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ABSTRACT 
In the present work studies were performed to provide understanding for 
further model development of the two-phase phenomena, film formation 
from o/w emulsions and slag foaming. 
 
The drying of o/w emulsions of different oil viscosities on hydrophobic 
and hydrophilic substrates was studied. The hydrophobic substrate was 
found to destabilise the oil droplets and to result in a different mechanism 
for forming continuous oil film. Studies of adsorption behaviour of a series 
of non-ionic diblock copolymers at relevant interfaces showed that the 
adsorption behaviour at hydrophobic and hydrophilic solid surfaces differed 
at high polymer concentration. Emulsion droplets were found to interact 
with the hydrophobic interface. Adsorption at silicone oil-water interface 
resembled adsorption at solid hydrophobic surfaces.  
 
Gas was generated through chemical reaction at the interface between two 
immiscible liquids and the bubbles formation from the generated was 
studied optically. The gas bubble size was seen to be uninfluenced by the 
reaction rate. However, bubble formation was seen to take place in one of 
the phases, held up at the interface before detaching from the interface with 
a surrounding aqueous film. It was argued that this may affect the final 
bubble sizes. 
 
Slag foaming at high temperatures was studied in laboratory scale with X-
ray imaging under dynamic conditions. The foam displayed a fluctuating 
behaviour, which the presently available models are not able to take into 
account. The concept of foaming index was found to be unsatisfactory in 
describing the foaming behaviour under dynamic conditions, thus 
emphasizing the need for alternative theories. The rate of fluctuations was 
seen to be related to the difference between rate of gas generation and rate 
of gas escape from the system (Ug-Ue) as well as the bubble sizes. Thus, it 
seems like model development of dynamic foaming phenomenon has to 
take the effective chemical reaction rate as well as the bubble sizes into 
consideration.  

Keywords: 
Film formation, o/w emulsion, substrate effect, slag foaming, dynamic 
conditions, Bubble formation, liquid-liquid interface 
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1. INTRODUCTION 
The driving force of many research projects today is the economical gains 
that can be made in for instance industrial applications. To increase the 
performance in industrial processes and applications, there is often a need 
to be able to understand the fundamental phenomena. This has been the 
aim of this project in two areas, viz. emulsions and foams, which shares 
many common points. For instance, the stabilising and the breaking 
mechanism that show such importance in numerous applications are 
similar. In both areas, a fundamental understanding of a phenomenon, 
namely film formation from emulsions and slag foaming, is needed for 
further work. 
 
This work can be divided into two parts. The first concerns low 
temperature measurements, where the influence of the hydrophobic 
nature of the substrate on film formation from oil-in-water (o/w) 
emulsions is considered. As a step in these studies, the adsorption of the 
stabilising agent to different interfaces was studied. This work was carried 
out at the Institute of Surface Chemistry (YKI) and was summarised in 
the licentiate thesis “Film formation from o/w emulsions”. 
 
After the completion of the licentiate thesis, an opportunity to continue 
the work of characterising surface chemical phenomena in industrial 
applications appeared in the department of Material Science and 
Engineering at KTH in the form of studies of foaming in slags, this time 
both in low and high temperature experiments. The low temperature 
measurements looked at the first step in foaming, i.e. the formation of 
bubbles that constitute the foam and in the high temperature 
measurements foaming of slags were studied in laboratory scale, relevant 
to foaming found in for instance processes including Electric Arc 
Furnaces. Thus, this work turned from low temperature model studies to 
high temperature experiments relevant to steel industries. The underlying 
interest was however always surface chemical phenomenon regarding 
emulsions and foams in industrial applications.  
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2. FOAMS AND EMULSIONS 
Foams and emulsions are commonly encountered both in everyday life as 
well as in the industry. Foams and emulsions share many common 
features; both are two phase systems with one of the phases dispersed in 
the other and both employ the same stabilisation and destabilising 
mechanisms. Foam and emulsions are dispersions of gas and liquid, 
respectively, in a continuous liquid medium. Concentrated emulsions and 
concentrated foams are similar class of systems. In fact, concentrated 
emulsions are often referred to as biliquid foams. Sometimes in the case 
of foams solid media is considered as the continuous phase (e.g 
polyurethane foams or bread). However, liquid continuous medium is 
what is most commonly considered. In many cases, while discussing the 
behaviour of dispersed systems, the terms emulsions and foams can be 
interchangeable. The mechanisms of stability and instability are similar. 
To stress the similarities, bubbles and emulsion droplets can be referred 
to as (soft) particles or cells of the dispersed phase; in the text below both 
are used interchangeably. 
 

2.1. Emulsions 
Oil and water are generally immiscible. The miscibility can however be 
changed by altering the physical and chemical conditions for the system, 
for instance by elevating the temperature, which usually increases the 
miscibility. Chemically, a third component can be introduced as an 
emulsifier (surfactant), which can effectively increase the miscibility, or 
rather the dispersability, by lowering the interfacial tension between the 
two liquids by adsorption at the liquid-liquid interface. The surfactants 
are molecules with both polar and apolar parts and, consequently, it is 
energetically favourable for the system if these molecules orient 
themselves suitably at the interface between polar and apolar phases, e.g. 
between the aqueous and oil phases.  
 
Emulsions are frequently divided into two classes depending on the 
continuous phase; the emulsion can either be of oil-in water (denoted as 
o/w) or water-in-oil (denoted as w/o) type where water and oil are the 
continuous phases, respectively. Phase ratios and the nature of the 
emulsifier determine which type of emulsion that will form1. Generally, 
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the most abundant phase is also the continuous phase even though 
emulsions with over 90% dispersed phase can be found in some cases 
(biliquid foams). Moreover, the solubilities of the emulsifier in oil and 
water affect which type of emulsion that forms. The phase in which the 
emulsifier is most soluble generally becomes the continuous phase. 
 

2.2. Foams 
Foam generally refers to gas dispersed in liquids. Often the term foam is 
defined as a gas-in-liquid system having high gas fraction (“real foam”), 
i.e. around and above 90 %2,3. However, with the general definition in 
mind, two types of foams can be discerned depending on the gas fraction 
of the foam. “Sphere foam” is in general initially formed with nearly 
spherical bubbles that are separated by thick films of liquid. With 
drainage, the separating films become thinner (below ca 1 µm) 4 and the 
bubbles deform into polyhedras; the foam in this form is referred to as 
“polyhedral foams”.  
 
As a rule, foam cannot form in the absence of a surface active agent4 
even though Debregeas et al.5 showed that if the continuous liquid phase 
is of very high viscosity, injected gas bubbles can have a life time at the 
surface of the liquid layer in the time frame of minutes without surfactant 
present. As a consequence, it could be possible for foams to form 
without surface active agents present. Be that as it may, in general, 
surfactants are essential for foam to exist. The life time of foams can vary 
greatly. Transient foams have life times of seconds while stable foams 
may have a shelf life of months before they break.  
 
Foams can be formed by whipping gas into the liquid phase but more 
common is to produce them by injection of gas through orifices4. The 
bubbles are then allowed to gather at the surface of the liquid and a layer 
of the foam is formed. In addition, foam can be produced by nucleation 
of gas bubbles; gas may be produced by chemical reaction or by changing 
the physical conditions of the system (see section 2.3 on bubble 
formation). With no further gas addition, an undisturbed foam layer 
(“standing foam”) is only affected by gravity through drainage. Foam may 
also be present under static conditions, with continuous feed of gas 
bubbles to the foam. The rate feed may vary and so may the composition 
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of the foam, for instance by increasing surfactant concentration, making 
the circumstances for the foam dynamic.  
 
The smallest unit of foam is a single bubble; the size of the bubble affects 
the characteristics of the foam. In fact, a system enters the non-foaming 
regime with gas bubbles above a critical size, depending on the system. 
For distilled water-glycerol system stabilised by sodium dodecylbenzene 
sulphonate, this limit was found to lay around 5 mm6. Buoyancy causes 
the bubbles to move upwards in the liquid phase. The motion can cause 
the surfactant distribution at the gas-liquid interface to change, giving rise 
to a surface tension gradient. Now, consider a bubble reaching the 
surface of the liquid phase; it is separated from the surrounding 
atmosphere by a thin liquid film in which the surface active species are 
present. The surfactant concentration is higher in this film than in the 
bulk. Thus, a flow towards the film is set off to level out the 
concentration difference, the Marangoni effect.  
 

2.3. Bubble formation 
Bubbles can form spontaneously in a liquid when the vapour pressure of 
the gas becomes higher than the ambient pressure3. This could be 
achieved with gas concentration exceeding the solubility limit 
(supersaturation), temperature increase (superheating) or pressure 
depression (cavitation). Even though bubble formation may have 
different causes, the mechanisms are similar. 
 
The mechanism of bubble formation can be considered to consist of two 
steps. The first is the formation of a bubble of critical size, in other words 
a number of gas molecules colliding and staying together for long enough 
time so that the rate of gas molecules joining the cluster of molecules is 
larger than the rate of molecules leaving it. In this way, a bubble embryo 
or a nucleus forms for further growth. In the second step additional gas 
molecules are incorporated in the existing bubble and in this way the 
bubble grows.  
 
The first step of the bubble formation can follow different mechanisms. 
The bubble nucleation may occur homogeneously, that is the bubble 
forms within a phase where there is a local instability present, compared 
to the bulk phase (for instance supersaturation). In this way, a stable 
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phase may form within the bulk. Bubble nucleation can also take place 
with a third phase present, like a solid wall, impurity, or at the interface 
between two liquids, viz. heterogeneous nucleation.7,8  
 
The rate-determining step in bubble formation process is the formation 
of the bubble embryo since, at this point, a new interface has to be 
formed. The work associated with forming a new phase involves the 
energy needed for creating a new surface area and the driving force to 
lower the overall free energy of the system by creating a stable phase. 
There is thus a competition between the two terms resulting in a critical 
size of the bubble embryo, under which the embryo will shrink and 
disappear and over which a bubble will form and grow. The resulting 
graph may have an appearance as in Figure 2.1, which is based on 
equations found in literature9.  
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Figure 2.1. Illustrating the work associated with forming a vapour bubble in 
water at 273 K. Above the critical radius r*, bubble growth is energetically 
favourable. 

 
 
Bubbles have an internal pressure p which is related to the curvature of 
the interface, expressed by the bubble radius R, as 
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R
P γ2

=∆        (2.1) 

 
for a spherical bubble. The term γ is the interfacial tension and ∆P the 
difference between the internal pressure in the bubble and the 
surrounding pressure. From this, the critical radius of the bubble nucleus, 
r*, is given by  
 

)'*(
2*

Pp
r

−
=

γ       (2.2) 

 
for a system containing only one molecular species, for instance water 
and vapour. P′ is here the imposed hydrostatic pressure and p* is the 
internal pressure of the critical bubble. However, if the gas forming 
bubbles is of a second molecular species dissolved in the liquid phase 
(e.g. CO2 in water), the critical radius r* becomes 
 

)'*(
2*

2 Ppp
r

−+
=

γ       (2.3) 

 
where p2 is the partial pressure of the gas in the liquid. Since p2 > 0, the 
critical size of the bubble nucleus decreases with increased concentration 
and supersaturation of the gas. 
 
At steady state, embryos of the critical size are formed at the rate of Jss, 
which is written as8  
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
∗=

Tk
WAJ
B

ss

*

exp       (2.4) 

 
A, T, kB and W* are the kinetic frequency factor, temperature, 
Boltzmann’s constant and the free energy barrier for nucleation, 
respectively. The classical nucleation theory assumes that the embryos are 
macroscopically uniform objects possessing properties of a 
thermodynamically stable phase. With this theory, the free energy barrier 
for homogeneous and heterogeneous nucleation are written respectively 
as  
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∆
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where ∆P is the difference between the pressure within the critical bubble 
and the pressure of the bulk liquid. The function f(θ) has a value less than 
unity and depends on the wetting angle θ between the three phases, that 
is the gas, the liquid and a smooth surface which could for instance be 
the sample wall, an impurity or the interface between two immiscible 
liquids. In other words, the barrier for nucleation gets lowered with the 
factor f and bubble formation is enhanced by the presence of a third 
phase. 
 

2.4. Stabilising mechanisms 
The mechanisms that separate and stabilise the particles (bubbles and 
droplets) depend on the distance between the two, i.e. the thickness of 
the liquid films separating them. Taking foam as an example, gravitational 
drainage of the liquid from the separating films forces the cells together 
and, eventually, the separating films disrupt and the foam breaks. Thus 
for foams with thicker liquid films, the stability of foam can be discussed 
in terms of the drainage rate. When drainage is slowed down, foam 
stability is increased.  
 
As mentioned earlier, surfactants are essential for formation of foam. 
They also largely affect the draining behaviour of the separating films 
through simultaneous influence of surface forces and hydrodynamic 
forces in the film10. The thickness of the films determines which of these 
two types of forces has the largest influence. Figure 2.2 illustrates the 
main stabilising forces at different thickness of the separating films in a 
foam, and is based on figures from Pugh4 and Tamura and Kaneko11.  
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Figure 2.2. Schematic illustration of different types of foam and the 
corresponding main stabilisation mechanism. The numbers given are the 
magnitude of film thickness in the regime.  

 
In the case of spherical foams, the films are thick (i.e. in the range of 
micrometers) and drainage is mainly influenced by surface rheology such 
as surface elasticity12. The elasticity of the interface caused by the 
adsorbed surfactants presents friction to the flow and thus drainage is 
slowed down. If the surface tension gradient, however, is large, the 
drainage is superseded by Marangoni effects13. Marangoni effects become 
principal when the film thickness is reduced. Local variations in the 
interfacial adsorption of the surfactants cause a gradient in the surfactant 
concentration at the interface, which in turn gives rise to an opposed flux 
of liquid to level out the gradient.  
 
When the drainage eventually causes the separating films to become thin, 
typically in the range of nanometres, interparticle forces become 
dominant. At this point, it is the rupture process rather than the drainage 
that influences the foam (in)stability. Forces between colloids are often 
described in terms of the so-called DLVO theory (after the designers of 
the theory: Derjaugin, Landau, Verwey and Overbeek) that balances 
electrostatic repulsion between particles with attractive van der Waals 
forces14. The counter ion distribution outside a charged surface makes up 
an electric double layer, which may overlap the double layer of nearby 
surfaces, as a result causing repulsion between the two surfaces, e.g. the 
surfaces of two adjacent emulsion droplets or bubbles. The van der Waal 
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attraction originates in a coupling of electromagnetic fields of either 
permanent or induced dipoles, referred to as dispersion forces. The 
dipoles may be either permanent or induced, i.e. the electron distribution 
around an atom induces dipole moment in a nearby atom, in this way 
causing the two to attract. 
 
According to the DLVO theory, the electrostatic interactions are 
effectively absent for uncharged particles and the interparticle 
interactions are instead given by the van der Waal interactions alone. 
Uncharged colloids can, however, be stabilised by adsorption of polymers 
to the colloid surface. When two polymer-coated surfaces are brought 
together at good solvency conditions for the polymer, and at high relative 
surface coverage, repulsive interaction is observed and the polymer layers 
stabilise the colloidal particle. This is usually referred to as steric 
stabilisation9. 
 

2.5. Destabilising mechanisms 
Emulsions and foams are thermodynamically unstable due to the high 
interfacial tension γ between oil and water. The energy G associated with 
creating a new interface with the area A is  
 

dAdG ⋅= γ        (2.7) 
 
The system will, in other words, phase-separate to decrease the total 
interfacial area. The surfactants settled at the liquid-liquid interface lower 
the interfacial tension γ and, consequently, the rate of phase separation is 
slowed down. More important, though, is that the surfactants prevent the 
drops or bubbles to fuse by sterically or electrostatically keeping the cells 
separated14,15. The stabilisation mechanism depends on the surfactant 
used in the system. For all emulsions and foams, however, 
thermodynamics will eventually lead towards macroscopic phase 
separation, a process which can only be slowed down by kinetics. 
 
The thermodynamically induced phase separation follows a complex path 
involving several different destabilisation mechanisms. A brief 
introduction to these mechanisms follows below. Density differences 
between the dispersed and the continuous phase cause colloidal particles 
to migrate in the gravitational field. The migration rate depends on the 

 10 



particle size and the density, as well as on the viscosity of the continuous 
phase. Gas bubbles and, generally, oil droplets experience buoyancy and 
consequently concentrate at the liquid surface with a velocity v, which is 
given by  
 

µ
ρρ

9
)(2 21

2 gRv −
=       (2.8) 

 
where the index 1 and 2 refer to the dispersed and continuous phase, 
respectively. R, ρ, g and µ are the particle radius, density of phases, 
gravitational acceleration and dynamic viscosity of the continuous phase, 
respectively. 
 
 

 
 

Figure 2.3. The coalescence process between two soft particles (dark grey) 
stabilised by diblock polymers. Due to local fluctuations, a hole (black arrow) 
may appear in the surfactant or polymers interfacial films which allow contact 
between the particles; a neck forms and propagates until the particles have 
fused together. 

 
 
Coalescence is a critical phenomenon where two particles fuse together. 
Two cells may coalesce if the separating liquid film breaks. The process is 
schematically illustrated in figure 2.3. Cells approaching each other 
become truncated and separated by a planar film. Fluctuations in the film 
may cause a hole of critical size to nucleate and thus, the internal phase of 
the two cells may come in contact and a neck forms between the two 
cells. The hole propagates allowing the two cells to fuse together. The 
energy associated with forming a hole of area A in the film is  
 

)( 0 γγ −=∆ AG       (2.9) 
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where γ0 is the surface tension of the “bare” interface, i.e. in the absence 
of surfactants9. Even though drainage is important in stabilising the 
particles, the foam/emulsion breakage is always caused by the disruption 
of the separating film and thus always a critical phenomenon. 
 
Differences in internal pressure (Laplace pressure) between smaller and 
larger cells (bubbles or droplets), i.e. cells with higher and lower surface 
curvature, respectively, cause a difference in chemical potential and 
solubility. The internal material of a smaller cell can in other words 
dissolve more readily than the corresponding large cell. If the internal 
material have a slight solubility in the continuous phase, material may 
migrate from the small to the large cell, a process referred to as Ostwald 
ripening or disproportionation. This causes the large cell grows at the 
expense of the small cell. With decreasing radius, the internal pressure, 
and thus the driving force for Ostwald ripening, increases. The process is 
in other words auto-accelerating, escalating until the cell reaches the 
critical bubble nucleus size. 
 
In the case of foam, the foam could be considering as a layer of unevenly 
distributed bubbles where the new bubbles arriving at the bottom of the 
foam layer through buoyancy, push the bubbles of the foam layer 
upwards (Figure 2.4). The foam layer would, in this way, rise endlessly if 
it would not be for the depletion of the uppermost bubbles of the foam 
layer. The liquid film surrounding and separating the gas bubbles 
becomes thinner due to drainage and at a critical point, the liquid film 
bursts. Under steady-state conditions, the rate of bubbles joining the 
foam layer is equal to the rate of bubbles bursting and the foam height 
thus remains constant. On the other hand, during unsteady-state 
conditions, complete synchronisation is not achieved between the rate of 
gas bubbles added to the layer and the rate of gas escaping the foam 
through bubble depletion. 
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Figure 2.4. Bubble arriving at the bottom of the foam layer push the bubbles 
above, causing an increase in foam height.  

 

2.6. Viscosity 
As seen in section 2.1 and, later, in chapter 4 and 6, viscosity of the 
continuous liquid is shown to be important for the stabilisation of the 
two-phase systems. Viscosity η can be defined as the resistance of a fluid 
to flow and is an internal property of the fluid influenced by 
intermolecular friction. The temperature dependency of viscosity is 
described with an Arrhenius equation as 
 

⎟
⎠
⎞

⎜
⎝
⎛+=

RT
EAloglogη       (2.10) 

 
where A is the pre-exponential factor and E the activation energy to flow, 
R the gas constant and T the temperature (in Kelvin). The term E/R is 
sometimes written as B.  
 
Since (silicate) slags are constituted of silicate tetrahedrons connected to 
various degree16,17, the viscosity is expected to show dependency on the 
degree of polymerisation. Several models have been developed to 
estimate viscosity of slags composed of several components from 
characteristics of the individual components. Most commonly, the 
models of Riboud et al.18 and Urbain et al.19 are mentioned. The models 
divide slag components into different classes (5 and 3, respectively) and 
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different values are assigned to each class which are used in calculations 
of the A and B terms in equation (2.10). In this work, another approach 
proposed by Mills and Sridhar was used20; the model is based on the 
optical basicities of the individual slag components. The use of the model 
is further described in paper IV. Since all models today are 
approximations with limited accuracies, the results of the calculations 
using the model by Mills and Sridhar were compared with those obtained 
through a model proposed by Iida et al.21. However, it was found that the 
success of the Iida model is largely dependent on choosing the right 
parameters and therefore the model by Mills was considered more 
appropriate for our purpose. KTH has developed a successful model 
based on viscosity measurement22 which has shown good accuracy when 
applied within the range of its validity. The KTH model was not 
employed, though, since parameters are not available for all the 
components of the slag used in this work; any approximation may make 
the results unreliable. 
 
So far, only the viscosity of a bulk phase has been discussed. However, 
surfactants adsorb at the interface between two phases, forming an 
interfacial film. This interfacial film shows resistance to tangential flow, 
which could be named surface viscosity. 
 
Usually two kinds of surface viscosities are defined23, i.e. the surface shear 
viscosity and the surface dilatational viscosity The latter concerns the case 
when the surface of a fluid flows in the x direction in  its own plane with 
a velocity profile of vx(y). Another kind of surface viscosity is the surface 
dilatational viscosity ηs, also called area viscosity, and written as 
 

t
S

Ss ∂
∂

=∆
1ηγ        (2.11) 

 
where S is the surface area. 
 
With a second phase dispersed into the bulk fluid, the effective viscosity 
of the system is influenced by the volumetric fraction of the drops in the 
system. Einstein24,25 developed a model for solid spheres dispersed in a 
non-compressible Newtonian fluid by considering the flow passing one 
sphere. The model assumes a dilute solution without any interactions 
between the spheres and where the velocity of the fluid decreases linearly 
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with the distance from the sphere. The effect of one sphere is further 
considered additive with the number of spheres. With the viscosity µ of 
the fluid and a volumetric fraction c of the spheres, the effective viscosity 
of the system becomes 
 

⎟
⎠
⎞

⎜
⎝
⎛ += ceff 2

51µµ       (2.12) 

 
The Einstein equation is sometimes written more generally as  
 

( ckEeff += 1 )µµ       (2.13) 
 
to accommodate the effect of dispersions of higher concentration. The 
coefficient kE has to be experimentally determined. The Einstein equation 
was further modified by Roscoe26 to 
 

( ) n
eff Rc −+= 1µµ       (2.14) 

 
where R and n are empirical parameters. Equation (2.14) is referred to as 
the Einstein-Roscoe equation. A misprint of Einstein-Roscoe equations 
has been reported by NPL (National Physics Laboratories, UK)27. 
 
By substituting the solid spheres by Newtonian drops, Taylor28 extended 
the Einstein-Roscoe model to include dilute dispersion of two immiscible 
liquids. The viscosity of the dispersed phase, µp, is taken into 
consideration by the parameter λ=µp/µ so that the effective viscosity can 
be expressed as 
 

⎟
⎠
⎞

⎜
⎝
⎛

+
+

+=
λ

λµµ
1

)2/5(11 ceff      (2.15) 

 
This model was further developed29 to take into account the interfacial 
film, e.g. the surfactant film found at the interface of the droplets 
(emulsion) or bubbles (foam). The interfacial stress would depend mainly 
on molecular rearrangements at the interface. In this modified model, the 
viscosity ratio λ is changed to 
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where κ and ε are the dilatational and shear viscosity of the interfacial 
film, respectively, and d is the diameter of the particle. The effect of the 
interfacial film would thus be corresponding to an increase the viscosity 
of the drop by the (2/5)(2ε+3κ)/d.  
 
Further, the models above, excluding Equations (2.13) and (2.14), assume 
a dilute dispersion and all assume that the particles are small enough and 
the interfacial tension large enough, for the particles to retain their 
spherical shape. The models have been even further developed to 
incorporate deformable particles as well30, ,31 32.  
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3. FILM FORMATION FROM O/W 
EMULSIONS 
Continuous oil films can be deposited on surfaces from oil-in-water 
(o/w) emulsions; with the emulsion acting like a vehicle for the dispersed 
oil phase. This technique is commonly encountered in industry, for 
instance in coatings33,34, pharmaceutical lotions35 and cosmetics36. The two 
main advantages in using o/w emulsions instead of solvent-based or pure 
oil systems are the economical and environmental profits that could be 
made. However, even though the technique is widely applied, the 
fundamental knowledge of the process still needs to be deepened. As an 
example, consider the water-based environmentally friendly paints where 
the solvent-based system has been replaced with an o/w emulsion for 
health and environmental concerns. The dispersed oil phase carries the 
active components as the pigments and fillers while the aqueous phase 
acts like the vehicle. Even though such emulsion paints are commonly 
used, the final paint, or the oil film, does not always show sufficiently 
good final results. Often defects occur in the final paint film, as for 
instance like hole formations and unsatisfactory adhesion to the 
underlying surface. There is therefore a need to better understand the 
process of film formation on solid substrates from emulsions, e.g. o/w 
emulsions. 

3.1. Film formation process 
The film formation process is often described to proceed in three stages 
(Figure 3.1.): 
 
I. Evaporation of the aqueous phase. The volume fraction of the 
emulsion increases and the emulsions become dense. The droplets are 
divided by thin films of the continuous phase, stabilised by the surface 
active agent. 
 
II. Droplet deformation due to drainage of the thin films separating the 
droplets. The droplets deform into polyhedral cells37. If the emulsifying 
agent is a polymer soluble only in the aqueous phase, the thin films 
become viscoelastic38 and the structure can become foam-like with 
polyhedric oil cells instead of air bubbles38,39. Such a structure is 
sometimes referred to as biliquid foam (sse section 2.1). 
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III. Droplet fusion to a continuous oil phase. Fusion can take place as 
coalescence or phase inversion, where the remaining water turns into the 
dispersed phase 
 
 

 
 

Figure 3.1. The different stages of film formation from o/w emulsions. 
 
 
It is intuitively clear that interactions between the substrate and oil 
droplets take place and that such interactions should affect the film 
formation process, but the nature of this influence and the mechanism 
behind it had not been investigated. Since phase inversions and droplet 
coalescence are critical phenomena influenced by the surfactant, it would 
be important to know if, and how, interactions take place between 
surfactant and substrate. 
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4. SLAG FOAMING 

4.1 Foaming in metallurgical processes 
Slag foaming is a commonly encountered phenomenon in steel 
production partly as a result of gas evolution in chemical reactions taking 
place in the slag and metal phases and partly due to gas injection. Many of 
the metal oxides found in slags are surface active and, thus, the produced 
gas can be found to form foam in several steel making processes.  
 
Slag foaming, however, proves to be both blessing and curse for the 
process productivity, depending on where in the process it occurs. For 
example, in the Electric Arc Furnace (EAF), a moderately thick layer of 
slag is present over the molten metal. By injection of coal and oxygen, the 
slag is foamed into a layer several times thicker than the unfoamed slag 
layer. The thick foam layer covers the electric arcs, which increases their 
stability and the heat transfer to the metal, thus increasing the electrical 
yield. In addition, the slag foam insulates the molten metal and, as a 
result, the heat losses are reduced and the process economy enhanced. In 
the converter processes the high gas flow rate causes a metal slag 
emulsion to form in addition to the foam, which further enhances the 
mass transfer. Foaming, however, becomes undesirable in the subsequent 
EAF tapping into the ladle (Figure 4.1), where a spontaneous foaming 
prolongs the tapping sequence. 
 
In the industry, slag foaming practice is largely empirical. However, 
regarding the improvements in the process economy that can be made, it 
is of interest to model the slag foam and the slag foaming behaviour. 
Much work has therefore been performed to first characterise the foam 
and, second, to propose models where the slag foam is connected to 
material properties in the slag, a few are mentioned in the following 
sections. It comes naturally to start with characterisation of model under 
static conditions but fewer have continued with the industrially more 
useful situation of dynamic conditions. 
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Figure 4.1. The EAF (without slag foam covering the arcs) and subsequent 
tapping into the ladle. Courtesy Uddeholm Tooling AB. 

 
 
With equal gas flow entering and exiting a foam layer of unchanging 
composition of the slag, the foam is said to be static. However, in some 
processes the chemical reactions alter the slag composition which, in 
turn, may change the gas flows. Foam with changing chemical 
composition and/or mismatch in gas flow entering and exiting the foam 
layer is referred to as dynamic foam. 
 

4.2. Modelling of foaming 
In industrial practice today, it is common to characterise slag foam by 
visual estimation of foaminess, grading the degree of foaminess between 
1-5, and sound measurements40. The procedures require experienced 
operators and can be quite subjective. Thus, it is of interest and 
importance to arrive at general models towards quantifying the foam 
formation.  
 
Modelling slag foaming is complicated and there are no generally 
applicable expressions or models available today to describe slag foams. 
Several attempts have been made to empirically arrive at a model by 
describing the foaming behaviour in terms of system characteristics, e.g. 
viscosity, surface tension and gas flow. However, with such empirical 
approaches, the results tend to become system specific. Thus, in order to 
derive a general model describing slag foams, it is of importance to 
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understand the underlying mechanisms. Only after such an understanding 
has been obtained, is it possible to successfully formulate a general 
quantitative model. Ghag et al.41 pointed out that any quantitative 
description of foaminess should consider the viscosity µ, surface tension 
σ, density ρ and the gravitational constant g. In developing a model, foam 
could be considered as standing foam, i.e. after the foam has been 
produced nothing else but gravity will influence the foam evolution. 
Foam can also be produced under static conditions with injected constant 
gas flow to evaluate the influence of different properties of the slag.  
 
To describe foaminess of a system under such static conditions, 
Bikerman3 conceived the foaming index Σ. The foaming index Σ relates 
the foam height H with the gas flow rate and is most commonly written 
as  

U
H

=Σ        (4.1) 

 
here U is the superficial velocity.  

he foaminess expressed by Σ has been empirically related to various 

w
 
T
properties of the slag foam, e.g. viscosity µ, density ρ and surface tension 
σ of the liquid and the average size of the gas bubbles, db, by several 
groups. However, consensus has not been reached upon the magnitude 
of the impact that these material properties have on the foaminess of the 
slag; these parameters depend on the system chosen. For example, Zhang 
and Fruehan42 showed for a number of slags that the foaming index 
could adequately be represented as  
 

9.02.0

2.1115

bdρσ
µ

=Σ        (4.2) 

 
hile Kim et al.43 showed that complex slags of CaO-SiO2-FeO and w

CaO-SiO2-FeO-MgO-X systems (X=Al2O3, MnO, P2O5 and CaF2) follow 
the relationship 
 

5.0)(σρ

µC
=Σ        (4.3) 
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where the constant C depends on the nature of the slag.  
 
Lahiri and Seetharaman44 showed that, for various slags, the foaming 
index for foam of uniform bubbles sizes could be expressed as 
 

bd

C

ρ

µ
=Σ        (4.4) 

 
where C is determined by gas fraction in the foamy slag, bubble shape 
and ratio of bulk to surface viscosity of slag. These authors further 
pointed out that foaming index is independent of gas flow rate when gas 
fraction of foam is constant, a condition that could be reasonably valid at 
steady state. 
 
A gas hold-up index,  
 

gasandliquidofvolume
gasofvolume

=ε
     (4.5) 

 
was used by Lin and Guthrie45 to relate foam stability and slag chemistry. 
The index is equivalent to the gas fraction of the sample and it was 
observed that the gas fraction would increase with decreasing bubble size 
as  

)5.0( bgdU
U

+
=ε       (4.6) 

where g is the gravitational acceleration. 
 
In slag foams with strong surface active agents present, drainage of the 
separating liquid film becomes the rate-determining step for bubble 
collapse and, thus, the foam life. Marangoni force causes the slow 
drainage46. The surfactant adsorption increases the surface elasticity Eeff, 
which Ghag et al.41 noted to have a major influence on the foaminess. 
The authors further pointed out that the foam stabilisation and bubble 
rupture process determined the characteristics of the foam. Somewhat in 
contrast to above mentioned findings, Pilon et al.47 provided a semi-
empirical approach which predicted an increase in foam height with 
increasing surface tension. 
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The examples given above are all derived under steady-state conditions. 
However, as mentioned earlier, the processes encountered in industry are 
dynamic and with this is mind, Morales et al.48 defined the dynamic 
foaming index as  
 

Σ=Σ rD f        (4.7) 
 
where the foaming index of Bikerman was multiplied by a the factor fr 
which is defined by the ratio:  
 

volumeslagofchangeofRate
volumeslagofchangeofRategenerationgasofRate +

 (4.8) 
 
These authors found some correlation between the dynamic foaming 
index of Equation (4.7) and an electrical parameter indirectly describing 
the foam in the EAF. In general, the rate of gas generation or the gas 
flow rate is much larger than the rate of change of slag volume. The 
foaming index, on the other hand, is the ratio of foam volume to gas flow 
rate. Thus, in such cases, the dynamic foaming index defined by Equation 
(4.8) becomes the ratio of foam volume to rate of change of slag volume 
and is neither a measure of the foam stability nor foaminess of slag under 
dynamic conditions as those encountered in real processes. 
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5. EXPERIMENTAL TECHNIQUES 
In this work, four techniques were used; surfactant adsorption was 
studied with the help of ellipsometry (Paper I and II) and the remaining 
three studies involved image analysis of recorded sequences that had been 
obtained through optical microscopy (Paper II), direct recording (Paper 
III) and X-ray imaging (Paper IV and V). The methods are briefly 
described below. The last three techniques involve analysis of images. 
 

5.1. Ellipsometry 
Reflective null ellipsometry was used to determine the adsorbed amount 
(Γ) and the adsorbed layer thickness (df) of an copolymer film adsorbed 
at both solid-liquid and liquid-liquid interfaces. The technique is based on 
measurement of the changes in the ellipticity of polarised light upon 
reflection. The ellipticity can be described as the ratio and phase 
difference of two plane polarized light waves, one oscillating parallel and 
the other perpendicular to the plane of incidence. Light reflection can be 
described by Fresnel reflection coefficients, rp and rs, for the light wave 
components parallel (p) and perpendicular (s), respectively, to the plane 
of incidence49. The ratio ρ=rp/rs  is related to the ellipsometric angles ∆ 
and Ψ as 

)sin(costantan ∆+∆Ψ=Ψ== ∆ ie
r
r i

s

pρ    (5.1) 

where the relative phase difference ∆ and the amplitude ratio tan Ψ for 
reflection are obtained from the ellipsometry readings. The theory behind 
evaluation of ellipsometry data is thoroughly described in Paper I and by 
Azzam and Bashara49. However, a few points need to be mentioned. For 
materials that adsorb at the wavelength employed, as for instance silicon, 
ρ is a complex number. For such surfaces, the existence of a thin liquid 
film gives measurable changes in both ∆ and Ψ, leaving the determination 
of Γ and df quite straightforward. Conversely, the reflection coefficients 
between two dielectric media, like silicone oil and water, are real numbers 
and, thus, from Equation (5.1) it follows that ∆ can only assume the 
values 0° (or 360° depending on the definition of the angles) and 180°. 
For such an interface, only the change in Ψ may be measured when the 
refractive indices of the media or the angle of incidence is changed. The 
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value of ∆ will be 180° below and 0° (or 360°) above the Brewster angle 
(i.e. the polarization angle), where the reflected p-polarized light is at its 
minimum. It can be shown that the largest sensitivity of the measured 
angles ∆ and Ψ occurs close to the Brewster angle. The build-up of a thin 
film at the interface between dielectric non-absorbing liquids only causes 
measurable changes in one of the parameters, ∆. Thus, it is not possible 
to determine both the refractive index and the thickness of the adsorbed 
layer thickness. Fortunately, it turns out that for surfactant adsorption at 
the liquid layer, the imaginary part of ρ (Im ρ) is in most case proportional 
to the surface excess Γ 50, ,51 52. To make use of Γ∝Im ρ, the values of Γ and 
ρ need to be established in one point apart from Γ=0, which corresponds 
to surfactant-free (“bare”) interface. In the present study, data analysis 
has been made by taking the plateau adsorption as the same as at the 

terface between a solid hydrophobic surface and water53,54,55. 

e flat interface 
 obtained from the facetted cut of the steel/Teflon edge. 

 

in
 
Two different set-ups were used for the adsorption measurement at solid-
liquid and liquid-liquid interfaces. The set-up used in the solid-liquid 
adsorption measurement has been extensively described by Tiberg and 
Landgren56. The ellipsometer has a fixed angle of incident for the light 
beam and the substrates are placed vertically in a cuvette containing the 
polymer solution. For the adsorption studies at liquid-liquid interfaces, an 
ellipsometer with vertically placed adjustable light and detector arms was 
used making it possible to reflect light of different angles of incident on a 
horizontal surface. The light beam is lead through light guides57 to the oil-
water interface, thus circumventing the air-oil interface, leaving only the 
oil-water interface to be considered. Since ellipsometry measurement 
demands flat surface to give accurate data, a measurement cell designed 
to give a completely flat interface between the oil and the water phases 
was employed, see Figure 5.1. The cell has hydrophilic walls of glass 
where the denser aqueous phase is contained, and walls dressed with 
hydrophobic sleeve of Teflon for the lighter oil phase. Th
is
 

 26 



��������������


��	

��	��



������	��


������
��
���


�	���
���

 
 
Figure 5.1. The sample cell for the adsorpion studies at the liquid-liquid 
interface was constructed to give the flat interface necessary for ellipsometry 
measurements with hydrophilic walls of glass for the denser aqueous phase and 
hydrophobic walls of Teflon for the lighter oil phase. The flat interface is 
obtained through the faceting of the Teflon rings. Leading the polarised laser 
beam through light guides (glass tubes ending with thin glass windows) 
circumvents the air-water interface 

 

5.2. Measurement with subsequent image 
analysis 
In general, the technique involves a means to examine a process, CCD 
cameras for footage and video equipment to record the signals. An 
advantage of experimental setups like the ones mentioned below is the 
possibility of in-situ studies of dynamic processes. The setups also allow 
some image improvement by facilitating subsequent image processing.  
 
The means of gathering images can vary; in the present studies, optical 
light microscopy and X-ray fluorescence were used in addition to direct 
recording through CCD cameras. However, optical methods present 
some disadvantages. The resolutions of the digitalised images are 
restricted by the pixel size, which in turn restrict the size of the particles 
that can be studied. The actual resolution depends on the optics used and 
is mentioned below where some details of the different measurements are 
mentioned. 
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5.2.1. Film formation studies 
The film formation from o/w was followed optically through video-
enhanced microscopy (VEM)58, which includes video equipment to 
process signal of images recorded from an optical microscope through a 
CCD camera. The set-up was similar to the one described by Hansen59. 
The microscope was equipped with long-range optics and had an inverted 
configuration, i.e. the light source illuminating the sample from above 
and the ocular underneath, thus avoiding reflectance from the liquid-air 
interface and vapour condensation on the oculars, as well as allowing 
spacious sample cells. The resolution of the digitalised images restricted 
the size of the particles in this study to ≥ 1µm, since smaller particles 
could not be satisfactorily resolved. 
 
The microscopy image is a result from weak interference between the 
background light and light beams diffracted by the object. The image 
contrast can be improved in phase contrast microscopy by enhancing 
either the phase or the amplitude of the diffracted light. Since the 
refractive indices n for the materials used in the microscopy studies, i.e. 
silicone oil (n ≈ 1.41) and water (n = 1.33) lay close to each other, phase 
contrast microscopy was employed.  
 
To simplify the investigation of film formation, drying of droplets in two-
dimension (horizontal plane) was studied. For this purpose, a sample cell 
similar to cells used for formation of two-dimensional arrays of closed-
packed hard-spheres was used60. Through the design of the sample cell, a 
sample layer with concave meniscus is obtained. When the sample layer 
thickness approaches the substrate surface, Brownian motion of the 
particles is restricted and when the thickness decreases further below the 
particle diameter 2R, a gathering of close-packed particles trapped at the 
surface is formed, causing the water meniscus around the particles to 
deform. The meniscus deformation is energetically unfavourable and 
water flow in from the surrounding dispersion to level the meniscus. 
With this water flow additional particles are brought to the nucleus and 
thus a crystal starts growing (Figure 5.2).  
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Figure 5.2. The sample cell in the microscopy measurements designed to give a 
2-dimensional assembly of oil droplets from a dilute o/w emulsion. When the 
emulsion sample thickness decreased, droplet motion is restricted and the 
droplets eventually get immobilised at the surface. b) The 2-D assembly start 
with the formation of a nucleus of aggregated droplets at the centre of the 
sample cell (where the water level is lowest). Additional droplets are brought 
by the convective water flow arisen to wet the droplet surfaces 

 
 
Emulsion droplets differ from hard spheres through their soft nature. 
Computer simulations calculating the radial distribution have shown that 
droplet deformability results in less ordering61 in 3 dimensions, with 
smaller and fewer ordered domains, in dense emulsions compared to 
hard sphere dispersions. Nevertheless, the technique to obtain a 
monolayer of droplets on a substrate is analogous to creating a 2-D hard 
sphere crystal, which has previously been studied for silica and latex 
particles60, , , .62 63 64

 

5.2.2. Bubble formation studies 
Bubble formation at interfaces was followed visually with direct recording 
through CCD cameras. In the present measurement, the optics was 
chosen so that the focal depth could include the full sample cell depth. At 
the same time, optimal resolution was desired, thus, only half the sample 
cell width would be observed at a time. However, by placing the camera 
on a stand allowing it to turn sideways, the entire width of the sample cell 
could be covered. Since the bubbles could form anywhere over the 
interface, the side view camera was placed slightly above the interface to 
cover the full depth of the interface. The square sample cell was 
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constructed to give as large flat interface as possible. With the chosen 8x8 
base, the flat portion of the interface constituted about 80% of the total 
interfacial area.  
 
The set-up used resulted in a resolution corresponding to bubble sizes 
≥0.1mm. The method used in the subsequent analysis of the images 
yielded the possibility to calculate the pixel sizes. The actual size of the 
bubbles was calculated by weighted averages where pixel values were 
determined through scales attached to the sample cell. 
 

5.2.3. X-ray imaging 
X-ray imaging is a non-destructive analysis technique that may image 
opaque materials. The technique has thus found various application areas, 
ranging from material analysis to medical diagnosis, see for instance 
Jenkins65 for an overview of the method. The technique allows in-situ 
studies of high temperature experiments and was therefore used in the 
present work to study slag foaming at high temperatures.  
 
The imaging principle is to detect difference in the translucency of 
materials. Practically, this means that different phases may be resolved or 
detected, e.g. metal with higher density would be more opaque than low 
density slag foam. The intensity of the beam may also enhance the 
translucency of the sample. Simplifying, the experimental set-up needs an 
X-ray source, a photon detector and a data collection and processing 
system. The experimental setup and procedure of the performed 
experimental work are described in paper IV and by Divakar et al.66 The 
XRF equipment was set up around a furnace which had aluminium 
windows for the passage of the X-rays. The samples were placed in a 
graphite sample cell with an inner alumina sleeve. In effect, the sample 
cell had alumina walls and graphite bottom. The reaction took place at 
the graphite bottom and the following gas evaluation and foam behaviour 
could be followed visually. CCD camera and video equipment constituted 
the data collection and processing system 
 
One disadvantage with the technique is poorer image quality. With the 
set-up used, the beam traverses furnace tubing, sample walls and sample 
material (Figure 5.3). Hence, even with subsequent image processing, 
very accurate quantification of, for example, bubble sizes can sometimes 
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be difficult. In addition, the sample needs to be transparent enough for 
satisfactory image resolution; denser sample are difficult to resolve. This 
meant that samples with bubble sizes below 2mm.  
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Figure 5.3. The interior setup of the furnace 

 

5.3. Materials 

5.3.1. Silicones 
Silicone oils are polymeric compounds with hydrocarbon or functional 
groups attached to a backbone built by siloxane segments. Several 
reasons make silicone oil a suitable choice for this work. Silicone oils are 
easily available in various well-defined viscosities and molecular weights. 
Their chemical inertness and low solubility in water make them useful for 
emulsions and for adsorptions studies. Through the latter, Ostwald 
ripening can be effectively disregarded as a possible destabilisation 
mechanism for silicone oil-in-water emulsions. Furthermore, silicone oils 
have low interfacial tensions, very low Tg, and are more temperature 
resistant than corresponding hydrocarbons67. The versatility of these 
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polymers makes them widely applicable. Applications span from skin and 
hair products over implants and antifoaming agents to surfactants67, ,68 69. 
 
In this work two silicone oils of different viscosities were used as 
received. The oils had well-defined viscosities around 1000 ± 10 and 
12500 ± 300 mPas. 
 

5.3.2. Polymers 
Surface-active block copolymers of moderate molecular weight are often 
referred to as polymeric surfactants. Nonionic polymeric surfactants of 
different sizes and architecture, particularly those based on poly(ethylene 
oxide) PEO, are widely used in industry with applications ranging from 
drug delivery and personal care products to emulsifiers and detergent 
applications70. The technical applicability of such polymeric surfactants 
originates from the fact that the phase behaviour as well as the interfacial 
behaviour of such compounds can be controlled through their molecular 
architecture, concentration and temperature71,72. 
 
In Paper I we investigate the adsorption behaviour of a series of 
poly(ethylene oxide) alkyl ether copolymers, i.e. C18EOm, (m= 50, 140 
and 250) at different types of interfaces. The ratio of the number average 
molecular weight (Mn) to the weight average molecular weight (Mw) is 
used as a measure of polydispersity for polymers, with Mn/Mw=1 for 
monodisperse samples. The polydispersity of these copolymers was low, 
Mn/Mw≈ 1.05 as determined by size exclusion chromatography. Table 
5.1 gives the polymer characteristic. The critical micelle concentration 
(cmc) denotes the concentration at which the ordering of surfactants into 
micelles (aggregates which in aqueous solution has the hydrophilic tails 
directed towards the aqueous solution) becomes energetically favourable. 
Above cmc, any added surfactant will order itself into the micelles, se for 
instance Evans and Wennerström9 for details. 
 
As a comparison we also investigated the adsorption of a PEO 
homopolymer (Mw 4000) and a triblock PEO/PPO/PEO copolymer 
(Synperonics F68, Mw 4000) at the silicone oil water interface. The 
triblock copolymer was also used to stabilise the silicone oil emulsions 
investigated in Paper II. 
 

 32 



 
Table 5.1 Polymer characteristics. 

Polymer Mw Cmc, wt%

C18EO50 2450 0.0015
C18EO140 6410 0.005
C18EO250 11250 0.025  

 
 

5.3.3. Emulsions 
The choice of oil and polymer reappeared in the emulsions used in the 
present work. Silicone oil-in-water emulsions stabilised with triblock 
PEO-PPO-PEO polymers were prepared by shearing a crude pre-
emulsion in a Couette shear cell to emulsions with desired droplet size, as 
mentioned in chapter 2.1. The good stabilisation of the droplets ensured 
a shelf life of several months. The emulsions had a polydispersity of 14 
and 16%, respectively, which may seem large in but for emulsion systems 
can be considered to be acceptable to good. In addition, some 
fractionation of sizes occur in the microscopy experiments, since droplets 
of smaller size seemed to move faster, in accordance with observations of 
2-D crystal growth of latex spheres73, thus reducing local polydispersity. 
 

5.3.4. Substrates 
The substrates in the film formation and adsorption experiments were 
chosen according to requirements of the used experimental methods. The 
substrates had to be planar, stable and easily modified from hydrophilic 
to hydrophobic. In addition, since ellipsometry and microscopy demand 
different experimental set-ups, the substrates had to be similar in both 
techniques. The requirements were met by silica and thin glass slides. 
Silica (ca 300Å layer on a silicon wafer)56 is found suitable for 
ellipsometry studies due to their good reflectivity and suitable optical 
properties. Optical microscopy requires transparent substrate and, thus, 
for the microscopy experiments cleaned thin glass slides were used. Both 
silica and glass could easily be modified to hydrophobic surfaces by 
grafting alkyl silanes onto them74, ,75 76. 
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5.3.5. Oleic acid  
Oleic acid has the common name of 9-Z-octadecenoic acid, a fatty acid 
derived from natural sources like olives and beef tallow. Since it is a 
natural product, high refining is uncommon and high grade samples will 
generally contain above 90% oleic acid.  
 
Oleic acid will undergo saponification in reactions with strong bases. 
With weaker bases, however, a simple acid-base reaction reaction takes 
place producing oleate salts. Salts from fatty acids display surface active 
nature due to their structure with an apolar tail with a polar head (Figure 
5.3) and could thus be used as surfactant in for instance soap 
production77.  
 

�

���

����  
 

Figure 5.3. Structure of sodium oleate. The oleate ion behaves as anionic 
surfactant with a hydrophilic head (circled) and hydrophobic tail. 

 

5.3.6. Model slags 
Model slags were prepared with compositions relevant to high-alloyed 
steelmaking industries, see Table 5.2. Compared to most previous studies, 
the slags employed in these studies are complex. 
 
The composition varied with respect to iron oxide, chromium oxide and 
vanadium oxide. Chromium oxide and iron oxide were assumed to exist 
as Cr2O3 and Fe2O3 only. Studies of CaO-SiO2-MgO-Al2O3-Cr2O3 
systems shows that increased amount of Cr2O3 shifted the system into 
two-phase region of the phase diagram78. At 1823 K, the limit was found 
to lay around 16%. With this in mind, the Cr2O3 level was kept ≤15% in 
the present measurement and the temperature at 1873 K. It was visually 
confirmed that the samples were outside the two-phase region during the 
measurements. 
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The separate components were calcinated before the appropriate 
amounts were weighed up to guarantee the composition of the slag. The 
slag samples were premelted and quenched directly after melting, 
resulting in an even and dense sample. The slag samples would 
consequently melt easier making it possible to find a distinct time of 
melting, which was taken as the start of the experiment. 
 
 

Table 5.2. Slag compositions employed in the foaming experiments. Basicity 
B is here defined as (%CaO)/(%SiO2). The compositions are given in weight 
percentage. 
  

B % Al2O3 % Fe2O3 % MgO % MnO % Cr2O3 % V2O5 T  (K)
Slag 1 1,5 7 5 5 2 5 0 1873
Slag 2 1,5 7 5 5 2 10 0 1873
Slag 3 1,5 7 5 5 2 15 0 1873
Slag 4 1,5 7 10 5 2 10 0 1873
Slag 5 1,5 7 5 5 2 5 2 1873
Slag 6 1,5 7 5 5 2 5 5 1873  
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6. SUMMARY OF PAPERS. 
In this chapter, the most important results found in the papers are 
presented. The readers are referred to the enclosed papers for more 
detailed description of the studies. 
 

6.1. Copolymer adsorption at solid-liquid and 
liquid-liquid interfaces (Paper I) 
In this paper, we studied the interfacial behaviour of a series of diblock 
copolymers at the interface between water and silica, hydrophobised silica 
and silicone oil, respectively. The adsorption of these copolymers at low 
bulk concentrations was found to be dominated by the PEO block at all 
interfaces. At higher concentrations, the copolymer forms surface 
aggregates at the silica surface whereas we observe a gradual increase in 
the adsorbed layer thickness with increased surface excess at the solid 
hydrophobic surface, indicating a transition from a flat conformation to 
brush-like layer structure. The results indicate a similar evolution in 
adsorbed amount with concentration at the silicone oil/water interface as 
at the hydrophobic silica surface. 
 

6.1.1. Silica-water and hydrophobised silica-water 
interfaces  
Figure 6.1 shows the adsorption isotherm for the three copolymers and 
the P90 homopolymer at the hydrophilic silica surface. At low 
concentrations all polymers exhibit low adsorption, while for the 
copolymers there is an increase in adsorption just before the critical 
micelle concentration (cmc) after which the adsorbed amount levels off 
and a adsorption plateau is reached. Furthermore, the increase in 
adsorbed amount prior to cmc coincides with a step-like increase in the 
adsorbed layer thickness. The data suggest that the copolymers form 
micellar-like interfacial aggregates at the hydrophilic silica surface at a 
concentration close to the cmc. The adsorption isotherms and the 
evolution of the adsorbed layer thickness with increased bulk 
concentration shows similar features as earlier observed for small non-
ionic surfactants and larger PEO based triblock copolymers where the  
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Figure 6.1. Adsorption isotherms at the silica surface for the P90 
homopolymer and the copolymers C18EO50, C18EO140, and C18EO250. The 
arrows indicate the cmc for each copolymer. 

 
 
existence of interfacial aggregation has been proven79, ,80 81. Further, with 
increasing PEO chain it is observed that the plateau adsorption Γp 
decreases and that the increase in adsorbed amount prior to cmc 
becomes less obvious. These facts would indicate that the polymers 
aggregated. The observed decrease in surface excess with increased 
molecular mass (i.e. increased length of the PEO chain) may be explained 
by the increased repulsion between PEO chains, which leads to smaller 
aggregates of higher curvature, as well as to a lower density of aggregates 
within the interfacial region. 
 
At the hydrophobic surface, our measurements suggest that the 
copolymers get adsorbed with both the hydrophobic C18 block and many 
of the ethylene oxide segments get attached to the surface at low surface 
coverage. When surface coverage increases, EO segments are detached 
from the surface and oriented towards the water solution. At even higher 
surface coverage, the PEO chains stretch out normal to the surface due 
to repulsive interactions between the chains. This evolution is seen in 
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Figure 6.2, which displays the evolution of the layer thickness as a 
function of adsorbed amount. For the two copolymers with shortest 
PEO chains, we observe two transitions in the layer thickness. The first 
occurs at surface excess around 0.6-0.8 mg·m-2, and is believed to be a 
consequence of a steady decrease of the number of EO segments 
adsorbed at the surface. The second transition, most clearly observed for 
the copolymers with longest PEO chains, occurs at higher surface excess 
and is a result of a mutually repulsive interaction between the PEO 
chains that causes their stretching normal to the surface. The observed 
transition has earlier been theoretically predicted and experimentally 
observed for both diblock and triblock copolymers75, ,82 83. 
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6.2. Ellipsometric adsorbed layer thickness as a function of adsorbed amount 
for the copolymers C18EO50, C18EO140, and C18EO250, adsorbed at 
hydrophobised silica. The lines are only drawn to guide the eye 
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6.1.2. Silicone oil-water interface. 
Determination of the surface excess at the oil-water interface often relies 
on surface tension measurements and is given by the Gibbs equation as 
the derivative of the recorded isotherm (i.e. equilibrium surface tension 
versus bulk concentration). Surface tension measurements are sensitive to 
contamination and polydispersity, which results in erroneous result in the 
application of Gibbs equation, and in practise the interpretation 
hazardous with large variations between batches and labs. Due to 
experimental difficulties, few direct studies on the adsorption of PEO 
based copolymers at the oil/water interface have been published. 
However, Clifton et al. performed neutron reflection measurements for a 
series of PEO-PPO-PEO, triblock at the hexane/water interface84. A 
good agreement between the molar mass of the PEO block and the 
thickness of the polymer layer in the aqueous phase was found at plateau 
conditions. It was further shown that the hydrophobic PPO block 
penetrates into the oil phase during adsorption. 
 
It was found that the adsorbed layer at the silicone oil-water interface 
evolves in a way similar to what was observed at the solid hydrophobic 
surfaces. Figure 6.3 displays the adsorption isotherms for the C18EO50 
copolymer at the hydrophobic surface and at the interfaces between 
water and low viscosity (990 mPas) silicone oil and high viscosity silicone 
oil (12800 mPas). 
 
At low surface excess, where the adsorption at the hydrophobic surface is 
dominated by the PEO chains, the surface excess is the same at all three 
interfaces. The surface excess at the point where the three isotherms 
diverge coincide rather well with the first transition point observed for 
this copolymer at the hydrophobic surface (Figure 6.3). This implies that 
the adsorbed layer at the silicone oil-water interface displays a similar 
adsorbed layer evolution as the solid hydrophobic surface. However, due 
to the fact that we only can determine the adsorbed amount this 
observation needs to be confirmed by other experimental methods. At 
higher concentrations, we observe that the adsorption is stronger at the 
silicone oil-water interfaces. The copolymer further shows a stronger 
adsorption to the interface between a low viscosity silicone oil and water 
than to the interface between a high viscosity oil and water, suggesting 
that the low molecular weight poly(dimethylsiloxane) polymers in the low 
viscosity oil allow for a more extensive penetration and mixing with the 
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copolymers than the corresponding polymers of higher molecular weight 
in the high viscosity oil. 
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Figure 6.3. Adsorption isotherms for the C18EO50, at the interface of the 
solid hydrophobic surface/water, low viscosity silicone oil/water and high 
viscosity silicone oil/water 

 
 

6.2. Effect of substrate hydrophobicity on 
the drying of emulsions (Paper II) 
In Paper II, the effect of substrate hydrophobicity was investigated with 
optical microscopy by the formation of a monolayer of oil droplets from 
a dilute emulsion on hydrophilic and hydrophobic substrates. The 
substrate hydrophobicity seemed to have no effect on the early stage of 
the evaporation, i.e. up to a volume fraction around 0.6, and both 
emulsions displayed similar evaporation kinetics on both types of 

 41 



substrates. Creaming occurred but did not seem to have any influence on 
the drying of the emulsion  
 
The copolymer used was found to be an efficient stabiliser and at the 
hydrophilic surface, the coalescence kinetics was very slow. This allowed 
some observations of the packing structure and the nature of the 
coalescence. Quantitative data could not be obtained due to the 
experimental limitations (e.g. droplet deformation that move the droplets 
out of focus). Droplets were however observed to assemble on the 
substrate surface with domains of hexagonal structure (Figure 6.4). The 
good stabilisation resulted in the droplets remaining separated hours after 
close packing at the surface. Since coalescence is a critical process it did 
not occur simultaneously throughout the sample. Instead, it took place in 
a seemingly random fashion in the sample over a longer period of time. 
Coalescence between two droplets was frequently observed to cause the 
surrounding droplets to rearrange relative to each other, thereby 
promoting sequential coalescence between neighbouring droplets. Oil 
released by coalescence flowed out to wet the substrate. 
 
In contrast to the hydrophilic substrate, the hydrophobic substrate was 
observed to have a large influence on the drying mechanism of the 
emulsion. The coalescence kinetics was much faster, compared to the 
hydrophilic case. Extensive local coalescence was observed already during 
the late packing and deformation stages, resulting in oil lenses breaking 
up the close packing of emulsion droplets (Figure 6.5). When coalescence 
began, there seemed to be rather large amount of water present, although 
the actual water content could not be established with the technique used. 
 
Since the continuous water phase of the emulsion sample did not wet the 
hydrophobic surface, the sample layer was metastable. When the 
thickness of the non-wetting layer decreases under a critical value, dry 
patches nucleate and grow. Hence, a few minutes after the assembly of 
droplets was initiated, rapid local de-wetting occurred. The emulsions 
droplets, as well as the already formed oil lenses, were pulled along with 
the retracting water and formed piles (i.e., unordered multilayer) in the 
water pools (Figure 6.6). The oil droplets within the multilayer continued 
to coalesce and we observed that coalescence was promoted by contact 
with the hydrophobic substrate.  
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Figure 6.4. Domains with hexagonally packed monolayer of oil droplets. 
Some domain boundaries are pointed out with white arrows. 

 
 

 
 
Figure 6.5. Some coalescence occurred already during the drop assembly in the 
case of hydrophobic substrates. 
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6.3 Bubble formation from reaction at liquid-
liquid interfaces (Paper III) 
In paper III, bubble formation from gas produced through chemical 
reaction at the interface between two immiscible phases was studied. The 
process is interesting since the formation of a single bubble is the first 
step in producing foam from chemical reactions. 
 
The reaction between oleic acid and sodium bicarbonate solution 
produced carbon dioxide and sodium oleate. Both the products initially 
dissolved into the aqueous phase. The reaction took place according to 
 
CH3(CH2)7CH=CH(CH2)7COOH (l) + NaHCO3 (aq)→  
CH3(CH2)7CH=CH(CH2)7COO- Na+ + CO2 (g) + H2O (6.1) 
 
Gas bubbles were noticed to form underneath the interface, in the lower 
aqueous phase. The bubbles migrated upwards against the gravitation, 
due to buoyancy, but were retained at the interface between the aqueous 
and the oleic acid phase by a thin film of bicarbonate solution. When 
buoyancy exceeded the interfacial forces the bubbles detached from the 
interface surrounded by an aqueous film and rapidly ascended to the 
surface of the oleic acid layer. At the surface, the bubbles were held up 
shortly (typically, less than 2 s) before the bubbles burst and the gas 
merged into the surrounding atmosphere. The water that had surrounded 
the bubble formed lenses at the oleic acid surface. 
 
At the start of the experiments, the newly formed bubbles existed as 
single bubbles. These bubbles, however, frequently gathered into groups 
with populations ranging from 2 up to 25 bubbles. At the time of 
detachment, the bubbles were predominantly present in such clusters 
(Figure 6.8). Within a cluster, bubbles were often of comparable size 
(Figure 6.8a). However, situations with one or a few larger bubbles 
surrounded by several small bubbles were not uncommon (Figure 6.8b). 
The number of bubbles present in the clusters fluctuated with time but a 
general trend could not be established between the population size and 
time or between population size and increasing bicarbonate solution.  
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Figure 6.8. Clusters of a) similar and b) dissimilar bubble sizes. The scale 
marks (arrows) denote 1 mm 

 
 
The sizes of the bubbles were determined at the time of bubble 
detachment from the oleic acid-aqueous phase. It was noticed that the 
average diameters of the bubbles found in a cluster somewhat decreased 
with the cluster population, i.e. the number of bubbles present in the 
clsuter (Figure 6.9). Thus, to see variations in bubble size, the bubble 
sizes of unclustered, or single, bubbles were studied. The bubble size was 
seen to increase for approximately 5 minutes, after which it fluctuated 
around a fairly constant value. The final bubble diameters fluctuated 
between 1.2 and 1.8 mm, seemingly independent of the bicarbonate 
concentration.  
 
The above mentioned increase in bubble size with progress of reaction 
could be attributed to a few reasons. The viscosity of the aqueous phase 
increases with the increased sodium oleate concentrations. Sodium oleate 
is soluble only up to 0,06 wt% in pure water, after which it forms small 
micelles85, the aqueous phase still displaying Newtonian behaviour. Thus, 
the viscosity η of the micellar solution is likely to increase linearly with 
the micelle concentration86. Further, sodium oleate has a surface active 
nature and the effect of surfactants on viscosities under Newtonian 
conditions in oil-water systems has been shown to be complex87.  
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Figure 6.9. Average bubble size in a cluster as a function of the cluster 
population in the case of 1.0 M solution. 

 
 
A preliminary estimation of the rate of reaction in the present 
experiments was carried out. In this estimation, it was assumed that the 
effect of gas diffusion into the bulk of the aqueous phase on the reaction 
rate is negligible. Only the gas bubbles detaching was considered in order 
to avoid including the same bubbles repeatedly in the estimations. In 
other words, the reaction rate was approximated as the detachment rate 
of the bubbles. With this approximation, the reaction rate seems to be 
controlled by the chemical reaction for 0.8-1.0 M solution. The 
detachment rates show an apparent increase with increasing sodium 
bicarbonate solution. However, the results fluctuate in the lower 
concentrations.  
 
The mechanism of bubble formation was argued to be through 
homogeneous nucleation at the beginning of the reaction with solutions 
of higher concentration of sodium bicarbonate. However, even though 
precautions were made to keep the system as clean as possible, the system 
could always contain microscopic impurities and any conclusive argument 
in the matter of nucleation mechanism should be followed with this 
reservation. 
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6.4. Characterising slag foams under 
dynamic conditions (Paper IV and V) 
In paper IV, present models concerning slag foaming were evaluated by 
high-temperature studies of foaming in slags relevant to tool making and 
steel making industries. It was found that the theories traditionally used 
to describe the foaminess in slag were not satisfactory for slag foaming 
under dynamic conditions. Paper V went further in critically analysing the 
slag foaming. 
 
Foam was generated through reduction of the metal oxides in the molten 
slag and the graphite that constituted the bottom of the sample crucible. 
The slag composition changed continuously both due to the reduction 
reactions as well as dissolution of the alumina lining in the crucible. In 
addition, the rates of the reduction reactions, and thus the rate of carbon 
monoxide formation, were not constant. The system would thereby 
simulate the dynamic behaviour of real systems. 
 

6.4.1 Applying traditional theories (Paper IV) 
When the bubbles started forming, the sample got a layered structure 
with a denser slag phase in the bottom of the crucible and a foam layer 
on top of it. The thickness of the denser bottom slag layer would vary. 
The foam displayed a fluctuating behaviour, as seen in Figure 6.10 where 
the foam fluctuation during time intervals of 30 s is shown as error bars. 
The fluctuations arise from bubble rise and bubble burst at the surface. 
The fluctuations seemed to increase with increasing foam height. The 
effect of V2O5 seems to be larger even though the gas formation is the 
lowest among these slags. Even at constant gas flow, foam has been 
shown to initially display a fluctuating behaviour before steady state is 
reached88. With continuously changing gas flow, it could thus be expected 
that usual models of foam formation and collapse would fall short.  
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Figure 6.10. The change in average foam height with time. The average foam 
height was calculated over a time interval of 30s. The error bars indicate the 
fluctuations in foam height during the time interval. 

 
 
The gas fraction of the full sample, similar to the gas hold up index 
presented earlier45, showed two different behaviours. The gas fraction 
changed during progress of reaction in all cases. The gas fraction in slags 
foams containing V2O5 decreased monotonously after the initial increase 
when foam was formed. In the slags without V2O5, however, the gas 
fraction increased after a while to a maximum before it decreasing again. 
Figure 6.11 shows the variation of gas fraction in the samples with 
progress of the reaction for the two types. For clarity, only two slags are 
shown. The trend is, however, similar in the case of the other slags. The 
difference in the behaviour could be related to the nature of the foam. 
Generally, at lower gas fractions, the sample consisted of foam of the 
sphere type, i.e. with thick liquid films separating the dispersed bubbles 
(see Figure 2.2). The bubbles would in this case more often merge 
through the liquid-air interface without being held up. At high gas 
fractions, on the other hand, a layer of bubbles held up at the slag-gas 
interface would form. Since the samples with V2O5 only consisted of 
dispersion-type, the gas fraction did not display the increase seen in the  
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Figure 6.10. Gas fraction, ε, during progress of reaction for slags without 
(filled circles) and with (open circles) V2O5., corresponding to slag 2 and 5. 

 
 
 
case of the other slags. This argument is supported by the X-ray images 
obtained from the measurements; wherein the foam was observed to turn 
into two-phase foam with a layer of high gas-fraction foam over the slag 
after a time interval coinciding with the increase in gas fraction.  
 
Viscosity was estimated by a model taking the optical basicity of each 
component in the slag into account20. The model employment is 
explained in Paper IV. Initially, the viscosity was found to decrease with 
the progress of reaction due to the oxide reduction, as it disrupted the 
silicate networks of the slag. After the initial decrease, however, the 
viscosity showed an increase. The increase in viscosity is significant for 
the slags with increased initial concentrations of the oxides Cr2O3, Fe2O3 
and V2O5. The increase is argued to be caused by dissolution of alumina 
into the slag. Figure 6.11 shows how the increase in foam height and 
alumina content coincide for two slags containing V2O5. 
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6.11 Change in mole fraction of alumina (linked circles) and foam height 
(squares) in slags without and with V2O5, corresponding to Slag 2 (filled) 
and 5 (open) in Paper IV. 

 
The significant change in gas generation rate as well as slag viscosity 
during progress of reaction did not appear to lead to dramatic changes in 
bubble size. It is well known that when bubbles are formed by gas 
injection through a nozzle at a low flow rate (Reynolds number less than 
500), bubble size is independent of gas flow rate and viscosity of liquid 
and dependence on surface tension is only σ1/3 89. It appears that a similar 
situation holds good for the present case. It is notable, however, that the 
slag with surface-active V2O5 also displayed the largest bubble sizes.  
 
The foaming index concept is actually meaningful only for two-layered 
foams, where both low gas-fraction foam as well as high gas-fraction 
foam is present44. Hence, the foaming index could not be expected to 
always be directly applicable in the case of this study. However, the index 
is often used for qualitative discussions of slag foaminess. Constant 
foaming index was not observed; instead the foaming index seemed to go 
through a maximum. It could be argued that the foaming index is 
changing because the foam is not of two-layer type. However, the 
foaming index was found to vary even when the foam was of the two-
layer type. Further, no correlation between foaming index and slag 
viscosities could be found, contradicting the suggestions of equations 
(4.2)-(4.4). Comparison with the gas generation data indicates that the 
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maximum in the foaming index corresponds to decrease in gas generation 
rate. Equations (4.2) and (4.4) suggest that foaming index is inversely 
proportional to bubble diameter, which is in disagreement with the 
results of the present work 
 
The rate at which gas escapes from the foam (foam breaking) should 
increase with bubble diameter44,89. However, such a correlation is not 
found; on the contrary, the gas escape rate seems unrelated to the average 
bubble diameter. 
 
In conclusion, it was found that the traditional theories are not 
satisfactory for slag foaming under dynamic conditions. 
 

6.4.2. Further analysis of slag foaming 
phenomenon (Paper V) 
The difference between the rate of gas generation (Ug) and the rate of gas 
escape (Ue) was studied for the systems. It was argued that this mismatch 
between these two, i.e. (Ug-Ue), could be the reason for the fluctuating 
foam height seen in Figure 6.10. With this in mind, the change in foam 
height, viz. dHfoam/dt was plotted against the gas mismatch for different 
slags. It was seen that slags containing smaller bubbles displayed a 
correlation between the mismatch of gas rates and the foam height 
(Figure 6.12). With larger bubbles sizes, at times so large that three-
dimensional foam would not be able to form, did not exhibit any 
apparent relationship between the gas rate mismatches and the foam 
height. 
 
The mismatch in gas flows is a result of the chemical reaction rates. Thus, 
model development of dynamic foaming phenomenon has to take the 
effective chemical reaction rate as well as the bubble sizes into 
consideration. 
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Figure 6.12. The rate of foam height fluctuations plotted against the difference 
between the rates of generated and escaped gas for the slags containing smaller 
bubble sizes. (slag 1-3 in Paper V). Solid lines are drawn to emphasise the 
observed correlation. 
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7. CONCLUSION 
In this work, different aspects of two-phase phenomena have been 
studied, viz. film formation from o/w emulsions and slag foaming under 
dynamic conditions. Both are relevant to industrial applications and both 
are in need of better models and understanding of the process. This work 
has aimed at, as a first step, understanding these phenomena. 
 
Drying of o/w emulsions were seen to be largely influenced by the 
substrate hydrophobicity, with completely different mechanisms and 
kinetics as result. Hydrophobic substrates seemed to destabilise the 
emulsion droplets and facilitate fusion of emulsion droplets into a 
continuous film. Adsorption measurements at oil-water interface 
suggested that non-ionic block copolymers adsorb in similar manner as to 
a hydrophobic substrate. Lower oil viscosity results in stronger 
adsorption. The configuration of the non-ionic polymers at hydrophilic 
and hydrophobic substrates was determined. In addition, adsorption 
measurements of dilute emulsions showed an affinity of the droplets to 
the hydrophobic surface, clearly suggesting that the hydrophobic 
substrates aid in destabilising the emulsion through some interaction with 
the polymers. 
 
Slag foaming under dynamic conditions was not found to conform to 
traditional theories. Dynamic systems display a more complex behaviour 
than systems under steady-state. The foam displays a fluctuating 
behaviour, which the presently available models are not able to take into 
account. The concept of foaming index does not seem to be applicable, 
resulting in the need for alternative theories. The rate of fluctuations was 
seen to be related to the difference between rate of gas generation and 
rate of gas escape from the system as well as the bubble sizes. The 
mismatch in gas flows is a result of the chemical reaction rates. Thus, 
model development of dynamic foaming phenomenon has to take the 
effective chemical reaction rate as well as the bubble sizes into 
consideration. The gas bubble size is uninfluenced by the reaction rate. 
When a bubble has to traverse an interface due to buoyancy, the viscosity 
of the first phase seems to influence the final bubble size where increased 
viscosity would yield a larger bubble size. 
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8. FUTURE WORK 
This work has with different aspects mainly focussed on the first steps of 
model development. These, however, may open up to possibilities of 
further model developments and consequent enhancement of products, 
which may lead to increased production economy. 
 
In the first part of this work, it was established that the substrate energy 
has a large effect on drying of o/w emulsion, and thus the film formation 
process, but the nature of the destabilisation mechanism provided by 
hydrophobic substrates needs further investigation. The potential 
influence of surface rheology on different aspects of film formations 
from emulsions (e.g. coalescence rate12, droplet deformations90). The 
effect of bulk viscosity is however less obvious. In Paper I an influence 
was suggested but Paper II showed little variation in film formation 
mechanism. Further, quantification regarding the difference in 
coalescence kinetics between emulsions of different rheological 
properties could be achieved by larger oil viscosity differences and 
systems displaying faster coalescence. It would also be interesting to 
study the effect of different non-ionic and anionic surfactants. The 
suggested work would demand complementary techniques to optical 
microscopy, for instance Raman spectroscopy which could allow the 
establishing of water content during different stages of the process.  
 
The results of Paper III touches the interesting question of in which 
phase the bubble actually forms in. It seems like the mechanism are not 
completely clear. Viscosity has an influence and it would be interesting to 
perform similar work but with different viscosities. Further, controlled 
gas flow, i.e. injected gas, would be necessary. With this, would the 
bubbles form at the interface or in one of the phases? With controlled gas 
flow, the influence of chemical reaction rate could be better quantified 
since it opens up to a wider range of gas flow rates. The influence of bulk 
and surface viscosities on the bubble formation would be interesting to 
study better.  
 
The result that has been reached in this work regarding slag foaming has, 
opened up to future projects to further develop the relationship between 
for instance the foam height fluctuation and the difference in gas 
generation rates. There is much left to arrive at a general model relevant 
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to dynamic conditions. For this, carefully controlled experiments would 
be needed where viscosity, surface tension, reaction rate (gas generation) 
have to be accurately determined. The use of models for the physical 
properties of the slags in evaluating results gives secondary results and 
hence viscosity and surface tension have to be experimentally measured.  
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