(Cyclo) 
0.21 0.17 

Heptanol 

(C7OH) 

Cyclopentanol 

(Cyclo) 
0.23 0.17 

Linear alcohol/ 

Linear alcohol 

Pentanol 

(C5OH) 

Nonanol 

(C9OH) 
0.19 0.26 

Linear alkane/ 

Linear alkane 

Heptane  

(C7) 

Octane  

(C8) 
0.24 0.25 

Octane  

(C8) 

Decane  

(C10) 
0.25 0.28 
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In the present chapter, we focus on binary mixtures that are symmetric in size, i.e., those in which 

the surface area of the molecules has close values: 

 𝜎1 ≈ 𝜎2 Eq.2.1 

where 𝜎𝑖 is the molar surface of species i in the liquid mixture. 

 

Assuming that the molecules are cubic in shape, we can compute the surface of a molecule 

𝜎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 from its volume: 

 𝜎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 𝑣𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

2
3  Eq.2.2 

 

For one mole of 𝑁𝐴 molecules, the molar surface 𝜎, thus, is: 

 𝜎 = 𝑣
2
3𝑁𝐴

1
3 Eq.2.3 

 

In Table 5, we report the molar surface values of the investigated alcohol/alcohol as well as 

alkane/Toluene mixtures. Since for each mixture the molar surfaces differ by less than 40%, we 

will consider them as symmetric mixtures in the following. 
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2.2. THEORETICAL INTERPRETATIONS & MODELLINGS 

2.2.1. Qualitative explanation of the stabilization mechanism 

We suggest that the stabilization mechanism of liquid films in mixtures is based on the fact that 

the concentrations of species are different in the bulk and at the interfaces with air. The species 

with the smallest surface tension are always more concentrated at the interfaces than in the bulk. 

In the case of symmetric mixtures, this difference results in sublinear variations of surface tension 

with composition, as observed in most of the mixtures listed in Table 5. 

 

Because of these concentration differences, the surface tension is expected to be thickness-

dependent in thin films: if a film thins down while its volume remains constant, its interfaces area 

increase modifying the partition between interfaces and bulk as schematized in Figure 2-1. As a 

result, the interfaces of thin films are less concentrated in species with the smallest surface tension 

as compared to the one of large thicknesses. This leads to an increase of the surface tension of the 

film for decreasing thicknesses. 

 

Figure 2-1 : Schematical explanation of the thickness-dependent surface tension of a film of 

liquid mixture. As the film thins down at constant volume the concentrations at the 

interfaces cannot be kept constant, leading to a new equilibrium in which the interfacial 

concentration of the (red) species with the smallest surface tension is smaller, and thus the 

surface tension is larger. The thickness of the liquid film is designated by 𝒉. 

In the following, we show the increase of surface tension can be written as: 

 𝛾(ℎ) = 𝛾 (1 +
𝛼

ℎ
) + 𝑂(ℎ−2) Eq.2.4 

where 𝛾 is the surface tension of the liquid in an infinitely large liquid reservoir, h the local 

thickness of the film. In addition, 𝛼 is a length characteristic of the mixture and depending on its 

composition, which will be explained in more detail later. 

h
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In the following, we show that the increase of surface tension in films that thins down make a 

partial mechanical equilibrium possible at the end of the formation process of films. We make the 

assumption that the film's thermodynamic equilibrium is instantaneous between the bulk and the 

film's surfaces. Indeed, for a 1 micron-thick film, the characteristic time of diffusion over the film 

thickness ℎ2/𝐷 , with 𝐷 the diffusion coefficient of molecules (typically 10−9 𝑚2. 𝑠−1), is of the 

order of 1 𝑚𝑠. It is actually rather short in comparison to the other characteristic times involved 

in the life and death of a liquid film. So, in all this work, we will assume an instantaneous 

equilibrium between bulk and interfaces concentrations. 

2.2.2. Picture of life and death of a foam 

Within the foam, films are connected to menisci called Plateau borders in which the capillary 

pressure drop induces a suction. As liquid is drawn off the film, foam destabilization may be 

separated into two distinct stages, each happening at different timescales. Stretching of liquid films 

occurs as a first stage as depicted in Figure 2-2. The surface tension is homogeneous and an 

extensional flow is created, like in liquid films with mobile surfaces in which no pinching occurs 

[25]. During this stage, liquid drainage is negligible and the film can be considered to stretch at 

constant volume. As a result, its surface to volume ratio grows. Because the species with the lowest 

surface tension are more prevalent on the surface than in the bulk, thinning is associated with an 

increase in surface tension in the flat parts of the liquid films. 

 

Figure 2-2 : Sketch illustrating the stretching phase. Two air bubbles encounter in the 

liquid mixture. These bubbles will deform and create a liquid film at the contact zone. It is 

a fast extension phase of the liquid film in the plug-shape (~𝟏𝟎−𝟒 𝒔). 
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The increase of surface tension allows equilibrium of the liquid film tension (that is sum of the 

pressure times thickness and surface tension contribution) to be reached between the flat part of 

the film and the Plateau border it is connected with. This equilibrium is reached at the end of the 

first “stretching” stage. 

 

However, film tension balance equilibrium does not mean that there is a pressure balance and in a 

second stage, the film drains because of pressure difference between the flat and curved parts of 

the films. We can expect the interfaces experience zero-velocity (solidlike) conditions [26] and 

the drainage flow is  Poiseuille flow. Due to the short duration of the first stretching stage, it is the 

slowest draining stage that determines the film lifetime. The key parameter for this lifetime is the 

thickness of the film at the beginning of the drainage stage. In the following we denote ℎ𝑓 this 

thickness. Since it corresponds to the thickness reached when a tension equilibrium is attained, we 

show in the following it is possible to derive ℎ𝑓 , and that the only parameters it depends on are 

the length 𝛼  and the radius of curvature of the Plateau border 𝑅𝑓. 

2.2.3. Shape of the film at mechanical equilibrium 

 

Figure 2-3 : Diagram showing the forces acting on a fluid film of thickness 𝒉𝒇 connected to 

a Plateau border in the foam. The flat part's higher surface tension allows for mechanical 

balance even if the pressures are not equilibrated. A tension balance along the z-axis can be 

written on the film portion in red. 

In this section we show that, when mechanical equilibrium of film tension is reached, the shape of 

the film can be determined analytically. We consider the film of thickness ℎ𝑓 is connected to a 

Plateau border schematized in Figure 2-3.  
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Film tensions write: 2𝛾(ℎ) cos[ (𝑧)] + Δ𝑃(ℎ)ℎ(𝑧) . The film equilibrium imposes this tension to 

be constant. Because the film is in its middle part flat, the constant is simply two times the 

interfacial tension for which  = 0 and Δ𝑃(ℎ) = 0. This yielding at any 𝑧: 

 2𝛾(ℎ𝑓) = 2𝛾(ℎ) cos[ (𝑧)] + Δ𝑃(ℎ)ℎ(𝑧) Eq.2.5 

where  (𝑧) is the local angle of the film with the z-axis direction. Δ𝑃(ℎ) = 𝛾(ℎ)𝑑2(ℎ/2)/𝑑𝑧2 is 

the Laplace pressure difference between the gas and the liquid in the meniscus written in the thin-

film approximation with first-order terms only. 

It is also important to note that at small angles, the angle between the film and the 𝑧-direction may 

be approximated by cos( (𝑧)) ≅ 1 −
1

2
(
𝜕ℎ/2

𝜕𝑧
)
2

. 

Substituting the expression of 𝛾 for two parts from Eq.2.4 in Eq.2.5, the mechanical equilibrium 

for the film becomes: 

 2𝛾 (1 +
𝛼

ℎ𝑓
) = 𝛾 (1 +

𝛼

ℎ
)(2 −

1

4
(
𝜕ℎ

𝜕𝑧
)
2

+ ℎ
𝜕2ℎ

2𝜕𝑧2
) Eq.2.6 

Here, we present the dimensionless variables 𝐻(𝜁), which are defined as ℎ(𝑧)/ℎ𝑓 and 𝜉 = 𝑧/𝑤, 

respectively, where 𝑤 denotes an unknown characteristic length in the direction of 𝑧. Additionally, 

we add the dimensionless number, 𝑌 = 𝛼 ℎ𝑓⁄ . In practice, 𝑌 ≪ 10−3, as will be demonstrated in 

the next section. Expanding Eq.2.6 in 𝑌 leads at first order to: 

 
4𝑌𝑤2

ℎ𝑓
2 (

1

𝐻
− 1) + (−

1

2
𝐻′2 + 𝐻𝐻") + 𝑂(𝑌2) = 0  Eq.2.7 

We emphasize the equation simplifies to the basic equation of pressure equilibrium in the film 

when 𝑌 = 0, i.e., the surface tension is constant. This means that for Y=0,  𝐻 = 𝑎(𝜉 − 𝑏)2 is the 

unique solution, and 𝑎 and 𝑏 are constants. Thus, a flat film cannot be connected to a Plateau 

boundary with this parabolic solution and is thus not physically sound. As a result, only if the 

surface tension is thickness dependent can a meaningful solution to Eq.2.6 be obtained. A natural 

value of lateral length is 𝑤 = = ℎ𝑓𝑌
−1/2 = ℎ𝑓

3/2
𝛼1/2⁄ . Eq.2.7 can then be solved by using 𝐻 as a 

variable. We denote Θ(𝐻) =
1

2

𝑑𝐻

𝑑𝜉
 the dimensionless slope of the interface.  

Therefore, 𝐻′′ = 2Θ′
𝑑𝐻

𝑑𝜉
= 4ΘΘ′, and Eq.2.7 becomes, if expressed as a function of the variable 

𝐻: 

 (
1

𝐻
− 1) −

Θ(𝐻)2

2
+ 𝐻Θ(𝐻)Θ′(𝐻) = 0 Eq.2.8 

The general solution is Θ =
√1−2𝐻+𝐻2𝑘

√𝐻
 where k is a constant to be determined. The value of 𝑘 must 

be such that  Θ tends toward zero when 𝐻 approaches unity, where the flat film is reached. This 
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leads to 𝑘 = 1. To sum-up, if the thickness of the film is dependent on the surface tension, a 

solution exists linking a flat film and a Plateau boundary. This solution writes: 

 Θ =
H − 1

√𝐻
 Eq.2.9 

Integrating with respect to 𝜉 yields the explicit inverse function of the solution to the implicit 

equation in Eq.2.9: 

 √H − 2 +
1

2
Log (3 −

6

√H + 1
) = 𝜉 − 𝑐 Eq.2.10 

where c is an integration constant. 

 

Figure 2-4 : Solution to Eq.2.10 giving the profile of the interface of a liquid film in 

mechanical equilibrium. 

𝐻 = 2 at 𝜉 = 1 is an arbitrarily chosen value. The solution is plotted in Figure 2-4  

In a foam, the curvature of the Plateau border and the meniscus curvature are both equal to the 

meniscus curvature for a single bubble, as one might predict from the meniscus curvature ℎ" 2⁄ . 

The curvature is 1 𝑅𝑓⁄ , which we lead to: 

 𝑙𝑖𝑚𝑧→∞ℎ
′′/2 =

ℎ𝑓

𝑤2
=

1

𝑅𝑓
 Eq.2.11 

Combining Eq.2.11 and Eq.2.8 gives the relations: 

 ℎ𝑓 = √𝛼𝑅𝑓 Eq.2.12 

And: 

 𝑤 = 𝛼1/4𝑅𝑓
3 4⁄  Eq.2.13 
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After the stretching stage and before considerable drainage, the film thickness and the 

characteristic lateral length are simply functions of the Plateau border radius and the microscopic 

length 𝛼, which originates from the concentration partition of molecules between the bulk and 

surface. 

In the next sections we consider the differences in concentration in the bulk and at the interfaces 

with and we further derive the microscopic length 𝛼. 

2.2.4. Partition of molecules in the volume and at the interface 

 

Figure 2-5 : Surface tensions of Decane/Toluene (red) and Octane/Decane (blue) mixtures 

as a function of the molar fraction of the species with the lowest surface tension 

(respectively, Decane and Octane). The full lines are guides for the eye. 

As pointed out above, in symmetric binary mixtures, the sublinear variation of surface tension with 

composition result from concentration differences in the bulk and at the interfaces with air: the 

species with the smallest surface tension is more concentrated at the interfaces than in the bulk. 

Different models are available to relate surface tension and surface concentrations.  
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Here, we use a very simple phenomenological relation in which a linear relationship between 

surface tension 𝛾 and the molar fractions of each species on the surface Γ𝑖  (𝑖 = 1, 2) is thus 

assumed [27]: 

 𝛾 = Γ1𝛾1 + Γ2𝛾2 Eq.2.14 

where γ and 𝛾𝑖 (𝑖 = 1, 2) are the surface tensions of the mixture and of the pure components, 

respectively. Note that in this relation, there is no assumed partitions between the interface and 

bulk. In Chapter 3, we will use an exact model assuming ideal solutions and interfaces to describe 

the surface tension of binary mixtures, including very asymmetric ones, and we will detail the link 

between bulk and interface concentrations. But for the purpose of the discussion in the present 

chapter, the phenomenological relation of Eq.2.15 is enough to describe the main features of 

symmetric mixtures. 

Substituting Γ2 = 1 − Γ1 in Eq.2.14, a relation is established between 𝛾 and Γ1: 

 Γ1 =
𝛾 − 𝛾2
𝛾1 − 𝛾2

  Eq.2.15 

By measuring the surface tension of the binary mixture, it is possible to deduce the surface 

concentrations from this relation. We can remark that the surface population is the same as the 

bulk population when the interfacial tension varies linearly with the bulk composition, i.e. Γ1 =

𝑥1, see Figure 2-5. Further, we show that this scenario relates to non-foaming mixtures in the next 

section. 

 

We consider a mixture of two liquids with two molecules 1 and 2 of initial molar fraction 𝑥1
0  

(respectively 𝑥2
0) measured in mol/mol. 

 

A film of thickness ℎ and surface area 𝑆 is created from a volume 𝑉0 of this mixture, of initial 

molar fraction 𝑥1
0  (respectively 𝑥2

0) measured in mol/mol.  

 

The surface-to-volume ratio S/V increases with decreasing film thickness, affecting bulk molar 

fractions 𝑥𝑖. Therefore, we note 𝑥1 (respectively 𝑥2) the molar fraction of molecules 1 

(respectively 2) in the bulk in the case of a film.  

By definition of the molar fraction, we have: 

 𝑥1
0 + 𝑥2

0 = 𝑥1 + 𝑥2 = 1 Eq.2.16 

For both liquids, the volume per mole, as well as the area per mole, is considered to be the same, 

and that-is-to-say: 𝑣1 = 𝑣2 = 𝑣 and 𝜎1 = 𝜎2 = 𝜎. On the surface, we have obviously: 

 Γ1 + Γ2 = 1 Eq.2.17 
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The total amount of species 1 writes: 

 
Γ1
𝜎
𝑆 +

𝑥1
𝑣
𝑉 =

𝑥1
0

𝑣
𝑉0 Eq.2.18 

with  𝑉 the volume of the bulk of film, and 𝑉0 the initial volume. 

Similarly, we get the conservation equation for molecules of liquid 2: 

 
Γ2
𝜎
𝑆 +

𝑥2
𝑣
𝑉 =

𝑥2
0

𝑣
𝑉0 Eq.2.19 

Combining molecular conservation with constant volume and surface densities and replacing 𝑆 =

2𝑉0/ℎ , a geometrical relation between 𝑥1 and 𝑥1
0 may be obtained: 

 𝑥1 − 𝑥1
0 =

2

ℎ

𝑣

𝜎
(𝑥1

0 − Γ1) Eq.2.20 

Linearizing the dependence of the surface tension with composition yields: 

 𝛾(ℎ) − 𝛾 =  (
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

(𝑥1 − 𝑥1
0) Eq.2.21 

with 𝛾 is the surface tension of the binary mixture at 𝑥1 = 𝑥1
0. 

 

Substituting Eq.2.15 in the above expression, the final relation giving the thickness-dependent 

surface tension of a film of a binary mixture is: 

 𝛾(ℎ) − 𝛾 =  
2

ℎ
(
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

𝑣

𝜎
(𝑥1

0 − Γ1) Eq.2.22 

Eq.2.22 is true in the limit ℎ ≫ 𝑣𝑖/𝜎𝑖 (with species 𝑖 having the largest molecules), corresponding 

to thicknesses ten times larger than the molecular size, i.e., to about 10 𝑛𝑚. 

 

The derivative of 𝛾(𝑥1) is calculated using experimental data surface tension dependance on the 

molar fractions. 

 

Note that in the case of linear variation of the surface tension with the initial composition, that 

writes 𝛾 = 𝛾1𝑥1
0 + 𝛾2(1 − 𝑥1

0)  as explained in the beginning of this section, leads to Γ1 = 𝑥1,. 

From eq.2.22 we deduce: 𝛾(ℎ) − 𝛾 = 0. It follows as a result that for liquid mixtures with a linear 

variation of the surface tension, there is no possible foaming. This is indeed what we observed 

experimentally for alkane/alkane mixtures. The thickness-dependent surface tension is 

consequently related to nonlinear variations in surface tension. Note that this result only valid if 

𝜎1 = 𝜎2 (𝑣1 = 𝑣2), or, to put it another way, for symmetric mixtures. 
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2.2.5. Characteristic length 𝜶 – foamability  

Following, we write Eq.2.22 in the form of:  

 𝛾(ℎ) = 𝛾 (1 +
𝛼

ℎ
) Eq.2.23 

Or, 𝛼 – the characteristic length can be expressed as the following, which is equivalent to the 

previous equation: 

 𝛼 =
𝛾(ℎ) − 𝛾

𝛾
ℎ Eq.2.24 

Therefore, the increase in surface tension in a thin film may be estimated if 𝛼 is known. To put 

that into perspective, we can evaluate the foaming capacity of symmetric liquid mixtures by 

finding 𝛼. 

 

It is possible to calculate 𝛼 using the molar volumes and surfaces of the two liquids and the 

derivative of 𝛾(𝑥1): 

 𝛼 =
2

𝛾
(
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

𝑣

𝜎
(𝑥1

0 − Γ1) Eq.2.25 

 

Using the data acquired from foaming tests with Bikerman column experiments, we will compare 

our predictions to the experimental data in the next section to see if our theoretical model is correct. 

To obtain 𝛼, we use the fit of Eq.1.13 to get the derivative of the interfacial tension versus x and 

(𝑥1
0 − Γ1) from Eq.2.14 with Eq.2.25. 
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2.3. COMPARISON TO EXPERIMENTAL DATA  

 

Figure 2-6 : Experimental 𝑳𝝉 (squares, left axis) as a function of Decane molar fraction for 

mixture of Toluene with Decane. Error bars correspond to uncertainties on measured foam 

heights. The length α (right axis) characterizing the relative surface tension variation with 

film thickness computed from Eq.2.25 is shown as a solid line. 

We show here that the experimental variations in 𝐿𝜏 with mixture composition are correlated with 

the variations of 𝛼.  According to Eq.2.25, all of the parameters are either constants of liquids or 

deduced from the fit of surface tension data. For Decane/Toluene mixtures, the comparative results 

are shown in Figure 2-6. Reminding that the ability to foam, as computed by the length 𝛼, occurs 

at the nanoscopic scale. Meanwhile, the measured lifetimes specify the length 𝐿𝜏 ranging from 

meters to 100 𝑚. A linear correlation between two quantities is seen. It is important to note that 

the length 𝛼 is of the order of a tenth of nanometer, i.e., very small, yet the difference in surface 

tension is substantial, Δ𝛾 ~ 10−3 𝑚𝑁.𝑚−1 for a film thickness ℎ = 1 µ𝑚.  
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We can in addition compare the maximum foamability composition next denoted by 𝑥1
max, using 

equation Eq.1.13 and Eq.2.25 (see also how to compute the maximum foam position in the 

Appendix E). We see in Figure 2-7 that the position of maximum foamability is quantitatively 

predicted. 

 

Furthermore, there was no foam in alkane mixtures. Since the surface tensions of these mixtures 

vary in a quasi-linear way (see Figure 2-5), so the thickness dependence of the surface tension is 

not expected, according to Eq.2.25, in agreement with the data. 

 

 

Figure 2-7 : Molar fraction for which the foamability was measured to be maximum as a 

function of its value predicted. 
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In Figure 2-8, the experimental data 𝐿𝜏 obtained in a Bikerman column are compared to the length 

𝛼 estimated for all mixtures. 𝐿𝜏 and 𝛼 are both normalized by the maximum values found in each 

mixture. A master curve for symmetric mixtures can be seen in Figure 2-8, which shows that both 

polar and non-polar liquids have their data plotted onto it. It suggests that 𝐿𝜏 is proportional to 𝛼. 

Since we have shown that ℎ𝑓 = √𝛼𝑅𝑓, it implies that 𝐿𝜏 should vary with ℎ𝑓
2
. This is indeed what 

we have observed (see section 1.3.2). We will explain this dependency in Chapter 4, in which we 

consider the last instants of liquid films. 

We attribute the dispersion of the data to the poor determination of the molar surfaces. We recall 

we have made the rough approximation of cuboid molecules in order to compute the molar surfaces 

from the molar volumes. Molar surfaces cannot be directly measured; therefore, a model must 

always be used to determine them. In Chapter 4, we further investigate the link between foam and 

bubble lifetimes (or length 𝐿𝜏) and we will show that it is possible to compare them with only 

measured quantities instead of using the non-measured length 𝛼, that is estimated from an 

estimated value for molar surface. 

 

 

Figure 2-8 : 𝑳𝝉 as a function of 𝜶 for 8 different liquid mixtures. Both 𝑳𝝉 and 𝜶 are 

normalized by their maximum values found in each mixture which are reached for the 

same composition. The full line is a guide to the eye.  
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2.4. CONCLUSION 

We have shown that partition of species between bulk and interfaces controls mixture foamability. 

This is in fact a surfactant-like behavior, where the species with the smallest interfacial tension 

plays the role of surfactant for the other species. This mechanism is at the origin of the enhanced 

stability of foams in liquid mixtures, as demonstrated in this chapter. The molecules of the liquid 

in the mixture with the lowest surface tension are concentrated at the interface. This results in a 

non-linear variation in surface tension in symmetric mixtures as a function of composition. Due to 

this non-linear variation, the mixture has a thickness-dependent surface tension. Moreover, the 

thickness-dependent surface tension of liquid films is related to foamability. Finally, the 

experimental variations of surface tension with composition may be used to estimate the thickness 

of the liquid films before drainage. All these results are presented in our published paper that shows 

that the thickness of the liquid film and foamability are correlated for liquids of different polarity. 

The precise relation between the foam life-time and the physico-chemistry will be explained more 

detail in Chapter 4. 

 

Remark on the notations: in the following article, we have used the notation 𝛾∞, while we use 𝛾 in 

all the manuscript, because the subscript ∞ is not necessary for the understanding of the 

manuscript.  
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2.5. PUBLICATION 

GLOSSARY OF ABBREVIATIONS 

 

𝜸 Surface tension 

𝝈 Molar area 

𝑳 Column height 

𝑸 Injected air flowrate 

𝚫𝑷 Laplace pressure 

𝑯 Foam height 

𝝉 Foam lifetime 

𝑽 Liquid film volume 

𝒉 Liquid film thickness 

𝒙 Molar fraction 

𝑹𝒃 Bubble radius 

  

  

𝜸∞ Surface tension 

𝒗 Molar volume 

𝑹 Column radius 

𝑫 Diffusion coefficient 

𝚪 Surface molar concentration 

𝑯𝟎 Initial liquid height 

𝝁 Viscosity of mixture 

𝑺 Liquid film surface 

𝒉𝒇 Liquid film thickness before drainage 

𝜶 Length characterizing the foamability 

𝝋𝒍 Liquid volume fraction of foam 
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3. ASYMMETRIC BINARY MIXTURES 

 

 

 

 

 

 

 

 

In the previous chapter, we demonstrated that the nonlinearity of the mixtures interfacial tension 

in relation to their compositions results in foaming. Surface tension was observed to vary 

sublinearly in general for symmetric mixtures. By symmetric mixtures, we mean mixtures of 

molecules with similar molar surfaces and molar volumes. A simple theoretical model was 

developed to describe the foamability, based on the respective liquid component bulk/surface 

partition. In the present chapter, we investigate stability of foams for asymmetric mixtures or 

mixtures of molecules with significantly different sizes. We have observed significant nonlinearity 

– either sublinearity or superlinearity – in surface tension for asymmetric binary mixtures. We 

have also observed that mixtures can foam whatever the sign of the surface tension non-linearity. 

We will explore these variations using a thermodynamic model for ideal mixtures. We will show 

how asymmetry is related to the sign of the surface tension non-linearity and discuss in this frame 

the foamability of asymmetric mixtures.   
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3.1. DEFINITION OF ASYMMETRIC BINARY MIXTURES  

According to the conclusions of the previous chapter, the enhanced stability of foams in binary 

mixtures is caused by partitions of the molecules between interface and bulk, which are related 

with nonlinear surface tensions. This effect allows an equilibrium of film tension (but not pressure) 

and thus causes a slow drainage of liquid films. Our earlier experiments were carried out with 

mixtures of molecules of fairly similar sizes. In this chapter, we extend our approach to molecules 

of different sizes. Surface tension of mixtures will indeed not only be related to partitions of the 

molecules between bulk and surfaces, but also to their molar surface. We will study here the 

relationship between foaming and variations in surface tension of mixtures of molecules with a 

large size ratio, which can exhibit some counter-intuitive behavior at points. In this chapter, we 

will limit ourselves to the case of the ideal solution theory.  

 

 

Figure 3-1 : Foam formed in a Bikerman column using an asymmetric mixture of 

PDMS/Decane (L. Delance’s experiment). 
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3.1.1. Used asymmetric binary mixtures  

In contrast to symmetric binary mixtures, asymmetric binary mixtures contain molecules with 

significantly different specific surface areas. 

 𝜎1 ≠ 𝜎2 Eq. 3.1 

where 𝜎𝑖 is the molar surface of species 𝑖 in the liquid mixture.  

The asymmetry ratio is defined as the ratio of the molar surface of liquid 2 to that of liquid 1. 

𝜎2
𝜎1⁄ . The asymmetric binary mixtures researched are shown in Table 6. 

Table 6 : The characteristics of used liquids for asymmetric mixtures. The molar surfaces 

were calculated using the cuboid molecule approximation from the molar volumes. We 

recall that we choose the following convention: liquid 1 has the smallest interfacial tension.  

Mixture Liquid 1 Liquid 2 𝝈𝟏 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 

𝝈𝟐 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 

𝝈𝟐
𝝈𝟏

 

Asymmetry 

Ratio  

PDMS/ 

Linear 

alkane 

PDMS 

 

Decane  

(C10) 
0.75 0.29 0.38  

Linear 

alkane/ 

Linear 

alkane 

Heptane  

(C7) 

Hexadecane 

(C16) 
0.24 0.37 1.49 

Decane  

(C10) (50°C) 

Eicosane  

(C20) (50°C) 
0.29 0.43 1.58 

Nearly 

Symmetric 

Mixture 

(used in 

Chap 2) 

Octane  

(C8) 

Toluene  

(T) 
0.25 0.19 0.75 

 

The molar surface values shown above are computed from the molar volume, assuming that the 

molecules are cubic in form, as already assumed in symmetric mixtures, see Eq.2.3. The values of 

the molar surface are quite dissimilar, with an asymmetry ratio of at least 1.5 times (ratio of the 

larger molecule divided by the smaller one). Additionally, we will compare the results from the 
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above asymmetric mixtures to those from a nearly symmetric mixture (Octane/Toluene) obtained 

in Chapter 2.  

3.1.2. Summary of experimental results 

We recall experimental data from surface tension measurements of mixtures with varying 

compositions. In Figure 3-2, the reduced surface tension of four mixtures is plotted as a function 

of the molar fraction of liquid 1 with the lowest surface tension. 

 

 

Figure 3-2 : Normalized surface tensions of binary mixtures as a function of the molar 

fraction of liquid 1 – the species with the smallest surface tension. From left to right with 

full line and markers: PDMS/Decane (dark yellow), Octane/Toluene (green), 

Decane/Eicosane (light cyan) and Heptane/Hexadecane (violet). The dashed line indicates 

linear variations. All measurements were made at room temperature except the ones with 

the C10/C20 mixture that were performed at 𝟓𝟎°𝑪. 

There are two distinct behaviors noticed. On the one hand, the surface tension of both the 

PDMS/Decane and Octane/Toluene mixtures varies sublinearly with composition. This leads to a 

surface composition that is concentrated in the species with the lowest surface tension and the 

largest molar volume, namely PDMS or Octane. Similar observations have been documented often 
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with mixtures of various kinds [28–34]. PDMS/Decane has a higher asymmetry ratio than 

Octane/Toluene and that the former's sublinearity is more notable than the latter's one.  

 

The surface tensions of Heptane/Hexadecane and Decane/Eicosane (50°𝐶), on the other hand, vary 

superlinearly with their compositions. This effect, which has been observed infrequently to date, 

occurs when the species with the lowest surface tension also has the smallest molar volume, 

resulting in surface ratios greater than 1, which is consistent with prior findings [20,35,36]. We 

will demonstrate in the following that whatever the sign of the surface tension non-linearity, the 

molar concentrations at the interfaces differ from the one in the bulk, and the species with the 

lowest surface tension is always more concentrated (in moles) at the surface than in the bulk. The 

sign of the nonlinearity is determined by the molecules' surface ratio. 

 

 

Figure 3-3 : 𝑳𝝉 computed following Eq.1.11 from the stationary foam heights measured 

with the same mixtures as in Figure 3-2 and as a function of the molar fraction of the 

species with the smallest surface tension. From left to right with full line and markers: 

PDMS/Decane (dark yellow), Octane/Toluene (green), Decane/Eicosane (light cyan) and 

Heptane/Hexadecane (violet). All experiments were performed at room temperature (20°C) 

but the one with Decane/Eicosane conducted at 50°C. Inset: same curves in log-log scale. 
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Additionally, we examine the capacity of foaming between different asymmetric mixtures and 

Octane/Toluene symmetric mixture. Figure 3-3 illustrates the values of 𝐿𝜏 obtained using Eq.1.11 

as a function of the molar fraction 𝑥1 of the mixtures utilized from the Bikerman column 

experiment. The normalized foaming heights range from a few tens to a few hundreds of meters.  

 

For smaller values of the asymmetry ratios, corresponding to sublinear variations of surface 

tension, the position of the maximum is reached for 𝑥1 < 0.5. In contrast, it corresponds to 𝑥1 >

0.5 for surface ratios larger than unity, for which superlinear variations of surface tension are 

observed. As a result, we can observe that the mixture's asymmetrical ratio has an effect on the 

composition value for maximum foamability. 

 

Correlation between the asymmetry ratio values and the amplitude of the maximum foaming 

height 𝐿𝜏 are not easy to find. For instance, PDMS/Decane mixture generated foams with 

surprising large lifetimes, as shown in Figure 3-3, even with a very tiny quantity of PDMS 

(~10−3) in the mixture with decane. The amount of foam created is relatively considerable when 

compared to other liquid mixtures examined in this investigation.  
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3.2. THEORETICAL INTERPRETATIONS & MODELLINGS 

3.2.1. Qualitative explanation about physical picture: Effect of molecular size on the 

non-linearity of the mixture’s surface tension 

 

Figure 3-4 : Liquid film of symmetric mixtures of molecules with similar sizes. The surface 

is enriched in the species with the lowest surface tension (red circles) compared to the bulk.  

As discussed previously in Chapter 2, the stabilizing mechanism for liquid films in mixtures is 

based on the fact that species concentrations are different in the bulk and at air interfaces. At the 

interface, the species with the lowest surface tension is always more concentrated than in the bulk, 

see Figure 3-4. If the films are composed of molecules of comparable size 𝜎1 ≈ 𝜎2, the species 

with the highest surface energy will be depleted from the surface. As a consequence, the surface 

tension was found to exhibit a sublinear variation for symmetric mixtures. 

 

 

Figure 3-5 : Liquid film of asymmetric mixtures made of molecules of very different sizes. 

The surface is concentrated in species with low surface tension (red circles). The species 

with the higher surface energy (blue circles) has a significantly greater molecular size, 

resulting in a larger molecular surface area. 
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When compared to symmetric mixtures, species with a larger molecular size cover a larger surface 

area and thus may impact the surface tension in a more complex way, see Figure 3-5.  

For instance, if 𝜎1 < 𝜎2 and 𝛾1 < 𝛾2, despite being depleted on the surface, species 2 with higher 

surface energy will be able to contribute more to interfacial tension. This may lead to a superlinear 

interfacial tension variation. As a result, the surface tension of asymmetric mixtures may exhibit a 

sublinear or superlinear variation. This explains the experimentally determined surface tension 

values given in Figure 3-2. Beyond this hand-waving argument, we will now estimate the surface 

tension variation of asymmetric mixtures using ideal solution thermodynamics.  

 

3.2.2. Partition of molecules in the volume and at the interface 

Consider a liquid film with a thickness of ℎ made of an asymmetric binary mixture of liquids 1 

and 2, with species 1 having the lowest surface tension. As with symmetric mixtures, we designate 

𝑁0 as the total mole number; 𝑥1
0 and 𝑥2

0 as the initial molar fractions. Using volume additivity, the 

total volume of the liquid creating the film 𝑉0 is as follows: 

 𝑉0 = (𝑥1
0𝑣1 + 𝑥2

0𝑣2)𝑁0 Eq. 3.2 

When the liquid film forms, 𝑁 moles of respective molar fractions in species 1 – 𝑥1 and in species 

2 – 𝑥2 occupy its bulk. Meanwhile, 𝑁𝑆 = 𝑁0 − 𝑁 moles with surface molar fractions Γ1 and Γ2, 

respectively, are at the interfaces with air. 

The bulk volume 𝑉 (excluding the surface layer) and total surface area 𝑆 of the film are calculated 

as follows: 

 𝑉 = (𝑥1𝑣1 + 𝑥2𝑣2)𝑁 Eq. 3.3 

 𝑆 = (Γ1𝜎1 + Γ2𝜎2)𝑁𝑆 Eq. 3.4 

For species 1, the conservation equations yield the following result: 

 Γ1𝑁𝑆 + 𝑥1𝑁 = 𝑥1
0𝑁0 Eq. 3.5 

Eq. 3.2, Eq. 3.4 and Eq. 3.5 finally yield the following relations: 

 𝑁𝑆 =
𝑆

Γ1(𝜎1 − 𝜎2) + 𝜎2
 Eq. 3.6 

 𝑁0 =
𝑉0

𝑥1
0(𝑣1 − 𝑣2) + 𝑣2

 Eq. 3.7 

 𝑥1 = 𝑥1
0
𝑁0

𝑁
− Γ1

𝑁𝑆
𝑁

 Eq. 3.8 
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Assuming 𝑁𝑆 − 𝑁0 ≈ 𝑁𝑆 and introducing 𝑆 = 2𝑉
ℎ⁄ , it is possible to construct a geometric 

relationship between 𝑥1 and 𝑥1
0 from Eq. 3.8: 

 𝑥1 − 𝑥1
0 =

2

ℎ

𝑣2(1 − 𝑥1
0) + 𝑣1𝑥1

0

Γ1(𝜎1 − 𝜎2) + 𝜎2
(𝑥1

0 − Γ1) Eq. 3.9 

Using the linearized relation 𝛾(ℎ) − 𝛾 =  (
𝜕𝛾

𝜕𝑥1
⁄ )

𝑥1=𝑥1
0
(𝑥1 − 𝑥1

0), the final relation giving the 

thickness-dependent surface tension of a film of an asymmetric binary mixture is: 

 𝛾(ℎ) − 𝛾 =  
2

ℎ
(
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

𝑣2(1 − 𝑥1
0) + 𝑣1𝑥1

0

Γ1(𝜎1 − 𝜎2) + 𝜎2
(𝑥1

0 − Γ1) Eq.3.10 

where 𝛾 is the surface tension of the binary mixture at 𝑥1 = 𝑥1
0. 

Making the approximation 𝑥1 ≈ 𝑥1
0, yields:  

 𝛾(ℎ) − 𝛾 =  
2

ℎ

𝜕𝛾

𝜕𝑥1

𝑣2(1 − 𝑥1) + 𝑣1𝑥1
Γ1(𝜎1 − 𝜎2) + 𝜎2

(𝑥1 − Γ1) Eq.3.11 

As with symmetric mixtures, Eq.3.11 holds true in the limit ℎ ≫ 𝑣𝑖/𝜎𝑖 (species 𝑖 containing the 

largest molecules), which corresponds to thicknesses many orders of magnitude bigger than the 

molecular size. 

 

Once again, as shown in the above equation, the thickness-dependent surface tension of a film of 

an asymmetric binary mixture is proportional to the surface-bulk partition of species 1 (𝑥1 − Γ1). 

Let us note that, Eq.3.11 becomes identical to Eq.2.22, obtained in Chapter 2, for symmetric 

mixtures composed of molecules with the same molar surface and volume.  

 

To provide an estimate of  
𝜕𝛾

𝜕𝑥1
⁄ , we will now use the ideal solution thermodynamics introduced 

by Butler.  

3.2.3. Butler’s model and surface molar fraction 𝜞𝟏 

In Chapter 2, we used a fairly simple phenomenological model, assuming that surface tension 𝛾 

is a linear function of the surface molar fraction Γ. Comparison of experimental and theoretical 

data demonstrates that this model is appropriate for symmetric mixtures [37,38]. However, for 

asymmetric ones, this approach does not adequately account for observed phenomena such as 

surface tension superlinearity. This is demonstrated in further detail in the Appendix F. 

Consequently, a more accurate theoretical model for the physicochemical features of asymmetric 
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liquid mixtures is required. For the sake of simplicity, we will choose the ideal solution 

approximation. 

 

The ideal solution approximation has been introduced by Butler [21] to describe the 

surface/volume partition of ideal mixtures. The relation between bulk fraction and interfacial 

tension writes: 

 𝑥1𝑒
𝜎1
𝑅𝑇

(𝛾−𝛾1) + 𝑥2𝑒
𝜎2
𝑅𝑇

(𝛾−𝛾2) = 1 Eq.3.12 

where 𝑅 the ideal gas constant and T the absolute temperature. 

Indeed, this equation expresses the relation Γ1 + Γ2 = 1,  where the surface molar fractions Γ𝑖, 

follows the Boltzman’s law:  

 Γ𝑖 = 𝑥𝑖𝑒
𝐸𝑖/𝑅𝑇 Eq.3.13 

where 𝐸𝑖 = 𝜎𝑖(𝛾 − 𝛾1) the surface energy variation when one mole of species 𝑖 (𝑖 = 1,2) is 

displaced from the bulk to the interface.  

This model gives thus the relations between bulk and interface concentrations, as well as the 

liquid's surface tension.  

 

We introduce several dimensionless parameters: the reduced molar surfaces of species 𝑖: 

 𝑆𝑖 = 𝜎𝑖
(𝛾2 − 𝛾1)

𝑅𝑇
 Eq.3.14 

The values these parameters are of the order of unity (see Table 7). 

 

Table 7 : Reduced molar surfaces of two liquids in used mixtures  

Liquid 1 Liquid 2 𝝈𝟐/𝝈𝟏 𝑺𝟏 𝑺𝟐 

PDMS 

 

Decane  

(C10) 
0.38 1.36 0.53 

Heptane  

(C7) 

Hexadecane 

(C16) 
1.49 0.66 0.50 

Decane  

(C10) (50°C) 

Eicosane  

(C20) (50°C) 
1.58 0.64 0.96 

Octane  

(C8) 

Toluene  

(T) 
0.75 0.72 1.11 
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We introduce also the excess surface tension, characterizing the non-linearity of the interfacial 

tension: 

 𝐸𝛾 =
𝛾 − (𝛾1𝑥1 + 𝛾2𝑥2)

𝛾2 − 𝛾1
 Eq.3.15 

This excess value characterizes the deviation from linearity. For superlinear surface tension 

variations, 𝐸𝛾 > 0 whereas for sublinear surface tension variations, 𝐸𝛾 < 0.  

 

Introducing Eq.3.14, Eq.3.15 and using 𝑥2 = 1 − 𝑥1, the Butler’s equation Eq.3.12 may be 

written as: 

 𝑥1𝑒
𝑆1(𝐸𝛾+1−𝑥1) + (1 − 𝑥1)𝑒

𝑆2(𝐸𝛾−𝑥1) = 1 Eq.3.16 

 

According to Eq.3.16, 𝐸𝛾 is a function of the composition of the mixture and is solely dependent 

on two parameters 𝑆1 and 𝑆2. 

Following that, we will exploit this model to determine the specific form of the characteristic 

length of asymmetric binary mixtures. 

 

  

(a) (b) 

Figure 3-6 : Normalized surface tensions as a function of the bulk molar fraction of species 

1: (a) Butler’s model; (b) Experimental results. The dotted lines show the surface tensions 

computed from Butler’s model with the liquid parameters and the adjusted surface ratios 

given in Table 8. 

Figure 3-6 (a) depicts the variations in normalized surface tension of studied mixtures as a 

function of the bulk molar fraction of the species with the lowest surface tension, which are 
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predicted by Eq.3.16 with arbitrarily chosen values: 𝑆1 = 1 and different surface ratios 
𝑆2

𝑆1
⁄ =

𝜎2
𝜎1⁄ .  

 

The variations are sublinear for surface ratios ranging from 0.2 to 1, and the nonlinearity increases 

as the ratio decreases. For surface ratios 
𝑆2

𝑆1
⁄ = 2 and 3, on the other hand, the variations are 

superlinear and the nonlinearity grows with the ratio. This is in accordance with the experiment's 

findings, see Figure 3-6 (b). 

Although the surface tension varies superlinearly with their composition, the molecules in the 

mixture with the highest surface tension (species 2) are always less concentrated at the interface 

than in the bulk. This relation is seen in the graph below. 

 

  

(a) (b) 

Figure 3-7 : Surface molar fraction 𝚪𝟏 as a function of the bulk molar fraction of species 1 

for the studied mixtures. 

We can compute the surface molar fraction Γ(x) from Eq.3.13 by determining the values of surface 

tension 𝛾(𝑥) and bulk molar fraction 𝑥. The surface molar fraction Γ1 as a function of the bulk 

molar fraction 𝑥1 of species 1 (the lowest surface tension ones) is illustrated in Figure 3-7 for 

examined mixtures with a typical value of 𝑆1 and various surface ratios 
𝑆2

𝑆1
⁄ as mentioned in the 

previous paragraph.  

 

From this figure, it highlights that Γ1 is always a superlinear function with respect to 𝑥1 in all 

circumstances and for all asymmetric ratio values investigated. Indeed, this outcome is observable 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

(g
-

g 1
)/

(g
2
-

g 1
)

x1

s2/s1

 3

 2

 1

 0.5

 0.2

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

G
1

x1

s2/s1

 3

 2

 1

 0.5

 0.2



 

- 112 - 

 

mathematically. The surface tension of the mixture is always larger than the surface tension of 

liquid 1, hence 𝛾 − 𝛾1 is always positive. Following Eq.3.13, the molar fraction in species 1 at the 

surface is larger than the one in the bulk Γ1 = 𝑥1𝑒
𝜎1(𝛾−𝛾1)/𝑅𝑇 > 𝑥1. 

In addition, the related nonlinearity grows monotonically with the molecule surface ratio. The 

surface tension of a mixture is given by the product of the surface concentrations and the molecular 

surfaces. Surface tension can be superlinearly if the species with the highest surface tension has 

simultaneously a highly large surface area, even while its concentration at the surface is lower than 

the bulk. The associated nonlinearity increases monotonically with the molecule's surface ratio.  

 

Expanding Eq.3.16 for 𝑆1 and 𝑆2 ≪ 1, which corresponds to the limit of an entropy-dominated 

partition between surface and bulk explains our conclusion. The excess surface tension in this 

situation is denoted by: 

 
𝐸𝛾 =

𝑥1(1 − 𝑥1)

𝑥1 +
𝑆2
𝑆1
(1 − 𝑥1)

(
𝑆2
𝑆1

− 1) 
Eq.3.17 

Due to the fact that 0 < 𝑥1 < 1, the ratio in the right-hand term of Eq.3.19 is always positive. As 

a result, the sign of nonlinearity is determined by the sign of (
𝑆2

𝑆1
− 1). When surface ratios are 

different from unity, this finding is qualitatively consistent with the results shown in Figure 3-7, 

for which a sublinear behavior is described for ratios of 0.2 to 0.5 with 
𝑆2

𝑆1
⁄ < 1 and a superlinear 

behavior is recorded for ratios of 3 to 5 in the case of 
𝑆2

𝑆1
⁄ > 1. In comparison, although the 

approximated Eq.3.19 predicts that the surface tension would vary linearly for 𝑆1 = 𝑆2 (i.e., 𝐸𝛾 =

0) the full resolution of Butler's equation shown in Fig. 5 results in sublinear variations. According 

to the full Butler's equation, a linear behavior is expected for a surface ratio 
𝑆2

𝑆1
⁄  close to 2. To 

make sense of this results, the contribution of surface energy, which are assumed to be extremely 

tiny in the derivation of eq. (16), must be examined. Indeed, the mixture's surface tension is defined 

by the product of the molecular surfaces and the difference in their surface energies. If two 

molecules have identical surface energies, their partitions between surface and bulk are likewise 

similar. As a result, if the species with the highest surface tension also has the highest molar 

surface, its contribution to surface tension is proportional to its bulk concentration multiplied by 

its molar surface, resulting in superlinear variations of surface tension. This limit is predicted by 

Eq.3.19. However, if the difference in surface energies is significant, this impact is 

counterbalanced by the fact that a lower surface concentration of the species with a higher surface 
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energy is preferred over bulk. Because the value of the reduced molar surface is on the order of 

unity, these two effects (ratio between occupied surfaces and partition) are of the same order of 

magnitude. This explains why the surface tension of a mixture varies superlinearly only when the 

species with the highest surface tension also has the highest molar surface and when the ratio of 

the two species' molar surfaces surpasses a critical value. Resolution of Butler's equation for 𝐸𝛾 =

0 and 𝑥1 = 0.5 allows one to determine the crossover of sub and superlinear variations of the 

interfacial tension. We obtain: 

 𝑆2 = −2 ln(2 − 𝑒
𝑆1
2 ) Eq. 3.18 

which yields 
𝑆2

𝑆1
⁄ = 2.09 for 𝑆1 = 1.  

Thus, the crossover between super and sub linear superficial tensions is highly dependent on the 

values of the molar surfaces and the difference in surface energies. Sublinear behavior is 

encouraged by large differences in surface energies, whereas differences in molar surfaces cause 

either superlinear or sublinear behavior, depending on the surface ratio. We now compare Butler's 

equation's predictions to the experimental results in Figure 3-2. In Figure 3-2, we show the 

calculated surface tensions for each mixture. The molar surfaces are unknown; a common estimate 

used in the literature is cuboid molecules, which allows for the determination of the molar surfaces 

using the molar volumes.  

Table 8 : The molar surfaces were computed from the molar volumes in the cuboid 

molecule approximation. The best surface ratio are the values for which the best agreement 

was found between the experimental and predicted variations of surface tension with the 

ones predicted by Butler’s equation Eq.3.16. 

Liquid 1 Liquid 2 𝝈𝟐/𝝈𝟏 

(Cuboid surface ratio) 

𝝈𝟐/𝝈𝟏 

(Best surface ratio) 

PDMS 

 

Decane  

(C10) 
0.38 0.2 

Heptane  

(C7) 

Hexadecane 

(C16) 
1.49 2 

Decane  

(C10) (50°C) 

Eicosane  

(C20) (50°C) 
1.58 3 

Octane  

(C8) 

Toluene  

(T) 
0.75 0.5 
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However, we discovered that the experimental surface tensions cannot be described using the 

values for molar surfaces obtained in this approximation; a more accurate description requires 

more asymmetric molar surfaces, as shown in Table 8, where we report the surface ratios that are 

most consistent with the experimental data. The molar surface of species 1 was randomly chosen 

to be the one predicted by the cuboid approximation in each example, and the surface ratio was 

changed to match the surface tension curves predicted by Eq.3.16. 

 

There have been several attempts [27,30,34,35,39–41] to establish a quantitative description of the 

surface tension of mixtures as a function of their composition. However, due to the lack of 

information about the molecular surface, no acceptable model exists, regardless of the nature of 

the mixture. As previously stated, the molar surfaces of a particular molecule may differ from one 

mixture to another depending on the nature of the molecule with which it is mixed. The molar 

surfaces of a mixture may also differ in composition [42]. Additionally, nonideal behavior, both 

in bulk and on surfaces, can result in variations from Butler's equation. We did not attempt to offer 

a more quantitative description of the surface tensions of the mixtures studied since we are 

interested in the relationship between surface tension nonlinearity and foamability. 

 

3.2.4. Characteristic length 𝜶 of asymmetric binary mixtures 

Within the context of ideal mixtures, we can now give an expression for 𝛼. For that, we derive  

Eq.3.16 with respect to x1. We thus get: 

 
𝜕𝛾

𝜕𝑥1
 = 𝑅𝑇

𝑥1 − Γ1
(1 − 𝑥1)𝑥1(Γ1𝑆1 + (1 − Γ1)𝑆2)

 Eq.3.19 

Substituting Eq.3.19 into the thickness-dependent surface tension Eq.3.11, we obtain: 

 𝛾(ℎ) − 𝛾 =  
𝑅𝑇

2ℎ

(Γ1 − 𝑥1)
2

(1 − 𝑥1)𝑥1

𝑣1𝑥1 + 𝑣2(1 − 𝑥1) 

(Γ1𝜎1 + (1 − Γ1)𝜎2)2
 Eq.3.20 

Finally, the expression for the microscopic length 𝛼 that characterizes the capacity to produce 

foams is determined in the case of ideal solution: 

 𝛼 =  
𝑅𝑇

2𝛾∞

(Γ1 − 𝑥1)
2

(1 − 𝑥1)𝑥1

𝑣1𝑥1 + 𝑣2(1 − 𝑥1) 

(Γ1𝜎1 + (1 − Γ1)𝜎2)2
 Eq.3.21 

 

Note that 𝛼  is always positive. The next part will compare the theoretical model's outcomes to 

those obtained experimentally. 
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3.3. COMPARISON TO EXPERIMENTAL DATA  

 

  

(a) (b) 

Figure 3-8 : (a) Length 𝜶 characterizing the increase of surface tension with decreasing 

thickness of a film of binary mixture, as a function of the mixture composition. The curves 

were computed using Eq.3.21 for different asymmetry ratios, derived in the case of ideal 

solutions. (b) Normalized foam height 𝑳𝝉 as a function of the mixture composition. From 

left to right with full line and markers: PDMS/Decane (dark yellow), Octane/Toluene 

(green), Decane/Eicosane (light cyan) and Heptane/Hexadecane (violet). 

We have determined 𝛼  using Eq.3.21with 𝑆1 = 1 and the asymmetry ratios 
𝑆2

𝑆1
⁄  determined 

from the experimental surface tensions. Figure 3-8 (a) shows the variation of alpha as a function 

of mixture composition. Generally, the length 𝛼 is of a fraction of nanometer. We also observe 

that all curves accept a maximum composition dependent on the asymmetry of the mixture. As the 

asymmetry ratio grows, the maximum for foamability shifts toward the greater molar fractions in 

species 1. Moreover, the maximum's amplitude grows monotonically as the asymmetry ratio 

increases. 

 

The estimated values of 𝛼 – assuming ideal solution thermodynamics - may be compared to the 

experimental values 𝐿𝜏 for the liquid mixes under investigation, which are presented in Figure 3-8 

(b) with mixture’s composition. As observed for symmetric case and discussed in the next chapter, 

𝛼 is around 1013 times less than the value of 𝐿𝜏. Foaming height 𝐿𝜏, like 𝛼, exhibit a maximum 

when composition is varied. The positions of the maxima, in particular, follows qualitatively the 
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model, i.e., higher molar fractions in species 1 for larger asymmetric ratios. However, the 

amplitude variations of 𝛼 and 𝐿𝜏 as a function of the asymmetry ratio are obviously quantitatively 

different. For example, PDMS/C10 mixture generated foams with extremely long lifetimes, 

resulting in large value of 𝐿𝜏 which is not predicted by our model. Moreover, the position with the 

greatest amount of foaming is only qualitative. As predicted by the Eq.3.21, PDMS/C10 creates 

the most foam when roughly 5% PDMS is added to Decane. We see, however, that a minimal 

quantity of PDMS (~10−3 in molar fraction) is sufficient for this mixture to create maximal foam. 

 

Clearly, 𝛼 represented by Eq.3.21 does not encompass all of the effects seen throughout the 

experiment. The way we determine the asymmetry ration results in significant inaccuracies. The 

non-ideal behavior of the foaming properties, such as the fugacity of the different species in bulk 

and at the interfaces, would necessitate a more quantitative description. However, determining the 

fugacity of molecules at an interface experimentally is challenging, and molecular dynamics 

simulations are more likely to shed fresh information on the relationship between species partition 

and foamability [18,43]. 
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3.4. CONCLUSION 

In this chapter, we have examined foams created in asymmetric liquid mixtures containing 

molecules of different sizes. Using a model for surface tension in the case of ideal solutions, we 

show surface tension of a mixture may change superlinearly with composition provided that the 

species with the highest surface energy has a sufficiently large molar surface, corresponding with 

our experimental observations on mixtures with different surface ratios. However, regardless of 

the sign of the nonlinearity, the surface concentration of the species with the lowest surface energy 

is always greater than the bulk concentration and this partition is responsible for foaming of 

mixtures. 
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3.5. PUBLICATION 
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4. HYDRODYNAMICS AND PIERCING 

OF THIN LIQUID FILMS 

 

. 

 

 

 

 

In previous chapters, we show that foaming of liquid mixtures – based on experimental data 

and theoretical models – is due to the partitioning of molecules between bulk and surface. 

Indeed, the liquid film layers generated between the two bubbles exhibit thickness-dependent 

surface tension. The difference in surface tension creates the Marangoni effect, which delays 

the drainage in thin films. However, this drainage always occurs as a consequence of a pressure 

imbalance between the liquid film and the Plateau border. This results in a pinching effect on 

the liquid thin film. 

 

In this chapter, we will continue our investigation of the relations between foam and bubble 

lifetimes and demonstrate that they may be compared to measurable values. Finally, we can 

develop our approach only because the surface rheology of these systems is rather simple in 

comparison to that of soap films formed from aqueous surfactant solutions, for which no 

complete prediction of the lifetimes has been made. For that purpose, we give an analytical 

description of liquid film formation, drainage, and breakup. 
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4.1. SUMMARY OF SUBMITTED PUBLICATION “RUPTURE 

MECHANISMS OF FILM OF LIQUID MIXTURES” 

 

 

Figure 4-1 : Experimental length 𝑳𝝉 as a function of film thickness 𝒉𝒃 at bursting, both 

measured in single bubble experiments. The error bars on film thickness result from the 

uncertainty on the Taylor-Culick velocity. 

In Chapter 1, we conducted an experiment with a single bubble at the liquid's surface in order 

to determine the thickness of the liquid film when the bubble bursts. The thickness of the liquid 

thin layer is nearly uniform at this stage. This result demonstrates that the thickness ℎ𝑏 is close 

1 micrometer and spatially homogeneous, which indicates that drainage has not significantly 

affected the film but at the piercing location. Hence the piercing is very localized, and we can 

assume that ℎ𝑏 = ℎ𝑓 since no significant drainage, except at the position of piercing was 

observed. Moreover, the radial position of piercing is extremely reproducible. Its suggest that 

the origin of bursting is controlled by hydrodynamics. We also measured the lifetime of the 
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bubble at the surface in these tests. We derived the foaming length 𝐿𝜏 from this value and 

illustrated the correlation between this length 𝐿𝜏  and the film thickness ℎ𝑏 (which is also ℎ𝑓) 

in the Figure 4-1. This graph indicates that that the lifetime of the bubble changes 

proportionately to the squared thickness of its film 𝜏 ~  𝐿𝜏 ~ ℎ𝑏
2. 

 

In Chapter 2, we also addressed the formation of film layers and suggested an analytical 

description of the shape of the film at mechanical equilibrium in tension. The liquid film 

consists of two parts: a flat thin film and a curved part due to the meniscus effect. The surface 

tension in the former is higher than in the latter. A length 𝛼 is provided to account for the 

variation in surface tensions in this thin film: 𝛾(ℎ) = 𝛾(1 + 𝛼
ℎ⁄ ).  

 

Moreover, 𝛼 is related to the thickness of thin layer at the moment before the liquid in this film 

begins to drain in the following way: ℎ𝑏 = ℎ𝑓 = √𝛼𝑅𝑓. 𝑅𝑓 is the curvature radius of the film. 

In Chapter 2, we have measured a correlation between the foamability of mixes and the 

characteristic length 𝛼 that leads to the phenomenological law 𝐿𝜏 ~ 𝛼. As a result, it also 

suggests that 𝐿𝜏 or foam lifetime 𝜏 should vary with ℎ𝑓
2
. We will in the following discuss the 

pinching mechanism and show that a scaling analysis of the pinching dynamics gives a lifetime 

dependence on thickness in ℎ𝑓
2
.  

 

The mechanical equilibrium between Plateau boarder and film is not pressure-balanced and in 

the absence of repulsive disjunction pressure, drainage leads to film thinning and piercing. In 

this frame, Aradian et al. [43] predict that the film is expected to thin down at a precise location, 

and forms a pinch. The proposed mechanism leading to the film bursting is as follows: when 

the pinched part thins – due to hydrodynamics - down to a critical thickness, van der Waals 

attraction becomes effective [44,45]; the film then pierces extremely quickly. The film lifetime 

is thus determined by the time required for the pinched part to reach the critical thickness, which 

is significantly longer than the durations of the first stretching stage and the last piercing stage 

under van der Waals forces action. It thus determines the lifetime of the bubbles. 
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Figure 4-2 : Illustration of the argument for considering constant composition of the 

liquid mixture during film pinching. 

Due to the high rate of fluid drainage at the pinching spot, a relative displacement of the film's 

bulk and interfaces is predicted at this point. Because pinching results in a localized thinning of 

the film, it is equal to removing some liquid volume from a specific location within the film's 

bulk, as seen in Figure 4-2.  

 

It obviously reduces the thickness at the surrounding area, but it has no effect on the 

thermodynamic equilibrium between the interfaces and the bulk. As a result, we can assume 

that removing a fluid element from a part of the film results in its thinning without affecting the 

surface tension at that point. 

We will examine the scaling of the lubrication equation at the pinching level in our paper, which 

is attached below. Scaling gives a relation between the foam/bubble lifetime 𝜏 and the 

characteristic length 𝛼: 

 𝜏 ≈
𝜇

𝛾

3𝛼𝑅𝑓
3

ℎ𝑣𝑑𝑊
3  Eq. 4.1 

where ℎ𝑣𝑑𝑊 is the critical thickness reached at which van der Waals forces are effective. 

With 𝛼 = 0.1 nm, ℎ𝑣𝑑𝑊 = 100 𝑛𝑚, and 𝑅𝑓 = 1 mm, we find 𝐿𝜏 =
𝜏𝛾

𝜇
= 300 m , which is less 

than one order of magnitude larger than the experimental lengths in foam experiments. Note 

this value strongly depends on the chosen value of ℎ𝑣𝑑𝑊. 

z

z

Same surface tension
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Comparison to soap films 

Finally, we will compare the outcomes of our investigation on liquid thin films in mixtures to 

those obtained with soap films. 

Investigations on soap films are well documented in the literature [46,47]. With aqueous 

surfactant solutions, the exchange of surfactant molecules between bulk and interfaces is slow. 

At opposite, in our situation, the interchange of molecules between bulk and surfaces is fast 

because they are the constituent of the liquids. As a result, ℎ2/𝐷 represents the typical period 

of equilibration between bulk and film interfaces. This period is of the order of a millisecond, 

which is extremely brief in comparison to the time required for film formation. Therefore, our 

situation appears as a very specific situation of the surface rheology of complex fluids, different 

form the one of surfactant solutions, and this allows an efficient relation between lifetime and 

physico-chemistry.  
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4.2. SUBMITTED PUBLICATION 

 

 

 



 

- 134 - 

 



 

- 135 - 

 



 

- 136 - 

 



 

- 137 - 

 



 

- 138 - 

 



 

- 139 - 

 



 

- 140 - 

 



 

- 141 - 

 



 

- 142 - 

 



 

- 143 - 

 



 

- 144 - 

 



 

- 145 - 

 



 

- 146 - 

 



 

- 147 - 

 



 

- 148 - 

 



 

- 149 - 

 



 

- 150 - 

 



 

- 151 - 

 



 

- 152 - 

 



 

- 153 - 

 



 

- 154 - 

 

 



 

- 155 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 156 - 

 

CONCLUSIONS & OUTLOOKS 

Thin films of pure liquids are always unstable. Indeed, in the absence of surfactants at the liquid 

film's interfaces, the only contribution of Van der Waals forces results in attractive disjoining 

pressure, resulting in a rather quick drainage of the liquid film, on the scale of milliseconds. 

Among the well-known classical foaming phenomena, the Marangoni effect is critical for the 

liquid film's stability. The mechanisms by which the Marangoni flow inhibits the drainage of 

the liquid film have been discussed in the research literature. The long lifetime of air bubbles 

can be ascribed to the evaporation action of volatile liquids, the existence of surfactants, or 

contaminants. The common denominator among the aforementioned factors is the gradient of 

concentration of surface-active molecules in the liquid layer, which results in the Marangoni 

effect. However, surface tension variations able to immobilize the interfaces are extremely tiny 

and difficult to quantify precisely; they are estimated to be less than 𝑚𝑁.𝑚−1. They generate 

Marangoni flows that are not excessively vigorous but yet significant enough to prolong the 

foam's life by several seconds. Obviously, pure liquid cannot exhibit Marangoni effects and 

thus cannot foam. However, mixtures of simple liquids–as reported in the literature – do foam. 

The reported thin film persistence for these mixes can range from a few seconds to tens of 

seconds. 

 

We carried out experiments with various liquids mixtures. Experiments were conducted to 

quantify this foaming effect for a variety of different liquid mixtures. The foamability of 

mixtures is determined by their physico-chemical nature. In agreement with the literature, we 

discovered that for each mixture, there is a component ratio of the liquids that results in 

maximum amount of foaming. Following that, in addition to nature, the effect of the size of the 

air bubbles on the mixture's foaming was examined. We discovered that mixes with same 

characteristics and compositions create more stable foams when the bubbles are smaller. 

Finally, we undertook tests to determine the thickness of liquid thin films, with a particular 

emphasis on the link between this thickness and the degree of foaming of the liquid mixes under 

study. The lifetime of this liquid layer is proportional to the square of its thickness, as 

demonstrated experimentally. The majority of the mixtures examined were capable of 

producing foam. We categorize mixtures as symmetric or asymmetric as well as attempt to 

construct a model that allows for simple and reliable predictions. 
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The case of symmetric mixtures is the simplest. This corresponds to mixtures of molecules 

almost identical in size. More precisely, both their molar volumes and molar surfaces have to 

be almost similar. We propose that the stabilizing mechanism for liquid films in mixtures is 

based on the fact that species concentrations are different in the bulk and at air interfaces. At 

the interface, the species with the lowest surface tension is always more concentrated than in 

the bulk. This concentration difference leads to a sublinear variation in surface tension with 

composition in symmetric mixtures. We show that this results in a thickness-dependent surface 

tension for the mixture and thus to foaming. Indeed, this is a surfactant-like behavior, in which 

the species with the lowest interfacial tension acts as a surfactant for the other species. We also 

show that the Marangoni effect induced by this thickness dependent surface tension controls 

the morphology of the film/Plateau boarder geometry before drainage and gives an analytical 

solution for the film thickness.  Experimentally, we observe that there is a link between the 

foam lifetime, foamability and film thickness at the beginning of bursting. We observe that the 

foam lifetime is related with mixture composition for all mixtures investigated, whether polar 

or non-polar liquids. 

 

Then we discuss asymmetric liquid mixtures, which are liquids consisting of molecules of 

different sizes, thus of different molar surfaces and volumes. For asymmetric mixes, the model 

employed for symmetric mixtures fails to describe the surface tension. We thus turn to ideal 

solution theory. In that frame we show that the species with the lowest surface tension are 

always more concentrated near the interface than in the bulk. But species with a higher 

molecular size cover a greater surface area and hence have a more complicated effect on the 

surface tension. This may result either in superlinear or sublinear variations of the surface 

tension. This is in agreement with our observation, asymmetric mixtures' surface tensions may 

vary in a sublinear or superlinear manner depending on their surface ratios. However, regardless 

of the sign of the nonlinearity, the surface concentration of the species with the lowest surface 

energy is always greater than the bulk concentration. And it is in fact this phenomenon that 

causes the mixtures to foam. Our theoretical model, on the other hand, does not quantitatively 

predict these mixtures' foamability. The limitation of our model is due to the difficulty to 

identify liquids' molar surfaces, and likely to the fact that the ideal solution frame neglects the 

fugacity of the different species in bulk and at interfaces.  
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Finally, we provide a theoretical model for the hydrodynamics of film thinning, that fits the 

experimental results. We show that hydrodynamics can explain why the lifetime of bubbles 

formed in liquid mixtures varies like the square of the thickness of the liquid layer.  

 

To summarize, the foaming ability of mixtures is related to the concentration difference 

between the bulk and surface of the species with the lowest surface energy. It leads to a 

thickness dependent surface tension. Drainage of the film/Plateau border connection controls 

the life-time of the film. We have discussed both the effect of physico-chemistry and of 

hydrodynamics and provides various relations between surface tension, film thickness, and 

lifetime. Within the framework of this thesis, we demonstrated the ubiquitous nature of foaming 

in oil mixtures. This work has advanced our understanding of the stabilizing mechanism of oil 

foams, which has significant implications for operations involving liquid-gas mixtures, such as 

oil transport in pipes, lubricants in electric motors or food processing. 
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APPENDICES 

Appendix A: Foaming systems – Measurement of liquid fraction in the foam 𝜱𝑳 

In this Appendix, we will look at how to determine the liquid fraction in the foam ΦL. 

 

The drainage equation that characterizes the spatiotemporal evolution of the liquid fraction 

Φ𝐿(𝑧, 𝑡) is provided below [3]: 

 
𝜕Φ𝐿

𝜕𝑡
+ �⃗� [

κ

𝜇
(𝜌𝑔 + �⃗� (

𝛾

𝑅𝑓
))] = 0 Eq.A.1 

where 𝜌: liquid density, 𝑅𝑓: curvature radius, 𝜅: permeability, 𝛾: surface tension. 

According to literature [3], the expression for the curvature radius is: 

 𝑅𝑓 = 𝛿𝑏𝐷𝑏Φ𝐿
𝑛

 Eq.A.2 

where, 𝐷𝑏 is the bubble diameter and 𝑛 is 1 2⁄  in the case of dry foam or 0.45 in the case of wet 

foam. In addition, 𝛿𝑏 is a geometric factor equal to 1.76. 

 

• 𝑄 = 0 

Eq.A.1 becomes: 

 
𝜕

𝜕𝑧
(
𝛾

𝑅𝑓
) = 𝜌𝑔 Eq.A.3 

Substituting Eq.A.2 into the above equation, we thus obtain: 

 Φ𝐿
𝑛 =

𝛾

𝛿𝑏𝐷𝑏𝜌𝑔(𝑧 + 𝑍0)
 Eq.A.4 

where 𝑍0 is a constant.  

 

A length of a capillary may be introduced 𝑙𝑐 =
𝛾

𝛿𝑏𝐷𝑏𝜌𝑔
. In investigations with the Bikerman 

columns and 𝐷𝑏 = 1.6 𝑚𝑚, we find that 𝑙𝑐 ~ 1 𝑚𝑚. 

In order to determine 𝑍0, we examine the gas fraction at the bottom of the foam. We suppose 

that the foam in our case is a closing packet of bubbles, leads to Φ𝐵(𝑧 = 0) = 0.64. Therefore, 

Φ𝐿(0) = 1 −Φ𝐵 = 0.36 and 𝑍0 =
𝑙𝑐

Φ𝐿(0)
1
2

≈ 1.5 𝑚𝑚. 
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This leads to the height dependence of the liquid fraction: 

 Φ𝐿 = (
𝑙𝑐

𝑧 +
𝑙𝑐

Φ𝐿(0)𝑛

)

1
𝑛

 Eq.A.5 

Thus, the mean value of Φ𝐿 along the foam height 𝐻 is: 

 < Φ𝐿 > =
1

𝐻
∫ Φ𝐿(𝑧)𝑑𝑧 =

𝑛

1 − 𝑛
(
𝑙𝑐
𝐻
)
1/𝑛𝐻

0

 Eq.A.6 

With a foam height 𝐻 of around 5 − 10 𝑚𝑚 (see 1.1.3), we compute < Φ𝐿 > to be 

approximately 0.01 − 0.05, which is the dry foam area. This finding is compatible with the 

definition of dry foam [3] and the experimental data obtained for  𝑄 → 0, see Figure 1-8. 

 

• 𝑄 ≠ 0 

The drainage equation is as follows: 

 
𝜕Φ𝐿

𝜕𝑡
+
𝜌

𝜇
 𝑔 𝛻 ⃗⃗  ⃗κ + �⃗� (

κ

𝜇
[−

𝛾

𝑅𝑓
2  �⃗�
 𝑅𝑓 +

1

𝑅𝑓
 �⃗� 𝛾]) = 0 Eq.A.7 

   

Gravity contribution Capillarity contribution Marangoni effect 

 

We neglect the Marangoni which is tiny as well be explained below.  

With dry foam 𝑅𝑓 = 𝛿𝑏𝐷𝑏Φ𝐿
1/2, Eq.A.7 becomes: 

 
𝜕Φ𝐿

𝜕𝑡
+
𝜌

𝜇
 𝑔 𝛻 ⃗⃗  ⃗κ − �⃗� (

κ

𝜇

𝛾

𝛿𝑏𝐷𝑏
 Φ𝐿

−3/2
 �⃗� Φ𝐿) = 0 Eq.A.8 

By projecting upward along the vertical z axis, and remarking that the bubbles move upward 

with a velocity 𝑈, we obtain the following steady state relation: 

 
𝜕

𝜕𝑧
[𝑈Φ𝐿 −

κ

𝜇
(𝜌𝑔 +

𝛾

𝛿𝑏𝐷𝑏
Φ𝐿

−
3
2
𝜕Φ𝐿

𝜕𝑧
)] = 0 Eq.A.9 

We can integrate the previous equation. Taking into account the fact that the flow at the 

interface is zero, we obtain the following expression: 

 𝑈Φ𝐿 −
κ

𝜇
(𝜌𝑔 +

𝛾

𝛿𝑏𝐷𝑏
Φ𝐿

−
3
2
𝜕Φ𝐿

𝜕𝑧
) = 0 Eq.A.10 

Permeability is the critical property that defines the entire system. To simplify, we propose that 

the foam in this study is an assembly of spheres, and hence the Carman – Kozeny model was 
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used. It is an empirical permeability equation that yields a relatively consistent approximation 

for the permeability coefficient. 

Permeability 𝜅 is expressed as follows [3]:  

 𝜅 =
Φ𝐿

3

𝐶𝐾𝐴𝑠2
 Eq.A.11 

where 𝐶𝐾 and 𝐴𝑠 are respectively the stacking factor and the effective surface area for this 

model. Given that the foam is assumed to be a collection of spherical bubbles, 𝐶𝐾 equals 5 and 

the effective surface area 𝐴𝑠 ~ 
Φ𝐿

1
2⁄

𝐷𝑏
. Thus, the permeability 𝜅 ~ Φ𝐿

2𝐷𝑏
2.  

We obtain a differential equation of Φ𝐿 over z by substituting 𝜅 into Eq.A.10: 

 
𝜕Φ𝐿 

𝜕𝑧
− 𝐴1Φ𝐿

1
2⁄ + 𝐴2Φ𝐿

3
2⁄ = 0 Eq.A.12 

where 𝐴1 =
𝛿𝑏𝜇𝑈

𝛾𝐷𝑏
 and 𝐴2 =

𝛿𝑏𝐷𝑏𝜌𝑔

𝛾
. 

The solution for the liquid fraction in the foam is: 

 Φ𝐿(𝑧) =
𝐴1
A2

tanh2 [
1

2
√𝐴1𝐴2(𝑧 − 𝑐𝑠𝑡𝑒)] Eq.A.13 

where 
𝐴1

𝐴2
=

𝜇𝑈

𝜌𝑔𝐷𝑏
2. 

 

 

Figure A-1 : 𝜱𝑳 as a function of 𝒛. 

We display Φ𝐿 as a function of 𝑧 for various values of the 
𝐴1

𝐴2
 ratio, as shown in Figure A-1. For 

𝐴1

𝐴2
 > 1, we can observe that the Φ𝐿 grows with the height of the foam and reaches the value of 
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1. This makes no sense in terms of physics, the liquid fraction in the foam will progressively 

fall as the foam height increases. The physical solutions are for 
𝐴1

𝐴2
< 1 (for example, 

𝐴1

𝐴2
 =

0.35, 0.2, 0.01). This ratio is dependent on the injection rate 𝑄 and the size of bubbles in the 

foam 𝐷𝑏. We can see that with a fixed value of 𝑄, the ratio 
𝐴1

𝐴2
 is inversely proportional to 𝐷𝑏. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 164 - 

 

Appendix B: Viscosity measurements 

The viscosities of studied binary mixtures were computed using the empirical Kendall-Monroe 

equation [15]: 

 𝜇 = (𝑥1𝜇1

1
3 + 𝑥2𝜇2

1
3)

3

 Eq.B.1 

where 𝜇 is the mixture’s viscosity; 𝜇𝑖 and 𝑥𝑖 are the viscosity and molar fraction of species 𝑖, 

respectively. 

 

 

(a) 

 

(b) 

Figure B-1 : Measurement of viscosity 𝝁 as a function of molar fraction of liquid 1 𝒙𝟏 in 

the binary mixtures. (a) of linear alkanes and Toluene; (b) of linear alcohols and 

Cyclopentanol/ of 2 linear alcohols. The predicted mixture’s viscosities by Kendall-

Monroe model are shown as solid lines. 

To verify the validation of this model, we used a rheometer to measure the viscosity of the 

mixtures using alkane/Toluene and alcohol/Cyclopentanol (Low Shear 400, Lamy Rheology). 

The predicted values by Kendall-Monroe model are satisfactory with the experimental results 

obtained for estimating the mixture's viscosity, see Figure B-1. Likewise, Figure B-2 illustrates 

the findings achieved using a PDMS/Decane mixture.  

 

Note that the literature has several models [48–53] for describing the viscosity of a mixture. 

We select Kendall Monroe's model because it provides a simple equation for the mixture's 

viscosity that is quite accurate in comparison to the experiments. 
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Figure B-2 : Measurement of viscosity 𝝁 of mixture PDMS/Decane as a function of 

molar fraction of Decane. 
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Appendix C: Estimation of bubble diameters based on creaming phenomena 

In the following Appendix, we use the Richardson-Zaki model [14] from the creaming 

phenomena to analyze the size of the bubbles created by the Ultra Turrax set-up. 

 

The bubble volume fraction in the liquid column is Φ𝐵. The flux of gas being imposed in the 

experiment – the average flux of gas is related to the rising speed of the air bubbles by: 

 𝑈expΦ𝐵 =
𝑄

𝜋𝑅2
 Eq.C.1 

where 𝑈exp is the experimental value of the bubble rising. Using the experimental values Φ𝐵 =

0.3, flowrate 𝑄 =  100 𝜇𝐿. 𝑠−1 and column radius 𝑅 = 10−2 𝑚 gives us: 𝑈exp = 10−3 𝑚. 𝑠−1.  

We generate extremely small air bubbles ranging in size from 250 𝜇𝑚 to 500 𝜇𝑚 using the 

Ultra Turrax system. This results in the regime of low Reynolds numbers: 

 𝑅𝑒 =
𝜌𝑈𝑒𝑥𝑝 𝐷𝑏

𝑈𝑇

𝜇
= 0.25 Eq.C.2 

where mixture’s density 𝜌 = 103 𝑘𝑔/𝑚3 and mixture’s viscosity 𝜇 = 10−3 𝑃𝑎. 𝑠. 

The Reynolds number is small, i.e., 𝑅𝑒 < 1. Consequently, Stokes flow is the sort of fluid flow 

in the Ultra Turrax experiments. 

 

The density difference between the air and liquid mixture results in air bubble creaming. The 

velocity of a single bubble is the Stokes' velocity: 

 𝑣𝑠𝑡𝑜𝑘𝑒𝑠 =
1

18

𝜌𝑔𝐷𝑏
𝑈𝑇2

𝜇
 Eq.C.3 

In a bubbly liquid environment, the average creaming rate of bubble assembly is dependent on 

the volume fraction of gas Φ𝐵. This rate can be expressed as follows: 

 < 𝑣 >  = 𝑣𝑠𝑡𝑜𝑘𝑒𝑠. 𝑓(Φ𝐵) Eq.C.4 

where 𝑓(Φ𝐵) is a hindered function of Φ𝐵. 

 

Richardson - Zaki model [14] established that the empirical expression for this function is as 

follows: 

 𝑓(Φ𝐵) = (1 − Φ𝐵)
5 Eq.C.5 

Meanwhile, the conservation of air flowrate provides us with the following: 

 𝑄 = < 𝑣 > Φ𝐵𝜋𝑅
2 Eq.C.6 
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We can estimate the diameter of bubbles using the equations above: 

 < 𝐷𝑏 >  = 0.34 𝑚𝑚 Eq.C.7 

The image analysis approach determined the bubble size 𝐷𝑏
𝑈𝑇 to be 0.25 𝑚𝑚. The values above 

indicate that the two techniques, measurement by image analysis or estimate using creaming 

phenomena, provide comparable results. 
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Appendix D: Independence of bubble swelling time on injected flowrate  

We return to the single bubble experiment in this Appendix. From the time the bubble forms 

until it bursts, the process is separated into two stages: the swelling stage and the unchanged-

size stage. We shall demonstrate together that the duration of swelling is completely 

independent of the injected flowrate. 

 

The bubble swelling stage is schematized in Figure D-1 (a). 𝑉0 denotes the volume of gas 

contained within the needle. Similarly, the volume of the bubble is indicated by 𝑉𝑏. The 

diameters of the needle and bubble are represented by 𝐷0 and 𝐷𝑏, respectively. Ψ is defined as 

the angle formed by 𝑂𝑧 and the needle outlet wall. 

 

 

(a) (b) 

Figure D-1 : A bubble is swelling at the air/liquid interface during the injection of air 

into a bath of studied mixture. At all times, the bubble is attached to the needle. Liquid 

thin film in blue. 

To determine the 𝑉𝑏, we split the bubble into air layers of small volume 𝑑𝑉𝑏 in the 𝑧 direction. 

The thickness of these layers is 𝑑𝑧. And their surface area is 𝑆𝑧 =
𝜋𝐷𝑏

2

4
sin2Ψ∗, where Ψ∗ is the 

angle between 𝑂𝑧 and the liquid thin film of this air layer, as schematized in Figure D-1 (b).  
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We have: 

 𝑑𝑉𝑏 =
𝜋𝐷𝑏

2

4
sin2Ψ∗ 𝑑𝑧 Eq.D.1 

Note that 𝑧 =
𝐷𝑏

2
cosΨ∗. So, 𝑑𝑧 = −

𝐷𝑏

2
sinΨ∗ 𝑑Ψ∗. 

 

The integral of 𝑉𝑏 over the angle Ψ∗ can be expressed as followed: 

 𝑉𝑏 = ∫ 𝑑𝑉𝑏

𝑉𝑏

0

= −∫
𝜋𝐷𝑏

3

8
sin3Ψ∗ 𝑑Ψ∗

Ψ

𝜋

 Eq.D.2 

We can get the bubble volume 𝑉𝑏: 

 𝑉𝑏 =
1

6
Db
3𝜋 cos4

Ψ

2
(−2 + cosΨ) Eq.D.3 

𝐷0 and 𝐷𝑏 are connected by the expression 𝐷𝑏 =
𝐷0

sinΨ
=

1

sinΨ
. To keep things simple, we set 

𝐷0 to 1. 

Eq.D.3 becomes: 

 𝑉𝑏 =
1

6

𝜋 cos4
Ψ
2
(−2 + cosΨ)

sin3Ψ
 

Eq.D.4 

The total volume of gas contained in the needle and bubble is as follows: 

 𝑉 = 𝑉0 + 𝑉𝑏 Eq.D.5 

The air pressure inside the bubble can be written: 

 𝑃 = 𝑃0 + Δ𝑃 Eq.D.6 

with 𝛥𝑃 =
8𝛾

𝐷𝑏
= 8𝛾 𝑠𝑖𝑛𝛹 is the Laplace pressure.  

 

Using the ideal gas law 𝑃𝑉 = 𝑐𝑠𝑡𝑒 and combining the above equations Eq.D.4, Eq.D.5, 

Eq.D.6, we finally obtain: 

 𝑃𝑉 = 𝑃0𝑉0 + 8𝛾 sinΨ [V0 −

1
6𝜋 cos

4Ψ
2
(−2 + cosΨ)

sin3Ψ
] Eq.D.7 

 

Following that, we depict 𝑃𝑉 as a function of angle Ψ, as seen in Figure D-2. Figure D-2 (a) 

represents the case where the volume of the needle is ignored, whereas Figure D-2 (b) depicts 

the scenario when the volume of the needle is substantially bigger than the volume of the 

bubble.  
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(a) (b) 

Figure D-2 : 𝑷𝑽 as a function of angle 𝚿 in a single bubble experiment - (a) The needle's 

gas volume exceeds the bubble volume; (b) The needle's gas volume is ignored. The 

arrow indicates the direction in which the bubble is expanding. 

When the needle volume is ignored, we observe the bubble expanding in response to the rate 

of air injection, see Figure D-2 (a). During the swelling phase, the 𝑃𝑉 curve is continuous in 

this condition. This is implausible. Because the volume of the needle, as well as the capacity of 

the reservoir, is substantially bigger in practice as compared to air bubbles of millimeter 

diameters. 

 

Consider the latter situation, see Figure D-2 (b); this is an actual experiment. The bubbles 

gradually increase throughout the swelling phase. The 𝑂𝐴 curve, which has Ψ (𝑡 = 0) is 𝜋, 

describes this process. Meanwhile, 𝑃𝑉 achieves a local maximum at point A, i.e., Ψ = 𝜋/2. 

Then there is instability; PV abruptly switches from A to B. This is the process of bubble 

bursting, which is determined by the gas's viscosity. To conclude, the duration of the swelling 

phase is independent of the injected flowrate of the syringe and this also explains why the size 

of the air bubble is entirely dependent on the needle's diameter. 
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Appendix E: Determination of  𝒙𝟏
𝒎𝒂𝒙 for symmetric mixtures 

In this Appendix, we will look at how to calculate the maximum foam position 𝑥1
𝑚𝑎𝑥 for 

symmetric mixtures. 

 

To determine 𝑥1
𝑚𝑎𝑥, we must first examine the variation of foamability. 

As described in Chapter 2, we utilized 𝛼 as a length to quantify the foamability of mixtures. 

Foaming length 𝛼 is expressed as: 

 𝛼 =
2

𝛾

𝜕𝛾

𝜕𝑥1

𝑣

𝜎
(𝑥1 − Γ1) Eq.E.1 

First, we'll try to figure out 
𝜕𝛾

𝜕𝑥1
⁄ . 

 

The surface tension of binary liquid mixtures can be fitted with their compositions using the 

equation below: 

 𝑥1𝑒
𝜎𝑓𝑖𝑡 

𝛾−𝛾1
𝑅𝑇 + 𝑥2𝑒

𝜎𝑓𝑖𝑡 
𝛾−𝛾2
𝑅𝑇 = 1 Eq.E.2 

where 𝛾𝑖 is the surface tension of liquid 𝑖 (𝑖 = 1, 2). And 𝜎𝑓𝑖𝑡 is the area per mole, which, in a 

first approximation, is assumed to be the same for both liquids in the symmetric mixtures. 

The derivative 
𝜕𝛾

𝜕𝑥1
⁄  can be determined from Eq.E.2:  

 
𝜕𝛾

𝜕𝑥1
=

𝑅𝑇

𝜎𝑓𝑖𝑡
 (𝑒𝜎𝑓𝑖𝑡  

𝛾−𝛾2
𝑅𝑇 − 𝑒𝜎𝑓𝑖𝑡 

𝛾−𝛾1
𝑅𝑇 ) Eq.E.3 

Because Γ1 = 𝑥1𝑒
𝜎𝑓𝑖𝑡 

𝛾−𝛾1
𝑅𝑇 , 𝛾 can be deduced: 

 𝛾 = 𝛾1 +
𝑅𝑇

𝜎𝑓𝑖𝑡
ln
Γ1
𝛾1

 Eq.E.4 

Substituting Eq.E.4 into Eq.E.2, we may obtain the following relation between the surface 

molar fraction Γ1 and the molar fraction 𝑥1: 

 Γ1 =
𝑥1

𝑥1 + (1 − 𝑥1)𝑒
𝜎𝑓𝑖𝑡
𝑅𝑇

(𝛾1−𝛾2 )
 Eq.E.5 

Additionally, by substituting Eq.E.4 into Eq.E.3, we finally obtain: 

 
𝜕𝛾

𝜕𝑥1
=

𝑅𝑇

𝜎𝑓𝑖𝑡

Γ1
𝑥1
(𝑒

𝜎𝑓𝑖𝑡
𝑅𝑇

(𝛾1−𝛾2 ) −  1) Eq.E.6 

Eq.E.1 becomes: 

 𝛼 =
2𝑣𝑅𝑇

𝜎𝑓𝑖𝑡
2 (1 − 𝑒

𝜎𝑓𝑖𝑡
𝑅𝑇

(𝛾1−𝛾2 ))
Γ1
𝛾𝑥1

(Γ1 − 𝑥1) Eq.E.7 
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By calculating the derivative of 𝛼 with respect to 𝑥1, we may determine how foamability varies 

with mixture composition. The maximum foam position 𝑥1
𝑚𝑎𝑥 corresponds to 𝑑𝛼 𝑑𝑥1

⁄ = 0. 

This means:  

 
𝑑

𝑑𝑥1
[
𝐺(𝑥1)

𝛾
]
𝑥1
𝑚𝑎𝑥

=
𝐺′𝛾 − 𝐺𝛾′

𝛾2
= 0 Eq.E.8 

where 𝐺(𝑥1) = (
Γ1
2

𝑥1
− Γ1).  

 

If the condition Δ𝛾 ≪ 𝛾 is satisfied, we show in the following that 𝐺′𝛾 − 𝐺𝛾′ ≈ 𝐺′𝛾. Actually, 

the order of magnitude of surface tension’s difference in the film is expected be 1 𝑚𝑁.𝑚−1 ≪

𝛾. Furthermore, in the case of foaming symmetric mixtures, despite the fact that Γ1 > 𝑥1, the 

difference in molecule concentration between the bulk and the surface is not significant. That 

means 𝐺(𝑥1) ≳ 1. Hence, 𝐺′𝛾 − 𝐺𝛾′ ≈ 𝐺′𝛾. The challenge now is to find 𝑥1 such that 

𝐺′(𝑥1) = 0. 

Thus, we get: 

 2Γ1Γ1
′𝑥1 − Γ1

′𝑥1
2 − Γ1

2 = 0 Eq.E.9 

We recall Eq.E.5 and find the derivative Γ1
′(𝑥1) =

𝑑Γ1
𝑑𝑥1
⁄ : 

 Γ1
′ =

Γ1
2

𝑥1
2 𝑒

𝜆 Eq.E.10 

where 𝑒𝜆 = 𝑒
𝜎𝑓𝑖𝑡

𝑅𝑇
(𝛾1−𝛾2 ).  

Substituting Eq.E.10 into Eq.E.9, we finally obtain the maximum foam position 𝑥1
𝑚𝑎𝑥 for 

symmetric mixtures: 

 𝑥1
𝑚𝑎𝑥 =

𝑒𝜆

1 + 𝑒𝜆
 Eq.E.11 

 

Note that 𝑒𝜆 is always smaller than 1 because 𝛾1 < 𝛾2 . As a result, 𝑥1
𝑚𝑎𝑥 is always less than 

0.5 in foaming symmetric mixtures. This is shown in Figure 2-7 as well. 
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Appendix F: A linear link between surface tension  𝜸 and surface molar fraction 𝜞 cannot 

reflect asymmetric mixtures. 

Table 9 : Molar surface 𝝈𝒊 were calculated using the cuboid molecule approximation 

from the molar volumes 𝒗 and values of  𝝈𝒇𝒊𝒕 obtained from Eq.F.2 for all binary 

mixtures 

Mixture Liquid 1 Liquid 2 𝝈𝟏 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 

𝝈𝟐 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 

𝝈𝒇𝒊𝒕 

(𝒌𝒎𝟐.𝒎𝒐𝒍−𝟏) 

Symmetric 

mixtures 

Heptane  

(C7) 

Toluene  

(T) 
0.24 0.19 0.56 

Octane  

(C8) 

Toluene  

(T) 
0.25 0.19 0.74 

Nonane  

(C9) 

Toluene  

(T) 
0.27 0.19 1.14 

Decane  

(C10) 

Toluene  

(T) 
0.28 0.19 1.63 

Pentanol 

(C5OH) 

Cyclopentanol 

(Cyclo) 
0.19 0.17 0.48 

Hexanol 

(C6OH) 

Cyclopentanol 

(Cyclo) 
0.21 0.17 0.52 

Heptanol 

(C7OH) 

Cyclopentanol 

(Cyclo) 
0.23 0.17 0.93 

Pentanol 

(C5OH) 

Nonanol 

(C9OH) 
0.19 0.26 0.68 

Asymmetric 

mixtures 

Heptane  

(C7) 

Hexadecane 

(C16) 
0.24 0.37 -0.32 

Decane  

(C10) (50°C) 

Eicosane  

(C20) (50°C) 
0.29 0.43 -0.16 

PDMS 

 

Decane  

(C10) 
0.75 0.29 2.23 

 

In Chapter 2, we assumed a basic phenomenological relation between surface tension 𝛾 and 

the molar fractions of each species on the surface Γ𝑖 (𝑖 = 1, 2) for symmetric mixtures: 
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 𝛾 = Γ1𝛾1 + Γ2𝛾2 Eq.F.1 

To begin, and for the sake of simplification, we also applied this model to asymmetric mixtures. 

 

We demonstrate in this Appendix that a linear relation cannot be applied to this circumstance.  

 

The surface tensions of all binary liquid mixtures were fitted with their compositions using the 

equation below: 

 𝑥1𝑒
𝜎𝑓𝑖𝑡 

𝛾−𝛾1
𝑅𝑇 + 𝑥2𝑒

𝜎𝑓𝑖𝑡 
𝛾−𝛾2
𝑅𝑇 = 1 Eq.F.2 

We can determine the values of 𝜎𝑓𝑖𝑡 for all mixes using Eq.F.2, see Table 9.  

 

The table above also includes the values for the molar surfaces 𝜎1, 𝜎2 obtained from the molar 

volumes using the cuboid molecule approximation. As can be seen, the more different these 

liquids are, equivalent to a larger surface ratio 
𝜎2

𝜎1⁄ , the greater the value of 𝜎𝑓𝑖𝑡. Additionally, 

𝜎𝑓𝑖𝑡 frequently deviate significantly from the theoretical values of 𝜎1 and 𝜎2. This is readily 

apparent when Decane/Toluene or PDMS/Decane mixes are used. 

 

As discussed in Chapter 2, we used 𝛼 as a length to characterize the foaming ability of the 

mixtures. The expression for foaming length 𝛼: 

 𝛼 =
2

𝛾
(
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

𝑣

𝜎
(𝑥1

0 − Γ1) Eq.F.3 

𝜎𝑓𝑖𝑡 in the table above is used to calculate the corresponding 𝛼 for the asymmetric mixtures; 

same as in Chapter 2 for symmetric mixtures. 

 

We display, then, the foamability 𝐿𝜏 as a function in terms of 𝛼 in Figure F-1. On this graph, 

however, there is no master curve. The distinction between symmetric and asymmetric mixtures 

was demonstrated most convincingly with PDMS/Decane or Decane/paraffin (Eicosane). 

Clearly, the simple model does not completely capture the foaming behavior of asymmetric 

mixtures. A single value 𝜎𝑓𝑖𝑡 cannot accurately describe the difference in molar surface area of 

the liquids in a mixture. As a result, we employed Butler's model as described in Chapter 3. 
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Figure F-1 : 𝑳𝝉 as a function of 𝜶 for all liquid mixtures both symmetric and 

asymmetric. 

We display, then, the foamability 𝐿𝜏 as a function in terms of 𝛼 in Figure F-1. On this graph, 

however, there is no master curve. The distinction between symmetric and asymmetric mixtures 

was demonstrated most convincingly with PDMS/Decane or Decane/paraffin (Eicosane). 

Clearly, the simple model does not completely capture the foaming behavior of asymmetric 

mixtures. A single value 𝜎𝑓𝑖𝑡 cannot accurately describe the difference in molar surface area of 

the liquids in a mixture. As a result, we employed Butler's model as described in Chapter 3. 
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RÉSUMÉ EN FRANÇAIS 

INTRODUCTION 

La formation de mousse dans les mélanges d'huile est un problème courant, par exemple dans 

les boîtes de vitesses des moteurs électriques. Des agents anti-mousses peuvent être utilisés, 

mais il est essentiel de comprendre les mécanismes de formation de la mousse. Les liquides 

purs ne forment pas de mousse en raison de la courte durée de vie des films liquides, où il n'y a 

aucun effet contre les interactions attractives de van der Waals [4,5]. La formation de mousse 

dans les mélanges liquides, en particulier les mélanges d'huile [8], est bien documentée. 

Cependant, l'effet de l'augmentation de le temps de vie des films liquides dans les mélanges n'a 

pas été expliqué en l'absence d'autres effets stabilisateurs connus [6,7]. Cette thèse propose un 

mécanisme pour l'augmentation du temps de vie des films liquides.  

 

Dans le chapitre 1, nous présenterons les méthodes que nous avons utilisées pour mesurer le 

temps de vie des mousses dans des mélanges binaires dont la composition et la taille des bulles 

varient. Des expériences sur des bulles uniques formées à la surface d'un bain liquide nous ont 

permis de mesurer l'épaisseur du film liquide au moment de sa rupture. Dans le chapitre 2, nous 

discuterons et proposerons des modèles théoriques pour expliquer l'origine du moussage des 

mélanges de liquides de taille très similaire. Les mélanges plus compliqués, appelés mélanges 

binaires asymétriques, seront abordés plus en profondeur dans le chapitre 3. Enfin, dans le 

dernier chapitre, le chapitre 4, nous expliquerons comment modéliser le temps de vie des bulles. 
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CHAPITRE 1 : MÉTHODES EXPÉRIMENTALES  

Détermination de la moussabilité des mélanges binaires à l’aide d’une colonne Bikerman 

Nous avons réalisé des expériences avec différents mélanges de liquides. Des expériences ont 

été menées pour quantifier cet effet moussant pour différents mélanges de liquides en utilisant 

des colonnes de Bikerman [12,13]. Du gaz est injecté dans la colonne avec nos mélanges 

liquides binaires, à travers un matériau poreux, pour former de la mousse. Les expériences ont 

été réalisées dans un système fermé pour éviter l'effet de l'évaporation sur la capacité de 

moussage du mélange [7]. Pour chaque mélange binaire testé, la composition du mélange peut 

également être modifiée afin d'examiner son influence sur la hauteur de la mousse. La hauteur 

de la mousse 𝐻 atteint en régime stationnaire a été mesurée pour chaque mélange. Le débit 

injecté 𝑄 et la hauteur initiale du liquide 𝐻0ont été fixés de façon à ce que la hauteur de la 

mousse ne dépende pas de la hauteur initiale du liquide et varie proportionnellement au débit. 

 

A partir des valeurs de la hauteur expérimentale de la mousse 𝐻, nous pouvons calculer le temps 

de vie de la mousse, qui est le temps moyen que met une bulle pour se déplacer sur la hauteur 

de la mousse.  

Ainsi, l'expression du temps de vie de la mousse est la suivante : 

𝜏 =
𝐻𝜋𝑅2

𝑄
 

où 𝑅 est le rayon de la colonne.  

La moussabilité est représentée par un temps de vie normalisée 𝐿𝜏 donnée par le produit du 

temps de vie τ par la vitesse capillaire 
𝛾

𝜇
 : 

𝐿𝜏 = 
𝜏𝛾

𝜇
 

où 𝛾 est la tension de surface et 𝜇 est la viscosité du mélange.  

 

A travers les résultats obtenus, nous voyons que moussabilité est déterminée par la nature 

physico-chimique. En accord avec la littérature, nous avons découvert que pour chaque 

mélange, il existe une composition pour laquelle le temps de vie de la mousse est maximal [8]. 
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Figure 3 : Temps de vie expérimental normalisé de la mousse 𝑳𝝉 en fonction de la 

fraction molaire du liquide 1 𝒙𝟏 dans les mélanges binaires d’alcanes linéaires et de 

Toluène. 

Variation de la taille de la bulle avec un montage Ultra Turrax 

L'effet de la taille des bulles d'air sur le moussage du mélange a également été examiné. Dans 

la colonne Bikerman, la taille des bulles d'air formées est identique pour tous les mélanges 𝐷𝑏 =

1.6 𝑚𝑚. Faire varier la taille des bulles, nous avons développé un montage utilisant un 

dispositif Ultra Turrax qui permet de contrôler la taille des bulles.  

 

Figure 4 : Diamètre des bulles évalué par analyse d'image en fonction de la vitesse de 

rotation du dispositif Ultra Turrax à débit fixe 𝑸 = 𝟏𝟎𝟎 𝝁𝑳. 𝒔−𝟏. Le diamètre des bulles 

d'air est 𝑫𝒃 = 𝟐. 𝟓 𝒎𝒎 lorsqu'aucun Ultra turrax n'est utilisé, soit 𝝎 = 𝟎 𝒓𝒑𝒎. 
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L'objectif de ce système expérimental est d'utiliser l'Ultra Turrax pour créer des bulles dont la 

taille est inférieure à celle de l'expérience précédente - la colonne de Bikerman. En effet, comme 

l'illustre la figure ci-dessus, nous pouvons fractionner les bulles d'air injectées dans la colonne 

des mélanges liquides étudiés en utilisant l'Ultra Turrax. La taille de ces bulles atteint un 

diamètre 𝐷𝑏 = 0.25 𝑚𝑚 à 𝜔 = 9000 𝑟𝑝𝑚. 

 

Figure 5 : Images expérimentales pour différentes vitesses de rotation du dispositif Ultra 

Turrax à un débit fixe 𝑸 = 𝟏𝟎𝟎 𝝁𝑳. 𝒔−𝟏. 

Nous mesurons ensuite la hauteur de la couche de mousse créée par ces bulles d'air, de la même 

manière que les recherches antérieures, et nous tentons de comparer moussabilité en fonction 

de la taille des bulles. 

 

Figure 6 : Variations du temps de vie normalisée de la mousse 𝑳𝝉 en fonction du 

diamètre des bulles dans la mousse. Expériences : Ultra Turrax - carrés rouges et 

expérience : Bikerman - cercle bleu. Mélange Heptanol/Cyclopentanol (à 𝒙𝟏 = 𝟎. 𝟏𝟐). 

Nous avons découvert que les mélanges ayant les mêmes caractéristiques et compositions 

créent des mousses plus stables lorsque les bulles sont plus petites. 
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Mesure de l'épaisseur et du temps de vie du film liquide par l'expérience d'une bulle 

unique 

Comme nous l'avons vu dans les sections précédentes, l'expérience avec la colonne Bikerman 

a permis d'obtenir des données quantitatives sur la moussabilité. Les expériences 

macroscopiques, en revanche, rendent impossible l'estimation exacte de l'épaisseur des films 

minces liquides entre les bulles au moment de leur éclatement. Par conséquent, nous montrons 

comment déterminer cette épaisseur à l'aide d'expériences sur une bulle unique.  

Lorsque la bulle éclate, le trou s'ouvre à une vitesse constante. Par conséquent, nous pouvons 

déduire cette vitesse d'ouverture du trou 𝑈𝑇𝐶 - la vitesse de Taylor-Culick. L'épaisseur du film 

est déterminée en utilisant la relation de Taylor-Culick entre la vitesse d'ouverture du trou 𝑈𝑇𝐶 

et l'épaisseur du film ℎ𝑏 à l'éclatement [23,24]: 

ℎ𝑏 =
2𝛾

𝜌𝑈𝑇𝐶
2  

 

Les 𝐿𝜏 mesurés sont présentés dans la figure ci-dessous. Les temps de vie normalisées des bulles 

sont représentés en fonction l'épaisseur de la couche mince liquide. D'après cette figure, le film 

a une épaisseur de l'ordre du micromètre, et le temps de vie normalisée de la mousse change 

proportionnellement au carré de l'épaisseur de ce film. 

 

 

Figure 7 : Le temps de vie normalisé de la mousse 𝑳𝝉 en fonction de l'épaisseur du film 

liquide 𝒉𝒃 pour les mélanges binaires étudiés. La ligne en trait plein est un guide pour 

l'œil. 
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Dans le chapitre 1, nous avons observé que la majorité des mélanges examinés étaient capables 

de produire de la mousse. Dans un premier temps, nous cherchons à décrire les comportements 

observés dans les mélanges « symétriques », c’est-à-dire composés de molécules dont les tailles 

sont proches. 
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CHAPITRE 2 : MÉLANGES BINAIRES SYMÉTRIQUES 

Le cas des mélanges symétriques est le plus simple. Il correspond à des mélanges de molécules 

de taille presque identique. Plus précisément, leurs volumes molaires et leurs surfaces molaires 

doivent être presque similaires.  

 

 

Figure 8 : Explication schématique de la tension superficielle en fonction de l'épaisseur 

d'un film de mélange liquide. Lorsque le film s'amincit à volume constant, les 

concentrations aux interfaces ne peuvent être maintenues constantes, ce qui conduit à un 

nouvel équilibre dans lequel la concentration interfaciale de l'espèce (rouge) ayant la 

plus petite tension superficielle est plus faible, et donc la tension superficielle est plus 

grande. L'épaisseur du film liquide est désignée par 𝒉. 

Nous suggérons que le mécanisme de stabilisation des films liquides dans les mélanges est basé 

sur le fait que les concentrations des espèces sont différentes dans le volume et aux interfaces 

avec l'air. Les espèces ayant la plus faible tension superficielle sont toujours plus concentrées 

aux interfaces que dans le volume. En raison de ces différences de concentration, on s'attend à 

ce que la tension superficielle dépende de l'épaisseur des films minces : si un film s'amincit 

alors que son volume reste constant, la surface de ses interfaces augmente, ce qui modifie la 

répartition entre les interfaces et le volume, comme le montre la figure ci-dessus.  En 

conséquence, les interfaces des films minces sont moins concentrées dans les espèces ayant la 

plus faible tension de surface par rapport à celles des grandes épaisseurs. Ceci conduit à une 

augmentation de la tension superficielle du film pour des épaisseurs décroissantes. 

 

Dans ce qui suit, nous montrons que l'augmentation de la tension de surface peut s'écrire comme 

suit : 

𝛾(ℎ) = 𝛾 (1 +
𝛼

ℎ
) 

h
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où 𝛾 est la tension superficielle du liquide dans un réservoir de liquide infiniment grand, h 

l'épaisseur locale du film. En outre, 𝛼 est une longueur de mousse du mélange et dépend de sa 

composition.  

 

Lorsque l'équilibre mécanique de la tension du film est atteint, la forme du film peut être 

déterminée analytiquement. Nous considérons un film d'épaisseur ℎ𝑓 relié à un bord de Plateau, 

voir la figure ci-dessous. 

 

Figure 9 : Diagramme montrant les forces agissant sur un film fluide d'épaisseur 𝒉𝒇 

relié à une bordure de plateau dans la mousse. La tension superficielle plus élevée de la 

partie plate permet un équilibre mécanique même si les pressions ne sont pas 

équilibrées. Un équilibre de tension le long de l'axe 𝒛 peut être écrit sur la partie du film 

en rouge. 

La tension du film s'écrit : 2𝛾(ℎ) cos[ (𝑧)] + Δ𝑃(ℎ)ℎ(𝑧). L'équilibre du film impose que cette 

tension soit constante. Dans la partie plate du film pour laquelle  = 0 et Δ𝑃(ℎ) = 0, la 

constante est simplement deux fois la tension interfaciale. On a donc pour tout 𝑧 : 

2𝛾(ℎ𝑓) = 2𝛾(ℎ) cos[ (𝑧)] + Δ𝑃(ℎ)ℎ(𝑧) 

où  (𝑧)est l'angle local du film avec la direction de l'axe 𝑧. Δ𝑃(ℎ) = 𝛾(ℎ)𝑑2(ℎ/2)/𝑑𝑧2 est la 

différence de pression de Laplace entre le gaz et le liquide dans le ménisque écrite dans 

l'approximation de la couche mince avec des termes de premier ordre seulement. 

Comme elle correspond à l'épaisseur atteinte lorsqu'un équilibre de tension est atteint, il est 

possible d’obtenir l’expression de ℎ𝑓 qui ne dépend que de la longueur 𝛼 et du rayon de 

courbure du bord de Plateau 𝑅𝑓: 

ℎ𝑓 = √𝛼𝑅𝑓 

𝛾 ℎ𝑓

𝑅𝑓

𝛾 ℎ

ℎ

𝑧

ℎ𝑓 Δ𝑃
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Nous montrons également que l'effet Marangoni induit par cette tension superficielle dépendant 

de l'épaisseur contrôle la morphologie de la géométrie du film/le bord de Plateau avant le 

drainage et donne une solution analytique pour l'épaisseur du film.   

 

Nous considérons ensuite les différences de concentration dans le volume et aux interfaces et 

nous calculons ensuite la longueur microscopique 𝛼. Cette différence de concentration conduit 

à une variation sous-linéaire de la tension de surface avec la composition dans les mélanges 

symétriques. Nous montrons que cela se traduit par une tension de surface dépendant de 

l'épaisseur du film et donc par la formation de mousse. En effet, il s'agit d'un comportement de 

type surfactant, dans lequel l'espèce ayant la tension interfaciale la plus faible agit comme un 

surfactant pour les autres espèces. 

 

 

Figure 10 : Tensions de surface des mélanges Décane/Toluène (rouge) et Octane/Décane 

(bleu) en fonction de la fraction molaire de l'espèce ayant la tension de surface la plus 

faible (respectivement, Décane et Octane). Les lignes en trait plein sont des guides pour 

l'œil. 

Ici, nous utilisons une relation phénoménologique très simple dans laquelle une relation linéaire 

entre la tension de surface 𝛾 et les fractions molaires de chaque espèce sur la surface Γ𝑖 (𝑖 =

1, 2) est supposée [27]: 

𝛾 = Γ1𝛾1 + Γ2𝛾2 

où γ et 𝛾𝑖 (𝑖 = 1, 2) sont les tensions de surface du mélange et des composants purs, 

respectivement. 
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Par ailleurs, il est possible de calculer α en utilisant les volumes et surfaces molaires des deux 

liquides et la dérivée de 𝛾(𝑥1): 

𝛼 =
2

𝛾
(
𝜕𝛾

𝜕𝑥1
)
𝑥1=𝑥1

0

𝑣

𝜎
(𝑥1

0 − Γ1) 

Expérimentalement, nous observons qu'il existe un lien entre le temps de vie de la mousse, 

l'aptitude à la mousse et l'épaisseur du film au début de l'éclatement. Nous observons que le 

temps de vie de la mousse est lié à la composition du mélange pour tous les mélanges étudiés, 

qu'il s'agisse de liquides polaires ou non polaires et qu’il varie proportionnellement à la 

longueur 𝛼. 

 

 

Figure 11 : 𝑳𝝉 en fonction de 𝜶 pour 8 mélanges liquides différents. 𝑳𝝉 et 𝜶 sont 

normalisés par leurs valeurs maximales trouvées dans chaque mélange qui sont atteintes 

pour une même composition. La ligne en trait plein est un guide pour l'œil. 
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CHAPITRE 3: MÉLANGES BINAIRES ASYMÉTRIQUES 

Nous abordons ensuite les mélanges liquides asymétriques, qui sont des liquides constitués de 

molécules de tailles différentes, donc de surfaces et de volumes molaires différents. Pour les 

mélanges asymétriques, le modèle employé pour les mélanges symétriques ne parvient pas à 

décrire la tension de surface. Nous nous tournons donc vers la théorie de la solution idéale. 

Dans ce cadre, nous montrons que les espèces ayant la plus faible tension de surface sont 

toujours plus concentrées près de l'interface que dans le volume. Mais les espèces ayant une 

taille moléculaire plus élevée couvrent une plus grande surface et ont donc un effet plus 

complexe sur la tension de surface. Il peut en résulter des variations sur-linéaires ou sous-

linéaires de la tension superficielle. 

 

  

(a) (b) 

Figure 12 : (a) Film liquide de mélanges symétriques de molécules de tailles similaires. 

La surface est enrichie en espèces ayant la plus faible tension superficielle (cercles 

rouges) par rapport au volume. (b) Film liquide de mélanges asymétriques composés de 

molécules de tailles très différentes. La surface est concentrée en espèces à faible tension 

superficielle (cercles rouges). L'espèce ayant l'énergie de surface la plus élevée (cercles 

bleus) a une taille moléculaire nettement supérieure, ce qui se traduit par une plus 

grande surface moléculaire. 

Ceci est en accord avec notre observation, les tensions de surface des mélanges asymétriques 

peuvent varier de manière sous-linéaire ou sur-linéaire en fonction de leurs rapports de surface. 

Cependant, quel que soit le signe de la non-linéarité, la concentration en surface de l'espèce 

ayant la plus faible énergie de surface est toujours supérieure à la concentration au volume. Et 

c'est en fait ce phénomène qui provoque la formation de mousse dans les mélanges. 
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Dans le chapitre 1, nous avons utilisé un modèle phénoménologique assez simple, en supposant 

que la tension de surface 𝛾 est une fonction linéaire de la fraction molaire de surface Γ. La 

comparaison des données expérimentales et théoriques démontre que ce modèle est approprié 

pour les mélanges symétriques [37,38]. Cependant, pour les mélanges de molécules 

asymétriques, cette approche ne rend pas compte de manière adéquate des phénomènes 

observés tels que la sur-linéarité de la tension de surface. 

L'approximation de la solution idéale a été introduite par Butler [21] pour décrire la partition 

surface/volume des mélanges idéaux. La relation entre la fraction volumique et la tension 

interfaciale s'écrit : 

𝑥1𝑒
𝜎1
𝑅𝑇

(𝛾−𝛾1) + 𝑥2𝑒
𝜎2
𝑅𝑇

(𝛾−𝛾2) = 1 

où 𝑅 est la constante du gaz idéal et 𝑇 la température absolue. 

 

 
 

(a) (b) 

Figure 13 : (a) Tensions de surface normalisées de mélanges binaires en fonction de la 

fraction molaire du liquide 1 - l'espèce ayant la plus petite tension de surface. Les lignes 

pointillées montrent les tensions de surface calculées à partir du modèle de Butler. (b) 𝑳𝝉 

avec les mêmes mélanges en fonction de la fraction molaire de l'espèce ayant la plus 

petite tension de surface. Inset: mêmes courbes en échelle log-log. 

Dans le cas de mélanges asymétriques, on détermine l'expression de la longueur microscopique 

𝛼 qui caractérise la capacité à produire des mousses : 

𝛼 = 
𝑅𝑇

2𝛾

(Γ1 − 𝑥1)
2

(1 − 𝑥1)𝑥1

𝑣1𝑥1 + 𝑣2(1 − 𝑥1) 

(Γ1𝜎1 + (1 − Γ1)𝜎2)2
 

où 𝜎𝑖 et 𝑣𝑖 sont la surface molaire et le volume molaire de l'espèce 𝑖 dans le mélange liquide. 
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En revanche, notre modèle théorique ne permet pas de prédire quantitativement la moussabilité. 

La limitation de notre modèle est due à la difficulté d'identifier les surfaces molaires des 

liquides, et probablement au fait que le cadre de la solution idéale néglige la fugacité des 

différentes espèces en volume et aux interfaces [18,43]. 

.  

 

Figure 14 : Longueur 𝜶 caractérisant l'augmentation de la tension superficielle lorsque 

l'épaisseur d'un film de mélange binaire diminue, en fonction de la composition du 

mélange. 
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CHAPITRE 4: HYDRODYNAMIQUE ET PERCEMENT DE 

FILMS LIQUIDES MINCES 

Dans les chapitres précédents, nous avons montré que le moussage des mélanges liquides - sur 

la base de données expérimentales et de modèles théoriques - est dû à la répartition des 

molécules entre le volume et la surface. En effet, les couches de film liquide générées entre les 

deux bulles présentent une tension de surface dépendant de l'épaisseur. La différence de tension 

superficielle crée l'effet Marangoni, qui retarde le drainage dans les films minces. Cependant, 

ce drainage se produit toujours à la suite d'un déséquilibre de pression entre le film liquide et le 

bord de Plateau. Il en résulte un effet de pincement sur le film mince liquide. 

 

Nous fournissons un modèle théorique pour l'hydrodynamique de l'amincissement du film, qui 

correspond aux résultats expérimentaux. Nous montrons que l'hydrodynamique peut expliquer 

pourquoi le temps de vie des bulles formées dans les mélanges liquides varie comme le carré 

de l'épaisseur de la couche liquide. 
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SUJET : MOUSSABILITÉ DES MÉLANGES D’HUILES 

Résumé :  

La formation de mousse dans les mélanges d’huiles est un problème courant, par exemple dans les boîtes de 

vitesses de moteurs électriques. Des agents anti-mousses peuvent être utilisés, mais il est important de 

comprendre comment se forme la mousse. Les liquides purs ne forment pas de mousse en raison de la courte 

durée de vie des films liquides, où aucun effet ne s’oppose aux interactions attractives de van der Waals. 

Toutefois, l’effet permettant d’augmenter les temps de vie des films liquides dans les mélanges d'huiles, et 

en l'absence d’autres effets stabilisants connus, n'a pas été expliqué. Cette thèse propose un mécanisme à 

l’origine de cette augmentation. Nous avons mesuré le temps de vie de mousses dans des mélanges binaires 

dont la composition et la taille des bulles varient. Des expériences sur des bulles uniques formées à la surface 

d’un bain liquide ont permis de mesurer l’épaisseur du film liquide au moment de sa rupture. Nous 

démontrons que l’effet stabilisant est dû aux différences de concentration des espèces entre le volume et 

l’interface avec l’air : le liquide de tension de surface la plus faible a une concentration légèrement supérieure 

à l’interface et joue ainsi le rôle d’un tensioactif. Nous montrons ensuite comment ces différences de 

concentration sont reliées aux non-linéarités des variations de la tension de surface du mélange avec sa 

composition et quelles sont les conséquences sur le temps de vie des films liquides. Enfin, la rhéologie de 

surface de ces systèmes est plus simple que celle des films de savon et nous proposons une description 

quantitative de la formation, du drainage et de la rupture des films liquides. 

 

Mots clés : moussabilité ; mousse d’huiles ; films liquides minces ; tension de surface ; temps 

de vie des mousses/bulles ; effet Marangoni 

 
 

 

 

SUBJECT : FOAMABILITY OF OIL MIXTURES 

Abstract :  

Foaming in oil mixtures is a common problem, for example in electric motor gearboxes. Anti-foaming agents 

can be used, but it is important to understand how foam forms. Pure liquids do not form foams because of the 

short life of liquid films, where there is no effect against attractive van der Waals interactions. However, the 

effect at the origin of increased lifetimes of liquid films in oil mixtures, in the absence of other known 

stabilizing effects, has not been explained. This thesis proposes a mechanism for this increase. We have 

measured the lifetime of foams in binary mixtures of varying composition and bubble size. Experiments on 

single bubbles formed on the surface of a liquid bath allowed us to measure the thickness of the liquid film 

at the time of its rupture. We demonstrate the stabilizing effect is due to differences in species concentration 

between the volume and the interface with air: the liquid with the lowest surface tension has a slightly higher 

concentration at the interface and thus acts as a surfactant. We then show how these concentration differences 

are related to the non-linearities of the variations of the surface tension of the mixture with its composition 

and what are the consequences on the lifetimes of liquid films. Finally, we show that the surface rheology of 

these systems is simpler than that of soap films and propose a quantitative description of the formation, 

drainage and breakup of liquid films. 

 

Keywords : foamability ; oil foam ; thin liquid films ; surface tension ; bubble/foam lifetimes ; 

Marangoni effect 
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