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Chapter 1 

Introduction 

'Phase reversal is probably the most puv.ling problem 
among the many puv.les emulsions have in store for us.' 
George M. Sutheim (Sutheim, 1946) 

1.1 The aim of this thesis 

Phase inversion is encountered in many processes involving emulsions or liquid
liquid dispersions(Jl. It may be a desired process, as a part of the manufacturing 
process of a certain product, or it may be an undesired process, seriously 
complicating the operation of manufacturing equipment if it occurs. Whether 
desired or undesired, control over the phase inversion process is essential to 
successful and profitable manufacturing. While there may be extensive empirical 
know-how on how to operate certain inversion equipment to meet the 
specifications, there is insufficient knowledge on the fundamental background of 
the inversion process. Very few scaling laws have been derived (see e.g. Yeh et a/. 
(1964); Tidhar et a/. (1986)), each with a rather limited applicability range. The 
lack of universal and versatile scaling laws describing the inversion point as a 
function of process and formulation parameters seriously limits the design of new 
equipment, or the processing of new products in existing equipment. 

Most of the existing fundamental knowledge on phase inversion focuses on the role 
of a surface active agent, or surfactant, on the preferred emulsion type. At least as 
important is the influence of the volume fraction on the emulsion type: in the 
industrial practice, phase inversion is often driven by an increase of the volume 
fraction of dispersed phase. This type of phase inversion is referred to as 
catastrophic inversion, as will be explained in section 2.4. Catastrophic inversion 
shows some peculiar characteristics, in particular hysteresis. Although noted 
already by Becher (1958), the background of hysteresis remains yet unclear. 

We hope this thesis can clarify some points in this puzzling field of emulsion 
science. It is our ultimate goal to build a predictive model for the catastrophic 
phase inversion point (expressed in terms of the volume fraction) as a function of 
process and formulation parameters. Since the nature of the 'forces' determining 
emulsion morphology has not yet been clearly identified, universality rather than 
accuracy will be the first priority in deriving such a model. 

<ll the difference between 'emulsions' and 'liquid-liquid dispersions' will be 
explained in section 1 .4 
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1.2 Some applications of phase inversion 

In order to give an overview of the various applications of phase inversion in the 
industrial practice, we have chosen three typical examples: the manufacturing of 
rosin emulsions, the manufacturing of butter and liquid-liquid extraction. These 
examples show phase inversion either as a desired or undesired process, in natural 
or man-made emulsions and dispersions. 

1.2.1 The manufacturing of rosin emulsions 

Rosin is a resinous material found in pine trees and is obtained either as exudate 
from living pine trees, as extract from stumps of cut down trees or as extract from 
raw pulp used in the paper industry (Shepherd, 1992). Its main components are 
cyclic terpene carboxylic acids, in particular abietic acid. For a brief overview of 
rosin chemistry, see appendix A. Rosin and its derivates are used in adhesives as a 
tackifier, which is a component intended to establish an immediate, but relatively 
weak bond between the contacted surfaces, after which the strong adhesion may be 
established in a certain time, by a polymeric component. 

Traditional adhesives were formulated on the basis of an organic solvent, in which 
both the tackifier and the polymer could be dissolved. Because of environmental 
and safety concerns, there has been and still is a tendency in favour of water-based 
products. Whereas water-based polymer latices could easily be found, providing a 
rosin tackifier on an aqueous basis was not a trivial problem. Most rosins and rosin 
derivates are solids at room temperature. Because of their extremely high viscosity, 
even at elevated temperatures, it is virtually impossible to disperse them directly in 
water by means of simple shear. One of the most practical solutions to overcome 
this problem is the inversion process, as depicted in figure 1 .1. A batch of rosin, 
plus a surfactant or surfactant mixture, is fed into an agitated vessel, to which 
water, or an aqueous solution, is added. A water-in-oil (W/0) emulsion is formed, 
which will after continuing addition of aqueous phase invert into an oil-in-water 
(0/W) emulsion. 

The average droplet size of the resulting emulsion is critical for its stability, with 
respect to both long-term storage and agitation. It is the key advantage of the 
inversion process that, under optimum formulation and emulsification conditions, 
the average droplet size of an 0/W emulsion obtained through inversion is much 
smaller than the average droplet size in 0/W emulsions prepared directly. Under 
sub-optimal conditions, however, the average droplet size of the 0/W emulsion 
produced by inversion may not meet the critical specification for stability. The 
inversion process itself may not even succeed within the operation limits of the 
emulsifying equipment. It is therefore of utmost importance to control the 
formulation and emulsification conditions under which the inversion is carried out. 
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figure 1.1: schematic representation of the inversion process in the manufacturing 
of rosin emulsions (gray: water, white: rosin) 

The stability criterion, in terms of a small average droplet size of the inverted 
emulsion, can often be met by increasing the concentration of surfactant. However, 
an increased surfactant concentration may affect the adhesive power of the final 
product. Hence, the formulation margins are set by the final adhesive's 
specifications. The control of the phase inversion process by means of the 
emulsification conditions is much more delicate. As indicated in section 1.1, there 
is some empirical knowledge on familiar types of equipment and product 
formulations, but very little basic knowledge on the phase inversion process itself. 

A demand for more fundamental insight in the phase inversion process has engaged 
Hercules B. V. at Middelburg, The Netherlands, manufacturer of rosin emulsions, 
to co-initiate and support a research project at the Laboratory of Colloid Chemistry 
and Thermodynamics at the Eindhoven University of Technology regarding phase 
inversion in emulsions. 

1.2.2 The manufacturing of butter 

Butter consists of - 80% fat and - 20% water, with fat being the continuous 
phase. It is formed out of milk, an 0/W emulsion containing - 5% fat. Clearly, a 
phase reversal must take place, but the transformation of milk into butter cannot be 
classified as a traditional phase inversion process. First of all, the phase reversal is 
not a single-step process. A highly simplified outline of the butter formation 
process is given in figure 1.2 (Mulder and Walstra, 1974) . 

As a first step, the milk 0/W emulsion is concentrated into cream, with a fat 
content of 35 -50%. The next step is churning: air is beaten into the cream under 
heavy agitation. It is the purpose of churning to provoke aggregation (clumping) of 
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the fat globules. In principle, the fat globules in milk are quite well stabilized 
against coalescence. The fat globule, consisting of liquid fat and a network of fat 
crystals, is surrounded by a membrane of mainly phospholipids, and protected by 
surface active proteins, such as casein. During churning, two mechanisms enhance 
the aggregation rate. In early stages of churning, the air bubbles beaten into the 
cream collect fat globules, a process similar to flotation. Through coalescence of 
the air bubbles, the fat globules at their interfaces are driven together. Once small 
grains are formed, grain-grain collisions will result in even larger grains. The 
efficiency of these collisions is greatly enhanced by the mechanism of partial 
coalescence (Boode, 1992; Walstra, 1996). Partial coalescence is caused by the 
solid fat crystals inside the fat globule. Edges of these crystals may protrude from 
the globules, in contact with the continuous water phase. Upon collision with 
another fat globule or grain, the crystal is wetted by liquid fat, causing the particles 
to stick together. 

Phase reversal is already initiated in the churning stage: the large butter grains 
form a continuous fat phase. The coiUlectivity of the fat phase is further enhanced 
during working. Working breaks the membranes of a fraction of the fat globules, 
releasing liquid fat. Another main effect of working is a decrease in the 
coiUlectivity of the water phase. While a large fraction of the water is drained 
during the working stage, some of the water is broken up into droplets, dispersed 
in the continuous fat phase. This process need not to be fully completed at the end 
of the working stage: a small fraction of the water in butter may remain 

• • • • 
separation .. • • • •• • • • • • • • • • • • • • • • • 

churning .. 
• • • •• • • • • • • • • • 

milk cream small grains 

churning .. 
draining 

working .. 
large grains butter 

figure 1.2: simplified representation of the formation of butter (adapted from 
Walstra and Mulder, 1974) 
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continuous. 

A second feature distinguishing butter formation from traditional phase inversion is 
the structure of final product. Butter is not a true W /0 emulsion, unlike for 
instance margarine. A large fraction of the fat phase is still present as undisrupted 
fat globules, some even surrounded by an intact water layer. Furthermore, fat 
crystals, remains of ruptured fat globules, small air bubbles and of course water 
droplets can be found. 

In spite of the differences between butter formation and phase inversion, there are 
still many parallels. Indeed true phase reversal occurs during churning and 
particularly during working. It is a notable feature of the multi-stage butter 
formation process that it separately shows the two essential steps of phase 
inversion: building up connectivity in the initial dispersed phase, and breaking the 
connectivity of the initial continuous phase. These two processes are not easily 
discerned separately in traditional phase inversion. We will see in chapter 8 of this 
thesis that the distinction of these two sub-processes is essential in revealing the 
mechanism of phase inversion. 

1.2.3 Phase inversion in liquid-liquid extraction 

Liquid-liquid dispersions are encountered in various industrial operations, of which 
liquid-liquid extraction is the most prominent one. The purpose of liquid-liquid 
extraction is to establish a separation, driven by the tendency towards equilibrium 
partition of one or more components over two liquid phases. A large contact area 
is preferred between the phases, to increase the repartitioning rate and hence the 
separation rate. 

Two main types of contactors are employed (Logsdail and Lowes, 1971): discrete 
stage contactors and continuous differential contactors. In discrete stage contactors 
the phases are subjected to a sequence of mixing and settling stages. By combining 
the phases before the mixing stage and separating them after the settling stage, the 
flow rate of both phases can be adjusted independently. The volume fraction can 
even be chosen independently of the overall flow rates by recirculating one of the 
phases from a settler back into the mixer of the same stage. A disadvantage of 
discrete stage contactors is that quite a number of mixing-settling sequences may be 
needed to establish the desired separation. 

In continuous differential contactors, a continuous counterflow of a dispersed and a 
continuous phase is established, offering a much better separation in one single 
stage. The driving force for the counterflow is a density difference between the 
phases, either in a gravity or a centrifugal field. Once the flow rate of one phase is 
chosen, the maximum flow rate of the other phase is fixed. Exceeding this flow 
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rate will result in flooding: the dispersed phase is rejected at its point of entry. 

In either type of contactor, liquid-liquid dispersions are found, their stability being 
a compromise between maximum contact area and easy separation. In contrast with 
the two preceding examples, where phase inversion was an essential part of a 
manufacturing process, phase inversion in liquid-liquid extraction is generally an 
undesired phenomenon, since the design of a particular contactors is based on the 
assumed identity of the dispersed and continuous phase. The morphology of the 
dispersion affects in particular two aspects: phase entrainment and the dispersed 
phase coalescence rate. 

Entrainment is a form of incomplete final separation, and is usually a result of 
secondary drops of continuous phase formed in the dispersed phase. These are 
smaller than the primary drops and take a longer time to settle. A liquid-liquid 
extraction setup may include a disentrainment unit to purify the originally dispersed 
phase (Logsdail and Lowes, 1971). The disentrainment unit is found at the outlet of 
either the lighter or the heavier phase, whichever is designed to be the dispersed 
phase. If phase inversion unexpectedly occurs in the contactor, the actual 
continuous phase will end up in the disentrainment unit, while the dispersed phase 
will remain unpurified. 

In liquid-liquid extraction, one or more components are transferred from one phase 
to another, either from the continuous phase to the dispersed phase or vice versa. 
Groothuis and Zuiderweg (1960;1964) reported that the direction of mass transfer 
notably influenced the coalescence rate of the dispersed phase,. provided the 
transferred component is able to lower the interfacial tension between the two 
phases. It was found that in the case of mass transfer from the dispersed phase to 
the continuous phase, the coalescence rate was much higher than in the case of 
mass transfer from continuous to dispersed phase. The coalescence rate will 
strongly affect the average droplet size, thus the total contact area and hence the 
overall transfer rate. It was indeed found that mass transfer from continuous to 
dispersed phase took place at a much higher rate than transfer in the other 
direction. Obviously, unexpected phase inversion would result in a significant 
change of the overall mass transfer rate. In the case of a transfer rate reduction, 
phase inversion is indeed a highly undesired phenomenon. 

1.3 A survey of this thesis 

As already mentioned in section 1.1, our ultimate goal is to derive a predictive 
model for catastrophic phase inversion. In order to do so, we first need to identify 
the forces that govern emulsion morphology, and second a conceptual framework 
for building a model. For that purpose, we have carried out a literature review on 
emulsion morphology and phase inversion, which is presented in chapter 2. We 
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have tried to give an overview of the development of thoughts on emulsion 
morphology. From the very earliest papers on the subject, two general approaches 
can be discerned: one focuses on the role of the surfactant, the other on the phase 
volume ratio. In retrospect, the distinction between the two approaches is very 
natural, since there are two fundamentally different types of phase inversion 
processes: transitional and catastrophic inversion. 

Transitional inversion has been traditionally interpreted in a thermodynamical 
framework: the preferred morphology of an emulsion appears to be closely related 
to the equilibrium distribution of the surfactant. Although this approach yielded 
some very practical models of reasonable accuracy, a fundamental interpretation of 
the preferred morphology proved to be incorrect. Coarse emulsions were 
considered to behave similarly to microemulsions, in which the morphology is 
determined by a natural curvature of the interface. The confusion between 
microemulsions and coarse emulsions proved to be even more prominent in the 
thermodynamical approach of catastrophic inversion: a variety of rather exotic 
models has been presented in the literature. One model, catastrophe theory, 
deserves our further attention: of all thermodynamic models, only catastrophe 
theory can in principle account for hysteresis, a very prominent feature of 
catastrophic inversion. 

A more fundamentally correct approach to emulsion morphology and phase 
inversion is based on the coalescence kinetics of the emulsion droplets. Following 
this approach, both transitional and catastrophic inversion can be interpreted within 
a single framework. However, a criterion for catastrophic inversion could not be 
formulated such that it accounted for hysteresis. In the transitional regime, where 
hysteresis does not occur, the critical factor was found to be the drainage velocity 
of the film formed between two colliding droplets. This drainage velocity proved to 
depend on the surfactant distribution over the phases. An extended analysis of the 
film drainage rate showed that the kinetic stability of some emulsions close to the 
catastrophic inversion point is comparable to the stability of surfactant-free liquid
liquid dispersions. Indeed, phase inversion in liquid-liquid dispersions shows 
catastrophic features. While a suitable criterion for catastrophic phase inversion 
could not be found in emulsion research, an kinetic analysis of phase inversion in 
liquid-liquid dispersions provided a basis for a predictive model. 

In chapter 3, the applicability of catastrophe theory will first be evaluated. The key 
element in catastrophe theory is a state parameter describing the morphology of an 
emulsion. Such a parameter had not been identified so far: catastrophe theory was 
suggested to be applicable to phase inversion solely on the basis of a number of 
typical features, particularly hysteresis. In chapter 3, we will follow two routes to 
investigate the applicability of catastrophe theory. The first approach involves 
fitting the model's predictions to experimental data, avoiding the morphology 
parameter. Reasonable fits can be achieved, but only at the cost of the introduction 
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of parameters of an obscure physico-chemical background. Towards a predictive 
model, this route therefore fails. As a second approach, we introduce the curvature 
of the interface as a morphology parameter. This choice can be justified on the 
basis of physico-chemical consideration. Indeed, catastrophic behaviour is predicted 
by the model, but only in a regime relevant to microemulsions, where the basic 
prepositions of catastrophe theory are not met. This analysis once more proves that 
coarse emulsions should in principle not be treated on the basis of equilibrium 
thermodynamics. 

In contrast to catastrophe theory, which provided a relatively simple, concise 
mathematical framework for modelling, kinetic modelling of phase inversion is 
rather complex. The phase inversion criterion is formulated on the basis of the 
kinetics of droplet dynamics, i.e. droplet breakup and coalescence. Modelling of 
these phenomena requires detailed knowledge of their subprocesses, e.g. droplet 
deformation or film drainage, and the hydrodynamic forces that rule these 
subprocesses. In order to provide the right tools to construct a predictive model, 
we have carried out another literature review, which is presented in chapter 4. 
Unlike the literature review on emulsion morphology and phase inversion, 
presented in chapter 2, it is not the purpose of this literature review to give an 
extensive overview on the field of research concerned. It rather aims at presenting 
the appropriate modelling tools in an appropriate context. This context will be 
restricted to agitated vessel, in agreement with our experimental setup in chapters 
5, 6 and 8. 

A first 'tool' to be introduced is a measure for the degree of agitation. The relevant 
quantity depends on the nature of the flow: in laminar flow, the shear rate i' is a 
suitable parameter, whereas in turbulent flow the turbulent energy dissipation rate e 
is generally used. The values of these two parameters can be estimated from 
macroscopic processing parameters, in particular the dimensions and rotational 
speed of the impeller. Next, a formalism to keep track of the droplet dynamics is 
needed. A population balance can be used to monitor the droplet size distribution. 
Finally, various models for droplet breakup and coalescence are reviewed. Much 
uncertainty remains on one particular parameter: the coalescence probability of a 
droplet pair. This parameter bears the essentials of transitional inversion, through 
the interfacial mobility. But regardless of the interfacial mobility, conventional 
models predict a coalescence probability approaching zero in the limit of large 
droplet sizes. This however would imply the impossibility of phase inversion, 
where droplets are expected to grow up to macroscopic sizes. Fortunately, there 
are a number of indications that the conventional models underestimate the 
coalescence probability for large droplets. Due to a lack of quantitative predictions, 
we will use the coalescence probability as an adjustable parameter in the 
comparison of model predictions and experimental data. 

In chapter 5, some of the tools presented in chapter 4 will be used to set up a 
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highly simplified kinetic model for phase inversion. The model is based on three 
main assumptions: a constant degree of agitation throughout the vessel, a 
monodisperse population balance and a certain choice of expressions for the 
breakup and coalescence rate, valid in the viscous regime. The coalescence 
probability is considered to be an adjustable parameter. Model calculations show a 
gradual increase of the stationary droplet size up to a critical volume fraction. At 
this volume fraction, the stationary droplet size steeply increases up to infinity. 
This volume fraction can be interpreted as the phase inversion point. Following the 
model's predictions, the inversion point is inversely proportional to the coalescence 
probability, but independent of the stirrer speed. We have compared the model's 
predictions to phase inversion experiments in a water/rosinlnonionic surfactant 
system. The experimental inversion point was found to increase with increasing 
stirrer speed and decreasing addition rate of the dispersed phase. These 
observations could be qualitatively explained by the bulk mixing being rate
limiting, a feature not accounted for in the model. 

In chapter 6, the same kinetic model is compared to phase inversion experiments in 
a water/n-hexane/nonionic surfactant system. Expressions for the breakup and 
coalescence rate in the inertial regime were chosen. Again, the inversion displayed 
itself in the model calculations as a steep increase in stationary droplet size. As in 
chapter 5, the predicted inversion point was found to be inversely proportional to 
the coalescence probability, and independent of the stirrer speed. The model also 
permits to monitor the instationary droplet growth, under a continuously increasing 
volume fraction dispersed phase. It was found that the droplet growth becomes 
rate-limiting close to the inversion point, causing an overshoot of the inversion 
point at high addition rates of dispersed phase. Experimental determination of the 
inversion point as a function of stirrer speed and dispersed phase addition rate 
confirmed the predicted trends qualitatively: the inversion point was found to 
increase with increasing dispersed phase addition rate, and to be independent of the 
stirrer speed (up to a certain value). However, the increase of the inversion point 
with increasing dispersed phase addition rate indicates a much larger delay time 
than predicted by the model. Introducing a delay time as a second adjustable 
parameter, the experimental date could be well described by the model. 

The kinetic model employed in chapters 5 and 6 is based on rather crude 
assumptions. In chapter 7, we will indicate how the model can be improved to 
match more realistic assumptions. The first restriction to be lifted is the 
monodisperse approach to droplet sizes. A discretized population balance is 
introduced into the model. The general conclusions remain the same: the phase 
inversion point appears as a steep increase in the stationary droplet size, and is 
inversely proportional to the coalescence probability. Only the value of the 
coalescence probability for which the predicted inversion points are in the order of 
the experimental values is approximately 3.4 times lower. This is attributed to the 
observation that not all droplets grow rapidly in size upon approach of the 
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inversion point, but only the largest ones. 

A second model refinement involves the inhomogeneous distribution of the degree 
of agitation over the vessel. We have implemented a two-zone mixing model into 
the polydisperse model. The mixing model consists of a high-agitation impeller 
region and a low-agitation circulation region. This model yields similar results with 
respect to the single-zone polydisperse model, except for two quantitative features: 
the droplet growth in time is slower, and at constant coalescence probability, the 
two-zone model predicts a lower inversion point. Both observations can be 
attributed to a more effective breakup in the two-zone model. In the last part of 
chapter 7, we will discuss the possibilities and restrictions of further model 
refmement. A critical point is the validation of the expressions for droplet breakup 
and coalescence. So far, we have only considered the inversion point in comparison 
of model predictions and experimental data. As the inversion point is a single 
outcome of many complex subprocesses, it is insufficient to validate individual 
model expressions. Experimental data on the actual droplet sizes upon approach of 
the inversion point are required for that purpose. The options for obtaining such 
experimental data are discussed. 

The kinetic interpretation of phase inversion, on which we have based our 
predictive models in chapters 5, 6 and 7, implies that the gain in connectivity of 
the initially dispersed phase is the critical factor in phase inversion. There is some 
experimental evidence reported in the literature that the opposite is the case: phase 
inversion is induced by the loss of connectivity of the continuous phase. In chapter 
8, we try to reveal more details regarding the exact mechanism of phase inversion. 
After a short literature review, we present some experimental data, indicating that 
indeed in some emulsions the breakup of the continuous phase is the critical factor 
in phase inversion. From the experimental data, we can distinguish four zones as a 
function of surfactant distribution. In zone I, phase inversion takes place at low 
volume fractions dispersed phase, and the rate-limiting factor is the growth of the 
dispersed phase droplets. In zone II, the breakup of the dispersed phase is the 
critical factor in phase inversion, which takes place at intermediate volume 
fractions. In zone III, emulsions are rather stable, and will invert only at high 
volume fractions. Finally, in zone IV, no phase inversion is practically found: at 
high volume fractions, these emulsions will form stable liquid-liquid foams. The 
kinetic model, presented in this thesis, is applicable only to zone I. Fortunately, 
this zone is most relevant to many phase inversion applications. 

1.4 Defmitions and nomenclature 

As it is obvious from the survey above, this thesis combines ideas from very 
different fields of research: the problem of phase inversion in emulsions, 
traditionally rooted in colloid chemistry, is tackled using chemical engineering 
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concepts. In such a situation, conflicting definitions and nomenclature are 
unavoidable. As far as the nomenclature is concerned, we have tried to maintain as 
consequently as possible the nomenclature of the existing literature. As a result, a 
number of symbols have different meanings in different sections of this thesis. To 
avoid too much confusion, we present a separate list of symbols with each chapter. 

As for the definitions, there is some inconsistency in the literature regarding the 
distinction between emulsions and liquid-liquid dispersions. A liquid-liquid 
dispersion is a mixture of at least two immiscible liquids, in which distinct regions 
of separate phases can be discerned on a molecular scale, but which can be 
considered more or less homogeneous from a macroscopic point of view. With a 
few exceptions, one of the phases displays connectivity throughout the whole 
mixture. This phase is the continuous phase, other phases are dispersed, and 
generally present in the form of droplets. Such mixtures are in principle unstable: 
the droplets tend to coalesce, and the phases will eventually separate. A mixture 
may however be dynamically stable under agitation, where droplet breakup 
counteracts coalescence. This type of stability is referred to as kinetic stability. 

In special cases one or more surface active agents may be present that increase the 
kinetic stability of the dispersion. Such dispersions are called emulsions. The 
surface active agents may be present by nature, such as proteins in milk, or they 
are added on purpose. There is a gradual transition and hence a sometimes vague 
distinction between emulsions and non-stabilized liquid-liquid dispersions. An 
impurity present in liquid-liquid dispersions may possess some surface activity, and 
cause some degree of kinetic stability. Such a dispersion is generally not considered 
an emulsion, if the surface active agent has not been added on purpose. 

In the literature, emulsions are often related to microemulsions. Microemulsions are 
micellar dispersions: the dispersed phase is included in aggregates of the surface 
active agent, the concentration of which is generally much higher than in regular 
emulsions. It is a distinct feature of microemulsions that they are 
thermodynamically stable, and appear as a single, transparent phase. They have 
nothing in common with regular or coarse emulsions, except that both can be 
considered liquid-liquid dispersions. Unfortunately, the term 'microemulsion' has 
been chosen to indicate a micellar liquid-liquid dispersion. It has caused 
considerable confusion in emulsion science, as will become clear in chapter 2. Our 
analysis regarding catastrophe theory in chapter 3 once more proves that 
microemulsions and coarse emulsions are not at all alike. 

According to the definitions above, emulsions are a form of liquid-liquid 
dispersions. However, in the course of this thesis, we will use the term liquid
liquid dispersions exclusively for unstabilized dispersions, i.e. those in which no 
surface active agent is present. 



Chapter 2 

Emulsion morphology and phase inversion: 
a literature review 

2.1 Introduction 

One of the most important characteristics of an emulsion is its morphology. An 
emulsion, consisting of two phases, may display some characteristics that can be 
interpreted as an average of the characteristics of the two separate phases, such as 
density or heat capacity (in general volume-related properties). It may as well 
display characteristics that are completely different from those of the constituting 
phases, such as viscosity, electric conductivity or electric permittivity (in general 
path-related properties). The latter are highly dependent upon the spatial 
organization of matter on a scale that is large compared to the molecular scale, but 
small compared to the scale at which the emulsion as a whole is usually 
considered. For stable emulsions, this length scale is in the order of 10·7 10·5 m, 
which is at the upper limit of a typical length scale for colloids, lQ-9 10-6 m 
(Hiemenz, 1986) or 10·9 

- 10·5 m (Russel et al., 1989). The spatial organization of 
matter in an emulsion is called its morphology. In this chapter, we will mainly 
consider two simple morphologies: oil-in-water (0/W) and water-in-oil (W/0). 

This chapter will try to give an overview of the development of thoughts on 
emulsion morphology since the beginning of the 20th century. Already the earliest 
concepts reveal a discord in the approach of emulsion morphology and phase 
inversion: some contributions almost exclusively focus on the role of the surfactant, 
while others stress in particular the influence of the phase voiume ratio. 

In the course of the present century, emulsions became a popular subject in colloid 
science, and a number of thermodynamic models were developed to describe the 
relationship between surfactant characteristics and emulsion morphology. This 
approach was quite successful from a practical point of view: the HLB concept, for 
instance, is still widely used as a rule-of-thumb to predict the preferred emulsion 
type produced by a certain surfactant. The effect of the phase volume ratio was at 
first disregarded by the majority of colloid scientists. Only fairly recently (Salager, 
1988), the two factors (surfactant type and phase volume ratio) were merged into a 
single framework. It was suggested that a particular choice of formulation variables 
(e.g. surfactant, temperature, salt content of the aqueous phase, polarity of the oil 
phase) would yield a preferred morphology. The actual morphology of an emulsion 
would be its preferred morphology, unless prevented by the phase volume ratio. 
Salager discerned normal emulsions, which adapt their preferred morphology, and 
abnormal emulsions, in which the phase volume fraction of the preferred 
continuous phase is too low, and hence adapt the non-preferred morphology. As a 
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result, there are two fundamentally different types of phase inversion: transitional 
inversion occurs when the preferred morphology changes (for instance as a result 
of the addition of salt to the aqueous phase), catastrophic inversion is a change 
from an abnormal to a normal emulsion or vice versa, and is induced by adding 
dispersed phase to a stirred emulsion. 

The 'traditional' thermodynamic models, developed in colloid science, apply to 
transitional inversion, which is generally a well-defined process. In catastrophic 
inversion, on the other hand, some remarkable phenomena were observed, which 
could not be well explained from a thermodynamic point of view. The catastrophic 
inversion point was found to be dependent on the emulsification conditions (Sasaki, 
1939) or the material of the emulsifying equipment (Davies, 1960; 1961), and 
displayed hysteresis (Becher, 1958). The study of catastrophic inversion in 
particular suffered heavily from the wide-spread confusion among scientists 
regarding microemulsions versus coarse emulsions. Concepts typical to the micro
emulsion regime were imposed on coarse emulsions, none of them able to account 
for the experimentally observed peculiar features of catastrophic inversion. One of 
these concepts, catastrophe theory, was until recently to be regarded as the 'state
of-the-art' in the modelling of catastrophic inversion. Of all thermodynamic models 
proposed on this subject, it is the only one accounting for hysteresis. It therefore 
deserves some further attention, and will be discussed in chapter 3. 

A completely different approach to emulsion morphology and phase inversion is 
based on the coalescence kinetics of the emulsion droplets. Emulsion morphology 
is seen as a result of 0/W and W /0 emulsions competing in • stability. The 
coalescence kinetics are determined by both the surfactant characteristics and the 
volume fraction of the droplets, and hence transitional and catastrophic inversion 
elegantly fit into one single framework. Both the emulsification method and the 
wetting of the material of the emulsifying equipment are expected to influence the 
competition between W /0 and 0/W stability, and thus their effect on the 
catastrophic inversion point can in principle be accounted for. 

However, a simple competition of 0/W and W /0 stability is not able to explain 
hysteresis. Another kinetic model, proposed for phase inversion in liquid-liquid 
dispersions, assumes that the existing morphology persists until the breakdown of 
its stability. Such a criterion can in principle explain hysteresis. It may seem 
dubious to relate the behaviour of liquid-liquid dispersions to the behaviour of 
emulsions, especially when dispersion stability is concerned. It has however been 
shown that under conditions close to the catastrophic inversion point, the 
coalescence behaviour of liquid-liquid dispersions and emulsions can be similar 
(Traykov and Ivanov, 1977). In chapters 5 and 6 we will show that a kinetic model 
can indeed be successfully applied to catastrophic phase inversion in emulsions. 
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The purpose of this chapter is to clarify the path that science has taken to tackle the 
problem of phase inversion and emulsion morphology. It is set up on a more or 
less methodological basis, and it marks especially the change from a 
thermodynamical viewpoint to a kinetic one, which is essential to a good 
understanding of the behaviour of coarse emulsions. 

2.2 Two early concepts 

The first contributions to the investigation of emulsion morphology date from the 
beginning of the 20th century. In the 191 Os, two completely different ideas 
emerged, one by Ostwald (1910), one by Bancroft (1913), which already mark the 
two different approaches to emulsion morphology that would develop in later years. 
These two concepts deal with emulsion morphology; the process of phase 
inversion, i.e. changing the emulsion morphology by some external action, was not 
yet considered scientifically. 

2.2.1 Stereometric model 

In 1910, Ostwald stated that the fraction of dispersed phase of an emulsion could 
not exceed a certain maximum, determined by closest packing of the emulsion 
droplets. For monodisperse, spherical droplets, the maximum fraction is 0.74. This 
model marks out three regions: 

volume fraction: 

'Pw < 1-<Pmax 
1-<Pmax < 'Pw < 'Pmax 

'Pw > 'Pmax 

stable emulsion type: 

W/0 
W/0 or 0/W 
0/W 

This model does not consider a possible effect of a surface active agent present in 
the emulsion. Neither does it give any indication about which morphology will 
appear for 1-<Pmax < 'Pw < 'Pmax· Note that this concept already indicates an 
ambivalence range, as observed in phase inversion experiments. 

2.2.2 Bancroft's rule 

A completely different concept was Bancroft's rule from 1913: 'a hydrophile 
colloid will tend to make water the dispersing phase, while a hydrophobe colloid 
will tend to make water the dispersed phase.' This concept links the affinity of a 
surface active agent for both phases to the emulsion morphology. Any influence of 
the phase volume ratio is not taken into account. It can however intuitively be 
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assumed that the indicated 'tendency' will not be followed if the volume fraction of 
the potential continuous phase is too low. Unlike Ostwald's stereometric model, 
Bancroft's rule does not predict any hysteresis effects. 

2.3 Thermodynamic emulsion morphology models based on Bancroft's rule 

A large class of emulsion morphology models has been developed by colloid 
scientists on the basis of Bancroft's rule. The basic assumption underlying these 
models is that the phase in which the surfactant is most soluble tends to be the 
continuous phase. Neither of the models is particularly concerned with the effect of 
the volume phase ratio on emulsion morphology. In most cases,' it is implicitly 
assumed that the volume phase ratio is not too far from unity, such that the 
tendency indicated by Bancroft's rule is always followed. As far as the present 
section is concerned, we will go along with this implicit assumption. 

Bancroft's rule of emulsion morphology leaves us with two basic questions: first, 
what is the physico-chemical explanation of the tendency of surfactants to make the 
phase for which they have the highest affinity the continuous phase, and second, 
which properties of a surfactant determine its affmity for a particular phase. The 
answer to the first question gives a fundamental insight in the processes that govern 
emulsion formation and stability. The answer to the second question would allow 
us to predict what morphology to expect using a certain surfactant, and is therefore 
of great practical use. In this section we will first introduce a thermodynamical 
interpretation of the background of Bancroft's rule, followed by an overview of 
models linking surfactant properties to its affinity for a particular phase. 

2.3.1 The explanation of Bancroft's rule in a thermodynamic framework 

A first explanation of Bancroft's rule was given by Bancroft (1913) himself. The 
surfactant film at the oil/water interface is to be considered as a separate phase. 
The interfacial tensions at the surfactant/water and oil/surfactant interfaces may 
have different values. A hydrophilic surfactant will tend to wet the water/surfactant 
interface better than the oil/surfactant interface. Hence the interfacial tension on the 
water side of the surfactant phase will be lower than that on the oil side, and the 
interface will tend to bend convex with respect to the water phase. 

The questionable point in this explanation is the interpretation of the interface as a 
separate phase. While a middle phase, or surfactant phase, may occur in a 
surfactant/oil/water (SOW) system, this is considered a special case (Winsor III 
behaviour, see section 2.3.2) and not applicable to emulsions in general. And 
particularly those cases where a surfactant phase does occur, correspond to 
balanced conditions, where the interface does not have a tendency to curve. 
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Furthermore, an interfacial tension at the oil/water interface can be measured, and 
can be related to the surfactant adsorption at that interface, regardless of the 
direction from which the interface is approached. 

While the interpretation of the oil/water interface as a separate phase is far from 
reality in most cases, a relationship between the strength of the surfactant-solvent 
interaction and a curving tendency of the interface seems plausible. In 1916, 
Langmuir pointed out that a presumed wedge-like shape of surface active molecules 
at an oil/water interface may give rise to a preferred curvature of the interface. 
This concept was worked out in detail by Israelachvili (1992). A 'packing 
parameter' is introduced, based on the different interactions between parts of the 
surfactant with other surfactant molecules or molecules from the oil and water 
phases, determining the 'packing shape' of these surfactant molecules. Hydrophilic 
surfactants are characterized by a very strong hydration of the hydrophilic 
headgroup, which limits the packing of surfactant molecules at the water side of the 
interface. The surfactant molecules can be considered cone shaped, and will tend to 
bend the interface convex towards the water phase. Hydrophobic surfactants are 
characterized by a strong oil penetration between the hydrophobic tails, limiting the 
packing of the surfactant molecules at the oil side of the interface. The surfactant 
molecules can be considered wedge shaped and will tend to bend the interface 
convex towards the oil side. 

Israelachvili's concept was proposed to describe self-assembling structures in 
surfactant solutions, such as spherical and cylindrical micelles, hexagonal, cubic or 
lamellar phases. When applied to water/oil/surfactant systems, it can describe the 
formation of swollen micelles or microemulsions. In a later paper, Israelachvili 
(1994) suggested that the concept can also be applied to the formation of emulsion 
droplets, being consistent with Bancroft's rule. 

2.3.2 Winsor type 

A first attempt to systematically classify 'hydrophilic' and 'hydrophobic' surfactants 
was presented by Winsor in 1948. The key parameters governing the affmity of a 
certain surfactant are the interaction energies of the hydrophilic and lipophilic parts 
of the molecule with the aqueous and organic phases. To identify surfactants 
according to these interaction energies, Winsor defined the R-ratio: 

R 
A +A 

Heo Leo (2.1) 
A +A 

Hew Lew 

Here Aco represents the interaction energy between the surfactant (C) and the oil 
phase (0), which can be divided into a hydrophilic contribution AHco and a 
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lipophilic one ALco· Likewise, Acw represents the interaction energy between the 
surfactant and the water phase (W), with AHcw and ALcw the hydrophilic and 
lipophilic contributions respectively. 

On the basis of the value of R, various types of behaviour can be distinguished: 

type I: 

type II: 

type III: 

type IV: 

R < 1 
An aqueous phase, containing surfactant and solubilized oil, is in 
equilibrium with an almost pure organic phase. This system tends to 
form 0/W emulsions. 
R > 1 
An organic phase, containing surfactant and solubilized water, IS m 
equilibrium with an almost pure aqueous phase. This system tends to 
form W /0 emulsions. 
R = 1 
Almost pure organic and aqueous phase are in equilibrium with a 
third phase, containing most of the surfactant and solubilized oil and 
water. This system may form either W /0 or 0/W emulsions. 
R = 1 
All three components are mutually solubilized and form one single 
phase. No (coarse) emulsions are formed. 

The R-ratio alone is not sufficient to distinguish between type III and type IV 
systems. If both Aco and Acw are relatively low, type III systems are most likely to 
occur. If both interaction energies are high, type IV systems may be found. 

The Winsor type concept links surfactant properties (the interaction energies Au) to 
phase behaviour and emulsion morphology. However, the values of these 
interaction energies can not be obtained, neither by calculation, nor by experiment. 
Therefore, the Winsor concept can only be applied qualitatively to classify 
surfactants in their degree of hydrophilicity or hydrophobicity. 

2.3.3 Hydrophilic-Lipophilic Balance (HLB) 

The problem of surfactant affinity for aqueous or organic phases was first tackled 
in a more quantitative way in 1949 by Griffin, who introduced the concept of 
hydrophilic-lipophilic balance (HLB). The HLB scale is taylor-made to a certain 
class of surfactants, the ethoxylated nonionics. It is defined as: 

HLB = wt%E 
5 

(2.2) 

where wt% E represents the weight percentage of oxyethylene in the surfactant. 
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Division of the weight percentage by five is rather arbitrary, and was done for 
convenience of handling smaller numbers. High HLB values correspond to Winsor 
R < 1, low values to R > 1. Approximately equal affinities (R ""' 1) are found 
for HLB ""' 10. The fact that this value is right in the middle of the HLB scale 
(corresponding to 50 wt% oxyethylene) is only coincidental. 

Another formula was suggested by Griffin (1954) to calculate HLB values of ester
type nonionic surfactants: 

(2.3) 

where S is the saponification number and A is the acid number of the acid moiety. 
Although Eq. 2.3 is not necessarily restricted to ethoxylated nonionics, it proved to 
be quite inaccurate for certain other classes of ester-type surfactants. 

Although the accurate calculation of HLB values is only possible for a limited class 
of surfactants, HLB values of other surfactants can be determined empirically. 
Emulsifying behaviour of a surfactant of unknown HLB is compared to emulsifying 
behaviour of mixtures of surfactants of known HLB. The unknown HLB can then 
be calculated if the HLB of the mixtures is assumed to be weight-additive. Mixing 
a surfactant of unknown HLB with one of known HLB also allows the 
determination of HLB values outside the range 0-20. By this method it was found 
for instance that the HLB of Sodium Dodecyl Sulfate (SDS) is approximately 40. 
However, the assumption of weight-additivity of the HLB does not generally hold, 
especially not if the chemical nature of the mixed surfactants is very different. 

The Hydrophilic Lipophilic Balance was the first concept to quantify the affinity of 
surfactants and therefore the preferred morphology of the emulsion. Because of the 
empirical determination of the HLB number from emulsification experiments, the 
HLB is applicable in principle to all emulsifying agents, and is directly related to 
emulsion properties. A disadvantage is the fact that only for ethoxylated nonionics 
there is a link between the HLB and the molecular structure of the surfactant. 
Furthermore, the experimental determination of the HLB is rather complex, time 
consuming and not very well standardized. 

2.3.4 HLB group numbers 

The assumed weight-additivity of the HLB in surfactant mixtures was extended by 
Davis (1957) to additivity of the contribution of groups of the surfactant molecule 
to the HLB: the HLB group numbers concept. Each characteristic group of a 
surfactant, hydrophilic or hydrophobic, contributes a group HLB number to the 
total HLB of the surfactant. These group numbers can be derived from comparison 



20 Chapter 2 

of HLB values within one class of surfactants. See table 2.1 for some examples. 
The HLB of a surfactant is calculated according to: 

HLB 7 \' hydrophilic \' lipophilic 
+ L,; group numbers - L,; group numbers 

(2.4) 

Eq. 2.4 allows rapid determination of the HLB of a surfactant from its molecular 
structure. It provides a quantitative measure for the influence of functional groups 
in the surfactant molecule on its interactions with aqueous or organic phases. For 
many common surfactants, the HLB calculated from group numbers does not differ 
significantly from experimentally obtained values. For surfactants with a more 
complex structure, however, the contributions from various functional groups are 
no longer additive. Large, bulky groups for instance may influence the solvent 

hydrophilic groups HLB group number 

- so
4

- Na+ 38.7 

-coo-K+ 21.1 

-coo- Na+ 19.1 

- S03 Na+ - 11 

- COO - (sorbitan ring) 6.8 

- COO - (free} 2.4 

- COOH 2.1 

- OH (free} 1.9 

- 0- 1.3 

- OH (sorbitan ring} 0.5 

- ( CH2 CH2 - 0 ) - 0.33 

lipophilic groups 

- CH- 0.475 

- CH2 0.475 

- CH3 0.475 

CH- 0.475 

table 2.1: HLB group numbers (adapted from Davies, 1957) 
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interaction of other, nearby groups. An example can be seen in table 2.1, where 
the group number for a free hydroxyl group differs significantly from the 
contribution of one in a sorbitan ring. Another source of inaccuracy is the presence 
of impurities, if the HLB is calculated on the basis of the molecular structure of the 
main component(s). But in spite of its inaccuracies, the HLB is still a popular 
method to quickly classify surfactants and predict emulsion morphology. 

2.3.5 Phase Inversion Temperature (PIT) 

Phase inversion in emulsions caused by change of the temperature was first 
reported by Reynolds (1920). Other investigations on this subject are reviewed by 
Becher (1965). Shinoda and Arai (1964) reported a correlation between the phase 
inversion temperature in emulsions containing nonionic surfactants, and the cloud 
point of those surfactants. A correlation between phase inversion temperature and 
HLB of the surfactant was reported by Shinoda and Saito (1969). The Phase 
Inversion Temperature (PIT) was then proposed by Shinoda and Kunieda (1983) as 
a classification method for (nonionic) surfactants. 

Shinoda and Kunieda interpreted the PIT within the framework of surfactant 
affinities for the two phases of an emulsion. The affinities of nonionic surfactants 
for an aqueous phase decreases with increasing temperature: a surfactant being 
hydrophilic at low temperatures, may become predominantly hydrophobic at higher 
temperatures. The intermediate temperature, at which the affinity of the surfactant 
for both phases is equal, is the PIT. This interpretation is fully consistent with 
Bancroft's rule, the Winsor concept and to a certain extent also with the HLB 
concept. 

All the previously mentioned ideas are linked by a reference state of a 'balanced 
formulation': the surfactant having equal affinities to both phases. This state 
corresponds toR z 1, T = PIT, and at room temperature also to HLB z 10. It is 
one of the most important shortcomings of the HLB concept that it was set up only 
for room temperature. At other temperatures, one could either correct the HLB 
value of the surfactant itself (which would then no longer be a pure surfactant 
property), or set the balanced state for a particular system to a value HLB -;e. 10. 

While the HLB is a swjactant property, the PIT is an emulsion property. The latter 
is therefore a scale always relative to the balanced conditions. At T < PIT, a 
nonionic surfactant will be hydrophilic, at T > PIT hydrophobic, regardless of the 
composition of the aqueous and organic phases. However, the strongest advantage 
of the PIT over the HLB is the easy experimental determination: instead of making 
a comparison series of emulsions, just one emulsion should be heated or cooled. A 
major disadvantage of the PIT concept is its inapplicability to ionic surfactants. The 
temperature dependence of the hydrophilic/hydrophobic character of these 
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surfactants is much less pronounced than in case of nonionics, and may even be 
opposite (surfactants becoming more hydrophilic as temperature increases). 

2.3.6 Surfactant Affinity Difference (SAD) 

Aside from the temperature, there are other so-called formulation variables that 
affect the surfactant distribution over the phases and therefore the emulsion 
morphology. Salager (1988) reviewed the influence of formulation variables on the 
Surfactant/Oil/Water (SOW) ternary phase diagram; the relevant formulation 
variables were found to be: 
(1) the salinity of the aqueous phase, 
(2) the polarity of the oil, expressed by the Alkane Carbon Number (ACN) or 

Equivalent Alkane Carbon Number (EACN), 
(3) the hydrophilicity/hydrophobicity of the surfactant, e.g. expressed by its 

HLB value, 
(4) the concentration and type of an alcohol (cosurfactant), 
(5) the temperature. 

All these factors influence the interaction between the surfactant and the phases of 
the emulsion. This interaction is thermodynamically expressed by the chemical 
potential of the surfactant in the water and oil phases. For a nonionic surfactant 
these are: 

(2.5) 

(2.6) 

where /1-; is the chemical potential, f-t~ the standard chemical potential, X; the molar 
fraction and 'Y; the activity coefficient of the surfactant in the aqueous (subscript w) 
or organic (subscript o) phase. It is practical to define f-t • and 'Y on the basis of an 
asymmetric convention (Denbigh, 1981), such that 'Y;- 1 as X;- 0. 

The standard chemical potential of the surfactant in one of the phases is an 
indication for the affinity of the surfactant for that phase: a low standard chemical 
potential corresponds to high affinity and vice versa. Salager (1985) introduces a 
variable called the Surfactant Affinity Difference (SAD), with the affinity taken as 
the negative standard chemical potential: 

(2.7) 

From Eqs. 2.5 to 2.7, and the equilibrium condition f-to = f-tw, it follows that: 
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SAD = RT In xo Yo 
Xw Yw 

23 

(2.8) 

At balanced conditions, three phases usually coexist: a middle phase contammg 
most of the surfactant in equilibrium with excess aqueous and organic phases 
containing almost no surfactant (Wade et al., 1979). Because xw and X0 are very 
low, the activity coefficients 'Yw and 'Yo may be considered equal to unity. The SAD 
is now directly related to the surfactant distribution over the phases, and therefore 
to the emulsion morphology. SAD ::::: 0 corresponds to the balanced state, 
SAD > 0 to a predominantly hydrophobic character of the surfactant, hence a 
preference for W /0 emulsions. Likewise, SAD < 0 indicates a preference for 
0/W emulsions. 

The SAD-concept allows to explain the 
influence of formulation variables on 
the surfactant distribution on the basis 
of J.I-

0
• and J.l-w•. If the relevant 

fonnulation variable is the concen
tration of an extra component in the 
aqueous or organic phase (e.g. an 
electrolyte or a cosurfactant), its 
influence on the chemical potential of 
the surfactant should be accounted for 

~w· 

0 [electrolyte J 
SAD-+ 

in J.I-~, and not, as usual, in 'Yi· In other figure 2.1: standard chemical potentials 
words, the aqueous or organic phase as a function of electrolyte concentration 
should be considered as a single com-
ponent, including the surfactant. For instance, addition of salt to the aqueous phase 
would in principle increase 'Yw by a factor f ( > 1). Instead, RT In f will be added 
to J.I-: . The resulting effect is shown in figure 2.1. 

The effect of temperature can be explained as well. From the fundamental 
thermodynamic equation: 

dG = - S dT - V dp + L ~i dni (2.9) 

it follows that: 
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(2.10) 

where S; is the partial molar entropy of i. From Eqs. 2.5 and 2.6 it follows that: 

[ a~;] . - = - S. - Rlnx.y. = - S aT 1 1 1 I 

p,ni,nj 

(2.11) 

where S;* represents the partial molar entropy of i under standard conditions, as 
defined by the appropriate convention. 

It can now be derived that: 

asAD = s· _ s· 
0 w aT 

(2.12) 

with .11s:_.w the change in partial molar entropy, when the surfactant is transferred 
from an organic phase to an aqueous phase. For nonionic surfactants, the major 
entropic contribution to such a transfer is the strong hydration of the hydrophilic 
(e.g. oxyethylene) groups. This is a negative contribution to AS:_.w , hence 
aSADJaT > 0 for nonionic surfactants. For ionic surfactants, the decrease in 
entropy due to the hydration of the headgroup is counterbalanced or even 
outweighed by the dissociation of surfactant, a positive contribution to .llS:_.w· 
Therefore, aSADiaT 5 0 for ionic surfactants. This is in agreement with the 
experimental results of Anton et al. (1993), who found that nonionic surfactants 
become more hydrophobic with increasing temperature, whereas ionic surfactants 
tend to become more hydrophilic. 

As long as there are no anomalies in the relation between X; and ')';, the SAD can 
adequately describe the surfactant distribution. The influence of any formulation 
variable is accounted for, since it must either affect f-tw• or fJ-0 •• From the surfactant 
distribution, the emulsion morphology can be predicted following Bancroft's rule. 

2.3. 7 Evaluation 

All concepts discussed in this section share that they relate the surfactant 
distribution to a state of so-called 'balanced formulation'. Emulsion morphology 
can be predicted in terms of conditions 'worse' or 'better' than balanced. A 
comparison of all models discussed here is given in table 2.2. 
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number of phases 2 3 2 

morphology 0/W M W/0 

Winsor type Ill II 

Winsor R < 1 1 > 1 

HLB > 10 10 < 10 

PIT T < PIT T =PIT T >PIT 

SAD < 0 0 > 0 

table 2.2: comparison of models 

Some of the models are purely phenomenological (HLB group numbers, PIT) , 
others have a theoretically foundation (Winsor R, SAD) . Some variables can be 
quickly calculated (HLB group numbers) or determined experimentally (PIT: easy, 
HLB: difficult), other variables require empirical correlations (Winsor R , SAD). 
The older concepts tend to describe the surfactant itself (Winsor R, HLB), newer 
concepts incorporate the whole emulsion system (PIT, SAD). Of all concepts, the 
SAD is the most versatile and fundamental one: the chemical potential of a 
surfactant in a solution is the basis of its thermodynamical properties. In practice, 
however, the HLB is still a very popular method to classify surfactants. In cases 
where the HLB is not accurate enough, the PIT may provide useful information 
that can be obtained without too much experimental work, although sometimes the 
experimental effort is even further minimized, and only a cloud point is provided 
(this requires only one of the two phases), as an indication for the PIT. 

2.4 Transitional and catastrophic inversion 

Following Bancroft's rule, the particular choice of a surfactant for a certain oil
water system under certain conditions defines a preferred emulsion morphology. 
The preferred morphology can change, as a result a changing affinity of the 
surfactant for the aqueous and/or organic phase. As a consequence, phase inversion 
will occur. However, Bancroft's rule indicates a tendency of an emulsion to assume 
its preferred morphology, which is not necessarily followed in all cases. Bancroft' s 
rule does not incorporate the influence of the phase volume ratio. Considering the 
stereometric rule of thumb by Ostwald, non-preferred emulsion morphologies can 
be expected in cases where the volume fraction of the preferred continuous phase is 
too low. This defines another type of phase inversion: a transition between 
preferred and non-preferred morphology. 



26 Chapter 2 

Let us first discuss the first type of phase inversion, involving a change of the 
preferred morphology of the emulsion. Such a system will pass through a region of 
balanced formulation, where a third phase may separate (Winsor III). The emulsion 
morphology in this region is rather undetermined. According to Winsor (1948), 
0/W as well as W /0 may be found . More recent experimental work by Salager et 
al. (1982) has shown that when crossing the inversion region, the conductivity of 
the emulsion changes considerably, but continuously. The viscosity of the emulsion 
changes continuously as well, going through a minimum in the inversion region . 
Both observations seem to indicate the existence of an intermediate morphology, 
somewhere between 0/W and W/0. Shinoda and Kunieda (1983) suggest that in 
this region a microemulsion is formed, perhaps with a bicontinuous morphology. 
Indeed, the interfacial tension at balanced formulation is very low, which may 
explain the existence of a micro-emulsion at relatively low concentrations of 
surfactant. 

The second type of phase inversion can be induced by increasing the volume 
fraction of the dispersed phase. Because of the increase in volume fraction, the 
viscosity of the emulsion will also increase. It will increase dramatically shortly 
before phase inversion, and drops again immediately thereafter. The change in 
conductivity upon passing the phase inversion point is drastic . These observations 
indicate that there is no transition state going from 0 /W to W/0 or vice versa. To 
indicate the contrast between both types of phase inversion, Salager (1988) 
introduces the terms transitional and catastrophic phase inversion. Transitional 
inversion is the gradual inversion process upon changing the surfactant distribution 
over the phases. Catastrophic inversion is the discontinuous type of inversion 
induced by increasing the volume fraction of dispersed phase. The term 
catastrophic was chosen, because this type of inversion seemed to obey the so
called catastrophe theory, which will be discussed briefly in section 2.5.2, and 
more extensively in chapter 3 . 

If the concentration of surfactant is not 
too high, there are basically only two 
factors governing the emulsion 
morphology: the surfactant distribution, 
expressed by the thermodynamic 
quantity (~-t>~-t~) (see section 2.3.6), 
and the volume fraction of one of the 
two phases (Salager, 1988) . Figure 2.2 
shows the phase inversion locus in a 
plot of the equilibrium surfactant 
distribution vs. the volume fraction of 
the aqueous phase. Transitional 
inversion takes place in the central part 
of the plot. The inversion line is nearly 

W/0 I 
iC 

0 
:::i. 
I 0 

I 
0/W 

0 
<I' water 

figure 2.2: factors governing emulsion 
morphology 
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horizontal: at moderate volume fractions, emulsion morphology is almost 
exclusively determined by Bancroft's rule. Of special interest are the upper right 
and lower left corners, where emulsions adapt their non-preferred morphologies. 
Salager calls these emulsions abnormal emulsions, as opposed to normal emulsions, 
whose morphology is consistent with Bancroft's rule. Transitions between normal 
and abnormal emulsions are cases of catastrophic inversion. The two catastrophic 
inversion lines are nearly vertical: the SAD hardly affects the catastrophic inversion 
point, provided the SAD is far enough from zero. 

Apart from the characteristics in figure 2.2, there is another striking difference 
between catastrophic and transitional inversion. The transitional inversion point is 
not affected by any other parameters than formulation variables . With the emulsion 
system completely characterized thermodynamically, the transitional inversion 
curve is known, and the inversion process itself is reversible. The catastrophic 
inversion curve, on the other hand, can be considerably affected by emulsification 
parameters, such as the degree of agitation, the geometry and material of the vessel 
and the addition rate of dispersed phase . Furthermore, catastrophic inversion is not 
reversible: it shows history dependence and hysteresis. 

The thermodynamic models discussed in section 2 .3 exclusively deal with 
transitional inversion. In the next section, we will discuss some thermodynamic 
models proposed for catastrophic inversion. 

2.5 Thermodynamic models for catastrophic inversion 

Modelling catastrophic inversion is not an easy task. Apart from describing the 
influence of the phase volume ratio on the emulsion morphology, a sophisticated 
model should in principle be able to describe all experimentally observed features. 
Among the most outstanding features are hysteresis (Becher, 1958) and the 
dependence of the inversion point on the emulsification method (Sasaki, 1939) and 
the material of the emulsifying equipment (Davies, 1960; 1961). Unlike transitional 
inversion, catastrophic inversion has not had much attention from colloid scientists 
until the 1980's. Whereas the theory on transitional inversion developed and is still 
developing as a sequence of more and more versatile concepts consistent with each 
other up to a high degree, the various ideas raised to explain catastrophic inversion 
are not at all related and often far-fetched or even contradictory . They will be 
discussed in this section. 

2.5.1 Stochastic model 

Within the ambivalence range of emulsion morphology, either W 10 or 0 /W 
morphologies may be found, depending among others on the emulsification 
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conditions (Sasaki, 1939). Under certain conditions, the outcome of a morphology 
experiment seems to be a stochastic one: the chance of finding an 0/W morphology 
increases gradually from zero at the low 'Pwater end to one at the high 'Pwater end of 
the ambivalence range, describing an S-shaped curve. This type of behaviour was 
observed experimentally by Ross and Kornbrekke (1981). 

Ross and Kornbrekke interpreted the phase inversion process to be ruled by 
statistical laws rather then deterministic ones. They developed a model for 
emulsion morphology, based on statistical mechanics. As a first approximation, 
they considered pure liquid-liquid dispersions, with no emulsifier present. The 
canonical partition function of a system consisting of two immiscible liquids A and 
B is given by: 

( E ) Z = L exp --
scates kT 

(2.13) 

By definition of a canonical system, the volume of the system and the number of 
molecules therein are fixed. The summation is carried out over the distribution 
states of the liquid molecules within the volume, and E represents the energy level 
of a particular state. All possible states are to be accounted for, which includes 
both mixed and unmixed states, and within the former both AlB and B/ A 
morphologies. Let E0 be the energy level of the unmixed state, then the energy 
level of any mixed state can be represented by E = Eo + aA, since only a 
surfactant-free liquid-liquid dispersion is considered. A represents the interfacial 
area of a mixed state, and a is the interfacial tension. 

Substituting this expression in Eq. 2.13, it can be derived: 

( 
E0 + a A l ( a A ) Z = L exp - kT = Zo exp - kT 

(2.14) 

On the basis of Eq. 2.14, the chance of finding a certain morphology can be 
calculated by: 

1 + exp ( a k~A ) 
(2.15) 

and: 
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PBJA 
1 

( 
a LlA ) + exp - ----;;r 

(2.16) 

where LlA = ANB - A81A represents the difference in area between the AlB and 
BIA states. 

Following Eqs. 2.15 and 2.16, P NB describes indeed an S-shaped curve as a 
function of LlA. Ross and Kornbrekke now show that there is a linear relationship 
between LlA and <f'A, under the assumption that the average droplet sizes in A/B 
and B/A emulsions are independent of <f'A (but not necessarily identical): 

LlA = (a+~)q>A- ~ (2.17) 

where: 

3 (VA+ VB) 
(2.18) a = 

RA 

and: 

~ 
3 (VA+ VB) 

(2.19) 
RB 

VA and V8 are the volumes of phases A and B, and RA and R8 the average radii of 
A and B droplets respectively. 

When calculating the S-shaped curve according to Eqs. 2.15 or 2.16, Ross and 
Kornbrekke found that P NB changes from one to zero over a LlA range in the order 
of only 10- 18 m2 around zero. Translating this range to volume fractions, assuming 
reasonable values for RA and R8 , this would correspond to a very sharp inversion 
point, i.e. not in agreement with the experimentally found ambivalence range over 
15 - 25 vol%. This issue was resolved by substituting the temperature T in Eqs. 
2.13 to 2.16 by the kinetic equivalent temperature T*: 

T' = 
-z 

mu 

3k 

From Eqs. 2.15, 2.16 and 2.20 can be derived: 

(2.20) 
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(2.21) 

This equation showed good agreement with experimental results. However, the 
analysis by Ross and Kornbrekke requires some criticism. A first, relatively minor 
point is the derivation of Eqs. 2.17 to 2. 19: it should not only be assumed that the 
average droplet size is independent of the volume fraction, but also that de droplet 
size distribution is very close to monodisperse. 

A more serious flaw can be found in Eq . 2.14. Not only is the partition function 
related to the urunixed state, giving a constant contribution Z0 to all states, but also 
an average area A is apparently assigned to all states: 

[ 
E0 + a A ) [ a A ) Z = L exp - = Z0 exp --

sUJtes kT kT 
(2.22) 

The last step is a very dubious one: a correct formulation of the partition function 
requires summation over all possible states, which includes in this particular 
example the state of two separate phases, states of A and B ideally mixed on a 
molecular level and everything in between. Since these states differ several orders 
of magnitude in their interfacial area, the introduction of an average area for all 
AlB or B/ A states respectively cannot be justified. While it can be argued that 
states of very high interfacial area yield a nearly negligible exponential term, there 
are very many of such states, and the summation may result in a significant 
contribution. 

In appendix B we present a more rigorous analysis regarding the statistical 
mechanical aspects of emulsion morphology. Although this approach gives 
interesting results, such a statistical mechanical model will not be able to predict 
the various features of catastrophic phase inversion. First of all, it does not clarify 
the relationship between the morphology ambivalence (P AlB versus PB1A) and the 
actual catastrophic inversion point. How small should P AtB be in order to invert an 
existing A/B emulsion ? According to the theory, P AtB will never reach exactly 
zero. For practical reasons, Smith and Lim adopted, somewhat arbitrarily but 
nevertheless realistically, a criterion of P = 0. 9 to obtain the hysteresis lines . And 
while there is some variation in the catastrophic inversion point, the reproducibility 
is mostly well within the ambivalence range. Secondly, experimentally observed 
P AlB and PBtA can be considerably influenced by the way of mixing both phases, a 
feature not accounted for by the statistical mechanical theory (except by means of u 
in the more versatile model in appendix B). Sasaki ( 1939) already showed that 
various methods of hand shaking of test tubes produced different preferred 
morphologies. 
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Both shortcomings of the model originate from the assumption that the phase 
inversion process itself is of a stochastical nature. Rather, we believe that mixing 
and agitation within an emulsion, essential to catastrophic inversion, is responsible 
for the stochastic outcome of phase inversion experiments. Under well defined 
emulsification conditions, the variation in morphology should be reduced 
significantly, although it is impossible to control from a macro level the shear field 
around individual droplets completely. Note that the morphology data, used by 
Ross and Kornbrekke to fir their model, were based on hand shaking experiments. 

In principle, it would be possible to describe the stochastic aspects of agitation 
within a statistical mechanical framework for phase inversion in dispersion. Such a 
treatment would require a detailed description of the dynamic interfacial energy of 
droplets interacting with the flow, especially during breakup and coalescence 
processes. This is an extremely complicated task, and we believe that breakup and 
coalescence, and their effect on dispersion morphology, are better described within 
a kinetic framework, as will be suggested in section 2. 7. 

2.5.2 Catastrophe theory 

Catastrophic phase inversion, compared to transitional phase inversion, displays 
some remarkable features: 
(1) bimodality 

the emulsion can exist as 0/W or as W /0 
(2) inaccessible behaviour 

within the two phase region, there is no stable state between 0/W and W /0 
(3) sudden jumps 

at the inversion point, various properties change suddenly and radically 
( 4) hysteresis 

if the volume fraction of the original dispersed phase in a just inverted 
emulsion is lowered, inversion will now take place at a lower volume 
fraction 

(5) divergence 
two emulsions, prepared only slightly differently, may have completely 
different morphology 

Dickinson (1981) points out that these are also the characteristics of the so-called 
cusp catastrophe. The cusp catastrophe is an elementary algebraic form from the 
catastrophe theory, a mathematical framework developed by Thorn (1972) , 
describing sudden changes in behaviour of systems as a result of gradually 
changing conditions . 

In the elementary cusp catastrophe, the system obeys an optimization function that 
takes the form of a 4th-order polynomial . In the case of emulsions at constant T 
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and p, the optimization function is the Gibbs free energy of the system: 

G=lx 4 +lBx 2 +Ax 
4 2 

(2.23) 

The cubic tenn could be eliminated by a linear transformation, in order to obtain a 
form symmetrical in x. The parameter x is a so-called state parameter and 
indicates the state or behaviour of the system. A and B are control parameters, 
indicating the conditions under which the system exists. A is the normal factor, 
which tends to change the value of x gradually; B is the splining factor, which 
tends to prevent a gradual change in x, and induces bimodality. Dickinson 
intuitively related the nonnal factor A to the volume fraction of one of the phases 
(e.g. the aqueous phase) and the splitting factor B to the concentration of 
emulsifier. To the state parameter x, no physical parameter could yet be assigned. 
Dickinson suggests the average degree of curvature of the oil/water interface as a 
possible state parameter. We will further elaborate on this suggestion in chapter 3. 

Applying the equilibrium condition (()G/()x)A.s = 0 to Eq. 2.23, the manifold 
equation is obtained: 

x 3 + B x +A = 0 (2.24) 

Eq. 2.24 describes a folded surface in (x,A,B) space (see figure 2 .3), called the 
manifold, representing all equilibrium states of the system. The upper and lower 
sheet of the manifold represent the minima in the Gibbs-free energy, the connecting 
middle sheet represents the maxima. 

Bifurcation 

figure 2.3: manifold and bifurcation of the cusp catastrophe 
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For a given set of conditions (A,B), the system may exist in one, two or three 
equilibrium behaviour states. If only one equilibrium state exist, this will always be 
a minimum in Gibbs-free energy. With three equilibrium states, there are two 
minima and one maximum, the latter being practically inaccessible. Interesting to 
note are those conditions with two equilibrium states: one of them is a minimum, 
the other an inflection point in G(x) . The subset of these inflection points within 
the manifold set is called the singularity set, and this is where catastrophes occur. 
The projection of the singularity set on the (A,B) plane is called the bifurcation set, 
which 'maps' the behaviour of the system. An equation for the bifurcation set can 
be obtained by applying simultaneously the conditions aGJax = 0 and 
a2Giax2 = 0, followed by elimination of the morphology parameter x: 

(2.25) 

Eq. 2.25 describes a cusp-shaped curve in (A,B) space (see figure 2.3), hence the 
name cusp-catastrophe. 

The bifurcation set is of great importance for phase inversion. It represents the 
inversion lines in control space (A,B). As the nature of the state parameter x is not 
yet discovered, the bifurcation set is the only option to compare predictions by the 
catastrophe theory to experimental data. Lim and Smith (1991) constructed phase 
inversion curves for a ternary phase diagram from experimental data by Ross and 
Kornbrekke (1981). The experimental inversion curves were cusp-shaped, similar 
to the cusp catastrophe bifurcation. Lim and Smith suggested a coordinate 
transformation in order to let the two cusps coincide. This issue will be discussed 
further in chapter 3. 

Phase inversion can be visualized as follows: consider a W/0 emulsion in point P 
in figure 2.4. If the volume fraction water is increased at constant surfactant 
concentration, we move in the direction PQRSTU. At point T, we have reached a 
singularity: the lower sheet ends here. In terms of the G(x) curve: the minimum 
representing the W /0 state has become shallow. The system will evolve from state 
T' into state T", a 0/W emulsion. Starting at U, going in the direction UTSRQP, 
phase inversion will not take place at T, but at Q. 

In order for catastrophe theory to be more useful in describing and predicting 
catastrophic phase inversion, it is essential that the nature of the behaviour 
parameter x is revealed. Dickinson (1981) suggests that this goal can be reached by 
fitting experimental inversion curves to the bifurcation set of the cusp catastrophe, 
as was done by Lim and Smith (1992). Another strategy is to focus on a physically 
relevant choice for x, and then try to deduce catastrophic behaviour. Dickinson 
already suggests the average degree of curvature of the oil/water interface as a 
possibly relevant state parameter. 
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figure 2.4: visualization of the phase inversion process as a cusp catastrophe 

Salager (1985-b; 1986) further expanded the analogy between elementary 
catastrophe bifurcations and emulsion inversion behaviour by introducing a sixth
order polynomial function for G(x), the elementary butterfly catastrophe: 

(2.26) 

As in the cusp catastrophe, A and B are normal and splitting factors, associated 
with phase volume fraction and surfactant concentration respectively. The control 
parameter C introduces asymmetry in the bifurcation set on (A,B) and is related to 
the SAD of the emulsion system. The control parameter D is responsible for 
specific butterfly catastrophe features. For D ~ 0, the bifurcation set on (A,B) has 
the form of an ordinary cusp, for D < 0 the cusp splits in two, creating a 'pocket' 
in between, where three stable states are possible (see chapter 3). 

Figure 2.5 shows the bifurcation set of the butterfly catastrophe on the (A,C) 
plane, at fixed values of B = 22.5 and D = -10. Outside the two cusps, there is 
one stable morphology possible: 0/W at low (A,C), W/0 at high (A,C). Inside one 
of the cusps, both 0/W and W /0 are possible. Inside the overlap region of the two 
cusps, there are three stable states: 0/W, W/0 and M. By changing the volume 
fraction, along the A-axis, catastrophic phase inversion can be induced. This 
process is similar to catastrophic inversion in the cusp catastrophe, as shown in 
figure 2.4. Transitional inversion can occur if the SAD is changed, i.e. along the 
C-axis. Figure 2.6 visualizes transitional inversion in the butterfly catastrophe. 
Note that no jumps take place. The value of x in the minimum changes gradually, 
while other minima appear and disappear. 



Emulsion morphology and phase inversion: a literature review 35 

c 

A 

figure 2.5: bifUrcation of the butterfly 
catastrophe 

0/W M W/0 

figure 2. 6: ball-in-hole analogy for 
transitional inversion in the butterfly 
catastrophe 

Salager (1988) pointed out the similarities between the butterfly catastrophe 
bifurcation (figure 2.5) and the characteristic experimental observations (figure 
2.2). Indeed the butterfly catastrophe can account qualitatively for some complex 
features, such as the difference between catastrophic inversion by means of jumps 
and transitional inversion by means of shifting minima, but there are some 
fundamental differences between the bifurcation set and the experimental data. The 
most remarkable one is that transitional inversion in reality takes place from 
conditions under which exclusively W/0 emulsions exist, to conditions under which 
exclusively 0/W emulsions exist, while according to the bifurcation set, transitional 
inversion, along the C-axis, should always pass through the ambivalence range. 

2.5.3 Phase separation model 

Dickinson ( 1982) presented a model for catastrophic phase inversion, based on the 
process of spinodal decomposition, as described by Cahn and Hilliard ( 1958). The 
basic assumption of this model is that at very high levels of agitation, the emulsion 
becomes a homogeneous though instable fluid system, comparable to the instable 
fluid systems whose composition is brought within the spinodal region, shortly 
before phase separation. 

A first approximation, necessary to apply the Cahn-Hilliard theory to 
water/oil/surfactant systems, is that the ternary system is considered quasi binary. 
This is valid if the concentration of emulsifier can be regarded equal in both 
separated phases, and in the homogeneous, one-phase state. Let x represent the 
molar fraction of 'water' (including some surfactant) in the system, then the Gibbs 
free energy density g(x) of the system is represented by a typical curve as shown in 
figure 2. 7. The minima, at xb' and xb" are the binodal points, the inflection points, 
x; and x," are the spinodal points. For x,' < x < x," , the system will 
spontaneously separate into to phases with composition xb' and xb". At the spinodal 
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G 

x~ x~ x; x'~ x'~ X 

figure 2. 7: typical G(x) curve for spinodal decomposition 

points, J 2g/Jx2 = 0; xi represents the point where J 3g/Jx3 = 0. 

Phase separation is driven by the difference in chemical potential of the two 
components (in this case, the pseudo-components '0' and 'W', both containing 
some surfactant). For homogeneous systems: 

For inhomogeneous systems, an extra term appears: 

1-1- w - 1-L 0 = ( ag )o - 2 K 'V2x + nonlinear tenns 
ax T,p 

(2.27) 

(2.28) 

where K is a (positive) phenomenological coefficient and the operator V represents 
a differentiation with respect to a spatial coordinate r. The superscript 0 indicates 
that ag!ax should be evaluated at x = x0 , the average composition of the system. 

The chemical potential difference induces a diffusive flux, j: 

-j = L 'V(IJ.w-1-1-o) = L[&~lo 'Vx- 2LK'V3x + nonlineartenns (2.29) 
ax T,P 

where L is another positive phenomenological constant. Applying the equation of 
continuity to Eq. 2.29, it follows that: 
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(2.30) 

Neglecting the nonlinear terms, the solution of Eq. 2.30 consists of cosine waves: 

( X- X ) = e Ykl COS k ·r 0 k - -
(2.31) 

where ~ is the wave vector and !. the position vector. 'Yk is an amplification factor 
given by: 

(2.32) 

Concentration fluctuations can only grow if 'Yk > 0. It is therefore required that 
(a2g/ar)~.P < 0, which is the case within the spinodal region. There, 'Yk exhibits a 
maximum, I'm• at wave vector km. Since l'k appears as an exponent in the amplitude 
of the fluctuation, the wave k'" will dominate all other modes. 

In a more rigorous analysis, Cahn (1966) presents an approximation for the 
solution of Eq. 2.30, incorporating some of the nonlinear terms, as a Fourier series 
of the fundamental wave k'": 

"-a (Yn,)cos(nk ·r.) ~ n 111 

(2.33) 
n =I 

The amplification factor I'm is given by: 

(2.34) 

and the dominating wave vector km by: 

(2.35) 

For a one-dimensional geometry, the amplitudes <Xn of the first three harmonics are 
given by Cahn (1966) : 
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(2.36) 

(2.37) 

(2.38) 

where A1, A2 , A3 and B1 are constants. 

In the first stages of the separation process, the first term of the fundamental wave 
dominates, and the amplitude of sinusoidal fluctuation grows exponentially. As 
time proceeds, this is counteracted and even compensated by the second term, and 
the harmonics of a higher order come into play. The odd harmonics are 
proportional to (a"g!ax")¥.r• where n is even. Since (a4g/ax4)¥.p > 0 for a curve as 
in figure 2.8, the third harmonic is exactly out of phase with the fundamental. The 
effect is shown in figure 2.8b: odd harmonics tend to transform a sinusoidal wave 
into a block wave. 

The even harmonics are proportional to (a"g/ax")¥.P' where n is odd, and tend to 
make the fluctuations asymmetric. The phase of the second harmonics depends on 
the sign of (a3g/ax3)~·P' which is < 0 for x < x; and > 0 for x > x; (see figure 
2.7). The effects for (a3g/ax3)~.p < 0 are shown in figure 2 .8c and d: the negative 
composition drift tends to be spatially extended, but reduced in amplitude. The 
positive drift is increased in amplitude, but its spatial extent is limited. Such 
concentration fluctuations tend to strengthen the connectivity of the phase of low x , 
i.e. the oil phase. A W/0 emulsion is favoured under these conditions. Similarly, it 
can be deduced that for x > X; an 0/W emulsion is preferred. 

figure 2. 8: spatial composition drift during spinodal decomposition: (a) 
fundamental mode, (b) fundamental + odd harmonics, (c) fundamental + even 
harmonics, (d) fundamental + even and odd harmonics. 
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The final result is neither surprising nor valuable, since the basic assumption of this 
analysis, the homogeneity of an agitated emulsion being comparable to a mixture 
(on molecular scale), is very far from reality. Nevertheless, there might be some 
influences of the effects discussed here on the morphology of an emulsion that is 
formed by crossing the border between the one-phase and two-phase regions of the 
water/oil/surfactant ternary phase diagram. 

2.5.4 Evaluation 

A wide variety of models has been proposed in the field of colloid science to 
describe the phenomenon of catastrophic phase inversion. In contrast to transitional 
inversion, where in general every new model was a refinement of an older model, 
and all models could be related to Bancroft's rule, there is little consistency among 
the models regarding catastrophic inversion. Models have emerged on the basis of 
statistical thermodynamics, metastable equilibrium thermodynamics and phase 
separation kinetics. 

The statistical mechanical and phase separation models are the more exotic ones. 
The basic prepositions of these models are not very realistic: the phase separation 
model assumes the agitation level in the emulsion to be such that homogeneity is 
obtained down to an (almost) molecular level, the statistical mechanical model 
assumes all stochastic behaviour to originate from the phase inversion process 
itself, instead of mixing and agitation. Nevertheless, a statistical mechanical 
approach may give some interesting results, as is shown in appendix B. 

Catastrophe theory offers a very simple and elegant framework to describe some of 
the very complex features of catastrophic phase inversion, in particular hysteresis. 
Since it is the only thermodynamic model accounting for that feature, it is worth a 
closer look. The value of catastrophe theory as a descriptive and predictive model 
for catastrophic phase inversion depends on the identification of the state parameter 
x. In chapter 3 we will focus on this goal, following two possible strategies: by 
improving the fit of the bifurcation to experimental inversion data and by deducing 
catastrophic behaviour from the Gibbs free energy dependence on the curvature of 
the oil/water interface. 

2.6 The stereometric model revisited 

It is interesting to draw a parallel between the two early concepts mentioned in 
section 2.2 (Bancroft's rule and Ostwald's stereometric model) on one hand, and 
transitional and catastrophic inversion on the other hand. Bancroft's rule indicates 
the effect of the surfactant on emulsion morphology and is thus related to 
transitional inversion, Ostwald's stereometric model deals with the influence of the 
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volume fraction and hence refers to catastrophic inversion. Note in particular that 
Ostwald's model predicts an ambivalence range 1-'PcP < 10 < 'Pep ('Pep: volume 
fraction of closest packing); ambivalence and hysteresis have indeed been observed 
in catastrophic inversion. 

A major disadvantage of Ostwald's stereometric model is that for an actual 
quantitative prediction of the inversion point, assumptions regarding the shape and 
size distribution of the droplets have to be made. In the simplest case, emulsion 
droplets are considered monodispersed hard spheres and inversion is assumed to 
take place if the closest possible packing is reached. This results in an inversion 
point 'Pw = 0.74 for inversion from W/0 to 0/W, and 'Pw = 0.26 for inversion 
from 0/W to W /0 (always 'Pd = 0. 74). While experimental results often show 
phase inversion at 'Pd - 0. 7 ( ± 0.1), there is only semiquantitative agreement. 

To account for other possible inversion points, Smith and Lim (1990) suggested to 
consider different lattice structures for the spatial arrangement of the emulsion 
droplets, resulting in other (lower) volume fractions dispersed phase at closest 
packing. This approach still requires symmetric hysteresis regions, a feature which 
has not been observed experimentally. In a later paper, Smith et at. (1992) suggest 
considering different lattice structures for both 0/W and W /0 morphologies in one 
system. This resulted in many possible combinations of 0/W to W/0 and W/0 to 
0/W inversion points, but all at 'Pd > 0.5, as required by even the loosest form of 
closest packing. No experimental results suggests any lattice structure for a given 
emulsion system. It is anyhow questionable that emulsion droplets will form any 
lattice-like structure upon approaching the phase inversion point: emulsion droplets 
are deformable and seldom monodisperse. 

A possibly useful extension of Ostwald's stereometric model should not be sought 
in the packing structure of the emulsion droplets, but rather in the influence of 
polydispersity and deformation of the droplets on the closest possible packing . 
However, any model based on stereometric considerations alone, no matter how 
advanced, cannot account for two important features observed experimentally in 
emulsion phase inversion: 
(1) Some emulsions form stable liquid-liquid foams upon increasing the volume 

fraction of dispersed phase. These foams may contain > 99 vol% of 
dispersed phase (Ross, 1955). 

(2) Some emulsions already invert at a volume fraction dispersed phase < 0.5. 
This inversion could never be explained by any stereometric model, since 
the resulting emulsion is even more closely packed. 

The latter effect could be related to Bancroft's rule: if there is a surfactant present 
which imposes a certain preferred morphology, this preferred morphology is 
usually adapted within the ambivalence range. Inversion from a low volume 
fraction dispersed phase to a high one is very well possible if an abnormal 
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emulsion inverts to a normal one. It is tempting to tie Ostwald's stereometric 
model and Bancroft's rule together: the emulsion morphology is always W /0 at 'Pw 

< 1-cpcp and 0/W at 'Pw > 'PeP• and determined by Bancroft's rule at 1-cpcP < 'Pw 

< 'PeP· This would indeed yield an inversion curve as depicted in figure 2.2. 
However, hysteresis is no longer accounted for in this case. 

Although stereometries do not offer a good basis for a predictive model for 
catastrophic inversion, it cannot be denied that stereometric considerations often 
play a major role. Abnormal emulsions can only occur because a shortage of 
preferred continuous phase prevents them to invert. Whatever theoretical 
framework will be applied to tackle the problem of catastrophic inversion, it is 
likely that there will be at least an indirect link to stereometries. 

2.7 A kinetic interpretation of phase inversion 

In section 2. 3.1, Bancroft's rule was explained on the basis of a natural curvature 
of the interface: if the interface has different affinities for the two phases it 
separates, it will tend to bend such that the interaction with the most favoured 
phase is maximized. It is indeed known that interfaces can lower their Gibbs free 
energy per unit area by curving (Helfrich, 1974; Overbeek et al., 1987). The 
concept of natural curvature of an interface has been successfully applied to 
describe self-assembling structures in surfactant solutions, as well as the phase 
behaviour of microemulsions. It seems logical at first to extend the analogy of 
preferred curvature from micelles via swollen micelles and microemulsion droplets 
to coarse emulsion droplets, but Hildebrand (1941) raised two points of criticism: 
first, the force tending to induce curvature is very small, second, droplets with a 
size larger than preferred by natural curvature cannot spontaneously shrink. The 
first objection is supported by the order of magnitude of relevant length scales. 
From the size of the wedges and cones (lsraelachvili, 1992) follows a typical value 
of 10·9 m for the natural curvature of the oil-water interface. For an emulsion 
droplet, the radius of curvature is typically 10·7 or higher. From the viewpoint of a 
surfactant molecule, the interface of an emulsion droplet can be regarded as flat, 
regardless of the morphology of the emulsion. Regarding the second objection, it 
has been shown by Van den Tempel (1958) that a continuous transition from a 
micel to a coarse emulsion droplet is not possible. Droplets with a radius in the 
order of 10·8 - 10·7 m do not occur. Hildebrand (1941) therefore correctly 
concludes that there should be other factors than natural curvature governing 
emulsion type. 

Hildebrand (1941) links the preferred emulsion type to the stability of the emulsion 
of a certain morphology. This concept was worked out quantitatively by Davies 
(1957), on the basis of the relative coalescence rates of 0/W and W/0 droplets . 
Following Davies (1957), the coalescence rate is written as a collision rate 
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multiplied by a coalescence probability factor. The collision rate is a function of, 
among others, the volume fraction of the dispersed phase, the probability factor is 
related to the presence of a surfactant, in the form of an energy barrier. Davies' 
concept is consistent with the idea that the stability of dispersions is ruled by 
energy barriers in the approach of particles, as expressed by the DLVO theory 
(Verwey and Overbeek, 1948). 

However, Hi Ide brand (1941) proposes a different stabilization mechanism, based 
on interfacial tension gradients induced by the drainage flow in the film formed 
between two approaching droplets. This effect, the Gibbs-Marangoni effect, may 
stabilize an emulsion by suppressing the destabilizing effect of internal flow inside 
approaching droplets. Davies does not consider this effect in his analysis, but it has 
been reported as a major contribution to film and therefore emulsion stability 
(Ruckenstein and Jain, 1974). The implications of the Gibbs-Marangoni effect on 
the preferred emulsion morphology were analyzed by Traykov and Ivanov (1977) . 
Both approaches will be discussed in this section. 

2. 7.1 Energy barrier limited kinetics 

Hildebrand (1941) links the preferred emulsion type to the stability of the emulsion 
in a certain morphology . This concept was worked out quantitatively by Davies 
(1957), on the basis of the relative coalescence rates of 0/W and W /0 droplets. 
For 0/W droplets, the coalescence rate ~1w is givenby: 

_ 1!. Eorw 
kT (2.39) 

where C01w is the perikinetic coagulation rate derived by Von Smoluchowski 
( 1917), valid for non-agitated systems: 

4 kT <p
0 

3T]w 
(2.40) 

and ~Eotw is the energy barrier for the approach of two oil droplets separated by a 
thin layer of water. Exp(-~E01w/kT) may be interpreted as a collision probability. 

The energy barrier ~Eotw consists of two contributions : an electrostatic barrier, due 
to the surface charge of the oil droplets, and a hydration barrier, which has to be 
overcome upon displacement of the water hydrating the hydrophilic groups of the 
surfactant: 
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(2.41) 

with B a proportionality constant, 1/10 the surface potential of the oil droplets, e the 
surface coverage of surfactant and I:Ehyd the total of hydration energies of all 
hydrophilic groups. 

In a similar way, it can be derived for W /0 droplets : 

with the perikinetic coagulation rate Cw10 : 

!J. EW/0 

kT (2.42) 

(2.43) 

The energy barrier ~Ew1o for the approach of two water droplets separated by an 
oil layer is determined by the hydrophobic tail length of the surfactant molecule: 

(2.44) 

with m the number of - CH2 - groups in the surfactant tail and EcH2 the energy 
barrier for water to pass one - CH2 - group. 

According to Davies, both 0/W and W /0 emulsions compete in stability. In case 
Ko1w ,, Kw10 , a W/0 emulsion is to be expected, and an 0/W emulsion is preferred 
if K0 1w « Kw10 . From Eqs. 2 .39 to 2.44 it can be derived that: 

C K 
kT ln OfW WfO = B1Jr2 + B "E - 2m e E c K 0 L, hyd CH2 

W/0 OfW 

(2.45) 

Eq. 2.45 shows striking similarities with respect to Eq. 2.4, if the latter is written 
in the following form: 

(2.46) 

with Ghyd the hydration contribution and G"' the charge contribution to hydrophilic 
group numbers, and GcH2 the group number of one - CH2 - . 

Comparing Eqs . 2.45 and 2.46, we can derive the following similarities : 
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HLB- 7 (2.47) 

(2.48) 

L Ghyd = A 8 L Ehyd (2.49) 

(2.50) 

with A a proportionality constant of dimension l 1
• 

In the transitional regime, i.e. at intermediate phase volume ratios, C01w and Cw1o 
are of the same order of magnitude, provided the viscosity ratio is not too extreme. 
It can then be seen from Eq. 2.47 that a hydrophilic surfactant, HLB ~ 10, 
corresponds to K01w « Kw10 , and therefore a preferred 0/W morphology. Likewise, 
for a hydrophobic surfactant (HLB ~ 4), W/0 morphology is preferred (K01w , 

Kw10). Thus, Davies' model is consistent with Bancroft's rule in the transitional 
regime. The effect of the volume fraction is accounted for in the collision 
frequency, see Eqs. 2.40 and 2.43. At low IPw (and consequently high 1{1 0 ), 

C01w > Cw10 , which will favour a W/0 emulsion. Similarly, a high IPw I low 1{10 

favours 0/W morphology. Both transitional and catastrophic inversion elegantly fit 
into one single framework. 

Since the preferred emulsion morphology corresponds to the lowest coalescence 
rate, phase inversion is to be expected at K01w = Kw10 . Under this condition, the 
inversion curve in (~P,HLB) space can be derived from Eq. 2.47: 

[
1-<p 11) HLB = 7 + A kT ln __ w __!!_ 

<pw llw 
(2.51) 

The proportionality constant A can be calculated from Eq. 2.50. Taking values 
GcH2 = 0.475 and EcH2 = 300 cal/mol = 2.08 x 10·21 J per CH2-group (Davies, 
1961), figure 2.9 shows the inversion line for various viscosity ratios. Comparing 
figures 2. 2 and 2. 9, the theoretical inversion line from Davies' theory and the 
generally observed experimental line show striking similarities, especially in the 
transitional range. In the catastrophic range, it is too close to the axis. This may be 
due to the fact that the coagulation rate is based on the Von Smoluchowski equation 
for diffusion-driven collisions, rather then shear-driven collisions. 
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figure 2.9: inversion point as a function of HLB, calculated according to Davies 
(1961) 

2. 7.2 Film drainage limited kinetics 

The rate-determining step in the coalescence process of two collided droplets is 
generally the drainage of the film formed between them. If a surface active agent is 
adsorbed at the interface, either added on purpose or present as a contamination, it 
will be dragged along by the drainage flow towards the periphery of the film. A 
surfactant concentration gradient, and therefore an interfacial tension gradient tends 
to form over the film: relatively low interfacial tension at the edges of the film, 
and relatively high interfacial tension in the centre. Such an interfacial tension 
gradient will induce a counterflow along the surface: the Gibbs-Marangoni effect. 
In the ultimate case, this counterflow completely compensates the drainage flow, 
and the interface can be regarded as rigid. 

The development of a surface tension gradient over a draining film between two 
droplets is in principle counteracted by diffusion of the surface active agent, from 
the bulk phase to the depleted zones at the interface . Regarding the effectiveness of 
this diffusion process, two regimes can be distinguished, depending on the 
distribution of the surfactant over the phases. If the surfactant is predominantly 
present in the continuous phase, it can only reach the interface through the film. 
The surfactant present in the film itself (which is part of the continuous phase) is 
rapidly depleted as a result of the drainage process. The diffusion length from the 
surfactant reservoir to the interface is therefore relatively long, the Gibs-Marangoni 
effect is hardly counteracted, and the drainage process is relatively slow. With the 
surfactant present in the dispersed phase, there is a large surfactant reservoir (large 
with respect to the film dimensions) adjacent to the interface throughout the 
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drainage process. The diffusion length from bulk to interface is short, the Gibbs
Marangoni effect is effectively suppressed, and drainage will proceed rapidly. 

Ivanov and Traykov (1976) calculated 
the drainage rate of films formed 
between droplets in pure liquid-liquid 
dispersions, by solving the Navier
Stokes equations for a geometry shown 
in figure 2.10. A similar analysis was 
presented by Traykov and Ivanov 
(1977) for films in emulsions, in 
presence of a surface active agent. It 
was assumed that surfactant transfer 
between the bulk and the film is 

\ 'I. R ~ 
COntinUOUS '--th~tt_1_t====~~~ 
phase ( dispersed \r 

phase 

diffusion controlled, thus accounting figure 2.10: coordinate system for film 
for the Gibbs-Marangoni effect. By drainage calculations. 
solving simultaneously the Navier-
Stokes equations and the equation of convective diffusion, they obtained the 
following expression for the drainage velocity V: 

V = Vo [ 1 + _1 l 
e' + ef 

(2.52) 

where V0 is the Reynolds' drainage velocity for a film between two rigid parallel 
discs. Ee and Er are correction factors for the internal flow in the droplet phase and 
the surfactant diffusion respectively. The analysis will be treated in more detail in 
section 4.6.3. 

Typical values are Ee << 1, Er » 1 for an emulsion with the surfactant soluble in the 
continuous phase and Er :::::: 0 for the surfactant soluble in the dispersed phase. 
From Eq. 2.52 it can now be seen that V :::::: V0 for the surfactant present in the 
continuous phase (the film), and V » V0 for the surfactant present in the dispersed 
phase. 

With respect to emulsion morphology, the analysis by Traykov and Ivanov (1977) 
is not worked out as extensively as the model by Davies (1957), presented in 
section 2. 7 .1. But also in this case, the overall coalescence rate can be considered 
to be the product of a collision rate, a function of the volume fraction and the 
mixing conditions, and a probability factor, now a function of the drainage 
velocity. Let A be the phase in which the surfactant is soluble, and B the 'pure' 
phase. It is then expected that V NB, V81A, or, in terms of overall coalescence rates, 
KNa » Ka1A. As a result, B/ A morphology is to be expected, consistent with 
Bancroft's rule. 
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2. 7. 3 Evaluation 

In a kinetic approach to phase inversion, both transitional and catastrophic 
inversion fit into one single framework. This merge is established by splitting the 
overall coalescence rate into a collision rate, accounting for the effect of the 
volume fraction, and a probability factor, which incorporates the surfactant 
influence. The two models discussed in this section only differ in their 
interpretation of the influence of the surfactant on emulsion stability: either through 
an energy barrier upon approach of the droplets, or through a strong reduction of 
the drainage velocity as a result of a (partial) immobilization of the interface. 
Davies (1957) related the energy barriers to kT, which may be plausible for 
emulsions at rest, but not for agitated emulsions. Since catastrophic inversion is 
usually carried out by adding dispersed phase to the emulsion under agitation, the 
interfacial mobility concept seems more appropriate in most cases. 

At this stage, there is yet an important shortcoming of a kinetic model for 
catastrophic inversion: it cannot account for hysteresis. This is a direct result of the 
phase inversion criterion Ko1w = Kw10 • Davies thought of a direct competition 
between 0/W and W /0 morphology in an emulsion. Such a situation may well 
arise if an emulsion is produced by agitation from separated phases. In the early 
stages of mixing, there will be zones in which water droplets are surrounded by oil 
phase, and other zones where oil droplets are surrounded by water phase. The 
zones in which the coalescence rate is the highest will disappear, and after some 
time, the emulsion will adapt a uniform morphology. 

If dispersed phase is added to an existing emulsion, and the emulsion reaches a 
point where Kexisting > K;nverse• it is questionable whether this will immediately result 
in inversion. If all of the emulsion is of uniform morphology, there is no direct 
competition in stability between the existing and inverse morphology, and the 
existing morphology is likely to persist. This problem touches the basics of the 
hysteresis phenomenon: hysteresis results from a tendency of the status quo to 
persist in spite of a more favourable option; this more favourable option is 
practically inaccessible at that stage. It is expected that the existing emulsion 
morphology will persist until a direct competition with the inverse morphology 
becomes possible. This will happen if K.,;,,;ng exceeds a critical value, and the 
emulsion begins to lose its stability . Locally, zones of inverse morphology may 
occur, which can then compete with existing morphology . Phase inversion will then 
occur at K.,;,1;11g = Kc, > K;nversc• where Kc, is the critical coalescence rate at which 
the emulsion looses its stability . This situation is depicted in figure 2 .11. If 
Kcxisting = Kc, < K;nversc• phase separation instead of inversion will occur. 
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figure 2.11: a schematic representation of the kinetic interpretation of hysteresis in 
catastrophic inversion (the shape of the curves is arbitrary) 

It is now our objective to find a description for Kcr· In the field of emulsion 
science, stability was usually expressed in terms of interaction potentials rather than 
critical coalescence rates. A suitable expression for Kcr in emulsions is therefore 
not found. In liquid-liquid dispersions, however, stability is traditionally described 
in terms of droplet coalescence. 

2.8 Inversion in liquid-liquid dispersions 

Like phase inversion in emulsions, phase inversion in liquid-liquid dispersions has 
been a subject of interest to many researchers. Since no surfactant is added to 
liquid-liquid dispersions, phase inversion processes encountered are generally of 
induced by the volume fraction dispersed phase exceeding a critical limit, and 
hence of a catastrophic nature. Also, the experimentally observed features of phase 
inversion in liquid-liquid dispersions are identical to those observed with emulsions. 
Experimental work by Quinn and Sigloh (1963), Yeh et al. (1964), Selker and 
Sleicher (1965), McCiarey and Mansoori (1978) Clarke and Sawistowki (1978), 
Arashrnid and Jefferys (1980), Tidhar et al. (1986), Guilinger et al. (1988) and 
Weiss (1992) revealed the following features: 
(1) the phase inversion point is dependent on the geometry of the m1xmg 

equipment and the degree of agitation, 
(2) the phase inversion point is dependent on the material of the mixing 

equipment, 
(3) the phase inversion point is strongly dependent on the viscosity ratio of the 
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two phases, 
(4) there exists an ambivalence range in which both 0/W and W/0 

morphologies may occur depending on the history of the mixing process, 
(5) phase inversion shows hysteresis . 

Yeh et at. (1964) and Guilinger et at. (1988) derived scaling laws for phase 
inversion point as a function of the viscosities, Tidhar et at. as a function of the 
interfacial tension and the degree of wetting and agitation. Neither of these scaling 
laws is a good basis for a predictive model. 

The only more fundamental study on the cause of phase inversion, reported up till 
now, was carried out by Arashmid and Jeffreys (1980). They assumed that 
inversion would occur as soon as every droplet-droplet collision would result in 
coalescence. A criterion for phase inversion was formulated on the basis of the 
collision and coalescence frequencies. An expressions for the collision frequency, 
derived by Misek (1964) from theoretical considerations, was implemented, as well 
as a semi-empirical expression for the coalescence frequency by Howarth ( 1967). 
Both expressions were rewritten in terms of material constants, impeller speed, 
volume fraction and droplet size employing a number of general, auxiliary 
expressions. Their final form is: 

Kco/1 KJ 
<f>

2 
fldpdpcN

914 

(2.53) 
d2 9/4 

flc 

and: 

Kcoal K2 
q> Nl.S 

(2.54) 
d4 

where K1 and K2 are proportionality constants (other symbols see nomenclature). 

The inversion condition is now formulated as Kc011 = Kcoa1: 

= 1 (2.55) 

where K3 is again a proportionality constant. By treating K3 as an adjustable 
parameter, Arashmid and Jeffreys (1980) found a good agreement between their 
model's predictions and experimental results. 

It was argued by Guilinger et at. ( 1988) that Arashmid and Jeffreys had employed 
incorrect expressions. Apart from that point, their exact formulation of the 
inversion criterion is questionable: it implies that inversion will occur if the 
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coalescence probability is equal to one. However, a theoretical collision frequency 
was compared to a semi-empirical coalescence frequency. The latter was obtained 
from experiments monitoring the change in the number of droplets in an agitated 
dispersion, and therefore comprises the net effect of breakup and coalescence. 
Under steady state conditions, the droplet size distribution follows from a dynamic 
balance between breakup and coalescence. If the volume fraction is increased both 
the breakup and the coalescence rate will increase. But since breakup is a unary 
process, proportional to the droplet concentration, and coalescence a binary 
process, proportional to the droplet concentration squared, the coalescence rate 
increases faster than the breakup rate, and the droplets will grow in size. Because 
for larger droplets the breakup rate increases and the coalescence rate decreases, 
the dynamic equilibrium may be reestablished at a higher droplet size. This new 
equilibrium may be found up to a certain critical limit: if the droplets grow too 
large, the dispersion will loose its stability and may invert. In agitated systems, this 
collapse is to be expected when the droplets have reached macroscopic sizes, i.e. 
sizes in the order of the dimensions of the mixing equipment. 

We suggest that phase inversion results from a collapse in the dynamic equilibrium 
between breakup and coalescence. If the droplets reach sizes in the macroscopic 
range, the situation in an agitated dispersion or emulsion is comparable to the 
initial mixing of separated phases: a direct competition between existing and 
inverse morphologies is now possible, and inversion may occur. This interpretation 
is consistent with figure 2.11: Kc, is corresponds to the maximum breakup rate in 
balance with coalescence. 

2.9 Concluding remarks 

2.9.1 Coarse emulsions, microemulsions and liquid/liquid dispersions 

In the previous sections, concepts have arisen from the field of both micro
emulsions and liquid/liquid dispersions, under the assumption that they could be 
applied to coarse emulsions as well. In many aspects, coarse emulsions can grossly 
be considered an intermediate between microemulsions and liquid/liquid dispersions 
(see figure 2.12). Among colloid scientists, microemulsions and coarse emulsions 
are often considered 'one of a kind' . This is particularly reflected by the definition 
of a microemulsion, which explicitly refers to a (coarse) emulsion: 'a micro
emulsion is a thermodynamically stable emulsion' (see e.g. Israelachvili, 1992). It 
is therefore not surprising that microemulsion concepts have so easily contaminated 
the science of coarse emulsions. Liquid/liquid dispersions, on the other hand, are 
generally regarded by colloid scientists as non-colloidal systems (which is correct), 
and hence completely unlike (coarse) emulsions (which is not correct). This 
explains why colloid scientists have hardly paid any attention to ideas on phase 
inversion in liquid/liquid dispersions. 
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figure 2.12: coarse emulsions as an intermediate between micro-emulsions and 
liquid/liquid dispersions 

In contrast to the general conception, we explicitly state that, with respect to 
catastrophic phase inversion, coarse emulsions behave similarly to liquid/liquid 
dispersions, and completely unlike microemulsions. In general, it is a 
misconception that microemulsions and coarse emulsions have more in common 
than the bare fact that they consist of droplets of dispersed phase in a continuous 
phase, stabilized by a surfactant. The pronounced difference between 
microemulsions and coarse emulsions has already been reported by Van den 
Tempel (1958), who explained that there is not a continuous transition in droplet 
size between these two types of dispersion. 

On the other hand, there is indeed a continuous transition between coarse emulsions 
and liquid/liquid dispersions . Both are stabilized kinetically, film stability 
preventing the immediate breakdown of the dispersion. They differ only in the 
timescale of destabilization. For an emulsion, this timescale is generally larger than 
the timescale relevant to the process or experiment to which the emulsion is 
subjected, whereas liquid/liquid dispersions require continuous dispersive action 
(agitation) to prevent rapid phase separation. Furthermore, liquid/liquid dispersions 
are generally not completely unstabilized, although no surfactant is added on 
purpose. Unless the phases are of extreme purity, it is quite likely that 
contaminations present, especially those in the oil phase, are positively adsorbed at 
the interface. In spite of their low concentration, they may have a significant effect 
on the interfacial tension. 

When it comes to catastrophic inversion, from an abnormal to a normal emulsion, 
the calculations by Traykov and Ivanov (1977) clearly show that the stability of 
coarse emulsions and liquid/liquid dispersions is identical. It is therefore justified to 
adapt a kinetic inversion theory, developed for liquid/liquid dispersions, to 
catastrophic phase inversion in the low volume fraction regime. 
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2.9.2 An overview of emulsion morphology models 

In this chapter, various emulsion morphology or inversion models were discussed. 
They can be characterized in terms of the determining factor, surfactant distribution 
(transitional inversion) or phase volume ratio (catastrophic inversion). They can 
also be characterized by their background, either a thermodynamical, stereometric 
or kinetic basis. Table 2.3 summarizes the contributions, characterized by type of 
inversion and methodology. 

transitional catastrophic 

thermodynamic Bancroft's rule Stochastic model 
2.2.2 2.5 .1 

Winsor type Catastrophe theory 
2.3.2 2.5.2 

HLB Phase separation model 
2.3.3 2.5.3 

HLB group numbers 
2.3.4 

PIT 
2.3.5 

SAD 
2.3.6 

stereometric Ostwald's model 
2.2.1 

Lattice model 
2.6 

kinetic Energy barrier limited Coalescence model 
2 .7.1 2.8 

Film drianage limited 
2.7.2 

table 2.3: overview of emulsion morphology and phase inversion models 
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As table 2.3 shows, there are two methodologies that cover both transitional and 
catastrophic inversion. While thermodynamic models have quite successfully 
described transitional inversion in a logical and systematic manner, they fail to do 
so for catastrophic inversion. Many thermodynamical models suffer from confusion 
between microemulsions and coarse emulsions, resulting sometimes in 
fundamentally incorrect presumptions. Kinetic models, on the other hand, combine 
both transitional and catastrophic inversion elegantly into a single framework. With 
respect to transitional inversion, however, they have not yet reached the same level 
of detail and practical applicability as the thermodynamic models. One of the 
kinetic models, the energy barrier limited coalescence model, even embodies a 
model from the thermodynamic tradition, the HLB concept (see section 2.7.1). And 
although the stability of coarse emulsions is ruled by kinetics rather than 
thermodynamics, thermodynamic models may be preferred in the case of 
transitional inversion from a practical point of view: they can simply and relatively 
accurately predict the surfactant distribution over the phases. And the surfactant 
distribution, in its turn, determines the transitional inversion point through kinetic 
emulsion stability. 

Stereometric models have only considered catastrophic inversion. Although 
stereometries is not an appropriate basis for modelling, it is intuitively related to 
catastrophic inversion: abnormal emulsions only exist because of a shortage of 
preferred continuous phase. It is also remarkable that many catastrophic transitions 
take place at phase volume ratios at which the normal emulsion is expected to be 
more or less closely packed. Note that the packing of emulsions is implicitly 
incorporated into the kinetic inversion concept: at volume fractions below closest 
packing conditions, the coalescence rate is calculated from the collision rate of the 
droplets, multiplied by a probability factor related to the film stability. At closest 
packing, the droplets touch each other continuously, the interaction time during 
which droplets are to be considered in a "collided state" has become infinite. If the 
film stability is high enough to sufficiently prevent coalescence at finite interaction 
times, which is likely for normal emulsions, widespread coalescence and hence 
phase inversion may take place when the interaction time approaches infinity. 

2.9.3 Options for the modelling of catastrophic phase inversion 

The kinetic approach to both transitional and catastrophic inversion is a 
fundamentally correct approach. It is linked to the kinetic stability of emulsions, 
and emulsion morphology is ruled by stability through the principle depicted in 
figure 2 .11. The major drawback of kinetic modelling is the complexity of the 
kinetics of the phase inversion process. Phase inversion involves coalescence and 
breakup of droplets in an agitated environment. The coalescence process itself 
consists of collision, film drainage and film rupture (see section 4.6). All these 
subprocesses require kinetic modelling, as a function of the local tlow conditions. 
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A kinetic model for phase inversion is a typical 'white box' model: a very complex 
set of input parameters is required, resulting in a simple outcome: 0/W or W/0. 

In the transitional inversion regime, Bancroft's rule is followed with very little 
exceptions. Although Bancroft's rule is fundamentally based on kinetics rather than 
thermodynamics, thennodynamic models can accurately predict the emulsion 
morphology from the equilibrium distribution of the surfactant over the phases. 
These thermodynamic models are typically 'black box' models, requiring a single 
input parameter (Winsor R-ratio, HLB, PIT or SAD). Thermodynamic models for 
transitional inversion are therefore of much greater practical value than kinetic 
models: nothing is easier than calculating or looking up a HLB value in order to 
get an estimate of the morphology preference of a certain surfactant. It should 
however been borne in mind that the underlying factors determining emulsion 
morphology are of a kinetic nature. 

In the catastrophic inversion regime, catastrophe theory is the only thermodynamic 
theory accounting for hysteresis, a very prominent feature of catastrophic 
inversion. Like the thermodynamic models for transitional inversion, catastrophe 
theory is a black box modeL It requires a single input variable, a morphology 
parameter of a yet unknown nature. If a suitable morphology parameter could be 
identified, catastrophe theory could present a practical alternative to kinetic 
modelling. For that reason, we will devote chapter 3 to the possible applicability of 
catastrophe theory to phase inversion. In chapter 4, the tools needed to construct a 
kinetic model will be presented. A simple kinetic model will be presented in 
chapters 5 and 6, and more advanced kinetic models are discussed in chapter 7. 
Finally, in chapter 8, we will critically review the basic concept of the kinetic 
modelling of catastrophic phase inversion: the inversion criterion depicted by figure 
2.11. 
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List of symbols 

Roman symbols 

A m2 interfacial area 
AA m2 interfacial area difference (sec. 2.5 .1) 
A (1) interaction energy (Eq.2.1) 
A acid number (Eq. 2.3) 
A normal factor (sec. 2.5.2) 
A1,A2,A3 (2) constants (Eqs. 2.36 to 2.38) 
B splitting factor 

Bl 
(2) constant (Eq. 2.36) 

B c v·l constant (sec. 2. 7 .1) 

c m3 s·l collision rate 
c bias factor (sec. 2.5 .2) 
D m2 s·l diffusion coefficient 
D butterfly factor (sec. 2.5.2) 
E J energy level of a state 
AE J energy barrier for coalescence 
g J mol· 1 molar Gibbs free energy 
G J Gibbs free energy 
G HLB group number (sec. 2 .7 . 1) 
HLB Hydrophilic Lipohilic Balance 
j (3) diffusive flux 
k J K l Boltzmarm constant 
k m·l wave vector 
K m3 s·l coalescence rate 
K J m2 mol- 1 phenomenological constant (sec. 2 .5.3) 

Kl,Kz,K3 (4) proportionality constants (Eqs. 2.53 to 2.55) 
L (3) phenomenological constant (sec. 2 .5 .3) 
m kg mass of droplet 
m number of -CH2- groups (sec. 2. 7.1) 

ni mol amount of component i 
N s·l stirrer speed (revolutions per second) 
p Pa (N m·2

) pressure 
p probability of a state 
r m position vector 
R J K 1 mol- 1 gas constant 
R Winsor R-ratio (sec. 2.4) 
R m droplet radius (sec. 2.7.1) 

s J Kl entropy 
s saponification number (Eq. 2.3) 

si J K 1 mol- 1 partial molar entropy 
s· 

I 
J K 1 mol·' standard partial molar entropy 
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SAD J mol-1 

t s 
T K 
T* K 
u m s·• 
v m3 

v m s·• 

Yo m s· 1 

X 

X; 

z 

Greek symbols 

Pas 

J mol·1 

J mol-1 

J-1 
Nm-1 

v 

Surfactant Affinity Difference 
time 
temperature 
kinetic equivalent temperature 
average droplet velocity 
volume 
drainage velocity 
Reynolds drainage velocity 
morphology parameter 
molar fraction of component i 
canonical partition function 

constant defined by Eq. 2. 18 
amplitude of nth harmonic 
constant defined by Eq. 2. 19 
amplification factor 
activity coefficient 
correction factor internal flow 
correction factor surfactant diffusion 
viscosity 
relative surface coverage 
chemical potential 
standard chemical potential 
proportionality constant 
interfacial tension 
volume fraction 
surface potential 

0 reference, initial or base value 
AlB AlB morphology 
b binodal point 
Bl A Bl A morphology 
1 inflection point 
k referring to wave vector ~ 
m referring to mth Fourrier component 
o oil phase (organic phase) 
OIW OIW morphology 
s spinodal point 

Chapter 2 

(sec. 2.7.2) 
(sec. 2.7.2) 
(sec. 2.5.2) 

(sec. 2.5.3) 
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w 
W/0 

(1) 

(2) 

(3) 

(4) 

water phase (aqueous phase) 
W /0 morphology 

arbitrary dimensions 
arbitrary dimension for a,; dimensions of constants correlated through Eqs. 
2.36 to 2.38. 
arbitrary dimension for j; dimension of L is such that L/j is expressed in m 
dimensions defined by Eqs. 2.53 to 2.55 
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Catastrophe theory 

'For every phenomenon, however complex, someone will 
eventually come up with a simple and elegant theory. 
This theory will be wrong. ' 
Rothchild's rule (in: lsraelachvili, 1992) 

3.1 Introduction 

A catastrophe is defined as a sudden change in the state of a system, as a result of 
gradually changing conditions. The concept of the catastrophe was introduced by 
Rene Thorn (1972), as an aid to formalize the description of the dynamics of forms 
(morphology) in biology. More than Thorn's formal catastrophe theorem, the 
calculus around it has excited scientists in many diverse fields, applications are 
numerous. Zeeman (1977) gives an excellent and original introduction to 
catastrophe theory, not starting from mathematics but from behaviour observations. 
Zeeman also gives an extensive overview of the various fields of application of 
catastrophe theory. Thorn built the catastrophe theory calculus around so-called 
elementary catastrophes, which can be considered archetypical algebraic forms . An 
excellent treatment of catastrophe theory calculus is provided by Poston and 
Stewart (1978). 

After a definition of terms and a brief overview of catastrophe theory calculus, we 
will investigate the applicability of catastrophe theory as a descriptive and 
predictive model for catastrophic phase inversion. Two approaches will be 
followed. The first approach was presented by Smith and Lim (1990-b), and 
involves fitting the bifurcation set of the cusp catastrophe to experimental inversion 
data. A second approach follows Dickinson (1981), who suggested that a 
morphology parameter for emulsions could be defined as the degree of curvature of 
the oil/water interface. O) 

3.2 Definition of terms 

A catastrophe is a sudden change of the state of a system as a result of gradually 
changing conditions. The state of a system is represented by a number of state 
parameters, making up the state space ~- All state parameters should be degrees of 
freedom of the system. The conditions are represented by a set of control 
parameters, making up the control space~-

(I) the analysis described in this chapter has been reported briefly by Vaessen 
and Stein (1995) 
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W/O VV\JUW\J 
t - q> ...... ------+ • 

\r/ \) u \j \j \j 0/W 

perfect delay convention 

W/0 VV\JW 
- q> ... ,"-* -----+ 

\d \j \j \j 0/W 

Maxwell convention 

figure 3.1: peifect delay and Maxwell conventions 

The system obeys an optimization function F(?5), parametrized by ~- The 
optimization function F may represent for example profit (in economic sciences, to 
be maximized), uncertainty (in behavioural sciences, to be minimized), entropy (in 
adiabatic systems, to be maximized) or Gibbs free energy (in systems of constant 
temperature and pressure, to be minimized). It is the most fundamental preposition 
of catastrophe theory that the system will always remain in a local optimum 
(peifect delay convention). This means that the system will not be able to evolve 
into a global optimum, if this global optimum is separated from the existing local 
optimum state by a barrier, however small. The antipode of the perfect delay 
convention is the Maxwell convention, according to which the system will always 
seek a global optimum. Thanks to the perfect delay convention, catastrophe theory 
can account for hysteresis, as explained in figure 3.1. 

From the optimization function, a set of optimum states, can be derived by 
applying the condition that JF/Jx; = 0 for all X; E ?5. The equations resulting 
from this condition (the number of equations being equal to the dimension of ?5) 
describes a set in (?5 x ~) space, called the manifold. For a given set of conditions 
(a point in ~ space), the set of manifold equations gives a certain number of 
equilibrium states (which may be zero or finite). With respect to a certain state 
parameter X; E X, these states may be a minimum (J2F/Jx;2 > 0), a maximum 
(J2F/Jx;2 < 0) o; an inflection point WF!Jx;2 = 0). An equilibrium state is only 
then a true stable state if it is an optimum with respect to all elements of ?5, i.e. all 
J2Fiax? > 0 for a function to be minimized or all J 2F/Jx;2 < 0 for a function to 
be maximized. If an equilibrium state is anti-optimum for even one element of ?5, 
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the equilibrium is instable, and the state can be considered inaccessible. 

Of special interest are the inflection points in the manifold set, where optimum 
states meet non-optimum states. Because of the perfect delay convention, the 
system can not escape from a full optimum state (optimum with respect to all 
elements xi E ~), until this state becomes an inflection point for at least one state 
parameter xi. If such a state occurs, an infinitesimally small perturbation in xi will 
force the system out of the existing state, out of equilibrium: a catastrophe occurs. 
The system may or may not find a new stable equilibrium. The conditions under 
which a catastrophe can occur are therefore: 

I 
aF = 0 Vi 
ax; 

(3.1) 

~} 
a2F = 0 
ax 2 

I 

The set of points in (~ x Q obeying Eq. (3 .1) is called the singularity set. The 
projection of the singularity set onto the control space ~ is called the bifurcation 
set. The bifurcation set actually 'maps' the catastrophe conditions. Under gradually 
changing conditions, the system wanders through control space. If the system 
reaches a point of the bifurcation set, a catastrophe may occur. Note that this is a 
necessary but not a sufficient requirement. Under conditions that are part of the 
bifurcation set, one of the possible states is a singularity. A catastrophe will only 
occur if the current state of the system corresponds to that singularity. The state in 
which a system exists under certain conditions is history dependent. Therefore, 
catastrophic changes in the state of a system are history dependent. 

3.3 The elementary catastrophes 

As an algebraic tool to describe catastrophic phenomena, Thorn (1972) introduced 
elementary catastrophes. These can be considered archetypes for F(~) for different 
dimensionalities D of the spaces ~ and ~- The first seven elementary catastrophes 
are listed in table 3 .1. 

Relevant to us are the cuspoid catastrophes. These are all characterized by a one
dimensional state space. The optimization function is a polynomial of the order 
D(~) + 2. Any polynomial function can de written in a form as in table 3.1 by 
means of a linear coordinate transformation. Translational and scaling degrees of 
freedom may be lost, but not the shape of the function. Note that for the 
elementary catastrophes of an even order the scaling has introduced a positive 
coefficient for the highest order term, which implies that the optimization function 
should be minimized. 
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name D(X) D(C) F(X) 

cuspoids 

fold 1/3 x3 + Ax 

cusp 2 1/4 x• + 1/2 Bx2 + Ax 

swallowtail 3 1/5 x5 + 1/3 Cx 3 + 1/2 Bx2 + Ax 

butterfly 4 1 /6 x6 + 1 /4 DX4 + 1/3 Cx3 + 
1/2 Bx2 +Ax 

umbilics 

elliptic umbilic 2 3 x3 + y 3 + Ax + By + Cxy 

hyperbolic umbilic 2 3 x3 
- xy 2 + Ax + Bx + C(x2 + y2) 

parabolic umbilic 2 4 x2y + y• + Ax + By + Cx2 + Dy2 

table 3.1: elementary catastrophes 

For the even elementary catastrophes, F(x) is positive in both the limit x -+ oo and 
x -+ -oo, which means that F(x) must have at least one minimum, and the system 
will always evolve into one. Since for the odd elementary catastrophes F(x) -+oo 
for x -+ oo and F(x) -+ -oo for x -+ -oo, the system may 'slide away' to infinity if x 
is lowered below a critical value. This process is irreversible, since no control 
parameter can influence the limit of F(x) for x -+ - oo. As far as emulsion 
morphology is concerned, we want to analyze jumps from one (meta)stable state to 
another, and we should therefore consider only even cuspoids. In the next sections, 
we will elaborate on some calculus regarding the two simplest even cuspoids, the 
cusp and butterfly catastrophes. 

Some remarks on notation: there is no uniform notation of the algebra describing 
elementary catastrophes. We have found no less than four different notations in the 
literature for the optimizing function characterizing the cusp and butterfly 
catastrophes (see table 3.2). The notation used in this paper is not identical to 
either of the ones found in the literature. Instead, we have combined the best 
properties of each of these notations according to the following principles: avoiding 
confusion by minus-signs as much as possible, avoiding large factors in the 
bifurcation set, higher coefficients (C,D) should indicate more complicate 
behaviour than lower coefficients (A,B) and normal and splitting factor from both 
cusp and butterfly catastrophe should be indicated by the same coefficients. 
Furthermore, we have used capital coefficients to avoid confusion with the a,b,c 
and d parameters in Eqs. (3.30)-(3.35). 
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cusp 

1/4 x 4 + 1/2 ax2 + bx 

1/4 x4 
- ax - 1/2 bx2 

1/4 x4 + 1/2 cx2 + dx 

1 /4 x4 + 1 /2 Bx2 + Ax 

butterfly 

1 /6 x6 + 1/4 ax4 + 1/3 bx3 

+ 1/2 cx2 + dx 

1/6 x6 
- ax - 1 /2 bx2 

- 1/3 cx3
- 1/4 dx4 

1 /6 x6 + 1 /4 ax4 + 1 /3 bx3 

+ 1/2 cx2 + dx 

1 /6 x6 + 1/4 Dx4 + 1/3 Cx3 

+ 1/2 Bx2 + Ax 

table 3.2: notations for the cusp and butterfly catastrophe 

3.3.1 The cusp catastrophe 

reference 

Poston and 
Stewart, 1978 

Zeeman, 1977 

Dickinson, 
1981 

Salager, 
1985 -b 

this thesis 
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In section 2.5.2, we already worked out some calculus for the cusp catastrophe. 
The manifold equation was obtained by applying the condition aF!ax == 0. The 
singularity set was then found by applying additionally a2Fiax2 = 0, the one
dimensional equivalent of Eq. (3.1). The bifurcation set was then obtained by 
eliminating x. Although this procedure is in principle correct, it may give rise to 
overwhelmingly extensive algebra in the case of cuspoids of a higher order. Poston 
and Stewart ( 1978) present an alternative method to derive the singularity set, 
which can then be used as a parametrization for the bifurcation set. It is practically 
impossible for the higher-order cuspoids to derive the bifurcation set explicitly. 

The optimization function (to be minimized) for the cusp catastrophe is given by: 

F(x) = .2. x 4 + .2. Bx 2 +Ax 
4 2 

The manifold equation is obtained by applying aFJax = 0: 

x 3 + Bx +A = 0 

(3.2) 

(3.3) 

With Eq. (3.3), the manifold set M(x,A,B) can now be described as a function of x 
and B: 

M(x,A,B) = (x,-x 3 -Bx,B) (3.4) 
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We will now Taylor expand F(x): 

F(x+tu) = ~ ~x 4 
+ x ~x 3 + ( ~x2 + ~) ~x 2 

+ O·~x- (~x 4 +~x2) 
(3.5) 

Let P, Q and R be the coefficients of the quadratic, cubic and quartic terms 
respectively: 

quadratic: 

cubic: 

quartic: 

P(B,x) 

Q(B,x) = x 

R(B,x) I 

4 

The parameters x and B can now be expressed in terms of P and Q: 

x=Q 

B = 2P - 3Q2 

With Eqs. (3.9) and (3.10), the manifold set M(x,A,B) can be written as: 

M(x,A,B) = (Q, 2Q 3 -2PQ, 2P-3Q2
) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

The singularity set is now obtained from Eq. (3 .11) by setting the quadratic 
coefficient P = 0 (Poston and Stewart, 1978). Again substituting x for Q (Eq. 
(3.9)), we get the following expression for the bifurcation set on (A,B): 

(3.12) 

In Eq. (3.12), the bifurcation set is represented as a parametrization in the state 
parameter x. Note that upon elimination of x, Eq. (3.12) transforms into Eq. 
(2.25), which was derived directly. 
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3.3.2 The butterfly catastrophe 

The optimization function for the butterfly catastrophe is: 

F(x) = .!. x 6 + .!. Dx 4 + .!. Cx 3 + .!. Bx 2 + Ax 
6 4 3 2 

(3.13) 

Setting aF!ax = 0 yields the manifold equation: 

x 5 + Dx 3 + Cx2 + Bx + A = 0 (3.14) 

The manifold M(x,A,B,C,D) can now be expressed as: 

M(x,A,B,C,D) = (x,-x 5 -Dx 3 -Cx 2 -Bx,B,C,D) (3.15) 

The Taylor expansion of F(x) is: 

F(x + !!!.x) = ~ !!!.x 6 
+ x !!!.x

5 
+ (% x2 

+ ~) !!!.x 4 

+ (_l_Qx 3 +Dx+ C)!!lx 3 + (~x 4 +IDx2 +Cx+!!_)!!!.x 2(3 . 16) 
3 3 2 2 2 

+ O·!!!.x- (~x 6 + ·~Dx4 +~Cx3 +!!_x 2 ) 
6 4 3 2 

The quadratic, cubic, quartic, quintic and sextic coefficients are: 

quadratic: 

cubic: 

quartic: 

quintic: 

sextic: 

P(x,B,C,D) = 1x4 + 2 Dx 2 + Cx + B 
2 2 2 

Q(x,B,C,D) 

R(x,B,C,D) = ~ xz + D 
2 4 

S(x,B,C,D) = x 

T(x,B,C,D) I 

6 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 
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The manifold set M(x,A,B,C,D) can now be given in terms of P,Q,R and S: 

M (x,A,B,C,D) = ( S, 4S 5 -4RS 3 +3QS1 -2PS, 
2P -15S4 + 12RS2 -6QS, 3Q+20S3 -12RS, 4R -10S 2 ) 

(3.22) 

The singularity subset can be again obtained from Eq. (3.22) by setting P = 0. 
Since the control space four the butterfly catastrophe is four-dimensional, it is not 
possible to visualize the bifurcation set as a whole. It is often practical to show the 
butterfly catastrophe bifurcation in (A,B) space, with C and D as adjustable 
parameters: 

(A,B) = ( 4x5 + 2Dx 3 + Cx 1 , - 5x4 
- 3Dx1 - 2Cx) 

D= 10 

0=0 

D = -10 

c = -10 
figure 3.2: bifurcation sets of the butteifly catastrophe 
x-axis: splitting factor B from -100 to 100 
y-axis: normal factor A from -300 to 300 

c = 10 

(3.23) 
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Figure 3.2 shows the bifurcation set of the butterfly catastrophe. With C 0 and 
D 2:!: 0, the butterfly behaves like an ordinary cusp, with A and B normal and 
splitting factor respecitively. The control parameter C is the bias factor: for C > 0 
the cusp is skewed to the right, for C < 0 to the left, provided D 2:!: 0. The effect 
is most pronounced at D = 0, and is apparently damped by a value D > 0. D is 
called the butterfly factor. At D < 0, the more complex, typical features of the 
butterfly catastrophe emerge: the cusp splits into two, creating an overlapping 
'pocket'. Inside this pocket , there are three stable equilibrium states possible . 
Again, C behaves like a symmetry parameter, affecting the position and the shape 
of the pocket region. 

3.4 Experimental test of the catastrophe theory 

In section 2.5.2 we showed that catastrophic phase inversion displays some 
qualitative features of the cusp catastrophe. Dickinson (1981) suggests that semi
quantitative agreement should be sought by fitting the cusp bifurcation set to 
experimental inversion data. This strategy was followed by Smith and co-workers 
in the early 1990's. We will follow the same strategy, introducing the butterfly 
catastrophe as a more advanced fitting model. 

3.4.1 Binary water-amphiphile system 

Comparisons between the cusp catastrophe bifurcation and experimental phase 
inversion data were made by Smith and Lim (1990-b). In a binary, water/2-
butoxyethanol system, phase inversion experiments were undertaken to determine 
cp 1 and cp2, i.e . the volume fractions of amphiphilic phase at which inversion took 
place, as a function of temperature, close to the critical point. cp 1 is the inversion 
point from Aq/Am (aqueous phase in amphiphilic phase) to Am/Aq, cp2 is the 
inversion point from Am/ Aq to Aq/ Am. From the graphical presentation of the 
experimental data, cp-cpc could be identified as normal factor, and T-Tc as splitting 
factor, where (<PoT J is the critical point. 

The critical temperature, Tc was determined by extrapolation of conductivity 
measurements, the critical inversion point c,o, was disputably set to 0.5, following 
Ross and Kornbrekke (1981) . In section 2.5.1 we discussed their stochastic model 
for phase inversion. According to equations (2.15) and (2 . 16), the phase inversion 
point is to be found where !J.A = 0. From Eq. (2. 17) it follows that this condition 
is satisfied for cpA = {31 (ex+ {3) . Since close to the critical point the phases A and B 
approach identity, it is argued that ex approaches {3, therefore 'PA = 0.5. However, 
in section 2.5.1 we also showed that some less realistic prepositions regarding the 
droplet size distribution of the emulsion underlie Ross and Kornbrekke's analysis, 
allowing at most the conclusion that <Pc ""' 0.5. Futthermore, their analysis is based 
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on the dubious assumption that the stochastic outcome of phase inversion 
experiments results from a stochastical nature of the phase inversion process itself, 
rather than from ill-defined agitation (shaking by hand). 

Instead of setting the critical inversion point to 0 .5, <Pc can be defined as the 
common limit of <PI and <P2 for T approaching Tc. Determining <Pc by extrapolation 
of <PI and <P2 to T = Tc, we find a value of <Pc = 0.53 for the binary water/2-
butoxyethanol system. 

The bifurcation set of the cusp catastrophe is given by: 

(3.24) 

(see also Eq. (2.25)). 

A direct fit of this bifurcation set to the experimental data is not satisfactory (see 
figure 3.3) . The main reason for this is that Eq. (3 .24) requires the cusp to be 
symmetrical around the axis A=O, i.e. the critical value of the volume fraction, 
whereas the data points are clearly not located symmetrically around <Pc· However, 

20 

15 

u 10 I-

I- 5 

0 

-5 
-0.02 0 0.04 0.08 

cpam - cpam,c 

cusp catastrophe fit 
(Smith and Lim, 1990-b) 
butterfly catastrophe fit 
assuming <r>c = 0.5 
butterfly catastrophe fit 
assuming <r>c = 0.53 

0.12 

figure 3.3: cusp and butterfly catastrophe fits on experimental data from a binary 
water/2-butoxyethanol system (Smith and Lim, 1990-b) 
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catastrophe theory was successful in fitting the hysteresis width t!..<p = <p 1 - <p2 • On 
the basis of Eq. (3.24), it is expected that A - W12

. Indeed, t!..<p - (T-TY12 

proved to be a satisfactory fit, although the best fit was t!..<p - (T-Tc) 122
. 

In order to fit the experimental data mentioned an asymmetrical cusp is required. 
This can be accounted for by the butterfly catastrophe, as shown in section 3.3 .2. 
We are not concerned with the most complex feature of the butterfly catastrophe, 
the formation of a pocket between two overlapping cusps, accounting for three 
possible behaviour states at one point in control space. Therefore we can limit 
ourselves to values D ~ 0, where the butterfly behaves like a cusp, with 
asymmetry introduced by a value C ~ 0. 

The bifurcation set of the butterfly catastrophe (Eq. (3.23)) can be given by a 
parametrization of A and B in x, C and D: 

(3.25) 

B -5 x 4 - 3 D x 2 - 2 C x (3.26) 

Since Eq. (3 .26) has up to four real roots, it is in theory possible to express the 
bifurcation set as a set of up to four explicit functions A=f(B). However, this 
involves such extensive algebra that the result is not practical for any purpose, 
including curve fitting. With the Eqs. (3.25) and (3.26) it is however easy to obtain 
satisfactory fits by trial and error. 

Another limitation is necessary: since D > 0 only reduces the effect of a non-zero 
value of C, without changing the general shape of the bifurcation set, we limit 
ourselves to D=O. This allows us to obtain an explicit expression for the cusp 
point: 

31c 
~TO 

(3.27) 

The cusp catastrophe equations are such that the cusp point corresponds to (A,B) = 
(0,0). This is quite practical for fitting, since normal factor and splitting factor are 
defined with respect to the critical point, <p-<pc and T-Tc respectively. With the 
more complex butterfly catastrophe equations, the cusp point no longer corresponds 
to (A,B) = (0,0). With the help of Eq. (3.27), Eqs. (3.25) and (3.26) can be 
modified in order to obtain a cusp point (0,0): 



70 Chapter 3 

(3.28) 

B* ( 
c )4/3 

-5 x 4 
- 2 C x - 25 

10 
(3.29) 

We will now fit the relationships cp - 'Pc = KA A* and T- Tc = K8 B*, with KA, K8 
and C being the fit parameters. Since the relationship between A* and B* cannot be 
given explicitly, standard non-linear curve fit procedures cannot be applied to this 
problem. We have instead used the following procedure: first, KA, K8 and C were 
estimated by trial and error, until an apparently reasonable fit was obtained . The 
temperature was chosen as the independent parameter, and the sum of squares of 
the differences between calculated and experimental inversion points (volume 
fractions) was evaluated. Then, all three fit parameters were varied stepwise, with 
decreasing step size, until a minimum sum of squares was reached. It can however 
not be guaranteed that this local minimum is the global minimum sum of squares. 

KA Ka c 
binary system 
(Smith and Lim, 1990-b) 13.9 -0.09 -8.32 
figure 3.3 
l.fJc = 0.5 

binary system 
(Smith and Lim, 1990-b) 30.5 -0.12 -1 0.1 
figure 3.3 
l.fJc = 0.53 

ternary system 
(Lim and Smith, 1991) 0.85 1.00 -36.6 
figure 3.4 
normal factor l.fJwater 

ternary system 
(Lim and Smith 1991) 2.89 1.78 25.8 
figure 3.5 
normal factor l.fJbenzene 

table 3.3: values of KA, K8 and C parameters from butteifly catastrophe fits on 
experimental inversion data 
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The results are presented in table 3. 3, and the fitted curves are plotted in figure 
3.3, together with the cusp catastrophe fit by Smith and Lim (1990-b). The 
butterfly catastrophe fit is much better than the cusp catastrophe fit, although still 
unsatisfactory. As can be seen from figure 3. 3, the quality of the fit is much better 
for the value of 'Pc == 0.53, obtained by extrapolation of experimental data, than for 
'Pc == 0.5, as derived by Ross and Kornbrekke (1981). Hysteresis width can also be 
fitted by the butterfly catastrophe. Since hysteresis width is a symmetrical variable, 
we can limit ourselves to the case of C == 0. Hence we find A - W14

, which is 
very close to the experimental best fit ficp - (T-Tc)t.22

, much closer than the 
exponent 3/2 as predicted by the cusp catastrophe. 

3.4.2 Ternary water/oil/emulsifier system 

Experimental data which can be employed to test the catastrophe theory are also 
available for a ternary system. Lim and Smith (1991) reconstructed phase inversion 
data in a water/benzene/ethanol system from Ross and Kornbrekke (1981) . From a 
striking similarity between the experimental inversion curve and the cusp-shaped 
bifurcation lines, the normal factor could be associated with the water or benzene 
phase fraction, the splitting factor to the distance from the critical point, which 
would be in this case the component fraction ethanol. However, these quantities 
were rejected by Lim and Smith as suitable normal and splitting factors, since they 
did not form an orthogonal system. Data were transformed into a polar coordinate 
system in order to obtain parallel tielines, which, according to Lim and Smith, 
would be a requirement imposed by catastrophe theory. This is not true however, 
since an experimental path along a tieline is not necessarily a path of constant 
splitting factor. At this stage, catastrophe theory is a purely phenomenological 
model. Normal and splitting factor are identified with physical parameters on the 
basis of qualitative similarities in behaviour. It is hoped that in case a correct fit is 
obtained, the mathematical relationships between state, normal and splitting factors 
will reveal the physical relationships between the physical parameters they are 
associated with. A correct definition of the splitting factor is the definition for 
which the mathematical description in the catastrophe theory framework is in 
agreement with the physical nature of the associated parameter. The splitting factor 
may well be defined such that the tielines are lines of constant splitting factor. This 
may be done by a polar coordinate transformation as suggested by Lim and Smith 
(1990-b), or in this particular case by defining the splitting factor as the fraction 
ethanol in the aqueous phase. However, there is yet no indication that such a 
definition will lead to agreement between mathematical and physical relationships. 
Therefore, we have chosen to define the normal and splitting factor as closely 
related to the experimental practice as possible: the component fraction water or 
benzene as normal factor and the component fraction ethanol as splitting factor. 
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We have performed fits on both IPwater-IPwater,c = KA A* and IPbenzene-IPbenzene,c = KA A* 
versus IPethanot-IPethanol.c = K8 B* . Here, all fractions <p represent component fractions. 
The results of the fits are presented in table 3.3 and figures 3.4 and 3.5. The visual 
quality of both fits is reasonable, at least much better than a symmetrical fit of the 
cusp catastrophe. The fit is obviously lacking one important characteristic: the 
experimental points show one leg to be convex and the other to be concave towards 
the inside of the cusp. However, from Eqs. (3.25) and (3 .26) it can be deduced 
that dA/dB = -x. Therefore, the gradient of the bifurcation set changes 
monotonically and counterclockwise along the curve. This means that the butterfly 
catastrophe requires both legs of the bifurcation set to be convex towards the inside 
of the cusp. The visual quality of the fit can probably be increased by employing 
elementary catastrophes of an even higher order, but only at the cost of introducing 
more fit parameters whose physical significance becomes more and more obscure. 

As for the physical significance of the employed fit parameters KA, K0 and C, only 
the C parameter can be qualitatively interpreted, being related to the HLB of 
emulsifier. If HLB > 7, 0/W morphology will be preferred, and the inversion 
curve will be skewed to the side of low fraction aqueous phase. If the splitting 
factor is defined on the basis of the fraction aqueous phase, this will correspond to 
C < 0, hence, C - 7 - HLB. If the splitting factor is defined on the basis of the 
fraction organic phase, C - HLB - 7. This is in agreement with Salager ( 1985-b), 
who found a relationship between the cubic coefficient from the Gibbs free energy 
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equation of the butterfly catastrophe and the surfactant affinity difference, a 
parameter incorporating the effect of the HLB of the emulsifier. 

3.4.3 Evaluation 

Although the cusp catastrophe may successfully describe phase inversion 
phenomena on a qualitative basis, it can not be employed to fit experimental data. 
The more sophisticated butterfly catastrophe, which displays under the assumption 
D 2 0 exactly the same qualitative characteristics as the cusp catastrophe, resulted 
in visually better fits. Elementary catastrophes of a higher order may improve the 
quality of the fit. However, for catastrophe theory to be a quantitative, predictive 
model it is essential that the fit parameters have a physical significance. Employing 
elementary catastrophes of a higher order will only lead us away from this goal. 

Let us reconsider the essentials of catastrophic behaviour and the function of 
elementary catastrophes in describing this behaviour. Catastrophic behaviour 
involves sudden changes in behaviour of a system as a result of gradually changing 
conditions. The number of possible behaviour states and the number of control 
parameters involved determines the complexity of the catastrophe. For the 
catastrophic phenomena observed in emulsion phase inversion, the relevant 
behaviour is outlined in figure 3.1. A description of catastrophic phase inversion is 
not necessarily of the exact form of Eq. (3.2), but it should show the qualitative 
characteristics as shown in figure 3 .1. 

Any analytical function can be represented within a certain range with a certain 
accuracy by a polynomial. The accuracy and applicable range will be better with 
increasing order of the polynomial, at the cost of the introduction of more 
coefficients. Likewise, any catastrophic behaviour can be represented by an 
elementary catastrophe of a certain order, with accuracy and applicable range 
increasing with the order of the elementary catastrophe. If relatively high accuracy 
is demanded, a suitable elementary catastrophe might be much more complex than 
the actual underlying physical relationships, resulting in many, often highly 
correlated parameters of little physical significance. As for the elementary cusp 
catastrophe, this is the simplest function accounting for the behaviour outlined in 
figure 3.1. 

3.5 Physical interpretation of the morphology parameter x 

Instead of trying to find an elementary catastrophe that fits experimental data, we 
will try to deduce catastrophic behaviour from a description of the Gibbs free 
energy of an emulsion system as a function of a relevant morphology parameter. 
Following the suggestion of Dickinson (1981), we choose the curvature of the 
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interface, defined as the reciprocal radius of curvature of the emulsion droplets. 

3.5.1 The Gibbs free energy of an emulsion system as a function of droplet 
curvature 

Overbeek et a!. (1987) give a description of the Gibbs free energy per unit volume 
of a droplet-type emulsion in terms of curvature: 

L 4na
2 

[ 2c 3kT ) G = n.A.. + n -- a+-+ --
2

/.wfo(<p,a) 
I I d 3 a 4na 

(3.30) 

with: 
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3 

f. 
1 

( <p , a) = In <p - 1 + <p - - In --
w 0 ( 1 - <p )2 2 v w 

(3.31) 

for a W /0 emulsion. 'P is the volume fraction aqueous phase, and a is the 
interfacial tension at zero curvature (infinite radius of curvature). 

These equations were derived to describe microemulsions. Since the curvature 
dependence of the Gibbs free interfacial energy becomes less critical for larger 
droplets, these equations are certainly applicable to coarse emulsions. 

The first term in Eq. (3.30) represents the chemical potential of the components of 
the emulsion. Since this term is related only to the composition of the emulsion, 
not to its morphology, it will be omitted below. The second term, 4?ra2/3 a, 
represents the interfacial energy. The third term, 4?ra2/3 2c/a, accounts for the 
bending stress, the curvature dependent interfacial energy, expressed by the 
bending stress coefficient c. The fourth term in Eq. (3.30) represents the entropy of 
the dispersed droplets. 

The bending stress coefficient c can be written as: 

c = -b + d 
a 

(3.32) 

according to Overbeek (1991). The parameters _ll and d are related to the mean and 
Gaussian bending elasticity moduli !<, and !<,. By comparing equations from 
Overil_eek (1991) and Barneveld (1991), it can be deduced that b = 21<,/ao and d = 
2kc+kc. Typical values are b :::::: I0- 12 Nand d :::::: 10-20 J (Overbeek, 1991; Kegel, 
1993), which will be used in our calculations. 
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Eliminating the number of droplets, 1\J, Eqs. (3.30) and (3.32) result in the 
following expression for the interfacial contribution to the Gibbs free energy of the 
emulsion system, G;n1: 

( 
o 2b 2d 3kT l Ginz = q> - - - + - + -- fwto ( q> • a) 
a a 2 a 3 4Tia 3 

(3.33) 

Following Overbeek (1991), we define the curvature of an 0/W emulsion as 
negative curvature. Hence we obtain: 

( 
o 2b 2d 3kT l G. = - (1 -q>) - + - + - + -- f ( 1-tn I a I) 

mt 2 3 4 3 ofw 't' ' a a a 1ta 
(3.34) 

with: 

for an 0/W emulsion (1/a<O). 

Calculating the Gint according to Eq. (3.33) for lla > O and according to Eq. (3.34) 
for 1/a < 0, employing the above typical values for b and d parameters, we obtain 
the results as presented in figures 3.6 and 3.7. We can see that a system described 
by Eqs . (3 .33) and (3 .34) may display catastrophic behaviour. The volume fraction 
aqueous phase cp can be identified as normal factor, the interfacial tension a as 
splitting factor. Both are in agreement with Dickinson's suggestions (1981), since 
the interfacial tension is, below the CMC, highly correlated with the surfactant 
concentration. 

Simple catastrophic behaviour, as qualitatively described by the cusp catastrophe is 
only displayed for a ::;; 10-5 N/m, a typical value for micro-emulsions. For higher 
values of the splitting factor, the minima at positive and negative curvature 
disappear. At a ;::: 10·3 N/m, a typical value for coarse emulsions, only a very 
steep minimum at zero curvature remains. Note that the model for G;01 = f(l/a) 
only accounts for one explicit value of 1/a for the whole emulsion system. 
Therefore, the 'zero curvature state' refers to a state of an actual flat interface, i.e. 
a state of separated phases. It does definitely not refer to a bicontinuous state with 
average zero curvature, since 1/a = 0 leads to G;01 = 0, which is certainly not the 
case for a bicontinuous state. 
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<p = 0.9 

-4 
cr = 6x10 N/m 

The bifurcation set can be derived by solving the following equations: 

dGint 

d(lja) 
= 0 and d2Gim = 0 

d(lja)2 
(3.36) 

Neither of the above equations can be solved analytically. The first derivative was 
evaluated numerically employing the bisection method, the second derivative by 
means of the Newton-Raphson method. Points of the bifurcation set were obtained 
by bisection of cp at a certain value of a. The bifurcation set is plotted in figure 3.8 
and consists of two smooth curves, enclosing the hysteresis region in which two 
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morphology states are (meta)stable . Unlike the cusp catastrophe, the bifurcation 
lines continue beyond the critical point, marking out a region in which no emulsion 
state is metastable. The only stable state here is a state of zero curvature, i.e. two 
separated phases. The meaning of the dashed lines will be explained below. 

3.5.2 Coherent and Incoherent inversion 

In 1982, Dickinson presented the 
concept of coherent and incoherent 
inversion. Coherent inversion follows 
exactly the perfect delay convention, 
i.e. inversion can only take place if 
there is no longer an energy barrier 
between the 0/W and W /0 states. 
Incoherent inversion allows the system 
to jump over a certain barrier, into a 
deeper minimum. Note that incoherent 
inversion does not in principle follow 
the Maxwell convention: in the 

coherent inversion incoherent inversion 

figure 3.9: coherent and incoherent 
inversion 
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Maxwell convention, the system will always adapt to the global mm1mum, 
regardless of the height of the energy barriers. Incoherent inversion depends on the 
height of the energy barrier, and the minimum the system reaches after inversion 
will indeed be a deeper minimum than the initial one, but not necessarily the global 
minimum. The difference between coherent and incoherent inversion is shown in 
figure 3.9. 

Dickinson suggested that the system may find the energy to jump a barrier from 
the agitation of the emulsion. We will now apply this concept to the state of zero 
curvature. For a closer look at this state, we evaluate Gint near 1/a = 0: 

aG aG. lim __ rn_l = lim __ m_r = cp a 
lfaiO a(lfa) lfalO a(lja) 

(3.37) 

For a > 0 there is always a local minimum at 1 /a = 0 . This is understandable, 
since a system of separated phases (1/a = 0) will not generally form droplets 
spontaneously. Following the perfect delay convention, the system can never 
escape from this state, since this minimum, unlike the other minima at positive or 
negative curvature, will never disappear. This would mean that phase inversion is 
impossible, because any change from positive to negative curvature or vice versa 
passes through zero, where the system would remain in a local minimum. 

The height of the energy barriers at either side of the zero curvature state decreases 
dramatically with decreasing a. As can be seen from figure 3.7, the dip becomes 
negligibly small with respect to the other minima at a ~- 10·5 N/m. It has been 
suggested by Dickinson (1982) that agitation of an emulsion will provide energy to 
the system to 'jump' over a certain energy barrier. Employing this concept, we 
have compared the height of the energy barriers around 1 /a = 0 to the energy 
provided by agitation. Under steady state conditions, the energy supply to the 
emulsion is equal to the energy dissipation rate e (J/(kg·s) or m2/s3

) . The system 
will need a certain amount of energy to escape from the zero curvature state. This 
energy is supplied by agitation at a more or less constant rate, but it caiU1ot be 
accumulated over infinite time. The presence of eddies arriving at an element of 
the interface is felt during a time Tk, with TK = (vle) 112 the Kolmogorov time scale. 
During this time, an amount of e Tk of kinetic energy per unit mass can be supplied 
to that element. If this amount of energy is less than the amount required for the 
interface to escape from the zero curvature state, the interface will only deform, 
and the kinetic energy is soon dissipated with the relaxation of this deformation. If 
however the amount of energy supplied exceeds the height of the energy barriers 
around the zero curvature state, the interface will break and droplets will be 
formed. Therefore, the maximum energy barrier that can be overcome can be 
estimated from the energy supply of one single eddy: 
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(3.38) 

In a well-baffled stirred vessel, at sufficiently high impeller speed, the (average) 
energy dissipation rate may be obtained from Narsimhan et at. (1980): 

(3.39) 

with N the number of impeller revolutions per second and d;mp the impeller 
diameter. C 1 is a constant depending on the geometry of the vessel and impeller, 
usually in the order of 1. 

With N = 16.7 s·1 (1000 RPM) and d;mp = 5 em we fmd a typical value of e :::::: 10 
J/kg s. In figure 3.8 we have also indicated the lines for which the minimum at 
zero curvature is enclosed by energy barriers of at least LlGm.u as given by Eq. 
(3.38), for values of e = 1, 10 and 100 m2/s3

. 

In figure 3.10 the bifurcation lines are shown, together with the line of a critical 
energy barrier for e = 10 m2/s3 (cf. figure 3.8). Point P represents a W /0 
emulsion. Adding aqueous phase to this emulsion, containing a certain 
concentration of surfactant such that a remains constant, we follow path PQRST. 
The emulsion will remain W /0 until point S is reached, where inversion will 
occur. The ball-in-hole representation of this process is given in figure 3.11. Going 
the other way, starting at point T with an 0/W emulsion, we follow path TSRQP 
by adding organic phase. Inversion will now occur at point Q. QS represents the 
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figure 3.10: examples of inversion paths 
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figure 3.11: bali-in-hole representation of the inversion paths from figure 3 .I 0 

hysteresis width at this specific value of a. 

The influence of the energy barrier around the state of zero curvature becomes 
clear following the path UVW. We start at point U with a W/0 emulsion, agitated 
such that e = 10 J/kg s. Adding aqueous phase, the W/0 morphology becomes 
unstable in point V. Above the dashed line, the energy barrier around the state of 
zero curvature is high enough to 'trap' the system. Since point V is located above 
the dashed line, the emulsion wiJI not invert, but instead, phase separation will 
occur. This process is illustrated by means of ball-in-hole analogy in figure 3.11. 

3.5.3 Evaluation of the applicability of catastrophe theory 

We have shown that a description of the Gibbs free energy of an emulsion system 
as a function of the curvature of the droplets can account qualitatively for all 
catastrophic phenomena observed with respect to emulsion phase inversion. A 
physically relevant behaviour parameter, and normal and splitting factors could be 
identified. On the basis of this model it is expected that for values of the interfacial 
tension a 2 10·3 N/m the emulsion system will tend to separate, and catastrophic 
phase inversion will not occur. This result is not very surprising, since it is 
generally known that coarse emulsions are not thermodynamically stable. It is 
however surprising that catastrophic phase inversion, with all characteristics of a 
catastrophe, still occurs in coarse emulsions at a 2 10·3 N/m. There are two 
possible explanations for this: 
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(1) The curvature of the interface is not the appropriate behaviour parameter to 
be used in catastrophe theory. There is another, physically relevant 
behaviour parameter that will give rise to catastrophic behaviour in the 
appropriate ranges of normal and splitting factor, i.e . also for coarse 
emulsions. 

(2) Catastrophe theory is not applicable to phase inversion in coarse emulsions 
at all. The observed hysteresis phenomena have another, non-catastrophic, 
nature. 

We cannot prove that either explanantion is right or wrong, but we can raise two 
important objections against the first one. The first objection is that curvature is a 
most appropriate behaviour parameter. Catastrophe theory requires a continuous 
parameter to describe discrete morphology behaviour. Of all continuous parameters 
characterizing an emulsion system, curvature is most directly related to emulsion 
morphology, provided its sign is defined according to the morphology . A state of 
zero curvature seems to be a transition state between 0/W and W /0 morphology. 
Furthermore, the proposed description of the Gibbs free energy of the emulsion 
system did show catastrophic behaviour, but not in the appropriate range of (J . It is 
very unlikely that there are two possible behaviour parameters giving rise to 
catastrophic behaviour, each in another range of respective nonnal and splitting 
factors. 

A second objection against the first explanation is that the application of curvature 
as a behaviour parameter in catastrophe theory leads to the conclusion that above a 
certain value of the interfacial tension emulsions are not thermodynamically stable 
systems, a generally known fact. It has already been stated by Salager (1988) that 
care has to be taken when treating emulsion phase inversion in a thermodynamic 
way. Salager assumed that the processes causing an emulsion to break 
(coalescence) are slow with respect to the processes that govern phase inversion. 
The observation of catastrophic phenomena and the fact that transitional inversion 
could be very well described on the basis of equilibrium thermodynamics seemed 
to justify thermodynamic treatment of catastrophic phase inversion. In case of 
transitional inversion, the stability of the emulsion before and after phase inversion 
is comparable. Catastrophic phase inversion, however, involves inversion from a 
highly unstable morphology to a more stable one. Also, the coalescence processes 
which cause unstable emulsions to break, play a much more important role in 
catastrophic phase inversion than in transitional inversion. Therefore, application of 
(equilibrium) thermodynamics to transitional inversion may yield useful results, but 
it is certainly inappropriate to catastrophic inversion. 

The question remains whether catastrophe theory is applicable to microemulsions. 
On the basis of Eqs. (3.33) and (3.34) and figure 3 .8, catastrophic behaviour is to 
be expected in the microemulsion range ((J ~ 10 5 N/m). However, catastrophic 
behaviour is not generally observed regarding microemulsions. For coarse 
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emulsions, the volume fraction cp is determined by the bulk formulation of the 
emulsion system. The droplet size is adapted by means of coalescence and breakup 
of droplets. Microemulsions are often in equilibrium with excess dispersed phase, 
and may exchange this phase between the droplets and the bulk excess phase in 
order to minimize the Gibbs free energy of the system. The droplet size in this 
case is controlled by adapting the volume fraction in ihe emulsion phase, in 
exchange with the bulk excess phase. Because of this extra degree of freedom, 
microemulsions may escape from a local minimum in Gibbs free energy by 
adapting cp, and end up in a state of global minimum Gibbs free energy . Micro
emulsions do therefore not obey the perfect delay convention. As a result, 
catastrophic behaviour is not to be expected. 

So far, we have only considered equilibrium thermodynamics in conjuction with 
catastrophe theory. In theory, it is possible to set up a catastrophic framework on 
the basis of non-equilibrium thermodynamics . Another optimization function has to 
be chosen, for instance the entropy production per unit time, which is to be 
minimized. In order to describe coarse emulsions correctly, the contributions of 
breakup and coalescence to the entropy production, as well as the influence of the 
processing conditions on the breakup and coalescence have to be accounted for . 
This would bring catastrophic modelling very close to kinetic modelling of phase 
inversion. We believe, however, that the effect of kinetic processes on phase 
inversion is better accounted for directly, i.e . in a kinetic framework, than 
indirectly through the entropy production. 

3.6 Conclusions 

In this chapter, the applicability of catastrophe theory to emulsion phase inversion 
has been investigated. Two potential 'applications' have been considered: 
1) catastrophe theory as a fitting model for experimental phase inversion data , and 
2) catastrophe theory as a predictive model for phase inversion. In order to 
investigate applicability, two approaches have been followed : 1) improving the fit 
quality by applying elementary catastrophes of a higher order, and 2) building a 
model describing catastrophic behaviour on thermodynamic properties of an 
emulsion. 

As far as the possibilities for fitting are concerned: fit quality can indeed be 
improved following the first approach. While the cusp catastrophe can only 
describe qualitative features of catastrophic phase inversion and fit the hysteresis 
width, the butterfly catastrophe can fit experimental data directly , both in a binary 
and a ternary system, with reasonable accuracy . Still , the butterfly catastrophe can 
not account for all features of the experimental data. In particular, the butterfly 
catastrophe requires both 'legs' of the bifurcation set to be convex towards the 
inside of the cusp. Accuracy may be improved by applying elementary catastrophes 
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of a higher order, but at the cost of the introduction of more fit parameters. While 
already the nature of all parameters from the butterfly and even the cusp 
catastrophe is not yet resolved, a better fit of catastrophe theory will not result in 
better understanding of the phase inversion process. Therefore , the first approach 
will fail in finding a predictive model. 

Following the second approach, an expression for the Gibbs free energy of an 
emulsion system as a function of the curvature of the droplets could be used instead 
of an elementary algebraic form to describe the qualitative features of catastrophic 
phase inversion. With the curvature of the droplets as behaviour parameter, the 
volume fraction of one of the phases could be identified as normal factor, and the 
interfacial tension as splitting factor. On the basis of this expression, catastrophic 
behaviour is to be expected in the micro-emulsion range (a ~ 10·5 N/m), but not in 
the coarse emulsion range (a ~ 10·3 N /m). In reality, however, catastrophic phase 
inversion is observed in coarse emulsions but not in micro-emulsions. 

It was concluded that the assumptions that justified a thermodynamic treatment of 
transitional inversion are not applicable to catastrophic inversion. Catastrophic 
behaviour in micro-emulsions is not observed, since these do not obey the perfect 
delay convention. Therefore, catastrophe theory, in conjuction with equilibrium 
thermodynamics, cannot be applied as a predictive model for phase inversion in 
emulsions. While it is in principle possible to set up a catastrophic analysis of 
phase inversion using non-equilibrium thermodynamics, kinetic modelling is to be 
preferred in order to describe the influence of kinetic processes on phase inversion. 
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List of symbols 

Roman symbols 

a m droplet radius 
A normal factor 
b N bending stress parameter (defined by Eq. 3.32) 
B splitting factor 
c N bending stress coefficient 
c bias factor 
c control space 
-
c, constant 
d J bending stress parameter (defined by Eq. 3.32) 

dimp m impeller diameter 
D butterfly factor 
f mixing entropy function 
F optimization function 
kc J mean bending elasticity modulus 

~ J Gaussian bending elasticity modulus 
G J Gibbs free energy 
AGmax J Gibbs free energy barrier 
M Manifold set 

I\i number of droplets 
n; mol amount of component i 
N s·' impeller speed (revolutions per second) 
p quadratic term of Taylor expansion 
Q cubic term of Taylor expansion 
R quartic term of Taylor expansion 
s quintic term of Taylor expansion 
T K temperature 
T sextic term of Taylor expansion (sec . 3.3) 
X state parameter 
X state space 
y second state parameter (umbilic catastrophes) 

Greek symbols 

a m2 constant defined by Eq. 2.18 
(3 m2 constant defined by Eq. 2.19 
e J kg·' s·' turbulent energy dissipation rate 
A J mot·' chemical potential 

/.L Pas viscosity 
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Chapter 4 

Droplet dynamics in agitated vessels 

4.1 Introduction 

As was concluded in chapter 2, a kinetic framework is a fundamentally correct, but 
complex basis for a predictive model for catastrophic phase inversion. We have to 
consider the kinetics of (orthokinetic) coalescence and breakup, from now on 
referred to as droplet dynamics. Other processes that may influence the emulsion 
droplet size, such as for instance Ostwald ripening and perikinetic coalescence, are 
not taken into account, since their contribution to the change in droplet size in 
sufficiently agitated emulsions is negligible. 

The droplet dynamics are ruled by the degree of agitation, to be more precisely by 
the velocity gradients induced by agitation. These velocity gradients cause forces 
that may either drive two droplets together or deform a droplet such that it may 
break. In the following section, we will devote some attention to the origin of these 
forces. Next, we will discuss the power consumption of mixing equipment (vessels 
and stirrers), in close agreement with the various experimental setups presented in 
this thesis (see sections 5.3.2 and 6.3.2). Finally, various models for breakup and 
coalescence kinetics will be reviewed. 

4.2 Agitation 

Agitation of a body of fluid will generate velocity in the fluid, causing it to flow. 
But since, in general, not all of the fluid is accelerated evenly, agitation will also 
generate velocity gradients. These velocity gradients will give rise to forces, of 
which two types can be distinguished: viscous forces, arising between layers of 
fluid moving at different speeds, and inertial forces, due to the acceleration of 
matter when it is transported over a velocity gradient. The viscous and inertial 
forces rule the droplet dynamics: they can drive emulsion droplets together in order 
to let them coalesce, or they can deform a droplet such that it breaks. Information 
about these forces may be obtained from the equations of change, regarding the 
conservation of mass and momentum. 

It is not our purpose to present an extended hydrodynamic analysis here. 
Continuum mechanics is a subject covered extensively in many textbooks. In this 
section, we will refer particularly to Bird et al. (1960). The theory on turbulence, 
briefly presented here, mostly originates from Taylor (1935) and Kolmogorov 
(1941). For an extensive review, see Hinze (1975). The thesis by Kusters (1991-a), 
whose objectives parallel ours to a great extent, presents a concise overview, with 
special reference to droplet dynamics. 
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4.2.1 The equations of change 

The conservation of mass is expressed by the continuity equation: 

~ =- (V·pu) 
at 

Chapter 4 

(4.1) 

For isothermal flow in non-compressible fluids (constant p), Eq. (4.1) reduces to: 

V·u = 0 (4.2) 

The conservation of momentum is formulated by the equations of motion , one for 
each component puj, formulated in terms of the vector P!!: 

a( pu) 
= - [ v. p uu] - [ v "l,] - v p + f at 

(4.3) 

The first term on the right hand side of Eq. (4.3) represents the momentum 
transport by means of convection (the inertial forces), followed by the contributions 
from the viscous stresses !_, the pressure forces Vp and the total of body forces per 
unit volume f . -

The viscous stresses are related phenomenologically to the velocity gradients. For 
Newtonian fluids, the so-called Newton's law of viscosity applies (Bird et al., 
1960): 

(4.4) 

The first term on the right hand side represents the stresses due to angular 
deformation, where ll is the viscosity of the fluid . The second term accounts for 
volume deformation. Note that this term is zero in flows of constant density, 
because of Eq. (4.2). K is the bulk viscosity, and is negligible in most cases. It is 
practical to define the shear rate tensor: 

(4.5) 

Note that i is a symmetric tensor, with a trace equal to zero at constant density. 

Substituting Newton's law (4.4) into the equation of motion (4.3), and applying the 
continuity equation for non-compressible fluids (4.2), the famous Navier-Stokes 
equation is obtained: 

au 
pat 

(4.6) 
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It is often practical to write Eq. (4.6) in a dimensionless form, by introducing a 
characteristic velocity u0 , and a length scale 10 . Indicating the dimensionless 
variables by an asterisk, we set !::* = !:: I 10 (thus V'* = V' 10), g* = !:! I u0 , 

r* = t u0/10 , p* = p I PUo2 and .f.* = .f. 10/pu0
2

• The Navier-Stokes can now ·be 
written as: 

at· 
-
1
- [ V* 2 u* 1 - u* · v· u* - v· p • + f* 

Re 

where Re is the Reynolds number, given by: 

p uo lo 
Re = 

(4.7) 

(4.8) 

The solution of the (dimensionless) Navier-Stokes equation will in principle give 
the exact velocity field and the pressure distribution. The nature of the solution, 
and the mathematical procedures to be followed to obtain (an approximation of) 
this solution are highly dependent on the value of Re. Re itself roughly indicates 
the ratio between viscous forces J.tUollo and inertial forces pu0

2
• This balance can 

also be seen in the dimensionless Navier-Stokes equation (4. 7): the first term on 
the right hand side represents the viscous forces, the second one the inertial forces. 
For Re << 1, the contribution from the viscous forces dominates over the 
contribution from the inertial forces. Vice versa for Re » 1. We will now comment 
on the nature of the solution and the solution procedures in three typical regimes of 
Re. 

In this case, the contribution from the inertial forces can be neglected. The 
nonlinear Navier-Stokes equation reduces to the linear Stokes equation. The 
resulting flow is stable in the steady state, and is referred to as laminar flow. The 
linear Stokes equation can in principle be solved analytically for systems with a 
very simple geometry and simple boundary conditions. For more complex 
geometries and/or boundary conditions, the solution can be obtained numerically 
(Baker, 1983; Cuvelier et al. , 1986). 

Re = 1 

Now the nonlinear terms in the Navier-Stokes equation can no longer be neglected. 
The full, nonlinear equation must be solved by means of iteration, where it is often 
practical to take the solution of the linear Stokes equation as a starting point. The 
resulting flow is still stable in steady state, however no longer laminar. Taylor 
vortices in Couette flow are a well-known example of this type of flow. 
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In this case the nonlinear terms of the Navier-Stokes equation dominate. Because of 
this, fluctuations of the pressure and velocity field are allowed even under steady 
state conditions. This type of flow is called turbulent flow. While each momentary 
state of the velocity field and pressure should obey the Navier-Stokes equation, it is 
impossible do derive one particular state from the equation. Neither is this useful, 
since the local and momentary velocity field will give no exact information on the 
mean flow field and the velocity gradients influencing the droplet dynamics. 

4.2.2 The time-averaged Navier-Stokes equation 

While, due to the pronounced nonlinear character of the Navier-Stokes equation at 
large values of Re, the local values of the velocity and pressure are allowed to 
fluctuate in time under steady state conditions, the flow as a whole should still obey 
steady state boundary conditions. This means that by averaging the velocity and 
pressure field over time, a main flow pattern must become evident, in order to 
satisfy these boundary conditions. This main flow pattern can be calculated by 
discerning a fluctuating field superimposed on a time-averaged field, i.e. !! = g' + 
!:! and p = p' + P, where the fluctuating component has been indicated by an 
accent, and the time-averaged component by an uppercase symbol. 

We can now substitute!! = g' + !:! and p = p' + P into the continuity equation 
(4.2) and the equation of motion (4.3). Next, we take the time average of both 
equations, noting that the fluid properties p and p,, and the time averaged !:! and P 
are time-independent, and that g' = Q and p' = 0, we obtain: 

and: 

a( p!l) 

at 

V·Jl=O 

- [V·p!l!ll- [V·pu'u'l 

(4.9) 

[ v . .I,] VP + f (4.10) 

Note that while u' = 0, the mean square of the fluctuating velocity, indicated by 
the dyadic !!'!!', does not vanish. This dyadic tensor is interpreted as an extra stress 
tensor ;;;;,t, the components pu;ui of which are usually referred to as the Reynolds 
stresses. The Reynolds stresses can, in analogy of Newton's law, be related to the 
time averaged velocity gradients V'Q'. A first attempt to establish this link was done 
by Boussinesq (1877), who introduced a turbulent viscosity p,t: 
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(4.11) 

Unlike the laminar viscosity p., the turbulent or eddy viscosity p.t is not exclusively 
a fluid property, but may depend on the position as well. After Boussinesq, many 
investigators presented expressions of varying complexity to link the Reynolds 
stresses to macroscopic flow parameters (see e.g. Bird et al. (1960) for a review). 
With an appropriate expression for the Reynolds stresses, with Newton's law and 
the time averaged continuity equation, Eq. (4.10) can be transformed into a Navier
Stokes-like equation, which can again be solved iteratively to yield the time
averaged velocity and pressure distribution. 

4.2.3 Velocity fluctuations and regimes of turbulence 

While the time-averaged velocity field gives accurate information regarding the 
bulk flow, it is certainly is not appropriate regarding droplet dynamics. These are 
ruled by local, momentary velocity gradients, which, on a small scale, are likely to 
dominate over the gradients of the time averaged velocity field. The dyadic tensor 
}! 1}!1 is a good measure for the intensity of the velocity fluctuations, and therefore 
for the fluctuating velocity gradients. It is practical to define k, the turbulent kinetic 
energy per unit mass, as the trace of this tensor: 

(4.12) 

where 2, is the unit tensor (elements oij), and u,ms is the root mean squared 
fluctuating velocity. With the Reynolds stresses l being related to Y'!!, k can also 
be calculated. -

The only property yet introduced regarding the fluctuating component }!' of the 
velocity field is that ~~ Q. On the bulk scale, the fluctuations }!' may seem to 
fluctuate randomly, but over relatively short intervals of time and space, they are 
correlated (Kolmogorov, 1941; Hinze, 1975). These correlated fluctuations are best 
understood in terms of eddies. In a stirred vessel, the largest eddies are generated 
by the impeller, supplying them with kinetic energy. These large eddies decay over 
a certain amount of time into smaller eddies, and kinetic energy is passed to 
smaller and smaller eddies. This phenomenon is called the energy cascade and is 
depicted schematically in figure 4.1. The characteristics of the larger eddies are 
influenced by the vessel and impeller geometry. Eddies below a certain size are no 
longer influenced by macroscopic properties; we have now entered the regime of 
isotropic turbulence. Eddies grow smaller and smaller, passing on kinetic energy, 
until another critical size is reached. Below this size, viscous forces come into 
play, and the eddies dissipate their energy into heat (viscous dissipation). 
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figure 4.1: kinetic energy cascade in turbulent flow 
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The energy flux from the impeller, as kinetic energy through a cascade of smaller 
and smaller eddies and finally dissipated into heat, is a measure for the degree of 
turbulence. It is indicated by the quantity e, the turbulent energy dissipation rate 
per unit mass, expressed in J kg·1 s·1

, or m2 s·3 . On the overall scale, the turbulent 
energy dissipation rate can be related to the power input (corrected for frictional 
losses); locally, e varies considerably. In stirred vessels, most of the energy is 
dissipated in a relatively small zone around the impeller, whereas e is much lower 
in the circulation zones of the vessel. The local value of e is related to the local 
rms velocity fluctuations, hence to k. The relationship can be estimated, neglecting 
viscous effects (Taylor, 1935), by: 

(4.13) 

where L is the size of the largest eddies, in the order of the dimensions of the 
impeller. 

The minimum eddy size, below which the kinetic energy cascade collapses, is 
referred to as the Kolmogorov length scale, and can be expressed in terms of e and 
v, the kinematic viscosity: 

(4.14) 

There is also a typical Kolmogorov time scale: 

tk = (vfe )112 (4.15) 

which may be interpreted as the time scale over which the local velocity 
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fluctuations are correlated, and can be attributed to a single small eddy. 

The Kolmogorov length scale Lk divides the regime of isotropic turbulence into 
two: the inertial regime r > 4 and the viscous regime r < Lk. Over a range r- in 
the inertial regime, inertial forces dominate. A range r in the viscous regime can 
be considered to be located inside one of the smallest eddies. Here, viscous forces 
dominate, and the velocity gradients can be approximated by a simple shear field, 
with the shear rate 'Yk given by the reciprocal Kolmogorov time scale: 

(4.16) 

4.2.4 Velocity gradients 

The space and time correlations of the fluctuating velocity field in turbulent flow 
are of utmost importance to the droplet dynamics: a pair of droplets, with radii a; 
and ai, will only be driven together by velocity gradients if the local velocities are 
correlated over a range comprising the two droplets at close approach (r "" a; + 
ai), and over sufficient time. A droplet with radius a; will only deform to a 
sufficient extent if the local velocities are correlated over a range r = a;. The 
driving force for droplet kinetics is therefore a characteristic mean square velocity 
difference /1v over an appropriate range r (a; + ai for coalescence, a; for breakup). 

An expression for /1u(r) can be found depending on the type of flow and, in the 
case of turbulence, on the appropriate regime with respect to r. In laminar flow, 
the local velocity gradients are determined by the bulk flow, and can be expressed 
by means of the shear rate tensor)'. For simple shear, i.e. one-dimensional flow, 
with a velocity gradient perpendicular to the direction of flow: 

Llu(r) = y r (4.17) 

In turbulent flow, different expressions are found for the various subregimes: 

non-isotropic turbulent flow 

A characteristic velocity difference over a length scale in the order of the 
dimensions of the largest eddies can be estimated from u,m,, employing Eq. (4.13): 

Llu(r) =2t/2u -2I/2(r_L)I/3 
rms 

(4.18) 
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isotropic turbulence. inertial subregime 

In the inertial regime, velocity correlations are independent of viscosity. From 
dimensional considerations, it is expected that Llu(r) is proportional to (er) 113 • The 
proportionality constant was found from experimental verification by Rotta (1972): 

Au (r) = 1.37 ( e r )1
'
3 (4.19) 

isotropic turbulence. viscous subregime 

In the viscous subregime, a more or less uniform shear is experienced, with a 
shear rate given by Eq. (4.16). Hence, Llu(r) <X i'k r. The proportionality constant 
was estimated by Taylor (1935): 

Llu (r) 

4.2.5 Turbulence modelling 

(_1_)112 (e/v )112 r 
15 

(4.20) 

In Eqs. (4.18) to (4.20), the driving force for droplet dynamics, Llu(r) is expressed 
in terms of e, as a parameter to indicate the degree of agitation. In the previous 
subsections, we have roughly outlined a procedure to link e to the bulk flow 
properties through algebraic expressions. Linking microscopic flow properties (such 
as k or e) to macroscopic flow properties (the time averaged velocity field) is 
referred to as turbulence modelling. Since the microscopic properties enter the time 
averaged Navier-Stokes equations for the macroscopic flow, turbulence modelling 
is a key element to a successful description of turbulent flows. 

The straightforward approach, indicated in the previous section, proved to be 
unsatisfactory in some cases (Launder and Spalding, 1972-a). Instead of finding an 
algebraic expression for the Reynolds stresses and hence for k, the situation should 
be reversed. The Reynolds stresses in the time averaged Navier-Stokes equation are 
expressed in terms of k. An extra conservation law for k is added to the set of 
coupled differential equations of change. Note that the conservation law for k 
should account for the energy dissipation rate e. As a first approach, e is still 
expressed as an algebraic function of k, through Eq. (4.13), where L, the size of 
the largest eddies, is substituted by £, a locally characteristic length scale (e.g. the 
size of an impeller blade). In its turn, £ may again be expressed as an algebraic 
function of the time-averaged velocity field. 

Still, the above approach shows significant shortcomings, especially in re
circulating flows (Launder and Spalding, 1972-b). Rather than expressing £ as an 
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algebraic function, it too should be obtained from a conservation law. This 
conservation law is defined for a parameter z == km tn, where m and n are in 
principle arbitrary constants unequal to zero. A practical choice is m 3/2 and 
n = -1, such that z appears as the turbulent energy dissipation rate e (Jones and 
Launder, 1972). This choice defmes the so-called k-e models: a set of conservation 
laws for the turbulent kinetic energy k and the turbulent energy dissipation rate rp. 

The nature of the k-e conservation laws is similar to the conservation laws for mass 
and momentum. Together, they form a coupled set, which can be solved 
numerically. By means of space discretization, the coupled set of six differential 
equations (mass, x-,y- and z-momentum, k and e) is transformed into a set of 6N 
ordinary equations, where N represents the number of 'grid points' dividing up the 
computational domain space. The necessary grid density for these calculations 
increases with decreasing Kolmogorov length scale, and therefore with increasing 
Reynolds number. The present computational power allows this type of simulation 
up to Re - 104 (Cibra, 1995). In principle, this restriction poses no practical limit 
as far as phase inversion in emulsions or liquid-liquid dispersions is concerned. 
However, the droplet dynamics themselves may also require considerable 
computational power, and it is therefore practical to base preliminary calculations 
on a simpler description of the degree of agitation, in the form of the turbulent 
energy dissipation rate e. As stated in section 4.2.3, e may be estimated from the 
power consumption of the agitation equipment. In section 4.3, we will present 
expressions for this purpose. 

4.3 Mixing equipment 

In this thesis, we will present experimental inversion data in two types of systems: 
water/rosin/nonionic surfactant and water/n-hexane/nonionic surfactant. The rosin 
has a very high viscosity with respect to water, and it was chosen as a model 
system for the industrial manufacturing of rosin emulsions. Because of the high 
viscosity, however, it was not possible to investigate hysteresis: rosin can not be 
dispersed directly into water. Further, a high speed disk disperser was needed to 
perform inversion experiments in these systems, standardized stirred vessels 
provided insufficient shear. The system containing n-hexane as an oil phase did 
allow us to perform inversion experiments in both directions, in order to investigate 
hysteresis. It also allowed us to use standardized stirred vessels. 

4.3.1 High speed disk dispersers 

In highly viscous emulsions, such as water-in-rosin emulsions, the balance between 
bulk mixing (to homogenize the emulsion) and shear (to produce small droplets) is 
very critical. Conventional impellers provide insufficient shear, conventional 
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D 

homogenizing equipment fit for use in 
a vessel (such as an ultrathorax stator
rotor mixer) provide insufficient pump 
capacity to ensure good mixing. A 
good solution in this case is provided 
by a high-speed disk disperser. It 
consists of a circular blade with a 
sawtooth edge mounted on a vertical 
shaft, centred in a cylindrical vertical 
tank with no baffles. Because of the 
absence of baffles, a vortex will 
appear, causing the so-called doughnut
effect (see figure 4.2) . The doughnut
effect ensures sufficient bulk mixing, 
while the sawtooth circular blade 
provides sufficient shear. An ex
pression for the power consumption of 
a high speed disperser was derived by 
Patton (1970): 

figure 4.2: high speed disk disperser 

(4.21) 

where D is the diameter of the disk, X is the spacing between the disk and the 
vessel bottom, w is the angular velocity of the disk, and N ( = w/27r) the revolution 
frequency of the disk. The volume of the emulsion in the vessel is: 

(4.22) 

where T is the vessel diameter and H0 is the initial height of the load. For a typical 
vessel, T - 3D, H0 - 2X and X - D/2 (Patton, 1979). Hence: 

<e> = 
p (4.23) 

Vp 9 

where < e > is the volume-mean energy dissipation rate per unit mass. 
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4.3.2 Standardized stirred vessels 

Rushton, Costich and Everett (1950) presented an analysis of the power 
consumption of stirred vessels. A dimensionless power number Np was defined 
as(ll: 

p 
(4.24) 

The dimensionless Reynolds number was defined with specific respect to stirred 
vessels, setting a characteristic velocity U = ND: 

pND 2 

Rev= 
ll 

(4.25) 

If in baffled vessels the power number is registered as a function of the Reynolds 
number, a correlation as depicted in figure 4 .3 is found. A low-Re viscous regime 
and a high-Re inviscid regime can be discerned. In the viscous regime, 
Np = K1/Rev. in the inviscid regime, Np = K2 , where K1 and K2 are constants 
depending on the vessel and stirrer geometry. Hence, we can obtain the following 
expressions for e: 

100 

Np 1o 

10 100 1,000 10,000 100,000 

Re 

figure 4.3: power number correlation for a baffled stirred vessel 

(t ) The original definition of the power number was Np = Pg/pN3D5
, where g 

is the gravitational acceleration, and P is expressed in ft.lb/sec. In S.I. units, it is 
customary to express P in W ( = 1/s = kg m2 s·3

). Hence, the gravitational 
acceleration should not be incorporated. 
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<e> (4.26) 

in laminar flow and: 

<e> (4.27) 

in the turbulent flow regime. 

For a standardized stirred vessel, H 
reduce to: 

T 3D. Hence, Eqs. (4.26) and (4.27) 

and: 

<e> 

2Kt 2 2 <e> =- vN ~ vN 
91t 

2K2 3D2 ~ N3D2 -N 
91t 

respectively. Compare Eq. (4.28) to (4.23) and Eq. (4.29) to (4.13). 

4.4 Population balance 

(4.28) 

(4.29) 

Droplet dynamics affect the size of individual droplets, and hence the droplet size 
distribution. Keeping track of the size distribution is done by means of a population 
balance model. A population balance is in fact an equation of change regarding the 
conservation of dispersed phase, employing a continuous droplet volume density 
distribution function A(v ,t). The fraction 4J(v1,v;J of droplets with a volume 
between v1 and v2 at timet is given by: 

vz 

<f>(vpv2) = J A(v,t)dv (4.30) 

Instead of a volume distribution, a droplet diameter or radius distribution may as 
well be used, one distribution can simply be recalculated into the other. 
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4.4.1 The population balance equation 

Consider an arbitrary space filled with liquid-liquid dispersion, whose most 
important characteristic is that the droplet dynamics at a given time are constant 
throughout the space. Now a droplet population balance can be formulated on the 
following principle: 

change 
with time 

inflow - outflow 

loss formation 
+ by breakup by breakup 

formation 
+ by coalescence 

loss 
by coalescence 

(4.31) 

Valentas et al. (1966) and Valentas and Amundson (1966) introduced an expression 
in terms of A(v ,t) according to the above principle: 

a[ N(t)A(v,t)] = n
0
(t)A

0
(v,t) - N(t)A(v,t)flv) 

at 

+ J ~(v1,v) v(v')g(v1)N(t)A(v1,t) dv1 

v 

- g(v)N(t)A(v,t) (4.32) 
v/2 

+ J A.(v-v1,v1)h(v-v1,v1)N(t)2 A(v-v1,t)A(v1,t) dv1 

0 
vma.x -v 

J A.(v,v')h(v,v1)N(t)2 A(v,t)A(v1,t) dv 1 

0 

explanation of symbols: 

N(t) 
A(v,t) 
Ilo(t) 
~(v,t) 

f(v) 
{J(vp,vd) 
v(vp) 
g(vp) 
A(v1,vz) 
h(v1,vz) 

number of droplets 
droplet volume density distribution m·3 

droplet feed rate s·1 

droplet volume density function of the feed m·3 

escape frequency s·1 

daughter droplet distribution m·3 

number of daughter droplets 
breakup frequency s·1 

coalescence probability 
collision frequency s·1 
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(I) 

(2) 

(3) 
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fraction of droplets with volume vd formed at breakage of a droplet with 
volume vP (vd < vp) 
number of droplets formed at breakage of a droplet with volume vP 
collision between a droplet with volume v 1 and a droplet with volume v2 

The first term on the right hand side of Eq. (4.32) represents the inflow of 
droplets, the second term the outflow. Here, f(v) is a volume dependent escape 
frequency, which is in the case of ideal mixing equal to the reciprocal residence 
time of the dispersion in the reference space. 

The third and fourth terms represent breakup. The third term integrates over all 
possible breakup events that may produce droplets of volume v, i.e. all breakup 
events of droplets with v' > v. In principle it is not necessary to introduce a 
maximum droplet volume v max• as the integral to infinity over A(v, t)dv should be 
convergent. In practice, however, numerical solution of the integra-differential 
equation (4.32) requires a finite integration boundary. The number of droplets with 
the desired volume v produced by the breakup of a droplet with volume v' is given 
by {3(v', v)v(v '). The fourth term is a loss term representing the breakup of droplets 
with volume v. 

The last two terms account for coalescence. The fifth term is a formation term, 
integrating over all possible coalescence events resulting in a droplet with volume 
v. A droplet of volume v is produced by coalescence of a droplet of volume v' and 
a droplet of volume v-v' (v' < v). To avoid double counting coalescence events, 
the integration boundaries are set to (O,v/2). Droplets of volume v may be lost by 
coalescence with a droplet of in principle any size, represented in the sixth and last 
term. Again, for practical reasons, a maximum droplet size provides a finite 
integration interval, the maximum volume of the coalescence 'partner' being vmax-v. 
Note that the coalescence frequency has been split into a collision frequency and a 
collision efficiency, as is practical in describing coalescence kinetics (see section 
4.6). 

4.4.2 Solving the population balance 

A first requirement to solve the population balance equation (4.32) is to find a 
suitable description of the droplet dynamics, i.e. expressions for {3(v 1, v2), v(v), 
g(v), A(v 1,v2) and h(v 1,v2). We will devote sections 4.5 and 4.6 to this subject, and 
will for now focus on a solution strategy. However simple the expressions for the 
droplet dynamics, there is no analytical solution to Eq. (4.32). It is however 
possible, under certain assumptions, to transform the integra-differential population 
balance equation into a set of ordinary differential equations, which can be solved 
numerically. There are in principle two basically different procedures to perform 
this transformation: 
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(1) modelling the volume density function 

A general shape is assigned to the distribution function A(v ,t), and it is assumed 
that this general shape of the droplet size distribution is retained while coalescence 
and breakup take place. Indeed, in many cases the droplet size distribution is 
approximately log-normal (Jellinek, 1950). Various general distribution shapes 
were presented in the literature, reviewed by Orr (1989). The advantage of this 
method is that only a small number of parameters (e.g. for a Gaussian distribution 
only mean and standard deviation) are needed to characterize a whole distribution. 
If the population balance equation is rewritten in terms of these relevant 
parameters, the integra-differential equations reduces to a set of ordinary 
differential equations, one for each relevant distribution parameter. Compared to 
the discretization approach, the number of equations is significantly reduced, 
resulting in considerably shorter computation times . A disadvantage of this method 
is that it is only applicable to dispersions of which the distribution indeed conforms 
with reasonable accuracy to the assumed shape. 

(2) discretizing the distribution 

Instead of regarding a continuous size 
distribution, the droplets are considered 
to be distributed over a finite number 
of size classes . Within one size class, 
all droplets are assumed to have one 
characteristic size. Basically, this A(v) 
approach involves replacing the 
continuous distribution function by a 
histogram (see figure 4.4). The 
discretization process is described in 
detail by Marchal et at. (1988) . By 
discretization, all integrations in Eq. v 
(4.32) are replaced by summations, 
resulting in a set of ordinary, linear, figure 4.4: discretization of the droplet 
but coupled differential equations. The size distribution 
number of population balance equations 
is equal to the number of classes chosen. To achieve accuracy, it is desirable to 
chose the number of classes as high as possible. This conflicts with the intention to 
reduce computation time, since with a set of M coupled differential equations, the 
number of calculations per integration step is proportional to M2

. An advantage of 
the discretization method is however that it can be used for any shape of the 
droplet size distribution. As long as steady-state emulsification processes are 
concerned, assuming a log-normal distribution may be very well justified, but in 
case of phase inversion, which should lead to the breakdown of the dispersed 
character of the droplet phase, it is highly questionable whether any general shape 
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droplet size distribution is close to reality. We will therefore chose the 
discretization approach in a population balance model presented in chapter 7 of this 
thesis. 

4.4.3 Discretization of the population balance 

The most straightforward way of discretization is to divide the droplet volume 
spectrum arithmetically into equal classes with a mean volume Vi, such that 
V; i·V 1• The population balance equation can now be written as: 

M 

+ :E 
j=i 

i div 2 

+ L pjj-i ~~-1 Ni~-1 
j•1 

explanation of symbols: 

number of droplets in class i 
feed rate of droplets in class i 

M-i 

L pii Ki; NiNi 
j•l 

escape frequency of droplets in class i 
number of daughter droplets in class i formed 
by breakup of a droplet in class j 
breakup frequency of droplets in class i 
coalescence efficiency upon collision of a 
droplet from class i with a droplet of class j 
frequency of collision between a droplet of a 
droplet from class i with a droplet of class j 

(4.33) 

Eq. (4.33) is a true population balance for the agglomeration and breakup of 
clusters, consisting of primary particles with volume V1• As far as coalescence is 
concerned, emulsions fit well into this model: coalescence of a droplet of volume 
V; with a droplet of volume Vi will produce a contribution to class i + j (provided 
i + j < M). Breakup may pose a problem: suppose a droplet of volume V 8 breaks 
into three equal parts. In which class are the fragments to be counted ? There are 
two possible solutions to this problem: 

(1) Only daughter droplets with a volume that is a multiple of V1 are allowed (i.e. 
a droplet of volume V8 breaks into one fragments with volume V2 and two of 
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volume V3). This approach is equivalent to a weighed distribution of the fragments 
over the two classes whose mean volumes enclose the 'target' volume. 

(2) The 'target' volume is rounded to the nearest class volume, and the number· of 
daughter droplets is adjusted to conserve the total volume of the droplet (i.e. a 
droplet of volume V8 breaks into 2.67 droplets of volume V3). 

An alternative is a geometrical division by setting Vi = V0·xi with x > 1. This 
method is more in agreement with the lognormal distribution that is expected in 
emulsions and liquid-liquid dispersions under steady state conditions. The choice of 
x determines the number of classes per decade: 1/log(x). With geometrical classes, 
there is often a rounding problem in both coalescence and breakup, when a target 
size does not correspond to one of the class mean sizes. Again, either of the above 
solutions may be applied. 

One special case of a geometrical discretization, together with some fundamental 
assumptions regarding the droplet dynamics, avoids the rounding problem 
completely, and also reduces the number of differential equations significantly. The 
method was presented by Laso et al. (1987). They chose x = 2, and further 
considered only binary breakup (i.e. breakup into two equal fragments) and 
coalescence between droplets of the same class. The assumption of binary breakup 
allows us to set N~i = 2 if j i + 1 and N~i 0 otherwise. The population 
balance equation reduces to: 

0 
ni - N/; 

b 
+ 2 Ki+I Ni+l 

b 
Ki Ni (4.34) 

+ K;:I Ni~l 2K.c N 2 
I I 

Note that the summations over j have disappeared from the population balance 
equations. In this method of discretization, the number of required calculations per 
integration step is proportional to M instead of M2

• 

In figure 4.5, the shaded area indicates which terms in the discrete population 
balance are taken into account. Here, v P is the volume of the parent droplet, v d the 
volume of the daughter droplet and v1 and v2 are the volumes of the first and 
second coalescing droplets respectively. In spite of the assumption to consider only 
binary breakup and only coalescence between equally-sized particles, Laso et al. 
(1987) observed only small differences in results comparing their approximation to 
a solution of the full population balance. 
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vP ___ v1---

vd v2 arithmetical 
dicretization 

1 1 
vP ___ v1---

vd v2 geometrical 
dicretization 

1 1 
breakup coalescence 

figure 4.5: simplified geometrical scheme for the discretization of the population 
balance (adapted from: Laso et al., 1987) 

4.5 Droplet breakup 

Two apparently different ideas regarding the cause of breakup of a droplet can be 
found in the literature. One idea assumes the droplet to be deformed (stretched) in 
a velocity gradient over the drop. This deformation may lead to breakup of the 
drop if the deforming forces outweigh the forces holding the drop together (Taylor, 
1934). This idea is usually associated with breakup in viscous shear. Another idea 
considers a droplet subjected to velocity fluctuations in turbulent flow (Shinnar and 
Church, 1960), causing the droplet to oscillate around its spherical shape. If the 
kinetic energy transferred to the droplet outweighs the increase in surface energy 
necessary to split the drop, breakup will occur. 

The fluctuation mechanism may seem to suggest a resonance requirement for 
turbulent breakup. This implies that the characteristic frequency of the velocity 
fluctuations matches the natural oscillation frequency of the droplet. This time scale 
depends on the range over which the fluctuations are considered. An appropriate 
range in this case is the droplet diameter d, and the time scale of velocity 
fluctuations is given by (Rotta, 1972): 
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t -f 
d 

flu (d) 

105 

(4.35) 

Lamb (1945) provides an expression for the characteristic oscillation time of 
droplets: 

(4.36) 

Whereas for relatively large air bubbles the resonance requirement serves quite 
well as a breakup criterion (Sevik and Park, 1973), Delichatsios (1975) points out 
that in emulsions and liquid-liquid dispersions the resonance requirement is by far 
not met: generally, tr » tosc· This means that a drop is deformed under a mostly 
constant velocity gradient, and the surface energy necessary to break the droplet 
should be provided by one single eddy. Therefore, inertial breakup is very much 
comparable to viscous breakup, only the nature of the forces generated by the 
velocity fluctuations is different. Oscillation of a droplet in turbulent flow, prior to 
breakup, is due to deformation by 'ineffective' eddies, i.e. eddies that do not 
provide sufficient energy to break the drop. 

4.5.1 Viscous breakup 

Viscous breakup is found in laminar flow and in the viscous regime of turbulent 
flow. The breakup criterion is formulated in terms of the dimensionless capillary 
number, n, the ratio of viscous stresses ll'Y and the Laplace pressure (}/R: 

Q = tJ.Ry (4.37) 
a 

As a first-order approximation, one may state that breakup takes place if n > 1. 
Bentley and Leal (1986) have shown however that the actual critical capillary 
number ncr is a function of the viscosity ratio llct/ Jlc and the type of shear. Their 
conclusions are shown in figure 4.6. Note particularly that for Jlctl Jlc > 4, ncr in 
simple shear approaches infinity, and breakup becomes practically impossible. 

The breakup criterion, based on n, only predicts whether a drop will break up or 
not, and gives no information on the result of the breakup process. In general, two 
main types of breakup can be discerned: binary breakup, taking place for n just 
slightly above nc, and capillary breakup, at n » ncr· In binary breakup, a droplet is 
deformed relatively slowly, first into ellipsoidal, then into dumbbell shape, and 
eventually breaks into two equal parts. A number of much smaller satellite drops 
may be formed between the two splitting halves, but their volume is usually 
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negligible. In capillary breakup, a droplet is relatively quickly deformed into a long 
cylindrical thread, which then breaks into many relatively small fragments as a 
result of distortion waves, similar to Taylor breakup of a liquid jet. 

10 

~ breakup 

ncr 1 

0.001 0.01 0.1 

simple 
shear 

10 

figure 4. 6: critical capillary number for 
breakup (adapted from: Bentley and 
Leal, 1986) 
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figure 4. 7: influence of the swfactant 
concentration of the critical capillary 
number for breakup (adapted from: 
Janssen et al., 1994) 

All of the above will apply in general to droplets in liquid-liquid dispersions. In 
emulsions, an emulsifying agent is usually present. The main effect of its presence 
is a lowering of the interfacial tension, facilitating breakup by increasing the 
capillary number. Next to this static effect, some dynamic surface tension effects 
may be expected in the appropriate concentration range. A droplet in simple shear 
flow will not only be subjected to deformation, but also to rotation. As a result of 
this rotation, the surface of the equatorial region of the droplet will be dilated, the 
surface at the droplet ends will be compressed. In a certain concentration region of 
a surface active agent this surface dilation and compression will result in an 
interfacial tension gradient opposing breakup. As a consequence, the actual critical 
capillary number o:, needed to let the droplet break, may be higer than the 
capillary number ocr expected from the viscosity ratio (Janssen et al., 1994), see 
figure 4.7. 

4.5.2 Inertial breakup 

Inertial breakup, occurring in the inertial regime in turbulent flow, is ruled by the 
balance between inertial stresses - pu2 and the Laplace pressure - o-Jd. A 
breakup criterion can be formulated on the basis of the dimensionless Weber 
number: 
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We (4.38) 

As a relevant velocity u in Eq. (4.38) should be considered ~u(d) as given by Eq. 
( 4. 19). Therefore : 

(4.39) 
a 

Similar to the treatment of viscous breakup, we can set Weer > 1 as a first order 
approximation to a breakup criterion. In a more advanced treatment, Weer will be a 
function of the density ratio PiPe· 

On the basis of Eq. (4.39), it is expected that droplets exceeding a certain size will 
meet the breakup criterion and break. Given a set of emulsification conditions 
(pc,Pd,(J,e), there is a typical maximum stable droplet diameter dma..• characterized 
by: 

(4.40) 

where L0 is a reference length, and WeLo is a Weber number defined on the basis 
of that reference length, according to Eq . (4.39). 

4.5.3 Breakup frequency 

Neither the capillary number, nor the Weber number criterion gives any 
information regarding the breakup frequency, which we need for the population 
balance equations. 

velocity fluctuations model 

Coulaloglou and Tavlarides (1977) derived a model for the breakup frequency in 
turbulent flow, based on the assumption that a droplet is continuously subjected to 
various velocity fluctuations, some of which are and some of which are not able to 
break it. The breakup frequency can then be calculated from: 

K b = fraction of drops breaking 

breakage time 
(4.41) 

The fraction of breaking drops is considered proportional to the fraction of eddies 
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that provide sufficient kinetic energy in order to let the droplet break, i.e . to the 
fraction of eddies for which the We-number criterion is satisfied. This fraction can 
be calculated from the velocity distribution, which was taken from Kermard (1938): 

(4.42) 

where the standard deviation a± is equal to the rms characteristic velocity 
difference ~u(r), as given by Eqs. (4.17) to (4.20), depending on the appropriate 
regime. 

The fraction of breaking drops is then calculated from the probability that the 
velocity u exceeds a critical value uc,: 

t:.N(d) = j P(u)du = exp [-~] 
N(d) t:.u(r)2 

ucr 

(4.43) 

where ~u(r)2 is given by Eq. (4.18), and uc, can be calculated from Eq. (4.38): 

2 a u - ~ 
cr pd 

(4.44) 

The breakage time tb can be estimated from the time needed to tear apart the two 
lumps of the breaking droplet. A characteristic distance is the diameter of the 
breaking droplet, d, and a characteristic velocity is ~u(d). Hence: 

(4.45) 

Substituting Eqs . (4.43) to (4.45) into (4.41), an expression for the breakup 
frequency can be derived: 

Kb = K c 113 d-213 exp ----
[ 

K2 a l 
1 p !:2/3 d5/3 

(4.46) 

with K1 and K2 proportionality constants, to be determined empirically. 
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acceleration model 

A more advanced model for droplet breakup was derived by Delichatsios and 
Probstein ( 1976). They considered the fluctuating characteristic velocity difference 
.1u'(r), with an rms value .1u(r) as given by Eqs. (4.17) to (4.20). The fluctuating 
velocity difference may from time to time cut through a critical value uc, necessary 
to accomplish breakup (see Eq. (4.44)). Delichatsios (1975) stated that breakup will 
take place whenever the fluctuating velocity .1u '(r) passes either the value uc, or -uc, 
with positive acceleration: 

K 17 
= J P(uc,,u)udu + J P( - uc,,u)udu 

0 0 

• 2P(u") I P(Uiu")UdU] c 2P(u")(U'l'" 

(4.47) 

where P(uc"u) is a joint probability density of the local fluctuating velocity 
difference .1u'(r) and the acceleration u and P(u I uc,) is a conditional probability 
density for the local acceleration, given .1u'(r) = ucr· The rms acceleration over a 
range r can be approximated by (Rotta, 1972): 

(u2)t/2 ~ 6.u(r)
2 

r 
(4.48) 

Assuming a Gaussian distribution for .1u'(r) with cutoff velocity ucto• and setting 
the range r to the droplet diameter d, substitution of Eq. (4.48) into (4.47) yields 
an expression for the breakup frequency (Delichatsios and Probstein, 1976) : 

Kb = 86-u(d) 
d I ( 

2 l ( 2 ll ucr ucfo 
exp - - exp -

2 6.u(d)2 2 6.u(d)2 

where B is a proportionality constant of the order (217r)112
. 

(4.49) 

The cutoff velocity ucto could be determined from experiments by Van Atta and 
Park (1972): 

(4.50) 
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effective eddies model 

A slightly different approach was followed by Narsimhan et al. (1979). They too 
considered a fluctuating driving force (inertial stresses) which may or may not 
exceed a critical value, determined by the increase in surface energy. The breakup 
of a droplet of size d is caused by eddies of size d. It is assumed that smaller 
eddies will only deform the droplet, and larger eddies will drag along the drop as a 
whole. The breakup frequency was formulated as follows: 

K b = ( fr~'l:uency ~f ) . (breakup ef~ciency) = A. P( E . > E ) (4.51) 
arn.vmg eddies of eddies kin surf 

The frequency of arriving eddies of size d can be estimated by: 

A. _ !1u (d) _ E I/3 d-2/3 

d 

the kinetic energy supplied by the eddies is: 

E. = .!. p (::._d 3
) !1u(d)2 

km 2 6 

and the increase in surface energy due to (binary) breakup of a droplet is: 

E = (2 113 - 1) a rt d 2 
surf 

(4.52) 

(4.53) 

(4.54) 

From Eqs. (4.53) and (4.54) it can be derived that Ekin > E,urr if the fluctuating 
velocity difference exceeds a critical value u;, given by: 

(4.55) 

Note that this critical velocity differs only by a constant factor from the critical 
velocity derived from the We-number (Eq. (4.44)). 

The probability density function of the fluctuating velocity is assumed to be 
Gaussian, with a standard deviation a± equal to !1u(r). Hence: 

P(E,., > E 1) = P(u>u ) = erfc r~l tun sur cr M 
v2 a± 

(4.56) 

where erfc is the complementary error function defined by: 
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~ 

erfc{x) 2 J exp(-t2 )dt 
{rr.x 

(4.57) 

The breakup models presented in this section are all based on the assumption that 
the droplet is subjected to fluctuating velocity gradients. The breakup frequency is 
related to the frequency at which the fluctuating velocity gradients exceed the We
number criterion. The models may yield different expressions for g(d), the 
differences are small, as can be seen in figure 4.8. 

250 

200 

I " 150 I I \ ~ 
I '\ .0 

100 ~ 

I I ~ 
50 I 

0 
·5 

10 
·4 

10 
-3 

10 

d(m) 

~ 

10 
·2 ·1 

10 
0 

10 

velocity fluctuations model 

acceleration model 

effective eddies model 

figure 4.8: comparison of breakup models, employing the following values: 
(J = J(f2 N/m, p = Jd kg/m3

, 11 = J(f3 Pas and c = 11 m2/s3 

4.6 Droplet coalescence 

The coalescence process is more complex than the breakup process, mainly because 
it involves at least two droplets. The process is usually considered as a sequence of 
subprocesses: collision, film formation, film drainage, film rupture and relaxation 
of the newly formed drop. The latter process is usually not considered in the 
modelling of droplet dynamics: under the assumption that the newly formed droplet 
will have relaxed to spherical shape before a next collision takes place, the 
relaxation rate will not affect the coalescence frequency . The film formation 
process may sometimes involve the flattening of a film, if the pressure building up 
between the approaching droplets reaches the value of the Laplace pressure. Since 
the later stages of film drainage are typically rate-limiting (Chesters, 1991), the 
time of formation of a flat film can often be disregarded in the calculation of the 
overall coalescence rate. 

As already indicated in Eq. (4.32), the coalescence frequency is usually expressed 
as a collision frequency multiplied by a coalescence efficiency. The latter 
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figure 4.9: concept for coalescence modelling (adapted from Chesters, 1991) 

represents the fraction of collisions eventually resulting in rupture of the film 
formed between the two collided droplets, and is determined by the film drainage 
rate and the film rupture criterion. It is practical to consider a pair of colliding 
droplets with respect to external and internal flow (see figure 4.9). The external 
flow determines a collision frequency, but also an interaction time t; of the droplet 
pair. During this interaction time, the external flow keeps the two droplets 
together. If no coalescence has taken place within the interaction time, the droplets 
will separate again. 

Because of the external force pressing the droplets together, the liquid in the film 
separating the droplets will be squeezed out (film drainage). The film will become 
thinner and thinner, and rupture may take place if a certain critical thickness is 
reached, determined by the film rupture criterion. The time needed for the film to 
reach this critical thickness is called the drainage time td. The coalescence 
efficiency P can then be calculated from the ratio oft; and tct: 

(4.58) 

If t; << tct, the droplets will separate before drainage is completed, therefore P = 0. 
If t; >> tct, drainage will always result in film rupture, hence P = I. 

4.6.1 Collision frequency 

The first step in the coalescence process is the collision of two droplets, forming a 
droplet pair. There are two different driving forces for collision: diffusion driven 
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' ' 

figure 4.10: particle in a shear field 

' ' 

l13 

(perikinetic) and agitation driven (orthokinetic) collisions. Since catastrophic 
inversion always involves agitation, we will only consider orthokinetic collisions. 
An expression for the collision rate in simple shear flow was derived by Von 
Smoluchowski (1917). Consider a central particle at the origin, with radius at (see 
figure 4.10). This central particle will collide with another particle with radius a2 if 
that other particle enters the collision sphere around the central particle. The 
collision sphere has a radius R = at + a2 . The flow field is characterized by a 
shear rate )' = du)dz. The velocity u, is defined relative to the central particle, 
such that u, = )' z. The fluid flux dj into a segment of the sphere is given by: 

(4.59) 

The total fluid flux is: 

R 

j=2J2J(R2 -z 2 )yzdz 1R3 y (4.60) 

0 

The particles are supposed to move with the fluid. The particle flux towards the 
central particle is thenj·n2,where n2 is the concentration of particles with radius a2 . 

The frequency of collisions of particles with radii a1 and a2 is: 

(4.61) 

A more rigorous derivation, applicable to turbulent flow as well, was presented by 
Saffman and Turner (1956). They, too, considered the liquid flux towards a central 
particle as in figure 4.10. The time-averaged flux is given by: 
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j - J 6.u,1 dS (4.62) 
tlu,'<O 

where dS represents a surface segment of the collision sphere and L1u; is the 
momentary radial component of the fluctuating velocity difference over a distance 
r. The momentary flux should obey the continuity condition: 

f 6.u 1 dS + 
r f 6.u,1 dS = 0 (4.63) 

tJ.u,'<O tJ.u,'>O 

Therefore: 

f 6.u,1 dS I f l!:iu,'ldS = ..!. f l!:iu,' l dS - (4.64) 2 2 
6.u / <O entire entire 

sphere sphere 

Except for very large droplets, the flow around the droplets can be regarded as 
isotropic. Hence, the time averaged I L1u; I is equal everywhere on the sphere 
surface: 

. I f J = 2 l!:iu,'l dS = 2nR
2 I6.u,' l 

entire 
sphere 

Assuming a Gaussian distribution for I L1u; I, it can be derived that: 

- ( 2)1/2 l!:iu,'l = -; 6.u(R) 

(4.65) 

(4.66) 

Assuming again that the particles follow the flow, the collision frequency Kc can 
now be written as: 

(4.67) 

We can now substitute expressions for L1u(r) for the appropriate regime (Eqs. 
(4.19) and (4.20)) . 

inertial collisions: 

6 87 e 113 n n (a +a )7
'
3 

· I 2 I 2 
(4.68) 
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viscous collisions: 

(4.69) 

Note that (87r/15)112 
:::::: 4/3, and that with-y = -yk (see Eq. (4.16)), Eqs. (4.61) and 

(4.69) are equivalent. 

4.6.2 Interaction time and interaction force 

In droplet-droplet collisions, the flow brings two droplets together, and presses 
them together to form a dumbbell. This dumbbell will rotate, and the two droplets 
will separate again, provided coalescence has not occurred. In this analysis, we will 
assume the interaction force to be constant during an interaction time t; . If within 
this time coalescence has not taken place, the force will reverse sign, and the 
droplets will separate. We can now estimate the external interaction force Fe" and 
the interaction time t;, taking into account the appropriate regime of collisions. For 
thin films, short-range 'internal' interaction forces may come into play, see section 
4.6.4. As will be shown in that section, the external interaction force will dominate 
during the coalescence process in the cases most relevant to phase inversion. 

inertial collisions 

A characteristic external interaction force in the inertial regime is Fm - pu2d2 

(Ross and Curl, 1973). The velocity u driving two droplets together is in the order 
of Llu(d) as given by Eq. (4.19), with d the droplet diameter. Hence: 

A characteristic interaction time can be estimated from: 

t. - _d_ - e-I/3 d2/3 
' 11u(d) 

(4.70) 

(4.71) 

Chesters (1991) points out that especially for larger drops and bubbles, the actual 
interaction force and time may deviate from the values calculated from the above 
expressions, due to the 'bouncing' effect. This effect is not taken into account 
here. 
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viscous collisions 

The external interaction force between two colliding droplets in the viscous regime 
can be estimated by a Stokes-type expression (Batchelor and Green, 1972): 

(4.72) 

where Eq . (4.20) has been substituted for ~u(R). 

The interaction time can be estimated from: 

t -
I 

R - co-l 
~u(R) 

(4.73) 

4.6.3 Film drainage 

In this section we will discuss drainage of films between equally-sized droplets . 
The same expressions will apply to film drainage between unequal droplets, if the 
droplet radius is substituted by an equivalent radius given by (Chesters and 
Hofman, 1982): 

We will consider two colliding droplets 
approaching each other under a 
constant force, as shown in figure 
4.11. At relatively large separations, 
the droplets will move at a constant 
speed determined by the external flow, 
i.e. - )'R in the viscous and - (ed) 113 

in the inertial regime. At some 
distance, the resistance of squeezing 
out the continuous phase between the 
droplets will be felt. At this stage, one 
can consider a film to be formed, and 
the approach of the particles is now 

z 

' 
' 
' .,. _____ ..... 

aF 

(4.74) 

r 

figure 4.11: geometry of a flattened film 
as used in film drainage analysis 

ruled by the drainage of this film. The thickness ho at which the film is formed can 
be defined as the thickness for which the drainage velocity equals the approach 
velocity. 
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As the film thins, the pressure between the two droplets will build up. Eventually, 
it may reach the value of the Laplace pressure inside the droplets. Further drainage 
will result in a flattening of the droplets, such that an approximately plain-parallel 
film is formed. The occurrence of flattening greatly affects the overall drainage 
rate. For unflattened films a larger interaction force will result in faster drainage. 
In tlat ftlms, however, a larger interaction force will result in a larger flattened 
area, and hence in slower drainage. From the requirement that the pressure in the 
film can never exceed the Laplace pressure, the radius aF of the flattened area can 
be obtained: 

Pmax 
2o 

R 

F = aF = ~ FR 
2n a 

(4.75) 

Since the drainage rate decreases rapidly with decreasing film thickness, the last 
stages of the drainage process are usually rate-determining. Since drainage of a 
flattened film is generally slower than drainage of an unflattened film, we can often 
neglect the unflattened drainage stage, provided the film does meet the flattening 
criterion before it ruptures. This condition is generally satisfied if the Laplace 
pressure inside the drop is not too high, i.e. if the droplet is large enough. 
Anticipating on expressions for the critical thickness for flattening and rupture, to 
be derived in this section (Eqs. (4.84) and (4.96) respectively), it can be calculated 
that flattening will occur in the last stages of drainage for droplets with d > 30 JLm 
(values assumed are t - 10 m2/s3

, p - 103 kg/m3
, a - I0-2 N/m and A - 10'20 

J). This mains that for liquid-liquid dispersions and for emulsions close to the 
catastrophic inversion point, films can often be regarded as being flat. For well
stabilized emulsions, films should be regarded unflattened. 

Consider a flattened thinning film as shown in figure 4.11. The drainage velocity 
will be strongly dependent on the mobility of the interface. If the interface is 
considered rigid, the drainage velocity is equal to the Reynolds drainage velocity 
Yo: 

(4.76) 

For a full derivation of Eq. (4.76), see appendix C . 

With a mobile interface, the drainage rate can be increased considerably . Ivanov 
and Traykov (1976) solved the equations of change for both continuous and 
dispersed phase for the geometry shown in figure 4.11. The resulting expression 
for the drainage velocity is: 
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1 + (4. 77) 

where Y0 is the Reynolds drainage velocity and t• is a correction factor for the 
interfacial mobility. Typically, f.e << 1, hence Y , Y0. Eq. (4.77) is applicable to 
film drainage in liquid-liquid dispersions. See appendix C for further details. 

The adsorption of a surfactant on the interface can have a dramatic influence on the 
drainage rate. As discussed in section 2.7 .2, film drainage may induce interfacial 
tension gradients along the interface. These gradients can give rise to flows 
counteracting the drainage (the Gibbs-Marangoni effect). In the ultimate case, the 
presence of surfactant immobilizes the interface. Traykov and Ivanov (1977) 
presented an analysis of the relevant equations of change under these conditions, 
resulting in the following expression for the drainage velocity: 

v = 1 + (4. 78) 

Y0 and t• are the same as in Eq. (4.77), f.r is an additional correction factor, 
accounting for the interfacial tension gradients. The value of f.r is highly dependent 
on the surfactant distribution over the phases. In normal emulsions, with the 
surfactant predominantly soluble in the continuous phase, / is typically >> 1. From 
Eq. (4 .78) it follows that Y ::::: Y0 . From this value, it can be concluded that in 
normal emulsions, the interface is effectively immobilized by the surfactant. In 
abnormal emulsions, on the other hand, it is generally found that f.r ::::: 0. As a 
result, Y » Y0 . Typically, / << t•; therefore, abnormal emulsions behave like liquid
liquid dispersions as far as film drainage is concerned. 

Although Eq. (4.78) is in principle generally applicable, the values of t• and /are 
not easily obtained. Calculation of f.r requires details on the adsorption and 
diffusion behaviour of the surfactant, and t• contains a non-trivial parameter 
describing the extension of the radial flow generated inside the droplet, which 
needs to be calculated numerically. Chesters (1991) derived simpler expressions for 
film drainage rates, based on estimates of the extension of the radial flow in 
various regimes of interfacial mobility. 

Immobile interfaces 

Immobile interfaces are encountered in dispersions with an extremely high 
dispersed phase viscosity or in emulsions containing a surfactant in the continuous 
phase. In these systems, the flow does not extend into the droplet phase. Since 
these systems are generally well stabilized, and hence droplet sizes are relatively 
small, flattening of the droplets does not necessarily occur during drainage. The 
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drainage rate of a film between rigid spheres is given by (Chesters, 1991): 

dh 

dt 
2hF 

3rc llc R2 
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(4.79) 

Assuming a constant interaction force during the drainage process, Eq . (4.79) 
integrates to: 

with tc11 a characteristic time given by: 

3rc llc R2 
tch = 

2F 

(4.80) 

(4.81) 

The thinning process starts at t = 0, with a film thickness ho. The value of ho is 
determined somewhat arbitrarily (Chesters, 1991). The thinning process can be 
considered to start as soon as the approaching droplets are slowed down due to the 
resistance of film drainage. An estimate for ho can therefore be obtained by finding 
the film thickness for which the drainage rate -dh/dt equals the approach velocity, 
- )'R in the viscous and - (Gd) 1

'
3 in the inertial regime. An even simpler estimate 

is to assume ho - R (Janssen, 1993-b). 

If flattening occurs, the Reynolds drainage equation (4.76) applies. The interaction 
force F and the radius of the flattened area aF are not independent: if the force 
increases, the flattened area grows, as indicated by Eq. (4.75). The radius aF can 
now be eliminated from the drainage rate equation: 

dh 

dt 

Integration assuming a constant interaction force F yields: 

1 

h~ 

(4.82) 

(4.83) 

In the later stages of the drainage process, h << ho. Therefore, we may neglect the 
1/h0

2 term on the left hand side of Eq. (4.83) under these circumstances . 

The transition from an unflattened to a flattened surface takes place when a certain 
critical thickness hn., is reached. hn., can be estimated by finding the separation at 
which Eqs. (4.80) and (4.82) yields the same drainage rate: 
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Partially mobile interfaces 

F 
hfou - 21t a 

Chapter 4 

(4.84) 

Partially mobile interfaces are found in dispersions with a moderate viscosity ratio, 
both pure liquid-liquid dispersions and abnormal emulsions, i.e. emulsions with the 
surfactant present in the dispersed phase. Since their stability is low compared to 
dispersions in the immobile surface regime, larger droplet sizes are generally 
found, and flattening is expected to occur during the final stages of drainage. The 
extension of the flow generated inside the droplet is estimated to be in the order of 
a, the radius of the flattened area. Chesters (1991) derived the following expression 
for the drainage rate: 

_ d h _ ( 21t a )
312 

2 h 
2 

dt R 1t lldfF 
(4.85) 

integrating to: 

(4.86) 

assuming a constant interaction force. Again, the 1/ho term at the left hand side of 
Eq. (4.86) can be neglected at the later stages of drainage (i.e. for h « tJo). 

Fully mobile interfaces 

If the viscosity of the dispersed phase is very small compared to the continuous 
phase viscosity, the drainage flow is not significantly retarded by the flow in the 
droplet phase. Chesters (1975) derived an expression for the drainage rate under 
these conditions : 

dh 2ah (4.87) 

Integration yields: 

(4.88) 

with: 



Droplet dynamics in agitated vessels 121 

31-J.c R 
t = --
ch 2 a 

(4.89) 

The film thickness ho at the start of the drainage process may be estimated to be in 
the order of R (Janssen, 1993-b). 

4. 6.4 Film rupture 

Inside a flattened film, at sufficiently large film thickness, the pressure is equal to 
the Laplace pressure (see Eq. (4.75)). As the film thins, short range, internal 
interaction forces may come into play, which are usually expressed in the form of a 
disjoining pressure, II. The pressure in the film is then given by: 

2a 
p=-+II 

R 
(4.90) 

The disjoining pressure comprises three different contributions: (1) Van der Waals 
attraction, (2) electrostatic repulsion and (3) steric repulsion. In absence of 
polymers as a stabilisator, the steric contribution can usually be neglected. The Van 
der Waals attraction is given by (Chesters, 1991): 

A 
II van der Waals = -

6
n; h 3 

where A is the Hamaker constant, typically in the order of 10 20 J. 

(4.91) 

The electrostatic repulsion for a symmetrical plane geometry is given by (Verwey 
and Overbeek, 1948): 

II,_ 
1 

tat. = 2n0 kT [cosh zelJim - 1 J 
e..,c ros 1c kt 

(4.92) 

with 1/Jm the electrical potential mid-way between the two charged plates. An 
accurate equation for 1/Jm was given by Gregory (1973): 

zelJim ze$0 sinh-- = -- cosech(Kh/2) 
kT kT 

(4.93) 

where 1/;0 is the surface potential and K the Debye-Huckel parameter given by: 
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(4.94) 

for a symmetrical electrolyte with valency z. 

Whereas the Laplace pressure remains constant during film drainage, the absolute 
value of both Ilvan der waals and Ilelectrostatic increase dramatically with decreasing film 
thickness. In the limit of h - 0, the Van der Waals contribution will always 
dominate. This means that if the film thickness decreases below a certain critical 
value, the pressure in the film will become negative. As a result, the film becomes 
unstable and ruptures. 

In many cases relevant to phase inversion, Ilelewostatic is small with respect to the 
Laplace pressure. This is not only the case for liquid-liquid dispersions and 
emulsions with low surface potentials, but also in general for relatively large 
droplets, such as in abnormal emulsions. An example is shown in figure 4.12. 
Ilvan der Waals> Ilelectrostatic> PL.aplace and Ptol are plotted as a function of film thickness for 
a small (R = 0.1 14m) and a large (R = 10 14m) droplet respectively. Values 
employed are: A = 10-20 J, no = 1027 m·3 (c0 = 0.01 moll!), e, = 80, ll/lo I = 
25 mV and z = 1. For the large droplet, p101 cuts through zero at a relatively high 
value of the film thickness, at which the electrostatic contribution is negligible with 
respect to the Laplace pressure. For the small droplet, the critical film thickness is 
much smaller, and at this value the electrostatic contribution is significant. 
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figure 4.12: pressure balance in a thinning film between large and small droplets 
respecitively 
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Neglecting the electrostatic contribution, the critical film thickness can be estimated 
from Eq. (4.90), by setting p = 0: 

h- --( 
AR )1/3 

c 12rt a 

Chesters (1991) derived a similar expression from the film tension: 

he - ( AR )1/3 
8rt a 

4.6.5 Coalescence probability 

(4.95) 

(4.96) 

The sections 4.6.3 and 4.6.4 have provided us with the tools to calculate the 
coalescence probability. Substitution of an expression for he (Eq. (4.96)) together 
with an estimate for ho in the appropriate drainage equation, (Eq. (4.80), (4.83), 
(4.86) or (4.88)) gives a value for the drainage time td . Together with an estimate 
for t;, provided by Eq. (4.71) or (4.73), the coalescence probability can be 
calculated from Eq. (4.58). Figure 4.13 shows the coalescence probability as a 
function of the droplet radius and the interfacial mobility regime for viscous and 
inertial collisions. Values employed are: a = 10·2 N/m, p = 103 kg/m3, p.c = p.d = 
10"3 Pa s, A = 10"20 J, G = 11 m2/s3 and i' = 17 s·1

. The values for G and i' 
correspond to estimates for a 5 em stirrer rotating at 1000 RPM. 

Except in the regime of fully mobile interfaces in inertial collisions, the 
coalescence probability decreases from unity to zero over approximately a decade 
in droplet size. The droplet size for which P = 0.5 increases with increasing 
interfacial mobility. But regardless of the interfacial mobility , in the limit of large 
droplet sizes, the coalescence probability will always approach zero. In the case of 
fully mobile interfaces in inertial collisions, the coalescence probability decreases 
over several decades, but will eventually approach zero as well. 

Droplets can not grow beyond the size for which the coalescence probability has 
become zero. This conclusion has important implications for phase inversion. As 
phase inversion involves establishing connectivity of the dispersed phase, the 
droplets need to grow up to macroscopic sizes, i.e. in the order of the dimensions 
of the mixing equipment. While this is allowed in the regime of fully mobile 
interfaces in inertial collisions, droplets cannot reach this size range in the other 
regimes (see figure 4.13). Yet, inversion does take place in systems with partially 
mobile surfaces, such as liquid-liquid dispersions and abnormal emulsions with a 
viscosity ratio not too far from unity. Since according to the present model, phase 
inversion in these systems would be impossible, it must be concluded that either the 
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figure 4.13: coalescence probability for viscous and inertial collisions; from left to 
right in each graph: immobile, partially mobile and fully mobile interfaces. 

phase inversion criterion or the description of the droplet dynamics is incorrect. 

The expressions for the kinetics of the breakup and coalescence (sub )processes 
presented in this chapter are based on single droplets or on pair interactions of 
droplets. Inversion from normal to abnormal emulsions is expected to take place in 
the high volume fraction regime, where an analysis based on single droplets or pair 
interactions is certainly not appropriate. In particular, the interaction time of the 
droplets will increase rapidly, diverging as the emulsion reaches a state of closest 
packing. Hence, the coalescence probability will increase as well. Inversion from 
abnormal to normal emulsions takes place in the low volume fraction regime, 
where single droplets or droplet pairs can indeed be considered undisturbed by 
other droplets. The low coalescence probability of large droplets results from the 
assumption that the colliding droplets are spherical and form a flat circular film 
upon close approach. While this assumption is justified for droplets with a high 
Laplace pressure, i.e. relatively small droplets, it is not valid for large droplets. 
Large droplets are expected to be subjected to deformation and show irregular 
shapes. In appendix D, we present a short analysis to estimate the droplet 
deformability. A 'drainage contact' between two deformed droplets is not 
necessarily as extended as expected on the basis of a spherical shape. Hence, the 
resulting coalescence probability may be higher then predicted by conventional 
models. 

Another factor of importance is the interaction force between the droplets. In the 
models presented here, we have assumed it to be constant. In the limit of large 
droplets, additional fluctuations will be superimposed on this gradually changing 
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interaction force. Muralidhar and Ramkrishna ( 1986) point out that there are two 
possible sources of these fluctuations: eddies (correlated velocity fluctuations) and 
droplet oscillations. Whichever fluctuation is relevant is determined by a 
comparison of relevant time scales. Muralidhar and Ramkrishna (1986) consider 
among others a time scale of film drainage (T J, velocity fluctuations (T r) and 
droplet deformations (Td). Tr and Td are exactly the same time scales as employed 
by Delichatsios (1975) regarding breakup (see section 4.5), and are given by Eqs. 
(4.35) and (4.36) respectively. T, is derived from the Reynolds drainage equation: 

The characteristic parameters ex and (3 are defined as follows: 

a = Tf 

and : 

The appropriate model can now be derived from table 4 .1: 

fJ (( 1 

a « 1 white noise 

a » 1 constant force 

table 4.1: stochastic models for film drainage 

fJ )) 1 

band-limited noise 

constant force 

(4.97) 

(4.98) 

(4.99) 

If the drainage takes place under a constant (i.e. non-fluctuating) force, there is no 
need for a stochastic analysis, and 'classical' drainage models apply. In the case of 
(3 ,, 1, the interaction force fluctuates as a result of droplet oscillations. The 
frequency of these fluctuations will be in the order of the natural oscillation 
frequency of the droplets . Hence, the fluctuating force can be considered as a 
band-limited noise superimposed on a constant contribution. In the case of (3 >> 1, 
the interaction force fluctuations are caused by eddies. Since the drop will be 
subjected to impact with a large spectrum of eddies, differing in size and 
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characteristic time scale, the fluctuating interaction force can be represented by 
white noise superimposed on a constant contribution. Both the band-limited and 
white noise cases require stochastic analysis to calculate the drainage rate and 
hence the coalescence probability. The results are shown in figure 4.14. Band
limited noise has the same effect as an increased interfacial mobility: the droplet 
size at P= 0.5 is increased. White noise has a radically different effect: the 
coalescence probability now increases with increasing droplet size. Muralidhar and 
Ramkrishna (1986) point out that both models are limiting cases. In practical 
situations, a coalescence probability between the bounds set by both models is to be 
expected. This implies that for large droplets, the coalescence probability will not 
reduce to zero. 
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figure 4.14: coalescence probablity as a function of droplet radius for various 
stochastic regimes (adapted from: Muralidhar and Ramkrishna, 1986) 

4. 7 Conclusions 

In this chapter, we have discussed the modelling of the kinetics of the droplet 
dynamics. Agitation of the dispersion is the driving force behind the droplet 
dynamics. The degree of agitation can be expressed in terms of either the shear 
rate -y , in laminar flow, or the turbulent energy dissipation rate e, in turbulent 
flow. Expressions for the kinetics of the droplet dynamics take -y or e as an input 
parameter. Since the degree of agitation is generally inhomogeneously distributed 
over the mixing equipment, a correct modelling of the droplet dynamics requires 
local values for -y or e. These can be obtained by numerical solution of the 
equations of change on a discretized spatial domain, a method referred to as 
computational fluid dynamics (CFD). However, CFD requires considerable 
computational effort. A less accurate, but much simpler alternative is to relate 
volume averaged values of -y or e to the macroscopic agitation input, e.g. power 
consumption or stirrer speed. Correlations for this purpose have been discussed. 
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To keep track of the changes in droplet size as a result of the droplet dynamics, a 
population balance needs to be modeled . The population balance is best tackled in a 
discretized form. Several options for discretization have been discussed. The 
population balance requires expressions for the breakup frequency, daughter droplet 
distribution, collision frequency and coalescence probability. Satisfactory 
expressions could be found in the literature, except for the coalescence probability . 
Explicit models , available in the literature, predict a zero coalescence probability in 
the limit of large droplets. Phase inversion, however, requires coalescence of even 
the largest droplets of the initially dispersed phase. The available models for 
coalescence probability assume a spherical droplet shape and a constant interaction 
force. These assumptions are not met by the very largest droplets. There are 
indications that as a result of droplet deformation and interaction force fluctuations, 
the coalescence probability will be larger than zero in the limit of large droplets. 
Unfortunately, no quantitative models are available. 

With the coalescence probability remaining as the only major uncertainty, we can 
build a predictive model for phase inversion, using the coalescence probability as 
an adjustable parameter. By comparison of the model predictions and experimental 
phase inversion data we may be able to draw conclusions on the value of the 
coalescence probability in the limit of large droplet sizes. 
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List of symbols 

Roman symbols 

a m 
aF m 
a, 
A J 
A m·3 

~ m·3 

d m 

dmax m 
e c 
Ekin J 
Esurf J 
f N 
f s·' 
F N 
g s·' 
h m 
h s·' 

ho m 

he m 
H m 
Ho m 
j m3 s·' 
k J kg' ' 
k J K' 
Kb s·' 
Kc m3 s·' 
K 1,K2 

e m 

Lo m 
Lk m 
M 
n 

no m·3 

no s·' 
no m·3 s·' 
N s·' 
N 
N m·3 

LlN m·3 
ND 

droplet radius 
radius of flattened film 
flow decay parameter 
Hamaker constant 

Chapter 4 

(sec. 4.6.3) 
(sec. 4.6.3) 

droplet volume density distribution (sec. 4.4.1) 
droplet volume density distribution in the feect::sec. 4.4.1) 
droplet diameter 
maximum stable droplet diameter 
elementary charge 
kinetic energy 
surface energy 
body forces per unit volume 
escape frequency 
interaction force between droplets 
breakup frequency 
film thickness 
collision frequency 
initial film thickness 
critical film thickness 
vessel height 
initial liquid height in vessel 
flux towards central particle 
turbulent kinetic energy 
Boltzmann constant 
breakup frequency 

(sec. 4.4) 

(sec. 4.4.1) 

(sec. 4.4.1) 

(sec. 4.6.4) 

collision frequency 
constants (sec. 4.3.2 ; 4.5.3) 
local mixing length scale 
reference length scale 
Kolmogorov length scale 
number of population classes 
number of particles 
number of ions per unit volume 
droplet feed rate 
droplet feed rate (concentration) 
impeller speed (revolutions per second) 
number of droplets 
number of droplets per unit volume 

(sec. 4.6.4) 
(sec. 4.4.1) 
(sec. 4.4.3) 

(sec. 4.4.1) 

change in number of droplets per unit volume 
number of daughter droplets 
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Np 
p Pa 
p' Pa 
p 
p 
p Pa 
p w 
r m 
r m 
R m 
R m 
Re 
s m2 

s 
tb s 
td s 
tk s 
tosc s 
T K 
T m 
Td s 
Tr s 
Ti s 
T, s 
u m s· 1 

u' m s· 1 

u m s·1 

Llu(r) m s·1 

v mJ 
v m s·1 

Yo m s·1 

We 
x,y,z m 
X m 
z 

Greek s~mbols 

(X 

{3 
{3 m-3 

'Y s·I 

J: s·l 

'Yk s·t 

power number 
pressure 
fluctuating component of pressure 
probability 
coalescence probability 
time averaged pressure 
power consumption 
radial coordinate 
length range 
droplet radius 
radius of collision sphere 
Reynolds number 
surface segment 
time 
breakup time 
drainage time 
Kolmogorov time scale 
time scale of droplet oscillation 
temperature 

(sec. 4.6.5) 
(sec. 4.2.2) 

(sec. 4.3) 

(sec. 4 .2.4) 

(sec. 4 .6.1) 

vessel diameter (sec. 4.3) 
time scale of droplet deformation 
time scale of turbulent velocity fluctuations 
time scale of droplet-droplet interaction 
time scale of film drainage 
velocity 
fluctuating component of velocity 
time averaged velocity 
characteristic velocity difference over range r 
droplet volume (sec. 4.4.1) 
drainage velocity 
Reynolds drainage velocity 
Weber number 
x,y ,z-coordinate 
impeller position above vessel bottom 
ion valency 

time scale ratio defined by Eq. 4.98 
time scale ratio defined by Eq. 4.99 
daughter droplet distribution 
shear rate 
shear rate tensor 
Kolmogorov shear rate 

(sec. 4.6.4) 

(sec. 4.4 . 1) 
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(j unity tensor 
e J kg-1 s·l turbulent energy dissipation rate 
€o cv-l m·' permittivity of vacuum 
€r relative permittivity (dielectric constant) 
€e correction factor internal flow 
/ correction factor surfactant diffusion 
K Pas bulk viscosity (Eq. 4.4) 
K m·' Debye-Hiickel parameter (sec_ 4.6.4) 
f.. s·' frequency of arriving eddies 
f.. coalescence probability (sec. 4 .4.1) 

11- Pas laminar viscosity 
/1-t Pas turbulent viscosity 
II m2 s-' kinematic viscosity 
II number of daughter droplets (sec_ 4.4.1) 
II Pa disjoining pressure 
p kg m·3 density 
(J Nm·' interfacial tension 

(J± m s·1 standard deviation of velocity fluctuations 
T Pa stress tensor 
:;:t Pa turbulent stress tensor 

~0 v surface potential 

1/lm v mid-plane potential 
w rad s·1 angular velocity 
n capillary number 

indices 

* dimensionless quantity 
c continuous phase 
cr critical condition for breakup 
c/o cut off value 
d dispersed phase 
d daugther droplet (sec. 4.4) 
p parent droplet 
r radial component 
rms root mean square 
x,y,z x,y ,z-component 



Chapter 5 

An experimental test of the kinetic inversion theory 
in the viscous regime 

5.1 Introduction 

In chapter 2, we introduced a kinetic concept for phase inversion, as depicted in 
figure 2.11. Following this concept, the phase inversion point can be derived from 
the coalescence kinetics of the emulsion droplets. In chapter 4, we presented the 
tools to model the kinetics of the droplet dynamics. In this chapter, we will 
construct a simple kinetic model, based on expressions valid in the viscous regime. 
The model's predictions will be compared to phase inversion experiments in a 
rosin!water/nonionic surfactant system. Ol 

5.2 A kinetic model for phase inversion 

The principle of kinetic modelling of catastrophic phase inversion is depicted in 
figure 2.11: the balance between coalescence and breakup will maintain a certain 
droplet size in an emulsion. If the coalescence rate exceeds a certain critical limit, 
this balance will collapse, the droplets will grow up to the macroscopic size range, 
and the emulsion will lose its stability. If the surfactant is chosen such that the 
inverse morphology is preferred, the destabilization of the emulsion will result in 
phase inversion. 

When building a model for phase inversion based on droplet dynamics, it must be 
realized that phase inversion is a result of many complex subprocesses, acting 
simultaneously throughout an inhomogeneous space. Each of the subprocesses can 
be modelled (see chapter 4), but each of these models still contains a considerable 
degree of uncertainty. In particular cases, where one subprocess can be studied in 
detail, the accuracy of the modelling can be raised to a satisfactory level, by 
introducing adjustable parameters and estimating these from experimental data. 
This does however not ensure the validity of the modelling in other cases, 
particularly not when two or more subprocesses are interacting. While it is 
certainly possible to combine all models of the relevant subprocesses, each 
including a number of adjustable parameters, and then fit experimental inversion 
data, the result will most probably be of little physical significance: the combined 
model will be too flexible, and trends in experimental data can almost certainly be 
attributed to more than one adjustable parameter. 

(1) the experiments described in this chapter have been reported briefly by 
Vaessen and Stein (1993) 
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Such a situation demands more detailed experimental data on the individual droplet 
dynamics subprocesses. Only then it may be possible to link experimental trends 
independently to relevant adjustable parameters. Unfortunately, two prominent 
characteristics of phase inversion severely limit the possibilities to monitor the 
droplet dynamics. Firstly, emulsions close to the catastrophic inversion point have 
a relatively low stability. Most sampling methods will disrupt the dynamic balance 
between coalescence and breakup, and as a result the droplet size distribution in the 
sample is no longer representative for the droplet size distribution in the mixing 
vessel. Secondly, the volume fraction of dispersed phase is relatively high close to 
the catastrophic inversion point. This limits the applicability of in-situ optic 
methods to measure droplet sizes. In section 7.5 we will further discuss the 
possibilities for obtaining experimental information on the evolution of droplet sizes 
around the catastrophic inversion point. 

Considering the above, it should not be our strategy to try to model all individual 
subprocesses as accurately as possible, since it is not possible to eliminate all 
uncertainties independently. Instead, a preliminary combined model should be built 
from contributions outstanding in simplicity and universality, rather than accuracy. 
From the combined model, we can test the sensitivity of the result (a prediction of 
the phase inversion point) to the various contributions. The most sensitive 
contributions may then be improved one by one, thus offering a possibility to 
reduce uncertainties independently. In chapter 7, we will try to improve the 
accuracy of the model following this strategy. 

5.2.1 A concept for modelling 

In this section, a kinetic model will be set up, founded on three basic assumptions: 

(1) agitation 
The degree of agitation is assumed to constant throughout the mixing vessel 
(c: = <c:>, everywhere). The vessel is assumed to be ideally mixed, i.e. 
there are no spatial variations in the droplet size distribution. 

(2) population balance 
The population balance will be discretized, into a one-moving-class 
distribution (see section 5.2.2). In this simplified discretization scheme, only 
binary breakup and coalescence between equally-sized droplets will be 
considered. 

(3) droplet dynamics 
The breakup frequency is described by the acceleration model (Delichatsios 
and Probstein, 1976; see section 4.5.3). The coalescence probability is 
assumed to be independent of the droplet size. 
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The first two assumptions will be revisited in chapter 7 of this thesis. The third 
assumption will be verified at the end section 5 .2.4. 

5.2.2 A one-moving-class discretization scheme for the population balance 

The population balance is evaluated periodically after small time steps ~t. At the 
start of the xth evaluation, at t = x · ~t, all n, droplets are accumulated in one 
class, with a diameter R,. Now three classes are considered: class '-', in which the 
droplets formed by binary breakup of a droplet with diameter R, accumulate, class 
'+ ', in which the droplets formed by coalescence of two droplets with diameter R, 
accumulate, and class '0' in which the droplets with diameter R, remain that are 
not affected by breakup or coalescence. Since 2 v; = v~ = 1/2 v~, 2 113 R; = R~ = 
2' 113 R~ = R,. The population balance equations can be written as: 

(5.1) 

(5.2) 

(5.3) 

A new number-mean diameter R,+d, is now calculated: 

2-1/3 n - + no + 21/3 n + 
I I I 

= Rl ------------------
- 0 + 

(5.4) 
n

1 
+ n

1 
+ n

1 

At the end of the xth step, all droplets are assumed to be in one class with diameter 
R,H,. The number of droplets in this class can be calculated from: 

(5.5) 

It is now tested if R,H, differs significantly from R,. If so, the x + lth evaluation 
will follow, if not, the stationary droplet size has been reached. 

There is a shortcut method to find the stationary droplet size: by means of 
bisection, the R, for which R,H,- R, = 0 can be found. 
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5.2.3 Expressions for the droplet dynamics 

Phase inversion experiments in the water/rosin!nonionic surfactant system have 
been carried out by means of a high-speed disk disperser. The volume-mean energy 
dissipation rate is taken from Eq. 4.23: 

(5.6) 

The Kolmogorov length scale follows from Eq. 4.14: 

Lk = (v3/e)I/4 = ~ :N (5.7) 

Employing typical values for the rosin system: p = 103 kg/m3 and fJ- = 30 Pa s, it 
can be calculated that 4 ranges from 2.4 em at 3000 RPM stirrer speed to 6.0 em 
at 500 RPM. Since the droplet size is generally at most in the order of 1 mm, it 
can be safely concluded that the droplet dynamics take place in the viscous 
subregime. The shear rate is given by Eq. 4.16: 

(5.8) 

A typical velocity difference is obtained from Eq. 4.20: 

Llu(r) = c!sr/2 (r./v)l/2 r- C~r'2 Nr (5.9) 

The critical shear rate for breakup follows from Eq. 4.37, the definition of the 
capillary number: 

(5.10) 

Hence: 

(5.11) 

The breakup rate was calculated according to the acceleration model by 
Delichatsios and Probstein (1976). With Eqs. (5.9) and (5.11), Eq. 4.49 transforms 
into: 

(5.12) 
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An expression for the coalescence rate is obtained by substituting Eq. (5 .9) into 
Eq. 4.67: 

(5.13) 

5.2.4 Calculation results 

Using the Eqs. (5.12) and (5.13) in the monodisperse population balance model 
presented in section 5.2.2, the stationary droplet diameter can be calculated as a 
function of the volume fraction dispersed phase. Values employed in the 
calculations are iJ.c = 7 Pa s and a = 10·2 N/m. Figures 5.1 to 5.3 show the 
results, varying the stirrer speed N, the critical capillary number for breakup Qcr 

and the coalescence probability P respectively. All three figures show the same 
general trend: at low volume fractions, the stationary droplet sizes increases 
slightly with increasing volume fraction. Above a certain critical volume fraction, 
the stationary droplet size increases steeply to a value outside the microscopic 
range (the calculations were stopped as soon as the stationary droplet size exceeded 
a value of 1 m). The transition is very sharp: within less than a %o in volume 
fraction, the stationary droplet size increases several orders of magnitude. This 
transition point is taken as a prediction for the phase inversion point. 
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figure 5.1: stationary droplet diameter as a function of the volume fraction water 
and the stirrer speed (Qc, = 1; P = 1) 
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figure 5.2: stationary droplet size as a junction of the volume fraction water and 
the critical capillary number for breakup (N = 1000 RPM; P = 1) 
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figure 5.3: stationary droplet size as a junction of the volume fraction water and 
the coalescence probability (N = 1000 RPM; Ocr = 1) 
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figure 5.4: catastrophic inversion point as a function of the coalescence probability 
(N = 1000 RPM; Oc, = 1) 

As figures 5.1 and 5.2 show, N and Ocr affect the droplet size before phase 
inversion: at a given volume fraction, droplets become larger when the stirrer 
speed decreases or when the critical capillary number for breakup increases. N and 
Ocr do however not affect the inversion point. The coalescence probability, on the 
other hand, affects both the droplet size before phase inversion and the phase 
inversion point. With decreasing P, the stationary droplet size before inversion 
decreases and the inversion point increases. Figure 5 .4 shows the inversion point as 
a function of the coalescence probability, which suggests that IP; oc: liP. This 
correlation follows from the expressions for the droplet dynamics: at the phase 
inversion point, the balance between breakup and coalescence is about to collapse: 

The best fit correlation is given by: 

0.131 
p 

<t>; 0( 1/P (5.14) 

(5.15) 

We can now verify the third assumption formulated in section 5.2.1. In figure 5.5, 
the dotted line shows the coalescence probability of the water droplets, calculated 
from expressions valid for the regime of partially mobile interfaces (see also 
section 4. 6. 3). In the limit of large droplet sizes, the coalescence probability 
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approaches zero, implying that no 
phase inversion can occur. However, it 
has been argued in section 4.6.5 that in 
reality a non-zero coalescence 
probability is expected in the limit of 
large droplet sizes. Therefore, the solid 
curve in figure 5.5 is more correct than 
the dotted one. In our model, we have 
further simplified the coalescence 
probability curve: a constant value is 
assumed, as is shown in figure 5. 5 for 
a value of P = 0.25. We have 
compared the model calculations for 
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both the solid and the dashed profile. figure 5.5: coalescence probability 
Only minor differences ( < 5 %) in profile for droplet dynamics modelling 
stationary droplet size have been found 
in the low volume fraction regime (below 6 vol% dispersed phase). The phase 
inversion point is not affected by the choice of the profile. In the high volume 
fraction regime, no differences are found at all. Hence it can be concluded that the 
phase inversion point depends only on the coalescence probability in the limit of 
large droplet sizes. Approximating the coalescence probability by a constant value 
is therefore justified. 

5.3 Experimental 

5.3.1 Materials 

Abalyn E rosin ex Hercules was used in our experiments. This is a methylated 
Chinese gum rosin, mainly consisting of methyl-abietate. Methylation lowers the 
softening point of the gum rosin from approx. 70 - 80 o C to approx. 0 - 10 o C, 
allowing emulsification at ambient temperatures. For further details on rosin 
chemistry, see appendix A. The viscosity of Abalyn E was measured by means of a 
concentric cylinder rheometer (Contraves Reomat 115), using a DIN 125 
standardized bob. Figure 5.6 shows the viscosity of the rosin as a function of the 
shear rate, measured at room temperature (293 K). The plot indicates a slightly 
shear-thinning behaviour. Over the shear rate range relevant to the modelling 
presented in section 5.2, extending from 16.7 s·' (1000 RPM) to 50 s·' (3000 
RPM), the viscosity variations are very small (± 1.5 %). A value of 7 Pa-s can be 
used throughout this shear rate range. The density of the rosin was measured by 
means of a Paar DMA 55 density meter, giving a value of p = 1035.9 kg/m3 at 
T = 293 K. 
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figure 5. 6: the viscosity of Abalyn E rosin as a junction of the shear rate at room 
temperature (293 K), in linear and log-log plots 

surfactant 

The surfactants employed in our 
experiments were nonyl-phenol- c

9
H19-o-(- CH

2
- CH2 - 0 -)n- OH 

ethoxylates, from the synperonic NP ~ 
series ex ICI. The structure of the figure 5. 7: nonyl-phenol-ethoxylate 
surfactant is shown in figure 5. 7. The 
number of ( - CH2 - CH2 - 0 - ) units 
varied from 4 to 12; the surfactants are usually indicated by the code name NP x, 
where x represents the number of ethoxylate units. This number is an average 
number, determined by the stoichiometric ratio of nonyl-phenol and ethylene oxide 
during the ethoxylation step in the production of these surfactants. A surfactant NP 
x will therefore contain also non-negligible amounts of NP x-1 and NP x + 1. Table 
5.1 shows the HLB of the surfactants that were used in the experiments. 

surfactant HLB 

NP 4 8.9 

NP 6 10.9 

NP 8 12.3 

NP 10 13.3 

NP 12 13.9 

table 5.1: HLB values of the swfactants used in the experiments 
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aqueous phase 

The aqueous phase consisted of double distilled water, to which 5 g/1 (= 0.067 M) 
KCl (p.a. ex Merck) was added to increase the conductivity contrast between the 
aqueous and organic phases. 

5.3.2 Experimental setup 

The experimental layout is shown in figure 5.8. The core element is the mixing 
vessel, a 400 ml glass beaker. At the beginning of each experiment, 100 g of resin 
plus 10 g of surfactant are added to the beaker. The contents are stirred by means 
of a high-speed disk disperser: a 50 mm circular sawtooth blade driven by an 
YSTRAL X40/38 stirrer. The stirrer is equipped with an RPM control, to ensure a 
constant stirrer speed throughout the experiment, as the viscosity generally 
increases approaching the catastrophic inversion point. To the beaker, aqueous 
phase (water plus KCl) is slowly added by means of an ISCO LC-500 pump. This 
pump ensures a highly accurate constant flow rate, allowing to derive the volume 
fraction in the mixing vessel from the time elapsed since the start of the 
experiment. During the experiment, the conductivity of the emulsion is measured 
by means of a conductivity probe, connected to a Radiometer conductivity meter. 
The conductivity probe consists of two 5 mm long platinated rods, vertical and 
parallel, with an 8 mm spacing between the rods. The phase inversion experiments 
are carried out at room temperature (293 K). 

flow control 

figure 5. 8: setup for phase inversion experiments 

Conductivity 
meter 
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5.4 Results and discussion 

5.4.1 Visual observations during a phase inversion experiment 

At the start of the experiment, the mixing beaker is filled with surfactant and rosin, 
the latter being an amber-coloured liquid. After the stirrer is started, the mixture 
turns opaque: apparently, the surfactant does not, or at least not completely, 
dissolve in the resin, and is now emulsified. The mixture is still lightly amber 
coloured. As soon as water is added to this mixture, the opacity becomes more 
saturated, and the colour turns even lighter, barely distinguishable from white. 

As more and more water is added, the mixture becomes visibly more viscous. No 
longer can all the water be directly incorporated into the emulsion: a water film is 
formed on top of the 'doughnut' (see figure 4.2). This water layer is clear at first, 
but turns milky white as the experiment proceeds. This seems to indicate local 
phase inversion of the emulsion: the milky white liquid is a rosin-in-water 
emulsion. Close to the inversion point, the emulsion has turned into a thick paste, 
almost white, with regions of bright white circulating through it. There is only a 
slight colour difference between the not yet inverted water-in-rosin emulsion, which 
still shows a very faint trace of amber, and the already inverted rosin-in-water 
emulsion, which is brightly white. Suddenly, the regions of bright white seem to 
flood the mixture. For a short time, regions of faint amber may appear behind the 
glass of the beaker, opposite the discharge of the disperser disk, but within several 
seconds, the mixture is homogenized. As further water is added, the viscosity of 
the emulsion slowly decreases. 

From the above, it can be concluded that phase inversion may be visually observed 
by means of a colour change (IJ. As the observations indicate, catastrophic phase 
inversion is indeed a catastrophe, i.e. a rather sudden effect as a result of gradually 
changing conditions (a gradually increasing volume fraction water). Nevertheless, 
certain characteristic phenomena take place shortly before and immediately after 
phase inversion. These phenomena seem to indicate that phase inversion is a 
process starting in one or more nuclei (the regions of already inverted emulsion, 
observed before inversion), at a critical moment rapidly extending spatially (the 
'flooding' by the already inverted emulsion), and finally reaching completion 
throughout the vessel (the last regions of not yet inverted emulsion disappearing 
after inversion). 

(IJ It should be noted that this colour change is not a universal method for an 
accurate determination of the inversion point: the colour differences are extremely 
small, and not sufficiently visible under all circumstances. 
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5.4.2 Conductivity record 

During the phase inversion experiment, 
the conductivity signal is recorded by 
means of a pen recorder. A typical 
recorder output is shown in figure 5.9, 
where the time proceeds from right to 
left. Phase inversion is observed as a 
stepwise increase over several orders 
of magnitude in the conductivity of the 
emulsion. The jump in conductivity 
occurs immediately after the 'flooding' 
has been observed, where the already 
inverted regions are connected at the 
cost of the connectivity of the not yet 
inverted regions. The short time lag 
(less then 1 s) between the flooding 
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and the conductivity jump may be due figure 5.9: recorder output of the 
to the fact that flooding is observed on conductivity signal during a phase 
the surface of the vessel contents, inversion experiment 
while the conductivity probe sticks a 
few em into the mixture. The visual observations already indicated that the 
inversion starts in certain regions and then proceeds spatially throughout the vessel. 
Apparently, the region around the conductivity probe is reached in a later stage. 

Figure 5. 9 indicates another, interesting phenomenon. About one minute before 
phase inversion, peaks in the conductivity signal are observed that significantly 
exceed the level of background noise in the earlier stages of the experiment. The 
amplitude of these conductivity fluctuations increases upon approach of the 
inversion point. These peaks are probably caused by the presence of 
macroscopically-sized water-continuous regions near the conductivity probe. 
Indeed, when the conductivity peaks occur, the water-continuous regions have 
already been observed, floating on the surface of the mixture. In order to generate 
the peaks, the size of the water-continuous regions must be at least in the order of 
the spacing of the two rods of the conductivity probe, i.e. - 10·2 m. 

5.4.3 Phase inversion point as a function of the surfactant HLB 

Phase inversion experiments were carried out with various surfactants, and with 
mixtures of surfactants. The HLB of these mixtures was calculated as a mass
average. The volume fraction at which the conductivity peaks ftrst appeared was 
also registered. During the experiment, the emulsion was stirred at 7000 RPM, and 
aqueous phase was added at a rate of 400 mllhr. The results are shown in figure 
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5.10: the triangles mark the phase inversion points, the circles mark the volume 
fractions above which the peaks are observed. The dotted lines are added as a 
guideline to the eye. Figure 5.11 shows the experimental inversion points in a 
SAD-~-plot (see section 2.4, figure 2.2). The experimental points roughly follow 
the transition from the catastrophic regime at high HLB to the transitional regime 
at HLB :::::: 10. 
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figure 5.11: experimental inversion points as a function of the HLB in a SAD-~
plot 
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5.4.4 Phase inversion point as a function of the stirrer speed 

Figure 5.12 shows the influence of the stirrer speed on the phase inversion point. 
In the experiments, NP 6 was used as a surfactant, and the addition rate of aqueous 
phase was kept constant at 300 ml/hr. The phase inversion point increases with 
increasing stirrer speed. This trend can be explained by incomplete mixing at lower 
stirrer speeds. If not all the water is incorporated homogeneously into the 
emulsion, the newly added water will contribute directly to the growth of the 
macroscopically-sized regions of water-continuous emulsion. Because of this extra 
contribution to increase in size of the water-continuous regions, phase inversion can 
be expected at lower volume fractions with decreasing stirrer speed. The phase 
inversion point should approach a limit for ideal mixing at high stirrer speeds, 
where the volume fraction is the sole contributor to the growth of the water
continuous regions. In this limit, the phase inversion point is presumed to be 
independent of the stirrer speed (see the model's predictions presented in figure 
5.1). Indeed, the trend in figure 5.12 seems to support the existence of a constant 
phase inversion point in the limit of high stirrer speeds. 
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figure 5.12: the phase inversion point as a function of the stirrer speed (surfactant: 
NP 6; dispersed phase added at 400 mllhr) 

5.4. 5 Phase inversion point as a function of dispersed phase addition rate 

Figure 5.13 shows the influence of the addition rate of the dispersed phase to the 
emulsion. NP 6 was used as a surfactant, and the stirrer speed was kept constant at 
1000 RPM. As figure 5.13 shows, the phase inversion point decreases with 
increasing flow rate. Again, this trend can be explained by incomplete mixing, at 
high addition rates. If the aqueous phase is added quickly, not all of the water will 
be incorporated homogeneously into the emulsion. The excess water will contribute 
directly to the growth of the water-continuous regions, thus inducing phase 
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figure 5.13: phase inversion point as a function of the dispersed phase addition 
rate (surfactant: NP 6; emulsion stirred at 1000 RPM) 

inversion at lower volume fractions. In agreement with the case of variable stirrer 
speed, the results seem to indicate an approach to a constant inversion point in the 
limit of ideal mixing, i.e. at low addition rates. 

5.5 Comparison of model predictions and experimental results 

The visual observations, the conductivity record and the phase inversion trends at 
variable stirrer speed and dispersed phase addition rate all support a phase 
inversion mechanism involving a key role for macroscopically sized water
continuous regions. These 'giant' water drops are formed either as a result of the 
growth of the stationary droplet size, or as a result of incomplete mixing. The 
kinetic model presented in section 5.2 assumes ideal mixing, and therefore only the 
first formation mechanism for these giant drops is accounted for. As a result, the 
model is incapable of predicting the phase inversion trends at variable stirrer speed 
and dispersed phase addition rate, since these are attributed to incomplete mixing. 

The kinetic model does indeed predict the occurrence of macroscopically-sized 
water continuous regions above a certain volume fraction threshold: figures 5.1 to 
5.3 show a drama tical increase in the stationary droplet size as soon as a critical 
volume fraction of dispersed phase is exceeded. It is not yet clear which particular 
droplet size should be reached for the system to invert, but it is to be expected that 
this size is of the order of the macroscopic dimensions of the mixing equipment. 
Since the predicted increase in droplet size with increasing volume fraction is 
extremely steep (see figures 5.1 to 5 .3), the exact value of this critical threshold 
for phase inversion is of little relevance at this stage. The observed regions of 
already inverted emulsions are in fact heavily deformed water droplets of a size in 
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the order of the macro dimensions of the mixing vessel. The observation of their 
existence, and their presumed key role in the inversion process support the kinetic 
model. 

The occurrence of these 'giant' droplets of dispersed phase is as far as the model 
goes. Since these droplets have reached a size in the macroscopic regime, and as a 
result are heavily deformed, the kinetic expressions, derived on the assumptions of 
small, spherical droplets in the regime of isotropic turbulence, are no longer valid . 
Furthermore, the population balance equation assumes the droplet dynamics to be 
ruled by ordinary differential equations, hence by deterministic laws, expressed in 
terms of an average coalescence and breakup frequency . In reality, the coalescence 
and breakup of individual droplets are stochastic processes, but a deterministic 
approach is justified if the total number of drops is very large. The latter is no 
longer the case when the droplets have reached macroscopic sizes. 

While from a modelling point of view, the behaviour of macroscopic droplets 
becomes unpredictable, their behaviour in reality is chaotic as well. Suddenly, 
these macroscopic droplets reach a critical state, and as a result the 'locally 
inverted' regions in the emulsion will flood the not yet inverted regions. As soon as 
this 'flooding' starts, it is only a matter of time until 'global inversion' is 
established. It seems reasonable to assume that the critical condition for 'flooding' 
is ruled by the size of the macroscopic droplets, and that growth of the droplets to 
their critical size is the rate determining factor in the total phase inversion process. 

Whereas both the model and the observations provide some insight in the gain in 
c01mectivity of the initially dispersed phase, they fail to reveal the background of 
the breaking of the connectivity of the initially dispersed phase. Visual observations 
indicate that already some of the rosin is dispersed into the water before phase 
inversion: the water floating on top of the stirred mixture turns from clear to 
opaque white. 'Classical' breakup of the rosin phase is out of the question: because 
of the extreme viscosity ratio between the phases (f.ld;f.lc - 104), breakup of the 
rosin phase would require an extremely high capillary number (see section 4.5.1, 
figure 4.6). In section 5.6 we discuss an alternative breakup mechanism which is 
more in agreement with the observations. 

Although the kinetic model does not account for the final stages of phase inversion, 
it may still yield a reasonable estimate for the phase inversion point, under two 
basic assumptions. The first assumption is that once a critical situation is reached in 
which the connectivity of the initial dispersed phase is rapidly enhanced, the 
conditions will also give rise to a breakdown of the connectivity of the initial 
continuous phase. Note that this process is supported by the choice of the surfactant 
system, which strongly promotes the inverse morphology . The second assumption 
is that the growth stage of the droplets dispersed phase, towards their critical, 
macroscopic size, is rate determining for the inversion process as a whole. The 
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visual observations indicate that both assumption are satisfied: once the critical 
stage is reached, the emulsion will invert within reasonable time. 

To compare the model's predictions with the experimental results, the effects of 
incomplete mixing should be excluded. As figures 5.12 and 5.13 show, the phase 
inversion point approaches a value - 45 vol% in the limit of ideal mixing (high 
stirrer speed, low addition rate). The predicted inversion point is strongly 
dependent on the presumed coalescence probability. Following Eq. (5.15), an 
inversion point of 45 vol% suggests a coalescence probability of 0.3, which is quite 
a reasonable value. However, there is no method available at present to verify this 
value independently. 

5.6 Capillary breakup 

In section 4.5 we presented a concept for breakup, based on disruption of droplets 
in velocity gradients of sufficient strength. From the ratio of disruptive, 
hydrodynamic forces and restoring, interfacial forces, a criterion for breakup could 
be defined. Once a droplet enters a region where the critical condition is met, 
breakup will occur. In laminar flow, the critical condition is generally expressed in 
terms of the capillary number, and is a pronounced function of the viscosity ratio 
between the phases (see figure 4. 7). 

The minimum attainable droplet size upon agitation of a mixture of immiscible 
liquids can in principle be calculated from the critical condition for breakup. In the 
case of laminar flow, the minumum attainable droplet size follows from n = ncn 
where the maximum value of the shear rate )' has been substituted. It should 
however been noted that ncr> as for instance shown in figure 4. 7' is determined 
under quasi-equilibrium conditions: n is just above ncr· Under these conditions, 
binary breakup will occur (see section 4.5). If the shear rate were increased 
gradually during mixing, indeed a cascade of binary breakup processes would 
occur, as shown at the left hand side of figure 5.14. In reality, however, a body of 
future dispersed phase will be subjected to a condition n ,, ncr· Under these 
conditions, capillary breakup occurs. The body of dispersed phase is stretched into 
a long thread, which will break into many small droplets, as is shown on the right 
hand side of figure 5.14. 

Capillary breakup was studied by Tjahjadi and Ottino (1991); Janssen and Meijer 
(1993) compared both mechanisms shown in figure 5.14. A number of interesting 
features should be noted: capillary breakup can produce smaller droplets than a 
cascade of binary breakup processes, and a higher viscosity ratio between dispersed 
and continuous phase will lead to smaller droplets. The droplet size produced by 
capillary breakup depends on the thickness of the thread. Thin threads are formed 
if the conditions for affine deformation are met. Under affine conditions, the 
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figure 5.14: a cascade of binary breakup processes (left) versus capillary breakup 
(right) 

resistance against deformation reduces to zero, and the dispersed phase will follow 
the extension of the continuous phase. Elemans et al. (1993) and Meijer and 
Janssen (1993) have shown experimentally that the minimum capillary number for 
affine deformation, n.rr, equals 2·flcr in simple shear and 5·flcr in plane hyperbolic 
flow. 

Consider again figure 5. 14: in order to produce small droplets through a cascade of 
m binary breakup processes, it is required that flm.1 > ncr· Every binary breakup 
process reduces the droplet radius by a factor 2 113

, hence Rm = Ro·2-'"13
. Since the 

capillary number is proportional to the droplet radius, flm = rl0 ·2-m13
. Capillary 

breakup requires fl0 > n.rr = x·flc" where x ranges from 2 to 5, depending on the 
flow type. Suppose the condition for capillary breakup in simple shear is just met: 
rl0 = 2·flw Under these flow conditions, 2m droplets may be formed by binary 
breakup, where m follows from the condition that flm. 1 > ncr· Substituting the 
relationship between nm.1 and fl0, it follows that m = 2, i.e. four droplets can be 
produced by a cascade of binary breakup processes under these conditions. 
Capillary breakup will most likely produce more droplets. 

The thinning thread will be subjected to interfacial instabilities of various 
wavelengths. One wavelength will have the fastest growing amplitude, and 
distortions of this wavelength may eventually cause breakup (Tomotika, 1935; 
1936). However, under continuous stretching of the thread, the wavelengths of the 
instabilities are stretched as well, and an initially fast growing distortions will be 
damped. Eventually, an instability will reach an amplitude in the order of the 
thread radius, and breakup will occur. At a higher viscosity of the disperesed 
phase, distortions will grow more slowly, the thread will be thinner at breakup, 
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and smaller droplets will be formed. 

At the phase inversion point in the water/rosin/nonionic surfactant system, the 
mechanism described above is most likely to occur. Large bodies of rosin are 
present, resulting in a large capillary number at given p. and )'. Binary breakup 
quickly reduces the capillary number of the rosin drops, and will not lead to 
effective dispersion. Although the critical capillary number is high, the criterion for 
affine deformation of the rosin bodies may be met because of their macroscopic 
size. Because of the high viscosity of the rosin, capillary breakup will result in 
very small droplets. 

5. 7 Conclusions 

A predictive model for catastrophic phase inversion has been set up on the basis of 
the kinetics of the droplet dynamics. Three important assumptions underlie this 
model: (1) a constant degree of agitation throughout the vessel, (2) a monodisperse 
population balance model, (3) a coalescence probability independent of the droplet 
size. The third assumption proved to be justified, the other two assumptions will be 
evaluated in chapter 7. The kinetic model allows us to calculate the stationary 
droplet size as a function of the volume fraction dispersed phase. Phase inversion 
manifests itself as a very steep increase in stationary droplet size. 

According to the model, the phase inversion point is independent of the stirrer 
speed. Experimentally, it was found that the phase inversion point increases with 
increasing stirrer speed. The phase inversion point also increased with a decreasing 
addition rate of the dispersed phase. Both observation can be attributed to an 
incomplete bulk mixing in the highly viscous emulsions. 

The coalescence probability, considered as an adjustable parameter in our model, 
proved to be very critical in the predictions of the model. The predicted inversion 
point is inversely proportional to the coalescence probability . Extrapolating the 
experimental results to conditions where bulk mixing is no longer a limiting factor 
(high stirrer speeds and low dispersed phase addition rates), a value in the order of 
P = 0.3 is found. 
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Lk 
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shear rate 
turbulent energy dissipation rate 
volume-averaged turbulent energy dissipation rate 
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0 initial droplet class 
c continuous phase 
cr critical value for breakup 
d dispersed phase 
stat stationary value 
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Chapter 6 

An experimental test of the kinetic inversion theory 
in the inertial regime 

6.1 Introduction 

In chapter 5, a simple model was presented to predict the catastrophic phase 
inversion point in an emulsion, based on the kinetics of the droplet dynamics in the 
viscous regime. The model's predictions were compared with experimental data. It 
is the purpose of this chapter to perform a similar comparison for droplet dynamics 
in the inertial regime. This requires a different description of the droplet dynamics 
kinetics in the model, as well as a different experimental system. As an 
experimental system, we have chosen water/n-hexane/nonionic surfactant. The 
moderate viscosity ratio 11d/ llc of this system (compared to the water/rosin system in 
chapter 5) allows an experimental investigation of the hysteresis effect.<'> 

6.2 A kinetic model for phase inversion 

In section 5. 2, a phase inversion model based on the droplet dynamics kinetics in 
the viscous regime was presented. In the present chapter, we will use a similar 
model, based on the same basic assumptions (see section 5.2.1), employing the 
same one-moving-class discretization scheme for the population balance (see section 
5 .2.2), but with different expressions for the droplet dynamics. 

6.2.1 Expressions for the droplet dynamics 

In regular stirred vessels, the volume-mean energy dissipation rate in the inertial 
regime is given by Eq. 4.29: 

The Kolmogorov length scale follows from Eq. 4.14: 

The stirrer diameter D 4·10·2 m. For 0/W emulsions, p 

(I) The calculations and experiments described in this chapter have been 
reported by Vaessen eta!. (1996). 

(6.1) 

(6.2) 



152 Chapter 6 

11 = 10-3 Pa·s. The Kolmogorov length scale Lk ranges from 32 11m at 500 RPM 
stirrer speed to 8.4 11m at 3000 RPM. In W/0 emulsions, with p = 8·102 kg/m3 

and 11 = 6 ·10-4 Pa · s, Lk ranges from 26 11m at 500 RPM to 5. 9 11m at 3000 RPM . 
Before phase inversion, the emulsion droplets are generally unstable, and have 
typical diameters ~ 100 11m. It can therefore be assumed that the droplet 
dynamics, before phase inversion, take place in the inertial regime. 

A typical velocity difference is obtained from Eq. 4.19: 

tlu(d) = 1.37 ( c d)113 
- 1.37 N D ( ~ r3 

(6.3) 

The critical shear rate for breakup follows from the Weber number, defined by Eq. 
4.38: 

a 
Weer 

pd 

where Wee, is the critical Weber number for breakup. 

(6.4) 

The breakup rate is calculated according to the acceleration model by Delichatsios 
and Probstein (1976). With Eqs. (6.3) and (6.4), Eq. 4.49 transforms into: 

Kb(d) - 1.09 N (D)
213 

[ exp(- a Weer J- exp(2)] (6.5) 
d 3.75 p N2 D4f3 d5f3 2 

An expression for the coalescence rate is obtained by substituting Eq . (6.3) into 
Eq. 4.67: 

6.2.2 Calculation results 

The stationary droplet size is calculated by bisection of the expression R,H, - R, 
0, where R,H, is given by Eq. 5.4. Figures 6.1 to 6.3 show the stationary droplet 
size for W /0 emulsions, as a function of the volume fraction dispersed phase (W), 
varying the stirrer speed, the critical Weber number for breakup and the 
coalescence probability, respectively. The results are very similar to those in the 
viscous regime (see figures 5.1 to 5. 3): with increasing volume fraction, the 
stationary droplet size increases slowly at first, but then diverges dramatically at a 
certain critical volume fraction. At lower volume fractions, the stationary droplet 
size increases with decreasing stirrer speed, increasing critical Weber number or 
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figure 6.1: stationary diameter of 0/W droplets as a junction of the volume fraction 
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figure 6.3: stationary diameter of W/0 droplets as a function of the volume fraction 
water and the coalescence probability (N = 1000 RPM; Weer = 1) 

increasing coalescence probability. The phase inversion point is independent of the 
stirrer speed or the critical Weber number, but increases considerably with 
decreasing coalescence probability. The correlation between the coalescence 
probability and the phase inversion point is exactly the same as in the viscous 
regime, see figure 5.4 and Eq. 5.15. 

6.2.3 lnstationary droplet growth 

So far we have only considered the stationary droplet size, calculated by bisection. 
Exactly the same result is obtained if Eq. 5.4 is evaluated in time steps Llt, up to 
the stationary limit. In terms of computation time, the bisection method is by far to 
be preferred. However, the time step method allows to follow the instationary 
growth of the droplets as well. Figure 6.4 shows the number of time steps needed 
to reach the stationary limit. The stationary limit is considered to be reached if the 
relative difference in droplet size calculated in two successive time steps becomes 
smaller than the tolerance Yl· Physical parameters used in the calculation are N = 
1000 RPM, Weer = 1, P = 1. A time step of Llt = 10-4 s, an initial droplet size d0 

= 1 o-4 m and a tolerance Y/ = 1 o-s are used. While the value of the inversion point 
(expressed in terms of 'Pw) is independent of Llt, Y/ and d0 , provided Llt and Y/ are 
both sufficiently small, the number of time steps is not. Quantitative conclusions 
from figure 6.4 should therefore not be drawn. The dashed line in figure 6.4, for 
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1.0 

volume fractions beyond the inversion point represents the number of time steps 
needed for the droplet size to reach an arbitrary macroscopic limit of 1 m (there no 
longer is a stationary size). This value is inversely proportional to the growth rate 
of the droplets. For these calculations, the same physical and numerical parameters 
were used, except for the time step, which was taken L:lt = 10·5 s here . 

The number of time steps needed to reach either the stationary value or a 
macroscopic size shows a pronounced maximum at the phase inversion point, 
implying that it takes a certain amount of time for an emulsion that has reached the 
critical volume fraction to actually invert. This implies that the actual phase 
inversion point may be a function of the addition rate of the dispersed phase: at 
high addition rates , the delay in phase inversion may result in an 'overshoot' of the 
stationary inversion point. 

Until now, the time-step evaluation of Eq. 5.4 has been carried out at a constant 
volume fraction. It is however possible to consider <P as a function of time, as in a 
real phase inversion process. We may then follow the evolution of the actual 
droplet size in time, accounting for possible delay effects. In figure 6.5, the solid 
lines show the results of this analysis, at various addition rates of dispersed phase. 
The three solid curves represent the growth of the actual droplet size at d<P/dt = 

0 .0002, 0 .0004 and 0.0008 s·1
, in the direction of the arrow. The dashed line 

represents the stationary droplet size. Relevant parameters are: N = 1500 RPM , 



156 Chapter 6 

10 
0 

10 
-1 

-E -2 ..__.. 10 
...... m ...... -3 (/) 10 "'0 

-4 
10 

10 
-5 

0.10 0.11 0.12 0.13 0.14 0.15 

<pw 
figure 6.5: solid lines: growth of the droplet size with increasing volume fraction at 
addition rates increasing in the direction of the arrow; dashed line: stationary 
droplet diameter 

Weer = 1, P = 1, .M = 10·4 s, d0 = 10·4 m and 17 = 10·8. As figure 6.5 shows, 
the actual droplet size follows the stationary value up to a few vol% below the 
stationary inversion point. From then on, the true droplet size lags behind. The 
delay becomes more pronounced at higher addition rates. While the stationary 
droplet size increases steeply at the stationary inversion point, the actual droplet 
size grows more gradually. Because of this, the exact location of the phase 
inversion point is dependent on the definition of the phase inversion criterion in 
terms of droplet size. A critical droplet size for inversion is expected to be in the 
order of the dimensions of the mixing vessels. An exact value, however, can not be 
given, since little is yet known about the critical, final stage before phase 
inversion. 

Figure 6.6 shows the phase inversion point as a function of the addition rate of 
dispersed phase, expressed in terms of dl,Oidt, which is assumed to be constant 
during the phase inversion process. A phase inversion criterion of d = 1 m has 
been arbitrarily assumed. Other parameters employed are N = 1500 RPM, Weer = 
1 , P = 1 , ~t = 10"4 s, d0 = 10·4 m and 17 = 10·8 . 

The delay in phase inversion, predicted by the model, IS m agreement with the 
experimental observations by Gilchrist et al. (1989). They found that an emulsion 
with a critical volume fraction would invert after a certain amount of time. The 
delay time decreases considerably at volume fractions slightly above this critical 
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figure 6.6: the phase inversion point as a function of the dispersed phase addition 
rate dcp!dt 

threshold, down to a zero delay at a few vol% above the critical value. Gilchrist et 
at. (1989) attributed this delay time to the coalescence process of the droplets, but 
also suggested that the formation of multiple emulsions, before phase inversion, 
may play a role. In chapter 8, the role of multiple emulsions in phase inversion 
will be discussed extensively. 

6.3 Experimental 

6.3.1 Materials 

surfactants 

As a surfactant, Synperonic NP 6 ex ICI was used. The HLB of this surfactant is 
10.9, and its structure is shown in figure 5.7. 

organic phase 

As an organic phase ('oil' phase), n-hexane ex Caldic, technical grade, was used. 
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aqueous phase 

The aqueous phase consisted of double distilled water, to which 5 gil ( = 0.067 M) 
KCl (p.a. ex Merck) was added to increase the conductivity contrast between the 
aqueous and organic phases. 

6.3.2 Experimental setup 

Phase inversion experiments are carried out in a stirred vessel, in which the 
morphology of the emulsion is measured by means of conductivity. The 
experimental setup is shown in figure 6. 7. At the beginning of the experiment, 
continuous phase with a certain concentration of surfactant is present in the vessel. 
Dispersed phase, containing exactly the same concentration of surfactant is pumped 
into a vessel by means of a gear pump Verder Micro V004, at a constant flow rate. 
Excess emulsion flows out of the vessel, and under ideal mixing conditions the 
volume fraction dispersed phase increases with time according to the CSTR
equation: 

<p (t) = 1 - e - 1 1' (6.7) 

where r is the residence time in the vessel. Experiments were carried out with 
either aqueous or organic phase as the initial continuous phase. 

The stirrer motor, IKA RE 162, is equipped with RPM control, to ensure a 
constant stirrer speed. This is especially important close to the inversion point, 
where the viscosity of the emulsion may increase dramatically (Sherman, 1950). 
The volume fraction water in the emulsion is measured by a Paar density meter 
DMA 55 with an external flow cell DMA 401 (4-digit accuracy). To measure the 
density, the emulsion is continuously pumped through a bypass by another gear 
pump. The flow rate of the bypass pump and the volume of the bypass tubing are 
such that the residence time in the bypass is about 3 orders of magnitude smaller 
than the residence time in the vessel. The conductivity of the emulsion is measured 
in the vessel by means of a four-electrode cell Philips PW 9571. The double walled 
vessel and the density meter are both thermostatted at 293 K throughout all 
experiments. The density and the conductivity of the emulsion are sampled every 
7 s, and registered by computer. 

The vessel used in our experiments is shown in detail in figure 6.8. It is equipped 
with a four-blade stainless steel propeller. The rectangular blades are tilted such 
that the propeller pumps downwards. To avoid rotation of the liquid, four stainless 
steel baffles are present. The dimensions of the vessel are given in table 6.1. 

In our phase inversion experiments, 1 g/1 surfactant is added to both phases. The 
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figure 6. 7: experimental layout for phase inversion experiments 

advantage of this method, consistent with the experimental work of other 
researchers in this field (Brooks and Richmond, 1991; 1994-b), is that the overall 
surfactant concentration is constant throughout the inversion experiment. A 
disadvantage is that surfactant will be transported across the oil-water interface, 
since the partition coefficient of a surfactant is seldom equal to unity. Mass transfer 
across the interface in emulsions is known to induce positive or negative gradients 
in the interfacial tension along draining films, depending on the direction of 
transport (Hartland and Jeelani, 1994) . A positive gradient in interfacial tension 
(i.e. an increase of the interfacial tension from the centre towards the edge of the 
film) tends to enhance coalescence and destabilize an emulsion, a negative gradient 
can slow down the coalescence process and stabilize an emulsion. Neither in our 
experiments, nor in those of other researchers (Brooks and Richmond, 1991 ; 
1994-b ), significant stabilizing or destabilizing effects due to surfactant transfer 
have been observed. The partition equilibrium is disturbed by the incoming 
droplets. As far as our experiments are concerned, the residence time of these 
droplets in the vessel is very large (- 104 s). It is therefore expected that the 
partition equilibrium is maintained under a slowly changing volume fraction. 
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vessel: 

height 

diameter 

height above vessel bottom: 

dispersed phase inlet 

emulsion outlet 

bypass inlet 

bypass outlet 

stirrer: 

173 

110 

9 

92 

59 

77 

position above vessel bottom 4 7 

blade height 1 0 

blade width 22 

blade tilt angle 1 5° 

conductivity probe: 

position above vessel bottom 1 09 

diameter 12 

tilt angle 22 ° 

baffles: 

height 126 

width 10 

gap 2 

table 6.1: dimensions of the mixing vessels 
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figure 6.8: stirred vessel 

6.4 Results and discussion 

6.4.1 Visual observations during a phase inversion experiment 

In contrast to the phase inversion experiments in the water/rosin/nonionic surfactant 
system (see chapter 5), neither phase inversion, nor any other particularities could 
be visually observed in the water/n-hexane/nonionic surfactant system. 

6.4.2 Conductivity record 

The moderate viscosity ratio between the aqueous and organic phases allows to 
perform phase inversion experiments in both directions, i.e. adding aqueous phase 
to organic phase and vice versa. Figure 6.9 shows the conductivity record of a 
typical phase inversion experiment in two directions. Note that 0/W morphology is 
preferred, as a result of the surfactant chosen (NP 6). The experiments were 
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figure 6.9: conductivity record of inversion from W/0 to 0/W (circles) and from 
0/W to W/0 (squares) 

carried out at a stirrer speed of 1000 RPM and a dispersed phase addition rate of 
0.66 mlls. The circles represents the experiment in which aqueous phase was added 
to the organic phase. In this particular case, phase inversion from W /0 to 0/W is 
observed at cpw ""' 28 %. The dashed line is added as a guideline to the eye. Going 
in the other direction, the conductivity is shown by the squares and the solid line. 
Now, the 0/W emulsion does not invert within the volume fraction range 
accessible in our experiments, up to 97 vol% oil. Higher volume fractions could 
not be reached within reasonable time, because it takes infinite time to reach a 
volume fraction of 100 vol% in a CSTR. 

The conductivities of the 0/W and W /0 emulsions as a function of the volume 
fraction dispersed phase are in agreement with the theoretical predictions from 
Bruggeman (1935): 

(6.8) 
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6.4.3 Phase inversion point as a junction of dispersed phase addition rate 

Figure 6.10 shows the phase inversion point from W/0 to 0/W as a function of the 
addition rate of dispersed phase. Experiments were carried out at a stirrer speed of 
1500 RPM. Note that the trends in figures 6.10 and 5.13 (for the rosin system) are 
exactly opposite. In the present system, bulk mixing is no longer a critical factor. 
The increase in inversion point with increasing addition rate can be attributed to an 
'overshoot' of the stationary inversion point, as depicted in figure 6.5. 
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figure 6.10: experimental data: phase inversion point (W/0 ---. 0/W) as a function 
of dispersed phase addition rate (stirrer speed 1500 RPM) 

6.4.4 Phase inversion point as a junction of stirrer speed 

Figure 6.11 shows the influence of the stirrer speed on the phase inversion point 
from W /0 to 0/W, at three different water addition rates . At lower stirrer speeds, 
the phase inversion point is not dependent on the stirrer speed, which is in 
agreement with our model's predictions (see figure 6.1) . At higher stirrer speeds, 
however, the phase inversion point increases . This may be attributed to a decrease 
of the coalescence probability at higher stirrer speeds (the coalescence probability 
is assumed to be constant in the model). A higher stirrer speed will result in a 
shorter interaction time of the droplets and a larger external interaction force. The 
latter will result in a larger flattened area and therefore a longer drainage time in 
the regime of immobile or partially mobile interfaces (see Eqs. 4 .82 and 4.85) . 
Following Eq. 4.58, both effects will result in a lower coalescence probability. In 
case of a lower coalescence probability, a higher volume fraction dispersed phase 
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will be needed to let the balance between coalescence and breakup collapse. Hence 
the phase inversion point increases. 
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figure 6.11: experimental data: phase inversion point (W/0 -4 0/W) as a function 
of stirrer speed, for addition rates 0.13 (squares), 0.40 (triangles) and 0. 66 
(circles) mils 

6.5 Quantitative comparison of model predictions and experimental results 

There is some qualitative agreement between the predictions of the kinetic model 
and the experimental inversion data concerning the dependence of the phase 
inversion point on stirrer speed and dispersed phase addition rate. The model 
predicts the phase inversion point to be independent of the stirrer speed, which is 
experimentally confirmed at stirrer speeds up to 1500 RPM. The increase in the 
phase inversion point at higher stirrer speeds is most likely caused by a decrease of 
the coalescence probability, a feature not accounted for by the model. The model 
also predicts an increase of the phase inversion point with increasing addition rate 
of dispersed phase, as a result of a delay in phase inversion. This trend is in 
agreement with the experimental results. 

To find quantitative agreement between the model predictions and the experimental 
results, we will use the coalescence probability as a fit parameter. The correlation 
between the coalescence probability and the stationary inversion point is given by 
Eq. 5 . 15. Experimentally, the stationary inversion point was not directly 
determined. It can be obtained indirectly by extrapolation to a zero addition rate of 
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dispersed phase. From the experimental data presented in figure 6.10, a stationary 
inversion point of 'Pw = 0.286 is found by extrapolation. According to Eq. 5.15, 
this value is reached at a coalescence probability P = 0.458. We can now use the 
time-step analysis to calculate the phase inversion point as a function of the 
dispersed phase addition rate. In contrast to the calculation of the results presented 
in figures 6.5 and 6.6, where a constant d'{J/dt was assumed, the momentary 
volume fraction is calculated according to the CSTR equation (6.7). As in the 
experiments, a value N = 1500 RPM is used in the calculations, together with 
Weer = 1, P = 0.458, .1t = 10-4 s and d = 1 m as a phase inversion criterion. 
The results are shown by the dashed line in figure 6.12, together with the 
experimental data points. 
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figure 6.12: phase inversion data points and kinetic model fit; dashed line: P = 
0. 458, no extra delay time; solid line: P = 0. 458, tdet = 239 s 

As can be seen from figure 6.12, the delay as a result of the growth of the droplet 
size is by far insufficient to account for the increase in inversion point with 
increasing addition rate. This may be a result of an underestimate of the breakup 
rate with respect to the coalescence rate, or an overestimate of the coalescence rate 
with respect to the breakup rate close during the stage of fast droplet growth 
shortly before phase inversion. We will give a possible explanation for this 
phenomenon in chapter 7, and for now introduce a delay time tdet as an extra 
adjustable parameter. Phase inversion will take place at a volume fraction 'P; given 
by: 
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-t ,, 
q>. = 1 - ( 1 - q> ) e <~<I 

I 1,0 
(6.9) 

where IPi.o is the inversion point at tdel = 0 (the dashed line in figure 6.12). By 
means of the least-squares method, using Eq. (6.9), a best fit value of tdel = 239 s 
is found. The fit is shown by the solid line in figure 6.12. It is thus concluded that 
the kinetic model presented in section 5.2 can describe phase inversion with 
reasonable accuracy, using the coalescence probability P and the phase inversion 
delay time tdel as adjustable parameters. 

6.6 Conclusions 

The predictive model for phase inversion, presented in chapter 5, was combined 
with expressions for the kinetics of the droplet dynamics valid in the inertial 
regime. The model's predictions were compared with phase inversion experiments 
in a water/n-hexane/nonionic surfactant system. Results of the model calculations 
were similar to the ones presented in chapter 5, using expressions valid in the 
viscous regime. Again, phase inversion displayed itself as a very steep increase in 
the stationary droplet size; again, the inversion point was predicted to be inversely 
proportional to the coalescence probability and independent of the stirrer speed . 
The latter could be confirmed experimentally, up to a stirrer speed of 
approximately 1500 RPM. 

In contrast to the water/rosin/nonionic surfactant system, the inversion point in the 
water/n-hexane/nonionic surfactant system increases with increasing addition rate of 
the dispersed phase . This can be attributed to an overshoot of the inversion point, 
as a result of a relatively slow growth of the droplets above the critical volume 
fraction for inversion. By evaluating the model's equations in a different way, the 
instationary droplet growth can be calculated. It follows that there is indeed a delay 
in phase inversion, and that an overshoot of the phase inversion point is found at 
higher addition rates. However, the delay preditced by the model is much shorter 
than the experimentally observed delay. Taking the delay time as an extra 
adjustable parameter, next to the coalescence probability, the experimental data can 
be very well described by the kinetic model . 
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Chapter 7 

Towards a more advanced kinetic model 

7.1 Introduction 

In section 5.2, we presented a simple kinetic model for catastrophic phase 
inversion. This model could qualitatively account for the phase inversion 
phenomena observed in a rosin/water/nonionic surfactant system (see chapter 5). 
With the coalescence probability P and a delay time tdel as adjustable parameters, 
even quantitative agreement could be found in the n-hexane/water/nonionic 
surfactant system. For predictive purposes, however, we want to know P and tdel a 
priori, rather than obtaining their values by means of a fit. It is therefore of utmost 
importance that the values of P and tdel represent indeed a true coalescence 
probability and delay time, instead of an accidental best fit combination . The 
kinetic model presented in section 5.2 was derived for simplicity and universality, a 
strategy that does not optimally assure a true physical significance of the model's 
adjustable parameters. From the existing model, we should now try to fill in the 
more accurate details . 

The model presented in section 5 .2 is founded on three basic assumptions: (1) the 
population balance is represented by a one-moving-class scheme (accounting for a 
monodisperse distribution only), (2) the degree of agitation is considered equal 
throughout the vessel and (3) a certain choice has been made for the droplet 
dynamics equations, considering the coalescence probability as independent of the 
droplet size. In this chapter, we will review each of these assumptions, and try to 
improve the accuracy of the model on that particular point. 

7.2 Poly disperse droplet dynamics 

Polydisperse modelling of the droplet dynamics involves solving the population 
balance. The most common solution method is by discretization of the population, 
through which the population balance equation 4.32 is transformed into a set of 
coupled, ordinary differential equations. Numerical integration of these equations 
generally requires the number of equations in the set to be fixed. In the case of a 
discretized population balance, this implies that the droplet size range is limited . 
The limits are generally set by expressions derived for the minimum and maximum 
droplet or aggregate size at dynamic equilibrium of breakup and coalescence . 
However, it is the essence of catastrophic phase inversion that this dynamic 
equilibrium collapses. In particular, a maximum droplet size can not be set, since it 
is the 'divergence' of the droplet size that is an indication of phase inversion. The 
size range, required for calculations, is therefore extremely wide compared to non
inverting systems. Hence, a very large number of fixed classes would be needed, 
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resulting in very long computation times. 

Whereas the total size range relevant to phase inversion is very wide, the 
momentary droplet size distributions are generally narrower. It is therefore 
attractive from a computational point of view to consider a relatively narrow frame 
of population classes, moving along with the distribution over a wide size range, 
rather than a fixed frame comprising the total range. We will set up 'moving 
frame' calculation schemes. A first model will be based on the simplified 
population discretization procedure described by Laso et al. (1987), allowing only 
binary breakup and coalescence between equal droplets . We will also present a 
more extended model, allowing also for coalescence between unequal droplets . 

7.2.1 Modell: binary breakup, equal coalescence 

Calculation scheme 

The population balance is discretized following a simplified procedure by Laso et 
al. (1987) (see section 4.4.3). An important restriction of this procedure is the fact 
that only coalescence between equal drops is considered. Discretization yields a set 
of coupled differential equations, which is integrated using the Euler-Cauchy 
method (Kreysig, 1988). This method involves stepwise evaluation of the equations 
with a fixed (time) step Llt; its accuracy is O(Llt2). The calculation is started with 
all droplets in one class, '0', with an average droplet size Ro. From this initial 
class, all other classes i are defined by the droplet volume ratio of 2 between 
successive classes. The average drop diameter in a class i is Ro·2;13

, where i can be 
positive (R; > Ro) as well as negative (R; < Ro). 

In the first integration step, Eq. 4.34 is applied to classes '-1', '0' and '1'. At later 
stages, with classes imin to imax filled, Eq. 4.34 is applied to classes imin-1 to imax+ 1. 
In principle, the number of classes considered for calculation is increased by two at 
every time step. However, not all newly created classes are filled significantly 
during that time step. In order to avoid (almost) empty classes to absorb 
computation time, the lowest and highest classes are not taken into consideration if 
they contain a volume concentration of droplets less than a threshold value ex. 
Classes once filled, becoming empty in the course of time, are no longer taken into 
account, and hence the calculation 'frame' of classes moves along with the 
evolution of droplet sizes in the population. 

As a result of this cut-off method, a very small fraction of the population (- ex) is 
'lost' at each integration step. Although ex is preferably chosen small, the loss may 
be significant over a large number of integration steps. Therefore, the distribution 
is normalized to the overall volume fraction of dispersed phase at each integration 
step. 
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Calculation results 

The stationary droplet size distribution is calculated for an 0/W emulsion system 
with PC = 103 kg/m3 

' p.c = 10-3 Pa-s, N = 1000 RPM and L = 4 .32 em. With 
these values, the Kolrnogorov length scale is 18 p.m, calculated from Eq. 6.2_ 
Since the emulsion droplets will generally be larger than this value, the droplet 
dynamics should be considered in the inertial regime, and Eqs. 6 .5 and 6.6 apply. 
Parameters used in the calculations are: P = 1, Wee, = 1, Ro = 104 m and a = 
10-7

• The maximum value P = 1 has been chosen because 'macroscopic' droplet 
sizes were not predicted at lower values of P _ Figure 7 _1 shows the results for 
various values of the volume fraction dispersed phase. 
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figure 7.1: stationary droplet size distribution as a function of the volume fraction 
dispersed phase (model I) 

As expected, the droplet size increases considerably with increasing volume 
fraction. Polydispersity also increases dramatically, and remarkably such that the 
distribution at a lower fraction is contained within the distribution at a higher 
fraction. Apparently, adding more dispersed phase to an emulsion will result 
particularly in the growth of the largest droplets. It is then a logical consequence 
that in particular the largest droplets will be responsible for phase inversion; at the 
phase inversion point, some droplets have reached macroscopic dimensions, while 
still a significant fraction of droplets are of a microscopic size. 
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figure 7.3: comparison of polydisperse 
(model I; solid line) and monodisperse 
(dashed line) droplet dynamics 

In contrast to the monodisperse, 'one moving class' model presented in section 5.2, 
the phase inversion point is no longer clearly marked by a sharp increase in 
stationary droplet size. Figure 7.2 shows the volume averaged stationary droplet 
diameter as a function of the volume fraction dispersed phase (the values in figures 
7.1 and 7 .2 are obtained from the same calculations). A sharp inversion point can 
no longer be clearly distinguished; it is estimated to be in the order of 60 - 80 
vol%. This value is much higher than 13 vol%, as predicted by the monodisperse 
model at P = 1 (see figure 7.3). Note that in the limit of very low volume 
fractions both models yield the same (average) stationary droplet diameter. 
Probably the polydisperse model underestimates the coalescence rate as a result of 
the restrictions imposed by the discretization scheme by Laso et al., where 
coalescence between unequal droplets is disregarded. This shortcoming may be 
corrected by allowing values of P > 1, but that brings us further from our goal to 
make Pan independently measurable parameter, rather than an adjustable one. 

7.2.2 Modell/: binary breakup, equal and unequal coalescence 

Calculation scheme 

In a more extended polydisperse model, coalescence between unequal droplets is 
accounted for . The population is discretized using a geometrical division: V; = 
V0·10i'm, where m is the number of classes per decade. As in model I, the Euler
Cauchy integration procedure is used, the calculation frame is set by the volume 
concentration threshold a, and the first integration step starts with all droplets in 
class '0'. But while in model I the contributions to an;! at could be calculated from 
classes i-1 to i + 1 only, model II requires a summation over all M classes. The 
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total calculation time is thus proportional to M2
, which makes model II calculations 

considerably slower than model I calculations. Normalization of the total population 
at each integration step is highly essential in model II, since the 'products' of 
binary breakup and unequal coalescence will not 'fit' exactly in their 'target' class, 
unless by coincidence. The target volume of each breakup or coalescence event is 
rounded to the nearest class average. The round-off errors can be minimized by 
choosing a large number of classes per decade, but the computational capacity 
imposes a practical limit on the total number of classes. There is also a minimum 
limit on the number of classes per decade, caused the fact that the modelling of 
breakup requires the daughter droplets to be distinguishable from their parent. For 
binary breakup, this means that 0.5·V;.1 ~ V; ~ 2·Vi+t• resulting in 
m ;:::.: 1/10log(2), or m ;:::.: 4. 

Calculation results 

We have performed calculations again for an 0/W emulsion with pc = 103 kg/m3 
, 

Jlc = 10·3 Pa·s, N = 1000 RPM and L = 4.32 em, using expressions valid for the 
inertial regime. Figure 7.4 shows the evolution of the volume averaged droplet 
diameter in time, for a coalescence probability P = 0.3 and volume fractions 
between 0.1 and 0.15. Other values employed are: Wee, = 1, Ro = 10·4 m, 
Llt = 10·3 s and a = 10·7 • For cpct ~ 0.12, the volume averaged diameter quickly 
reaches a stationary value. At cpd > 0.12, the droplets will grow to macroscopic 
sizes. There is a pronounced delay effect at volume fractions just above the critical 
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figure 7.4: evolution of the volume averaged droplet diameter in time, at various 
volume fractions dispersed phase (P = 0. 3; model II) 
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threshold: at cpd = 0.13, the volume averaged diameter first seems to reach a 
stationary value, but then suddenly starts growing after a certain delay time. At 
slightly higher volume fractions (cpd = 0.15), the delay effect becomes negligible. 

In contrast to model I, there is now a pronounced inversion point: below a critical 
volume fraction, a stationary distribution will be reached, above this critical 
volume fraction, the droplets will reach macroscopic sizes . Figure 7.5 shows the 
volume averaged diameter at t = 1.0 s as a function of volume fraction dispersed 
phase. The inversion point is found to be cpd = 0.127. As in the monodisperse 
model, the inversion point is again highly dependent on the coalescence probability, 
see figure 7 .6. Again, the correlation between inversion point and coalescence 
probability is well described by a hyperbola (cf. figure 5 .4). The correlation is 
given by (cf. Eq. 5.15): 

c:p, 
0.0384 

p 
(7.1) 

Note that compared to the monodisperse model, this model yields a considerably 
lower inversion point at the same value of the coalescence probability. The 
difference may be due to the growth of only the largest droplets being critical for 
phase inversion. Forcing the droplet size distribution to be monodisperse, such as 
in the model presented in chapters 5 and 6, will then result in an underestimate of 
the growth of the mean droplet size, and hence in an underestimate for the phase 
inversion point. This explanation is in agreement with the physical picture behind 
the kinetic model for phase inversion: as soon as the largest droplets have reached 
macroscopic sizes, the stability of the initial emulsion rapidly decreases, and 
inversion may take place. 
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Calculations with model I already indicated that upon the approach of the inversion 
point, polydispersity increases. As a result, the largest droplets may reach 
macroscopic sizes, while still a significant fraction of the droplet population is in 
the microscopic size range. Similar effects can be observed in model II: figure 7.7 
shows the evolution of the droplet population at a volume fraction of 0.10, figure 
7.8 at a volume fraction of 0.15. These calculations correspond to the cpd = 0.1 
and cpd = 0.15 curves in figure 7.4 respectively (pc = 103 kg/m3

, J-1-c = 10·3 Pa·s, 
N = 1000 RPM L = 4 32 em We = 1 ° = 10-4 m ~t = 10·3 s ex = 10·7 

' · ' cr ' .1.."{) ' ' 

and P = 0.3). At cpd = 0.1, the distribution rapidly evolves into a stationary one, 
but at 0.15, bimodality develops. The left peak more or less corresponds to the 
stationary distribution at cpd = 0.1 and remains in a constant position after some 
time, the right peak shifts gradually to larger and larger droplet sizes. Figure 7.9 
shows the later stages of the droplet growth process. The largest droplets continue 
to grow, and have already reached the macroscopic regime at t = 0.3 s. The 
relative importance of the 'stationary' peak with respect to the 'growing' peak 
decreases as time proceeds. 
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figure 7. 7: evolution of the droplet size distribution in time at cp = 0.1 (model ll) 
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7.3 Multi-zone mixing models 

Introduction 

Both the monodisperse models, presented in chapters 5 and 6, and the polydisperse 
models, described in section 7.2 assume a constant degree of agitation throughout 
the vessel. In reality, there is a considerable variation in the degree of agitation, 
expressed by either the shear rate )' in laminar flow, or the energy dissipation rate 
c in turbulent flow. On the basis of LDA measurements, Kusters ( 1991-b) 
calculated the distribution of the energy dissipation rate over standard Rushton 
stirred vessels of various sizes. In the high agitation zones, around the impeller and 
its discharge stream, the local value of c was found to be in the order of 
10 - 45 < e > , where < e > is the volume averaged energy dissipation rate, as 
given by Eqs. 6.1 or 4.29. In the low agitation circulation zones, e I< e > was 
found to be in the order of 0.06 - 0.3. In general, the variations in local c 
decreased with increasing vessel size. 

The degree of agitation greatly influences the droplet dynamics. With increasing e 
or )', the breakup and collision rates will increase, but the coalescence efficiency 
will decrease as a result of decreased interaction time of the droplets (see Eq. 
4.58). The effect of the coalescence probability tends to dominate the overall 
coalescence rate. Therefore, breakup is predominantly expected in the impeller 
region, coalescence in the more quiescent regions of the vessel. Breakup and 
coalescence zones are even almost mumally exclusive, as Chesters (1991) points 
out: for laminar flow, breakup requires n 2 ncr :::::: 1' whereas a fair value of the 
coalescence probability is only found at n :::; 1. Hence, a uniform degree of 
agitation seems a rather rough assumption for a droplet dynamics model. 

Koh et al. (1987) present a population balance analysis based on a two-zone model. 
Following the approximation by Laso et al. (1987), the discretized population 
balance equations are now: 

an. I 
I, 

at 
Q - ( n. 11 - n 1) v I, I, 

I 
b b 

+ 2 K., I n . t I - K I n. I f , t+ I f , 11 

(7.2) 

c 2 2 Kc 2 
+ Pi-IJ K;-1,1 n;-1J - P;J i,l n;J 

for the high agitation zone or impeller region (I), and: 
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(7.3) 

for the low agitation zone or circulation region (II). Q is the exchange flow rate 
between the two zones, which can be taken equal to the impeller discharge flow. V1 

and V11 are the volumes of the impeller and circulation zone respectively. The other 
terms of the population balance are identical to the ones in the single zone model 
(see Eq. 4.34), where it is assumed that the inflow and outflow of the vessel take 
place in the circulation zone. In the more general case, allowing also for 
coalescence between unequal drops, the formulation of the coalescence and breakup 
terms is slightly more complex, but the terms indicating the exchange rate do not 
change. 

In the model by Koh et al. (1987), the division between the zones is set rather 
arbitrarily. Also, the two regions are considered ideally mixed. Kusters (1991-c) 
presents a two-zone model where the division between the zones is made separately 
for each size class, depending on the critical velocity difference for breakup . 
Janssen and Meijer (1995) model each of the two zones as a cascade of two ideal 
mixer (yielding an essentially four-zone model). 

Calculation scheme 

We have performed population balance calculations using a simple two-zone model, 
with a fixed division between the zones, and both zones ideally mixed . The 
parameter values and assumptions underlying the calculation scheme are taken 
identical to the single zone calculations presented in section 7 .2.2 (e.g. extended 
discretization scheme, turbulent flow, vessel geometry as presented in table 8 . I and 
f1gure 8.4). We have used the results by Kusters (1991-b) to estimate the value of£ 
in the high and low agitation zones: the smallest mixing vessel investigated by 
Kusters is nearly identical to the vessel employed in our phase inversion 
experiments presented in chapter 8. We have estimated £1 = 10· <£> and £11 = 
0.1· < £ >. The volume of the impeller zone (I) was taken such that < £ > truly 
represents the volume averaged energy dissipation, i.e. V, = 0.09 ·V,01 and Vn = 

0.91·V101 • 

The impeller discharge rate Q was obtained from experimental data by Kusters 
(1991-d). A dimensionless flow number N0 was defined as: 
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(7.4) 

The flow number was found to be practically independent of the stirrer speed, with 
a value NQ = 0.6. The values of the coalescence probabilities were chosen P1 = 0 
and P11 = 0.3. 

Calculation results 

The steady state droplet size distribution at <p = 0.1 is shown in figure 7 .10. The 
dashed lines represent the distributions in the impeller region (left) and the 
circulation region (right). The solid line is the distribution predicted by the single
zone model (P = 0 .3, see section 7.2.2). As can be seen from figure 7 .10, a more 
or less log-normal distribution tends to develop in both zones of the two-zone 
model, but both distributions show a pronounced tail towards the other zone. Note 
that there is a considerable polydisperisty over the vessel: the modi of the two 
distributions differ more than one order of magnitude. Note also that the 
distribution predicted by the single-zone model is located within the limits of the 
two distributions predicted by the two-zone model. 

Figure 7.11 shows the evolution of the volume mean droplet diameter (averaged 
over the whole vessel) in time, at various volume fractions. The trends are the 

c 
0 

".+:J 
:::::J 

..0 
·c ...... 
CJJ 
:0 
Q) 

E 
:::::J 

~ 

-6 
10 

2-zone 
impeller 
region 

,, 
I I 

I I 
I I 

I 

I 
I 

-5 
10 

-4 
10 
R (m) 

single zone 

2-zone 
circulation 
region 

-3 
10 

figure 7.10: steady state droplet size distribution at <p = 0.1 

-2 
10 



180 Chapter 7 

--E ---...-

co 
Cii 

a: 

-1 
10 

-2 
10 

-3 
10 

-4 
10 

0.0 0.2 0.4 0.6 0.8 

time (s) 
figure 7.11: evolution of the volume averaged droplet size in time, at various 
volume fraction dispersed phase (two-zone model predictions) 

15 

0 
0.0 0.2 0.4 0.6 0.8 

time (s) 

figure 7.12: evolution of polydispersity in time at various volume fractions 
(two-zone model predictions) 

1.0 

1.0 



Towards a more advanced kinetic model 181 

same as for the single-zone model, as shown in figure 7 .4. Quantitatively, there are 
two important differences. Firstly, the critical volume fraction for inversion is 
slightly higher in the two-zone model than in the single zone model, secondly, the 
evolution of the droplet size is much slower, both towards a steady state and 
towards inversion. These two effects can be attributed to a more effective breakup 
in the two-zone model. The fact that the more advanced two-zone, full population 
balance model predicts a slower droplet growth towards inversion than the simple 
model presented in chapter 5 can explain the extra delay in phase inversion, as 
described in chapter 6 . 

Figure 7.10 already reveals a considerable polydispersity. Figure 7.12 shows the 
evolution of 'polydispersity', defined as the ratio of the volume averaged droplet 
sizes of the circulation and impeller zones. It is remarkable that the difference 
between the droplet sizes in the two zones decreases on the approach of the 
inversion point. This is probably due to a strong increase in droplet size in the 
impeller region: more and more large droplets enter this region, and a substantial 
fraction remains intact. Thus the refinement from a single-zone to a two-zone 
seems to have a significant impact on the steady state size distribution at sub
critical volume fractions, while the effect at inversion stages is relatively small. 

7.4 Further model refinement 

In the previous sections, we have refined our initial model towards a more realistic 
representation of the droplet population and the flow field respectively. Further 
refinement in both categories is in principle possible, but computation time will 
increase dramatically. This increase may partly be overcome by numeric 
optimization of the solving of the differential equations. Particularly the solution of 
the population balance equations may benefit from the application of advanced 
numeric techniques : these equations tend to be very stiff, and require a very small 
initial time step in order for the calculations to converge. However, numeric 
optimization of the solution algorithm is outside the scope of this thesis. 

The approximation of the flow field, as presented in section 7.3, is still very 
rough. More accurate details of the flow field can be obtained by Computational 
Fluid Dynamics (CFD). CFD basically involves solving conservation laws 
(represented by partial differential equations) through space and time discretization. 
In isothermic, single-component, single-phase flow, the laminar flow field can be 
obtained by solving the conservation laws for mass and momentum. In case of 
turbulent flow, conservation laws for the turbulent kinetic energy and the energy 
dissipation rate should be added (applying a k-e turbulence model, see section 
4.2.5). Population balance equations are also conservation laws, conserving the 
number or volume fraction of droplets in a particular size class. In principle, the 
population balance equations could be incorporated into a CFD calculation. 
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In a CFD analysis, the conservation laws are solved in every single mesh element. 
At present, computational power limits either the number of conservation laws or 
the number of mesh elements that can be considered. The number of conservation 
laws needed to obtain a flow field solution is relatively small. If the population 
balance were to be incorporated in the CFD analysis, the number of conservation 
laws would increase by almost an order of magnitude. Also, the strong mutual 
coupling between the population balance equations may pose serious numerical 
problems. Even at the highest level of computational power available at present, a 
detailed CFD analysis including a population balance is not feasible. Either the 
number of population classes, or the mesh density should be reduced significantly, 
and both reductions are undesirable for accuracy reasons. 

In expectation of a further increase of computational power (which still seems to be 
in an exponential growth stage), choices have to be made whether to concentrate on 
the flow field or on the population in order to build more accurate droplet 
dynamics models. As far as inversion is concerned, we have seen a tremendous 
effect going from a monodisperse, via a limited polydisperse to a more extended 
polydisperse model. The refinement from a single-zone to a two-zone mixing 
model did not have such a great impact. It seems therefore advisable to concentrate 
on an accurate description of the population rather than the flow field. 

7.5 Validation of the droplet dynamics models 

In chapters 5 and 6, we have compared the models' predictions of the inversion 
point to experimental results. The prediction of the inversion point by the droplet 
dynamics models is founded on the evolution of the droplet size, which is in its 
turn based on the equilibrium between coalescence and breakup kinetics. The final 
prediction of the inversion point is thus a complex function of a large number of 
variables. It is therefore absolutely impossible to eliminate the uncertainties that are 
still present in the expressions for the droplet dynamics kinetics by the validation of 
only the fmal outcome of the model, the phase inversion point. In order to obtain 
more reliable model predictions, validation should focus at least one level deeper 
into the model, i.e. on the evolution of the droplet size. 

Measuring droplet sizes in emulsion has been a subject of many investigations. To 
monitor the changes in droplet size in a stirred emulsion system, two principle 
classes of methods can be used: sampling and in-situ measurements. Using a 
sampling method, a small sample is drawn from the vessel, stabilized, and 
prepared for further measurement (e.g. diluted for a light scattering measurement). 
In-situ measurements take place directly inside the agitated emulsion, using one ore 
more probes. 

Using sampling methods, it has to be assured that the sample obtained is 
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representative for the contents of the mixing vessel. Since the sample can only be 
stabilized after it has been extracted from the vessel, sampling lines need to be as 
short as possible. Sampling emulsions close to the catastrophic inversion point is 
especially tricky, since their stability is very low. Also, the high droplet sizes 
reached shortly before phase inversion pose a serious problem. We have taken 
samples from the vessel outlet, and were able to stabilize them adequately against 
coalescence. But because of the large size of the droplets, the emulsion was subject 
to rapid creaming. Redispersing the creamed emulsion, which is necessary to 
perform droplet size measurements, caused the droplets to break up. It was thus 
not possible to obtain representative samples close to the catastrophic inversion 
point. 

An in-situ measurement based on backscattering has been carried out during our 
inversion experiments . The method and results are described in chapter 8. 
Unfortunately, the characteristics of the emulsion close to the catastrophic inversion 
point again limited the accuracy of the measurement: the combination of large 
droplets and a high volume fraction resulted in very low backscattering levels, and 
hence large inaccuracies in the measurement. Further optimization of a 
measurement technique for droplet sizes near the catastrophic inversion point is 
outside the scope of this thesis. 

Only one technique, described in the literature, seems to yield more accurate 
results near the catastrophic inversion point. This technique can be considered an 
intermediate between sampling and in-situ methods. A sample is indeed drawn 
from the vessel. It is however not removed, but instead lead through a flow cell. A 
picture of the emulsion was taken with a high-speed video camera, and the sample 
was quickly returned to the vessel (Brooks and Richmond, 1994-b). This method is 
a more advanced form of the one presented by Pacek et al. (1993; 1994), who use a 
video camera mounted to the vessel itself, and a high speed strobe lamp to freeze 
the movement of the drops. The high-speed imaging method offers the advantage 
of obtaining a whole droplet size distribution in a single measurement. 

7.6 Conclusions 

We have explored ways to improve the simple kinetic model for catastrophic phase 
inversion, presented in chapter 5. The first improvement involved the modelling of 
the full population balance, instead of a monodisperse approach. A simplified 
population balance model, based on binary breakup and coalescence between 
equally sized drops, proved to be insufficient to describe phase inversion. Taking 
into account coalescence between unequal drops as well, phase inversion can be 
observed, again as a steep increase in stationary droplet size up to macroscopic 
sizes. However, at a given value of the coalescence probability, the polydisperse 
model predicts much lower inversion points. This is due to the fact that not all but 
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only the largest droplets grow up to macroscopic sizes, which is sufficient for 
phase inversion. 

A second improvement was the introduction of a two-zone m1xmg model, 
accounting for an inhomogeneous distribution of the degree of agitation over the 
vessel. One of the most pronounced features of the predictions of this model was 
the slower droplet growth towards phase inversion. This may explain the 'extra' 
delay time described in chapter 6. Apparently, the simple model (monodisperse; 
single-zone) overestimates the droplet growth rate after the critical volume fraction 
for phase inversion is exceeded. 

The accuracy of the kinetic model can in principle be further improved: the 
distribution of the degree of agitation over the vessel can be calculated in 
considerable detail, by numerical solution of the equations of change using a spatial 
discretization of the vessel. Also, a finer population class distribution can be used. 
Since the computation time increases dramatically with an increasing accuracy of 
the model, numerical optimization of the solution techniques is required for further 
model improvement. Unfortunatly, the present computational power does not 
permit solving an extensive discretized population balance on a fine spatial grid. 
Considering the effect on the predicted value of the inversion point, it seems 
advisable to concentrate on a detailed droplet size distribution, rather than on a 
detailed distribution of the degree of agitation. 

The most critical point in developing an accurate, predictive model for phase 
inversion is the validation of the expressions for the kinetics of the droplet 
dynamics. The phase inversion point is not suitable as a validation parameter: 
phase inversion is a single outcome of many complex subprocesses, making it 
almost impossible to find the source of a possible disagreement between 
experiments and model predictions. In order to validate the kinetic model properly, 
experimental information regarding the droplet size evolution towards the inversion 
point is required. Unfortunately, emulsions close to inversion are hardly 
experimentally accesible for droplet size measurements: sampling methods are 
complicated by the low stability of the emulsions, while their relatively high 
turbidity prevents accurate optical measurements. 
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List of symbols 

Roman symbols 

d m droplet diameter 
D m stirrer diameter 
Kb s-1 breakup frequency 
Kc m3 s-1 collision frequency 

number indicating population class 
n m-3 number of droplets per unit volume 
N s-1 stirrer speed (revolutions per second) 
No impeller discharge flow number 
p coalescence probability 
Q m3 s-1 impeller discharge flow rate 
R m droplet radius 
t s time 
dt s time step 
tde1 s delay time 
v m3 volume 
We Weber number 

Greek symbols 

e 
<e > 

1-' 
p 
(J 

(/) 

0 
c 
cr 
d 
i 
I 
II 

J kg-1 s-1 
J kg-1 s-1 
Pas 
kg m-3 

Nm-1 

relative cut-off threshold for nearly empty population 
classes 
turbulent energy dissipation rate 
volume-averaged turbulent energy dissipation rate 
laminar viscosity 
density 
interfacial tension 
volume fraction 

initial value or population class 
continuous phase 
critical value for breakup 
dispersed phase 
population class i 
model I (see sec. 7 .2.1) 
model II (see sec. 7 .2 .2) 
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min minumum value 
max maximum value 
t at time t 
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The mechanism of catastrophic phase inversion 

8.1 Introduction 

In chapters 5 and 6, we have tried to predict catastrophic phase inversion on the 
basis of the kinetics of the droplet dynamics . In chapter 7, we have discussed the 
possibilities to increase the accuracy of kinetic modelling. All kinetic models were 
based on the principle depicted in figure 2.11. The inversion criterion basically 
states that phase inversion will occur if the initially dispersed phase gains sufficient 
connectivity by means of coalescence. But establishing connectivity in the initially 
dispersed phase is only one of the two requirements for phase inversion: the 
connectivity of the initially continuous phase needs to be broken as well. The latter 
process is not covered by the inversion criterion on which we based our 
calculations and predictions (see figure 2.11 ). However, we are primarily 
concerned with the inversion from abnormal to normal emulsions, involving rapid 
coalescence. It seems reasonable to assume that the breaking of the connectivity of 
the initially continuous phase is not a limiting process, since it involves the 
formation of a normal, i.e. adequately stabilized emulsion. 

Nevertheless, some observations and results from chapter 5 seem to indicate that 
the breaking of the connectivity of the initially continuous phase plays a more 
prominent, or even critical role in the overall phase inversion process. Both the 
visual observation of regions of a different colour and the peaks in conductivity 
suggest the presence of locally inverted regions, shortly before phase inversion. 
These regions may act as a nuclei for global inversion. In this chapter, we will try 
to unravel the process of phase inversion in some closer detail. First, a few 
mechanisms for phase inversion, proposed in the literature, will be reviewed, 
followed by an experimental investigation regarding the role of multiple emulsions 
in phase inversion. 

8.2 Catastrophic inversion mechanisms: literature review 

Contributions regarding the actual mechanism of catastrophic phase inversion are 
extremely rare in the literature, and often the issue is only touched implicitly. A 
first proposal was put forward by Schulman and Cockbain (1940), who pictured 
phase inversion as the simultaneous coalescence of all drops at their contact points . 
Although not explicitly stated by Schulman and Cockbain, this mechanism requires 
a state of closest packing. Experimental evidence, however, has shown that (bulk) 
closest packing is not at all a requirement for phase inversion (see e.g. chapters 5 
and 6). It was suggested by Becher (1965) that an effective state of closest packing 
could be reached at much lower (bulk) volume fractions dispersed phase in duplex 
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figure 8.1: the mechanism of phase inversion according to Schulman and Cockbain 
(1940) 

emulsions. In these emulsions, a substantial fraction of the continuous phase is 
incorporated as secondary droplets inside the dispersed phase droplets. Note that 
abnormal emulsions, which play an essential role in catastrophic phase inversion, 
are especially sensitive to duplex formation: the inverse morphology is preferred by 
the surfactant, and locally such a morphology is realized in a duplex emulsion, 
inside a primary drop. 

More recently, Brooks and Richmond (1991, 1994-a,b,c) devoted a number of 
papers on the background of phase inversion. They, too, consider close packing as 
a prerequisite for catastrophic inversion: 'Catastrophic inversion, by its very 
nature, occurs at high dispersed-phase fractions'; 'It is generally accepted that 
phase inversion occurs when a close-packed arrangement of dispersed-phase drops 
exists. Drops of the inverted emulsion are formed from continuous phase trapped 
between coalescing drops at closest packing'. (Brooks and Richmond, 1994-b). The 
inversion mechanism was studied following four proposed mechanisms for droplet 
formation of the initially continuous phase. The initial emulsion is assumed to be 
an abnormal one, the surfactant being predominantly soluble in the dispersed phase. 
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1. 'surfactant gel-phase microemulsion' mechanism 

At low volume fractions dispersed phase, not all of the surfactant is dissolved. 
Clumps of surfactant are present as a bulk phase. The surfactant phase may 
solubilize some of the continuous phase, forming a microemulsion or gel-like 
phase. As the surfactant dissolves in the increasing amount of dispersed phase, the 
solubilized fraction of continuous phase is dispersed in the form of duplex drops. 

2. 'emulsification at the drop surface' mechanism 

Large drops of dispersed phase have a very low Laplace pressure and are easily 
deformed. Deformations of the droplet interface may be such that regions of 
continuous phase become encapsulated as a duplex droplet. 

3. 'localized catastrophe' mechanism 

Continuous phase may be trapped between coalescing (primary) drops. The 
probability of a multiple-drop collision is generally very small unless the droplets 
are closely packed. However, local variations in the volume fraction dispersed 
phase over the mixing vessel may create a local state of close packing, enabling 
this mechanism already at lower bulk volume fractions. 

4. 'catastrophic inversion point' mechanism 

The initially continuous phase is dispersed into the initially dispersed phase at the 
catastrophic inversion point. This mechanism is assumed to be similar to the 
localized catastrophe mechanism, although the state of the emulsion at the 
catastrophic inversion point is expected to be rather chaotic. 

Note that our kinetic inversion model, worked out in chapters 5 to 7 implies the 
catastrophic inversion point mechanism: the stability of the emulsion collapses as 
soon as the droplets reach the macroscopic size range. During a chaotic transition 
state, the initially continuous phase becomes dispersed. In other words, the gain in 
connectivity of the initially dispersed phase is assumed to be the critical step in 
catastrophic phase inversion, the loss of connectivity of the initially continuous 
phase is inevitable once the droplets have reached a critical size range. However, if 
the other three inversion mechanisms presented by Brooks and Richmond play a 
significant role, the 'inclusion rate' of the duplex drops is a determining factor in 
the inversion process, and should be incorporated into a predictive, kinetic model. 
In the following sections of this chapter, we will try to gain insight in the relative 
importance of the mechanisms proposed by Brooks and Richmond ( 1994-b). 
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8.3 Experimental 

8.3.1 Materials 

surfactants 

Two types of nonionic surfactants were 
used: nonyl-phenol-ethoxylates and 
sorbitan mono-oleate. The nonyl
phenol-ethoxylates, Synperonic NP ex 
ICI, are described in section 5.3.1 and 
their structure is shown in figure 5. 7. 
In our experiments, we have used 

Chapter 8 

nonyl-phenol-ethoxylates with 4, 6, 8 figure 8.2: sorbitan mono-oleate 
and 10 ethoxylate units per molecule. 
The HLB of these surfactants is given 
by table 5 .1. The sorbitan mono-oleate was Span 80 ex Fluka. The HLB of this 
surfactant is 4.5, and its structure is shown in figure 8.2. Additionally , a mixture 
of 50 wt% NP 10 and 50 wt% Span 80 was used. The mole-averaged HLB of this 
mixture is 7 .8 . 

organic phase 

As an organic phase ('oil' phase), n-hexane ex Caldic, technical grade, was used. 

aqueous phase 

The aqueous phase consisted of double distilled water, to which 5 gil ( = 0.067 M) 
KCl (p.a. ex Merck) was added to increase the conductivity contrast between the 
aqueous and organic phases. 

8.3.2 Experimental setup 

The experimental setup, depicted in figure 8.3, is almost identical to the one 
described in section 6.3.2, except for the vessel geometry and the turbidity probe. 
Here, too, the vessel is initially filled with continuous phase. Dispersed phase is 
pumped into the vessel, excess emulsion flows out, resulting in an increase of the 
volume fraction with time as described by Eq. (6.7). Both the aqueous and the 
organic phase were taken as the initially continuous phase, enabling us to 
investigate the hysteresis effect. 

The mixing vessel is a standard Rushton vessel, diameter equal to height, 
containing four stainless steel baffles. The vessel is equipped with a six-blade 
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figure 8.3: experimental layout for phase inversion experiments 
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figure 8.4: cross section of the mixing vessel 
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vessel: 

height 

diameter 

height above vessel bottom: 

dispersed phase inlet 

emulsion outlet 

bypass inlet 

bypass outlet 

stirrer: 

97 

103 

22 

84 

62 

42 

position above vessel bottom 48 

blade height 6.6 

blade width 8.5 

blade tilt angle 0 o 

conductivity probe: 

position above vessel bottom 67 

diameter 12 

tilt angle 90° 

turbidity probe 

position above vessel bottom 48 

diameter 8 

tilt angle 0° 

baffles: 

height 94 

width 10 

gap 2 

table 8.1: dimensions of the mixing vessels 
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turbine, the diameter of which equals one third of the vessel diameter. Figure 8.4 
shows a cross section of the vessel, and its dimensions are shown in table 8 . 1. 
These dimensions were chosen identical to one of the vessels employed by Kusters 
( 1991-e). 

probe 

spacers 

mirror 

figure 8.5: turbidity probe 

I U2 

. -- - glass fibre 

- splitter 

- detector 

- He-Ne laser 

The turbidity probe is shown in figure 8.5. A mirror is mounted with spacers onto 
a probe, a hollow rod containing a glass fibre . The glass fibre leads light from a 
He-Ne laser (Spectra-Physics, f... = 632.8 run) into the emulsion. The light is 
reflected by the mirror, passed through the emulsion again, collected by the glass 
fibre and led into a photo diode detector. The optical path length L is twice the 
distance from the tip of the glass fibre to the mirror. The turbidity is calculated 
from the intensity I of the light passed through the emulsion, compared to the 
intensity 10 of the light passed through pure continuous phase. From the turbidity, 
the Sauter mean droplet diameter d32 can be calculated. 

8.4 Results and discussion 

8.4.1 Conductivity record of inversion from W/0 to 0/W 

As concluded in section 6.4.2, and shown in figure 6.9, the conductivity of an 
0/W emulsion follows the predictions by Bruggeman (1935): 
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[ l
l/3 K- K K 

__ d ____:_ = 1 - <pd 

Kc- Kd K 

(8.1) 

where K, Kc and Kd are the conductivities of the emulsion, the continuous phase and 
the dispersed phase, respectively. We can apply Eq. (8 . 1) to standardize 
conductivity records from different phase inversion experiments . Conductivity can 
be expressed as the effective volume fraction of continuous water phase <Perr· In a 
simple 0/W emulsion, this effective volume fraction will be equal to the actual 
volume fraction of water, in a W /0 emulsion, <Perr will be zero. <Perr is defined as: 

<p, = K -Ko [K"'ll/3 "'(~]2/3 
iff K -K K K w 0 w 

(8.2) 

where K0 and Kw are the conductivities of the oil and water phase respectively. The 
approximation on the right hand side of Eq. (8.2) is valid under the assumption that 
K0 ""=' 0. 

Figure 8.6 shows <Peff as a function of the volume fraction water, for the surfactants 
NP 4, 6, 8, 10 and 12. The stirrer speed during the experiments was 1500 RPM, 

1.0 ~------------------------------------------~ 

0.8 

0.6 

<Jleff 
0.4 

0.2 • 

• 0.0 ~UI--~~L_L_~--~~----~~--~----L_--~------~ 

0.0 0.2 0.4 0.6 0.8 1.0 

figure 8.6: conductivity record of inversion from W/0 to o;w,· closed circles: NP 
10, closed squares: NP 8, open circles: NP 6, open squares: NP 4, open triangles: 
mixture of 50 wt% NP 10 and 50 wt% Span 80 
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and the dispersed (water) phase was added to the vessel at a rate of 0.33 mils. Both 
phases contained 2 g/1 of surfactant. As expected, the inversion point decreases 
with increasing ethoxylate number, hence increasing HLB. The diagonal line is 
given by <Perr = <Pw• and represents the predicted conductivity of an 0/W emulsion. 
As can be seen from figure 8.6, the conductivities of the already inverted 
emulsions agree quite well with the predictions. The conductivity of the not-yet
inverted W /0 emulsion, however, shows higher values than predicted. This effect 
is similar to the one observed in water/rosin/nonionic surfactant systems (see figure 
5.9), and may also be attributed to the presence of macroscopic, water-continuous 
regions near the conductivity probe. 

8.4.2 Conductivity record of inversion from 0/W to W/0 

Using the nonyl-phenol-ethoxylates as a surfactant, inversion from 0/W to W /0 
could not be observed within the experimental range (up to 97 vol% hexane). Even 
the most hydrophobic one, NP 4 with a HLB of 8.9, proved to be able to stabilize 
an 0/W emulsion up to a very high volume fraction dispersed phase. In order to 
investigate inversion from 0/W to W /0, an even more hydrophobic surfactant was 
used: sorbitan mono-oleate (Span 80, HLB = 4.5). During the experiment, the 
emulsion was stirred at 1500 RPM, and hexane was added at a rate of 0 .33 mils. 
The conductivity record, expressed in terms of <Perr• the effective volume fraction of 
continuous water phase, is shown in figure 8.7. The solid diagonal line represents 
the theoretical conductivity of a pure 0/W emulsion. 

1.0 

0.8 

0.6 

<peff 
0.4 

0.2 

0.0 IL.._ ___ _t.__ _____ II>----- -'----- .L..._---

0.0 0.2 0.4 0.6 0.8 1.0 

figure 8. 7: conductivity record of inversion from 0/W to W/0 
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During the inversion experiment, hexane is added to water, moving from right to 
left in figure 8.7. Up to approximately 45 vol% hexane (point A, at IPw ::::: 0.55), 
the conductivity of the emulsion confirms quite well to the theoretical conductivity 
of an 0/W emulsion. Beyond point A, the conductivity of the emulsion is 
significantly lower than predicted, but phase inversion does not occur up the 57 
vol % hexane (point B, at IPw z 0.43). 

The decrease of the effective volume fraction of continuous water with respect to 
the overall volume fraction water may be attributed to the formation of a duplex, 
W/0/W emulsion. To verify this assumption, samples were taken from the outlet 
of the mixing vessel at various volume fractions. These samples were collected in 
an aqueous solution of 5 g/1 NP 12, to prevent coalescence of the hexane droplets . 
Inunediately after sampling, the emulsion samples were viewed and photographed 
under a microscope. The pictures are shown in figures 8.8 to 8.10. 

Unfortunately, the sampling of the emulsion proved to influence the phase 
inversion point and the point at which duplex formation started, hence the values of 
the volume fractions at which the pictures were taken do not correspond to the 
values in figure 8. 7. Figure 8.8 was taken shortly before duplex formation started, 
in this particular case at IPw = 0.52 . A simple 0/W morphology is observed, and it 
should be noted that polydispersity is already high. Figure 8.9 was taken within the 
duplex regime, at IPw = 0.45. Already a substantial amount of secondary water 

figure 8. 8: 0/W emulsion at IPw = 0.52 
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figure 8.9: W/0/W emulsion at 'Pw = 0.45 

figure 8.10: W/0/W emulsion at 'Pw = 0.38 
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droplets are included into the primary oil droplets. Shortly before phase inversion, 
figure 8.10 was taken. A high fraction of water is included as secondary droplets. 
Note that the primary oil droplets have almost reached a state of closest packing. 

Since the conductivity record in figure 8.7 is expressed in terms of if'err. the fraction 
of secondary water droplets can be directly obtained from the difference between 
the overall volume fraction water, lf'w, and the effective volume fraction continuous 
water, if'err· For instance, at the inversion point, lf'w = 0.43 and if'err = 0.15. 
Hence, the volume fraction of enclosed water droplets is 0.28, and the effective 
volume fraction of the dispersed phase is 0.85. The latter most likely represents a 
state of closest packing. These observations support the inversion mechanism by 
Brooks and Richmond (1994-b) (see section 8.2): phase inversion takes place as 
soon as the effective volume fraction of dispersed phase exceeds a limit of closest 
packing. The actual value of this limiting volume fraction is a function of 
polydispersity. 

8.4.3 Phase inversion point as a function of the surfactant HLB 

Figure 8.11 shows the phase inversion point in both directions as a function of the 
surfactant HLB. During all experiments, the stirrer speed was maintained at 1500 
RPM and dispersed phase was added at a rate of 0.33 mils. Both phases contained 
2 g/1 of surfactant. The dashed lines are added as a guideline to the eye, the solid 
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figure 8.11: inversion points from W/0 to 0/W (squares) and from 0/W to W/0 
(circles) as a function of HLB 
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line represents the theoretical prediction of the inversion point following Davies 
(1957) (see section 2.7.1, figure 2.9) . The theoretical line is calculated from Eq. 
(2.51), using YJw = YJ 0 • 

Figure 8.11 shows a wide hysteresis gap throughout the whole HLB range. 
Although no transitional inversion experiments have been performed, the 
transitional regime, around HLB = 7 - 9, can be discerned. Note that he 
theoretical predictions from the kinetic model by Davies ( 1957) are located within 
the experimental hysteresis region. This is in agreement with the explanation of 
hysteresis within the kinetic framework, as depicted in figure 2 .11. 

8.4.4 Droplet size estimates from turbidity measurements 

With the help of the probe described in section 8.3.2, the turbidity of the emulsion 
can be obtained. The turbidity is defined as: 

~=±m(~) (8.3) 

where I is the intensity of the light passed through the emulsion, Io is the intensity 
of the light passed through a reference solution (pure continuous phase) and L is 
the optical path length. The turbidity is related to the Sauter mean diameter of the 
emulsion drops (Farinato and Rowell, 1983): 

3 <p <Q> 
d32 = --'---=--

2~ 

3 <p L <Q> 

2 ln(/0 / /) 
(8.4) 

where < Q > is the scattering efficiency, averaged over the droplet size 
distribution. Q itself is a function of the droplet size, but in the limit of droplets 
much larger than the wavelength of the light (in this case 632.8 nm), Q approaches 
a value of2. Hence, also <Q> = 2. 

Figure 8.12 shows the evolution of the sauter mean diameter during an inversion 
experiment from 0/W to W /0. Both phases contained 2 gil Span 80, the stirrer 
speed was 1500 RPM and hexane was added at a rate of 0.24 mils . The distance 
from the tip of the glass fibre to the mirror of the turbidity probe was 0.5 em, 
hence the optical path length was I em. As expected, the droplet size increases up 
to the macroscopic range and drops sharply at the inversion point. 

Detailed conclusions, however, should not be drawn from figure 8.12 for the 
following three reasons : firstly, the emulsion will develop a considerable degree of 
polydispersity upon the approach of the inversion point. If distributions as shown in 
figure 7. 9 occur, a single parameter d32 is not likely to give a good indication of 
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abietic dehydro abietic 

dihydro abietic tetrahydro abietic 

figure A.S: products of disproportionation and hydrogenation reactions of abietic 
acid; the dotted lines indicate the three possible positions of the double bound in 
dihydro abietic acid 

affect the IT-electron system of the acids and hence their polarity . The reactions are 
shown in figure A.4, and the reaction products in figure A.5. 

Another important modification reaction is esterification. This reaction particularly 
affects the softening point of the rosin product. Tri-esters with glycerol and penta
esters with penta-erytritol are quite common. Methanol esters have a softening 
point below room temperature. For that reason, we have chosen the methanol ester 
of chinese gum rosin (mainly consisting of methyl-abietate), for our phase 
inversion experiments, presented in chapter 5. 
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A statistical mechanical model for phase inversion 

Ross and Kornbrekke (1980) derived a statistical mechanical model to predict phase 
inversion in liquid-liquid dispersions (see section 2.5.1). The canonical partition 
function is given by : 

Z = L exp(--E) = L exp(-_Eo + aA l 
states k T sraus k T 

(B.l) 

where E represents the energy level of a particular state, split up in an area
independent contribution E0 and the interfacial energy aA. Ross and Kornbrekke 
now further simplify Eq. (B.1): 

( 
E0 + a A l ( a A l Z = L exp - = Z0 exp --

states kT kT 
(B.2) 

where it is apparently assumed that the contribution of the interfacial energy to the 
partition function can be represented by an average interfacial energy aA. Since the 
summation should incorporate all possible states (including the states of separated 
phases and homogeneous solutions), and the interfacial energy contributions of all 
these states may differ several orders of magnitude, this assumption is not a very 
realistic one. 

We will now present a more advanced statistical mechanical model for liquid-liquid 
dispersions. The model is based on the analysis by Ross and Kornbrekke, but 
allows for different interfacial energy contributions from different states. Like Ross 
and Kornbrekke, we will substitute the temperature T by its kinetic equivalent 
temperature T* = mii2/3k. Eq. (B.1) can now be written as: 

Z = Z'0 L exp (-
3 ~~ J 

states mu 
(B.3) 

Since E indicates the total energy of the system, A represents the total interfacial 
area. On the other hand, m should represent the (average) mass of a single droplet. 
This follows from the analogy between the microscopic kinetic energy, 3/2 kT per 
molecule, and the macroscopic kinetic energy, 112 mii2 per droplet. 

To identify the various states, we will now define a model for a liquid-liquid 
dispersion. We will consider a dispersion of volume V,0,, consisting of liquids A 
and B. The volume fraction of A is 'P A• the volume fraction of B is 1-'P A. The 
dispersion can exist in three classes of states: 
(1) the unmixed state 
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(2) A/B states 
(3) B/ A states 

(1) the unmixed state 

There is only one unmixed state. Since there are no droplets in this state, we take 
m as the total mass of the system: 

(B.4) 

The interfacial area of the unmixed state depends on the geometry of the bodies of 
the two liquid phases. Because we do not want to impose any particular geometry 
on the system, we take as an approximation: 

(B.S) 

The contribution of the unmixed state to the partition function can now be 
calculated by: 

(2) AlB states 

As an approximation, we limit ourselves to monodisperse A/B states . In such 
states, liquid A is dispersed as N equally sized droplets. The contribution to the 
partition function can now be calculated by: 

(B.7) 

where nAJB.N represents the number of possible states with A dispersed m N 
equisized droplets. The volume and area of a single droplet is given by: 

V = V <j>A 
N 101 N 

(B.S) 

and: 
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(B.9) 

Therefore: 

m (B.lO) 

and: 

A= N A = (361t Ntn 2 V 2
)

113 
N TA tm 

(B.ll) 

To estimate ONB,N• we will divide V1ot in L equally-sized primary cells. In total, MA 
cells will be filled with liquid A, MB cells with liquid B; MA = L 'PA> 
MB L (hpA) (see figure B.l). An A-cluster of volume VN will occupy MAIN 
cells. We will neglect the spherical geometry of the clusters (droplets), and of the 
total body of dispersion. With liquid A arranged in N clusters, each MAIN primary 
cells large, we now consider V 101 to be divided in secondary cells of size MAIN. 
Each of these secondary cells may or may not contain a cluster (see figure B.2). 
Given the number of clusters N, the number of secondary cells is given by LNIMA, 
which is equal to NI<PA· The number of possible states, in which liquid A is 
organized in N equally-sized clusters is then given by the number of possible 
distributions of N clusters over NltpA cells: 

(B.12) 

N, the number of droplets, may vary from 1 to MA. The upper limit is a result of 
the calculation method: a cluster can not be smaller than a primary cell. Since the 
number of cells is limited to L, the maximum number of clusters is limited to the 
number of cells filled with liquid A, MA L<PA· Substituting Eqs. (B.lO) to (B.l2) 
into (B. 7), (B.l3), we derive: 

(B.13) 
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figure B.l: primary cells 

•:A 
:8 

figure B.2: clusters and secondary cells 

cpA= 19.5°/o 
L=512 
N=25 
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(3) B/A states 

Following a similar procedure as for AlB states, it can be derived that: 

With Eqs. (B.6), (B. 7), (B.13) and (B.l4), the chance of finding a particular 
morphology upon agitating a liquid-liquid system can be calculated by: 

(B.15) 

The accuracy of Eqs. (B.6), (B.7), (B.l3) and (B.l4) depends on L, the number of 
cells taken into account, and V1w the total volume considered. V101 should be large 
enough, such that the liquid-liquid dispersion contained in it can be regarded as 
homogeneous. Given V101 , the number of cells, L, determines the minimum droplet 
size. L is limited by the capacity of the computer used for calculations. V10/L 
should represent a reasonable minimum droplet size. Since L is limited by the 
computational capacity, V tot should not be chosen too large. 

The maximum value of L, for which the calculations could be carried out within 
reasonable time, on a 50MHz 486 IBM PC, was 1,000,000. We have therefore 
chosen a volume V101 1 cm3 = 10·6 m3

• The minimum droplet volume is then 
10"12 m\ which corresponds to 62 p,m drops, quite a reasonable value for liquid
liquid dispersions. As it appeared from the calculations, the value of L could then 
even be lowered considerably without loss of accuracy. All calculations with L > 
2000 yield the same results within the relevant ranges of ii and 'P. 

In figures B.3 to B.5 we present the results of the calCulations. We have employed 
the values T = 298 K, a = 30 mN/m, PA Ps 1000 kg/m3

, V101 = 10·6 m3 and 
L 10,000. 

Figure B.3 illustrates the effect of the degree of agitation, as expressed by the 
average velocity ii of the droplets, at IPA = 0.5. At low ii, the system is expected 
to be in the unmixed state. The probability of the mixed states A/B and B/ A 
increases with increasing degree of agitation. At high agitation, the probability of 
the unmixed state approaches zero. Since we have chosen the phases A and B 
identical, and their volume ratio equal to one, both P AlB and PBIA approach 0.5. 
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figure B.3: state probabilities at IPA = 0.5 

0 0.1 

1 

p 

0 
0.2 

U (m/s} 

figure B.4: state probabilities at IPA = 0.2 
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At 'PA = 0.2, there is a distinct preference for AlB morphology (figure B.4): P AlB 

approaches unity in the high shear limit, Punmixed decreases gradually to zero. It is 
interesting to note the change of PB,A with increasing degree of agitation: at 
agitation levels where the probability of mixed states just starts to display some 
significance, there is not yet a distinct preference for AlB morphology. On the 
contrary : Bl A seems to be slightly preferred. The preference for AlB develops at 
slightly higher values of ii, and PB,A decreases to zero . The maximum in PB,A may 
be an indication of the instability of liquid-liquid dispersions at low agitation levels. 

Figure B.S shows the influence of the volume fraction on the various state 
probabilities, at a degree of agitation chosen such that Punmixed is still of some 
significance. Going from 'PA = 0 to 'PA = 1, P AlB decreases and PB,A increases . 
Punmixed shows a maximum in the region where phase inversion is to be expected . 
This may indicate a decrease of the stability of the dispersion when passing through 
the catastrophic inversion region, a feature observed experimentally (Salager, 
1988). 

Although the model gives interesting results, care should be taken to extend its 
conclusions beyond qualitative description. First of all , the dispersion model 
presented here is a relatively primitive one, allowing only for monodisperse 
droplets . Also, the relation between the probabilities of the various states and the 
actual catastrophic inversion point remains unclear. A possible criterion for phase 
inversion would be P existing = P;nvened • but such a criterion does not allow for 

1 

p 

0 
0 1 

<!>A 

figure B.S: state probabilities at a = 0.25 mls 
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hysteresis. Lim and Smith (1991), employing experimental data by Ross and 
Kornbrekke, used an inversion criterion of Pexisting = 0.1, which is somewhat 
arbitrary, but nevertheless more realistic. 

Another point of criticism regards the origin of stochastic behaviour. Ross and 
Kornbrekke assume that the phase inversion process itself obeys statistical laws. 
The agitation conditions are considered a constant input parameter. Experiments 
indicate however that the (average) inversion point in liquid-liquid dispersions is 
affected not only by the degree nut also by the type of mixing (Sasaki, 1939). This 
indicates that not the inversion point itself, but the mixing conditions on micro
scale of the two liquids is the dominating stochastical factor . Considering the 
complexity of hydrodynamic in stirred vessels, it is very unlikely that mixing 
conditions on micro-scale can be reproduced. 

It is therefore of utmost importance to standardize mixing conditions as much as 
possible, in order to obtain reproducible data for phase inversion and morphology 
experiments . Note that the experimental data used by Ross and Kornbrekke to 
verify their statistical model was based on hand shaking emulsification. 
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List of symbols 

Roman symbols 

m 
M; 
N 
p 

T 
T* 
ii 

v tot 

VN 
z 
Z0 , Z~ 

kg 

interfacial area 
average interfacial area (averaged over all states) 
interfacial area of one of N equisized clusters 
energy level of a state 
area-independent contribution to energy level 
Boltzma!U1 constant 
total number of (primary) cells 
mass of droplet 
number of (primary) cells filled with component i 
number of equisized clusters 
probability of a state 
temperature 
kinetic equivalent temperature 
average droplet velocity 
total volume of the system 
volume of one of N equisized clusters 
canonical partition function 
reference constant of canonical partition function 

Greek symbols 

p 
a 

0 
A 
AlB 
B 
BIA 
N 
unmixed 

density 
interfacial tension 
volume fraction 
number of possible states (of a certain configuration) 

reference value 
component A 
AlB morphology 
component B 
Bl A morphology 
referring to a state with N equisized clusters 
referring to the unmixed state 
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Derivation of fibn drainage equations 

Consider a flattened thinning film as shown in figure C.l. The film thickness h is 
decreasing at a rate -dh/dt = V. It is assumed that the film thickness is very small 
with respect to the extension of the flattened area, which, in its tum, is assumed to 
be very small with respect to the radius of the (spherical) droplet; in other words, 
R >> aF >> h. The drainage process is in principle described by the Navier-Stokes 
equations and the continuity equation. It is practical to define them in cylindrical 
coordinates, with the origin located in the centre of the film, as shown in figure 
C.l. Because of the symmetry of the system, all tangential terms in the equations 
of change can be disregarded, and the problem can be restricted to z > 0. 

z 

r 

figure C. I: geometry of a flattened film as used in film drainage analysis 

Whereas both inertial and viscous droplet collisions may occur, the drainage flow 
usually takes place in the viscous regime: since h << R, Rectrainage << Recollision
Assuming steady and laminar flow, time dependent and inertial terms can be 
disregarded. Finally, the assumption h << aF allows even more simplifications: the 
radial velocity gradient is much larger in axial than in radial direction, and axial 
velocity gradients can be disregarded completely. The above assumptions often 
occur in systems where fluid is squeezed through narrow gaps, and are referred to 
as lubrication conditions (Happel and Brenner, 1973). The continuity equation can 
be written as: 

(C.l) 

where the superscript c indicates the continuous phase . 
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The Navier-Stokes equations for the radial and axial direction are respectively 
given by: 

ape = 0 
az 

(C.2) 

(C.3) 

If the interface is assumed to be rigid, the following boundary conditions apply: 

c = 0 at z = h/2 [a] u, 
c = - V/2 at z = h/2 [b] (C.4) uz 

PC c 
at r = aF [c) = Po 

plus the symmetry conditions that all gradients in the axial direction are zero at 
z = 0. 

Eq. (C.2) is integrated twice with respect to z, employing the symmetry condition 
au~/ az = 0 at z 0 after the first integration, and condition [a] after the second . 
The result is: 

c u, 
z2 -(h/2)2 ape 

2~ ar 

Eq. (C .5) is substituted in Eq. (C . l), and differentiation yields: 

z2- (h/2? [ _! ap c + a2p c l + auzc = 0 
2 ~ r ar ar2 az 

(C.S) 

(C.6) 

The last term on the left hand side of Eq . (C.6) is independent of r. It is therefore 
required that: 

(C.7) 

where ~ is a constant. Considering this requirement, Eq. (C.6) is integrated with 
respect to z . Applying the symmetry condition u~ = 0 at z = 0 and substituting 
boundary condition (C.4)[b] results in: 
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The interaction force between the two approaching surfaces is given by: 

aF 

F = 21t J ( p e -Poe) r dr = 
0 

-TI J rz [ape) dr 
0 ar 
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(C.8) 

(C.9) 

where the last step follows from partial integration and the application of boundary 
condition [c]. Substitution of Eq. (C.8) in Eq. (C.9) yields the Reynolds drainage 
equation: 

(C.lO) 

Ivanov and Traykov (1976) show the effect of internal flow in the dispersed 
(droplet) phase, if a mobile interface is allowed . Next to the simplified equations of 
change for the continuous phase, the equations of change for the dispersed phase 
have to be solved as well. For steady, laminar flow, these are: 

d 
1 a(ru,) 

r ar 

d 
au, 

+ -- = 0 
az 

where the superscript d indicates dispersed phase. 

Now the following boundary conditions apply: 

(C.ll) 

(C.12) 

(C.13) 
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c d U(r) at z = h/2 [a] u, u, 
c d 

- V/2 at z = h/2 [b] uz = uz 

au,c d 
d au, 

= h/2 ~c __ f..L- at z [c] (C.14) az az 
P c =Poe at r = aF [d] 
pd = p: at z 00 [e] 

d = 0 at z [f] u, 00 

plus again the symmetry conditions that all gradients in the axial direction are zero 
at z = 0. U(r) is the interfacial velocity, and condition [c] follows from the force 
balance at the interface: viscous stresses on both sides of the interface should be 
equal. 

Solving Eqs . (C.1) to (C.3) and (C.ll) to (C .13) under boundary conditions (C . 14) 
(Ivanov and Traykov, 1976) results in an expression for the drainage velocity V: 

v = 1 + 1 
Vo ee 

(C.15) 

where V 0 is the Reynolds drainage velocity as given by Eq. (C .1 0), and E• is a 
factor accounting for the internal flow in the droplet phase: 

ee = .!. ( -a~)2/3 ( pdh4 F]I/3 (f..Ld)I/3 = eo (f..Ld)l/3 

3 2 l a; f..Lc ~c 
(C.16) 

where a1 is a measure for the decay of the radial flow inside the droplet away from 
the interface. Generally, Ee « 1 unless JJ-d >> JJ-c . Therefore, V >> V0: a mobile 
interface increases the drainage rate dramatically. 

The analysis by Ivanov and Traykov (1976) assumes that there are no dynamic 
surface tension effects. Eq. (C.15) is therefore in principle applicable only to 
liquid-liquid dispersions in absence of a surface active agent. Traykov and Ivanov 
(1977) present a similar analysis for emulsions. Apart from the Navier-Stokes and 
continuity equations for the dispersed and the continuous phase, the convective 
diffusion equations for the surfactant in both phases need to be solved as well (see 
e .g. Bird et al. (1960) for a definition of these equations). In the film, convective 
transport can be neglected with respect to diffusion transport. Therefore, the 
steady-state convective diffusion equation reduces to: 
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(C.17) 

In the droplet phase, the diffusion in the radial direction can be neglected with 
respect to convection in radial direction. The steady state convective diffusion 
equation can be formulated as: 

d acd d acd a2cd v -- + v -- = Dd __ 
r ar z az az2 

(C.18) 

In principle, the same boundary conditions apply as in a system without surfactant 
(see Eq. (C.14)), except condition [c]. In the force balance at the interface an extra 
contribution should be added to account for the stresses induced by interfacial 
tension gradients: 

d 
d av, a o0 ac c 

1.1- + -- + az a c ar co a d ar 
Co 

(C.19) 

at z = h/2. If the surfactant is predominantly soluble in the continuous phase, the 
last term on the right hand side can be disregarded; if the surfactant is 
predominantly soluble in the dispersed phase, the second term on the right hand 
side disappears. 

Further, the mass balance for surfactant should be satisfied at the interface: 

1 a 
--(rrU) 
r ar 

D _!__irar 
s r ar ar 

(C.20) 

where D, is the surface diffusion coefficient. Again, if the surfactant is 
predominantly soluble in the continuous phase, only the first term on the right hand 
side applies, if the surfactant is predominantly soluble in the dispersed phase, only 
the second term on the right hand side remains. 

Finally, the surfactant concentration approaches its equilibrium value in the bulk: 

c c - c c - 0 

cd = c; 

at r = aF 

at z = "" 

[a] 

[b) 
(C.21) 

Traykov and Ivanov (1977) solve the equations of change incorporating the 
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appropriate boundary conditions, resulting m an expression for the drainage 
velocity: 

€' + e! 
(C.22) 1 + 

where Y0 and E• are given by Eqs. (C.lO) and (C.16) respectively, and lis a factor 
accounting for the dynamic surface tension effects (the Gibbs-Marangoni effect, see 
section 2.7.2). Er is given by: 

e! = - ___ (_a_o_o_l a_c_oc_)_r_:_o __ _ 

[ 
2Ds(ar0 jac0c)l 3jJ.cDc 1 + ------

Dch 

(C.23) 

If the surfactant is soluble only in the continuous phase, typical values are: aa0/ac~ 
- -l0-2 kg m3 s·2 mol-1

, r 0 - 10·7 c~ mol/m2 (c0 in mollm3
), JJ.0 

- 10·3 Pas and 
DC - 10"9 m2/s; hence l - 103 c~. Since typically fe « 1' f 0 can be disregarded, 
unless at very low concentrations. Also, for c0 > 10·3 mol/m3 = 10·6 M, we find 
Y - Y0 . This means that even relatively small concentrations of surfactant can 
outdo the increase in drainage rate due to internal flow in the droplet phase. For 
well-stabilized, normal emulsions, the interface can be regarded rigid, and the 
Reynolds drainage equation applies. 

In abnormal emulsions, the surfactant is soluble in the dispersed phase. Now we 
find Er = 0, and Eq. (C.22) becomes equal to Eq. (C.15). This means that 
abnormal emulsions behave in the same way as unstabilized liquid-liquid 
dispersions (except for a lower static interfacial tension): they have a mobile 
interface and hence rapid drainage occurs (Y >> Y0). 

In principle, Eq. (C.22) allows to calculate the drainage rate under all 
circumstances, provided appropriate values for Ee and Er are chosen. However, E• 

contains a nontrivial parameter, at> a measure for the extension of the radial flow 
generated inside the droplet. While Ivanov and Traykov (1976) obtain a numerical 
solution for a 1, Chesters (1991) derived simpler models based on estimates of the 
extension of the radial flow in various regimes of interfacial mobility. 
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List of symbols 

Roman symbols 

aF m radius of flattened film 
al decay factor for internal flow 

surfactant concentration 
diffusion coefficient 

(Eq. C.l6) 
c 
D 
D, 
F 
h 
p 
r 
u 
u 
v 
Yo 
z 

mol m·3 

mz s·l 
mz s·l 

N 
m 
Pa 
m 
m s·1 

m s·1 

m s·1 

m s·1 

m 

surface diffusion coefficient 
interaction force between two collided droplets 
film thickness 
pressure 
radial coordinate 
velocity 
interfacial velocity 
drainage velocity 
Reynolds drainage velocity 
axial coordinate 

Greek symbols 

r 

0 
c 
d 

mol m·2 

Pas 

surface coverage 
correction factor internal flow 
correction factor surfactant diffusion 
laminar viscosity 
constant 
interfacial tension 
equilibrium interfacial tension 

reference value in the bulk phase 
continuous phase 
dispersed phase 

(Eq. C.7) 
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An estimate of the deformability of large droplets 

To estimate the amplitude of droplet oscillations, we consider a dipole oscillation of 
a droplet, between prolate and oblate ellipsoids (figure D.l). 

~-©-
prolate oblate 

figure D.l: dipole oscillations of a droplet 

As a result of the deviation from spherical shape, the interfacial energy of the 
droplets increase. The volume and interfacial area are (Hoffmann-Joergensen, 
1987): 

V = .i 1t a b 2 

3 

A = 2n: b 2 + 2 n: a b arcsin ( E) 
€ 

for a prolate spheroid, and: 

4 2 V=-nab 
3 

A= 2n:a2 + n: b2ln(l+e) 
€ 1 -€ 

D.l 

D .2 

for an oblate spheroid; a and b are the major and minor spheroid axes respectively, 
and E is the excentricity, defined by: 

D.3 

The energy needed to deform the droplets is provided by eddies on impact with the 
droplets. The maximum amount of kinetic energy that an eddy can supply per unit 
time per unit mass is equal to the turbulent energy dissipation rate e. A droplet 
with radius r is most effectively deformed by an eddy in the same size range. Such 
an eddy will pass the droplet in a characteristic time T eddy • equal to: 
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't" eddy 
r 

!J.u(r) 

Appendix D 

D.4 

Assuming that the droplet cannot accumulate any elastic energy by means of 
resonance, the maximum energy that can be provided by an eddy-droplet impact 
can be estimated by: 

D.5 

where the range r in Eq. D .4 has been substituted with the equivalent sphere radius 
R.,q. The equivalent sphere radius is the radius of a sphere with the same volume as 
the ellipsoids. An upper estimate for the amplitude of dipole oscillations can now 
be obtained by comparing the kinetic energy provided by an eddy impact (Eq. D.5) 
to the increase in interfacial energy, which can be calculated from Eqs. D .1 and 
D.2. We have used values of a = w-2 N/m ,p = 103 kg/m3 and e = 11 m2/s3

, 

corresponding to a stirrer with a diameter of 0.05 m rotating at 1000 RPM, as 
calculated from Eq. 4.29. Figure D.2 shows the major axis of the oblate spheroid 
and the minor axis of the prolate spheroid at maximum deformation. The values 
are an indication for the degree of deformability of the droplets under turbulent 
forces. Note that the deformability of the drops is certainly overestimated. The 
energy dissipation rate is the maximum flux of kinetic energy that can be made 
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figure D.2: maximum spheroid axes of dipole oscillating droplets, as a measure of 
deformability 
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available for the deformation of a droplet. In reality, only a small fraction of the 
available kinetic energy will be used for that purpose, while most of the energy 
will be passed on down the cascade to smaller eddies. Hence figure D.2 indicates 
an overestimate of the deformability of the droplets. 
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List of symbols 

Roman symbols 

a m 
A m2 

b m 
.1Emax J 
r m 
Req m 
.1u m s-• 

v m3 

Greek symbols 

e 
E 

Teddy s 

major ellipsoid axis 
surface area of droplet 
minor ellipsoid axis 
maximum energy transfer 
length scale (- eddy size) 
equivalent sphere radius 
characteristic velocity difference 
droplet volume 

turbulent energy dissipation rate 
ex centricity 
characteristic time scale of an eddy 
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Summary 

Phase inversion, a process in which the continuous and dispersed phase in a liquid
liquid dispersion change roles, is frequently encountered in the industrial practice. 
In chapter 1, a number of examples are discussed, in which phase inversion may 
either be the goal of a specific process, or an undesired side-effect. In both cases, 
it is essential to know exactly the conditions under which phase inversion is to be 
expected. Often, there is extensive empirical knowledge regarding the operation of 
a specific process. But expansion of the operational range of the process, or the 
design of entirely new processes demands more fundamental knowledge. It is 
therefore the goal of this thesis to derive a predictive model for phase inversion, 
given the composition of the dispersion, and the conditions under which it is 
processed. 

In order to build a predictive model, the driving forces behind phase inversion need 
to be identified first. We will focus on phase inversion in emulsions, i.e . liquid
liquid dispersions stabilized by means of a surface active agent (surfactant). A 
literature review on emulsion morphology and phase inversion is presented in 
chapter 2. From the literature review, it is concluded that in particular two factors 
control the type of emulsion: the volume ratio of the phases, and the type of 
surfactant. Thus, two kinds of phase inversion can be distinguished : transitional 
inversion, induced by a change in the surfactant-solvent interactions, and 
catastrophic inversion, induced by an increase of the volume fraction dispersed 
phase. Most of the phase inversion processes encountered in the industrial practice 
are catastrophic. 

In colloid science, the bulk of the literature on phase inversion concerns transitional 
inversion: on the basis of equilibrium thermodynamics, the preferred emulsion type 
could be related to surfactant-solvent interactions. Catastrophic inversion, on the 
other hand, appeared to be much more complex: the phase inversion point is a 
function of the conditions of emulsification, and hysteresis occurs. A 
thermodynamic interpretation of catastrophic inversion yielded a number of very 
different models. Only one of these models, catastrophe theory, accounts for 
hysteresis. Also from a fundamental point of view, these models are unsatisfactory: 
they are based on the preposition that emulsions are stable systems. Although all 
emulsions are thermodynamically unstable, there may be a considerable degree of 
kinetic stability. It can however be shown that the kinetic stability of emulsions 
close to the catastrophic inversion point is extremely low, comparable to the 
stability of liquid-liquid dispersions without surfactant. This explains why a 
thermodynamic interpretation of phase inversion could be successful in the 
transitional regime, but not in the catastrophic regime. 

A more fundamentally correct approach to phase inversion is based on the kinetics 
of emulsion stability, in particular the kinetics of the coalescence of emulsion 
droplets. The influence of a surfactant can be interpreted as either an energy 
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barrier during the coalescence of droplets, or an influence on the interfacial 
mobility of the film formed between coalescing drops. The volume fraction 
strongly affects the number of droplet-droplet collisions. Thus, both transitional and 
catastrophic inversion can be considered in a single framework. While from a 
fundamental point of view a kinetic description of phase inversion is to be 
preferred, the application of thermodynamical models may offer some practical 
advantages, and can be justified under the assumption that the time scale of phase 
inversion is short with respect to the time scale of emulsion destabilization. Kinetic 
modelling of phase inversion requires kinetic modelling of many complex 
subprocesses, such as droplet breakup, droplet collisions and film drainage. 
Thermodynamic models are generally much simpler. In particular catastrophe 
theory is attractive in this respect: using relatively simple algebra, complex 
hysteresis processes can be elegantly described. We have therefore chosen a dual 
approach: in chapter 3, the applicability of catastrophe theory will be assessed, 
followed by the setup of a kinetic model from chapter 4 on. 

A catastrophe, within the context of catastrophe theory, is a sudden change in the 
state of a system as a result of gradually changing conditions. Catastrophe theory 
offers a number of mathematic formalisms to describe catastrophes: the so-called 
elementary catastrophes. The applicability of catastrophe theory to catastrophic 
phase inversion has been suggested on the basis of a number of remarkable 
similarities between the behaviour of model parameters with the catastrophe theory 
and physical properties relevant to the phase inversion process. For instance, the 
volume fraction could be qualitatively related to one of the variables of the 
elementary cusp catastrophe. However, the nature of the model variable describing 
the emulsion morphology remained yet unclear. 

In chapter 3, two strategies have been followed to clarify the relationship between 
catastrophe theory and phase inversion. As a first approach, by the application of 
an elementary catastrophe of a higher order, a better, quantitative link could be 
established between model parameters and physical properties. This requires 
however the introduction of even more model parameters with an obscure physical 
background. Although this approach yields a better description of the phase 
inversion process, it leads us further away from a predictive model. As a second 
approach, a physically relevant choice has been made for the so far unknown 
'morphology parameter'. On the basis of this choice, catastrophic behaviour could 
be deduced, but only in the regime of microemulsions. For regular emulsions, 
catastrophe theory predicts a total phase separation, which is indeed physically 
correct considering the thermodynamic basis of catastrophe theory . The 
catastrophic phenomena, observed during phase inversion, can not be explained by 
catastrophe theory, and hence this theory does not qualify as a basis for a 
predictive model. 
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To build a kinetic model for phase inversion, a number of tools are needed, which 
are discussed in chapter 4. The breakup and coalescence of emulsion droplets is 
driven by velocity gradients. As a measure for these velocity gradients serve the 
shear rate in laminar flow and the turbulent energy dissipation rate in turbulent 
flow. The value of these properties, and therefore also the rate of breakup and 
coalescence, may differ considerably throughout the emulsification equipment. The 
local values can be derived from numerical flow calculations, but as an 
approximation they can also be related to the macroscopic emulsification 
conditions. To follow the droplet size distribution in time, a so-called population 
balance is applied. This is basically a conservation law, in which the breakup and 
coalescence of droplets is accounted for. Expressions for the breakup rate, collision 
rate and coalescence probability can be found in the literature. However, the 
available expressions for the coalescence probability are unsatisfactory: they predict 
a zero coalescence probability in the limit of large droplets. This implies that the 
droplets of the dispersed phase could never coalesce into a continuous phase. 
Qualitatively, it can be argued that the available expressions underestimate the 
coalescence probability for large droplets, but quantitative models are not available. 
Therefore, the coalescence probability will be considered an adjustable parameter 
in the following chapters. 

In chapter 5, a simple kinetic model is built using the tools provided in chapter 4. 
The model is based on three assumptions: the droplet size distribution is 
approximated as monodisperse, the degree of agitation is considered to be 
homogeneously distributed, and the coalescence probability is taken as an 
adjustable constant. The model predicts a gradual increase of the stationary droplet 
size with increasing volume fraction dispersed phase, up to a certain critical 
volume fraction. Above this volume fraction, the stationary droplet size diverges, 
which is interpreted as phase inversion. According to the model, the phase 
inversion point is expected to be independent of the stirrer speed, and inversely 
proportional to the coalescence probability. The model predictions are compared 
with phase inversion experiments in a system consisting of water, rosin and a 
nonionic surfactant. The experiments show an increasing inversion point with 
increasing stirrer speed and a decreasing addition rate of dispersed phase. These 
trends are attributed to insufficient bulk mixing, a feature not accounted for by the 
model. 

In chapter 6, the model is expanded with a time-dependent analysis of the droplet 
growth. It appears that shortly before phase inversion, the actual growth of the 
droplets lags behind the stationary value, causing a delay in phase inversion. This 
delay increases with increasing addition rate of the dispersed phase. The model 
predictions are now tested in a system consisting of water, n-hexane and a nonionic 
surfactant. In this system, bulk mixing no longer is a critical factor. Up to a certain 
value of the stirrer speed, the phase inversion point appears indeed to be 
independent of the stirrer speed. Also, the phase inversion point increases with an 
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increasing addition rate of the dispersed phase. Both observations are in qualitative 
agreement with the model predictions. Quantitatively, however, the experimentally 
observed delay appears to be much larger than predicted by the model. If next to 
the coalescence probability, a delay time is taken as an adjustable parameter, good 
quantitative agreement is found between the model predictions and experimental 
values. 

In order to reach a truly predictive model, it is imperative that the adjustable 
parameters can be determined independently. But so far, the model is simplified to 
such a degree that errors that are physically not related to the adjustable parameters 
can be absorbed by these parameters. In chapter 7, the assumptions underlying the 
model from chapters 5 and 6 are being lifted: firstly, polydispersity is accounted 
for in the model, secondly, an inhomogeneously distributed degree of agitation. 
From the polydisperse model, it appears that in particular the largest droplets grow 
up to macroscopic dimensions at the phase inversion point. Accounting for an 
inhomogeneously distributed degree of agitation results in a slower droplet growth. 
The latter could be an explanation for the experimentally observed (extra) delay in 
phase inversion. 

Underlying all kinetic models in this thesis is the assumption that the increase in 
co!lllectivity of the initially dispersed phase is the rate determining factor during 
phase inversion. However, indications were found in the literature that in particular 
the breaking of the co!lllectivity of the initially continuous phase plays a critical 
role: multiple emulsions are formed. This was also found in some of our 
experiments. It appeared that a certain critical volume fraction dispersed phase was 
required for the formation of multiple emulsions: above this volume fraction, 
continuous phase is entrapped during a simultaneous collision of more than two 
droplets. Other systems, however, show phase inversion below this critical volume 
fraction for continuous phase entrainment. We could distinguish various regimes 
for catastrophic phase inversion, each with a different ruling mechanism. Our 
kinetic model is applicable to emulsions in which the surfactant dictates a strong 
preference for the inverse morphology. This regime is the one that is relevant to 
most of the applications of phase inversion. 



Sam en vatting 

In de praktijk van de procesindustrie zijn verscbillende voorbeelden te vinden van 
faseninversie, een proces waarbij de continue en disperse fase van een vloeistof
vloeistofdispersie van rol verwisselen. In boofdstuk 1 wordt een aantal voorbeelden 
besproken, waarbij bet opvalt dat faseninversie zowel bet doe! van een bepaald 
proces kan zijn, als een ongewenst neveneffect. In beide gevallen is bet belangrijk 
te weten onder welke omstandigbeden de faseninversie daadwerkelijk plaatsvindt. 
Vaak bestaat er enige empiriscbe kennis over bet faseninversieproces in specifieke 
gevallen. Maar voor een uitbreiding van bet bereik van de procesvoering, of bet 
ontwerpen van nieuwe processen is meer fundamentele kennis nodig. Het is daarom 
bet doe! van dit onderzoek om te komen tot een voorspellend model voor 
faseninversie, gegeven de samenstelling van de dispersie en de procescondities 
waaraan deze wordt blootgesteld. 

Om te komen tot een voorspellend model dienen allereerst de drijvende kracbten 
acbter bet faseninversieproces te worden gei"dentificeerd. Daarbij ricbten we ons op 
faseninversie in emulsies, zijnde vloeistof-vloeistofdispersies gestabiliseerd met 
bebulp van een oppervlakte-actieve stof (surfactant). Een literatuuronderzoek naar 
de acbtergronden van emulsiemorfologie en faseninversie wordt gepresenteerd in 
boofdstuk 2. Uit bet literatuuronderzoek blijkt dat met name twee factoren bet type 
emulsie kunnen sturen: de volumeverbouding van de fasen en bet type surfactant. 
Er kunnen daarom ook twee soorten faseninversie worden onderscheiden: 
transitionele inversie, gei."nduceerd door een verandering van de surfactant
oplosmiddelinteracties, en catastrofale inversie, geYnduceerd door een toename van 
de volumefractie disperse fase. In de industriele praktijk vinden we meestal 
catastrofale inversieprocessen. 

Het overgrote dee! van de colloi"dchemiscbe literatuur beeft betrekking op 
transitionele inversie: op basis van evenwicbtsthermodynamica kan een relatie 
gelegd worden tussen de surfactant-oplosmiddelinteracties en bet voorkeurstype van 
de emulsie. Catastrofale inversie bleek ecbter een vee! complexer proces: bet 
faseninversiepunt is een functie van de emulgeringscondities, en er treedt bysterese 
op. Een tbermodynamische interpretatie van catastrofale inversie leverde een aantal 
sterk uiteenlopende modellen op. Slecbts een model, catastrofe tbeorie, is in staat 
hysterese te bescbrijven. Ook uit fundamenteel oogpunt zijn deze modellen 
onbevredigend: ze zijn gebaseerd op de aanname dat emulsies stabiele systemen 
zijn. Tbermodynamiscb gezien zijn emulsies per definitie instabiel, alhoewel er 
sprake kan zijn van een aanzienlijke kinetiscbe stabiliteit. Er werd ecbter 
aangetoond dat de kinetiscbe stabiliteit van emulsies dicht bij bet catastrofale 
inversiepunt bijzonder laag is, vergelijkbaar met de stabiliteit van vloeistof
vloeistofdispersies zonder surfactant. Dit verklaart waarom een tbermodynamiscbe 
interpretatie van faseninversie wei succesvol was in bet transitionele regime, maar 
niet in bet catastrofale regime. 
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Een fundamenteel meer correcte aanpak van faseninversie is gebaseerd op de 
kinetiek van emulsiestabiliteit, in het bijzonder de kinetiek van coalescentie van 
emulsiedruppels. De invloed van de surfactant kan ge"interpreteerd worden als hetzij 
een energiebarriere bij het samenvloeien van druppels, hetzij een be!nvloeding van 
de mobiliteit van het grensvlak van de film gevormd tussen twee op elkaar geperste 
druppels. De volumefractie be"invloedt het aantal botsingen tussen druppels. Zo 
kunnen zowel transitionele als catastrofale inversie in een raamwerk beschouwd 
worden. Terwijl vanuit fundamenteel oogpunt de voorkeur dient te worden gegeven 
aan een kinetische beschrijving, is de toepassing van een thermodynamisch model 
te verdedigen onder de aanname dat de tijdschaal van het inversieproces kort is ten 
opzichte van de tijdschaal van de processen die de emulsie destabiliseren. Het 
gebruik van een thermodynamisch model kan namelijk praktische voordelen bieden. 
Kinetische modellering van faseninversie vereist kinetische modellering van 
complexe subprocessen, zoals het breken, botsen en samenvloeien van druppels. 
Thermodynamische modellen zijn in het algemeen eenvoudiger. Met name de 
catastrofe-theorie is in dit opzicht aantrekkelijk: met relatief eenvoudige algebra 
kunnen ingewikkelde hysterseprocessen worden beschreven. Wij hebben er dan ook 
voor gekozen in dit proefschrift beide opties na te gaan. In hoofdstuk 3 zal de 
toepasbaarheid van de catastrofe-theorie worden geanalyseerd, waarna vanaf 
hoofdstuk 4 een kinetisch model zal worden opgebouwd. 

Een catastrofe, in de zin van de catastrofe-theorie, is een plotselinge, abrupte 
verandering in de toestand van een systeem, als gevolg van geleidelijk 
veranderende omstandigheden. Catastrofe-theorie biedt een aantal mathematische 
formalismen om catastrofes te beschrijven, de zogenaamde elementaire catastrofes . 
De betekenis van de catastrofe-theorie voor het beschrijven van catastrofale 
faseninversie is gebaseerd op een aantal opmerkelijke overeenkomsten in gedrag 
tussen modelparameters binnen de catastrofe-theorie en fysische grootheden 
relevant tijdens het faseninversieproces. In kwalitatieve zin kan bijvoorbeeld de 
volumefractie gekoppeld worden aan een van de variabelen van de elementaire 
cusp-catastrofe. Onduidelijk bleef echter de invulling van de modelparameter die de 
emulsiemorfologie diende te beschrijven. 

In hoofdstuk 3 zijn twee strategieen gevolgd om de relatie tussen catastrofe-theorie 
en faseninversie op te helderen. Ten eerste kan door de toepassing van een 
elementaire catastrofe van een hogere orde een betere, kwantitatieve relatie worden 
gelegd tussen modelparameters enerzijds en fysische grootheden anderzijds . Dit 
gaat echter gepaard met de introductie van nog meer modelparameters met een 
onduidelijke fysische achtergrond. Als zodanig kan weliswaar een betere 
beschrijving van faseninversie geboden worden, maar zeker geen voorspelling. Als 
tweede strategie is een fysisch relevante invulling gegeven aan de tot dan toe 
onbekende 'morfologieparameter'. Op basis van deze invulling kan catastrofaal 
gedrag van het emulsiesysteem worden afgeleid, echter uitsluitend in het regime 
van de micro-emulsies. Voor macro-emulsies voorspelt de catastrofe-theorie een 
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totale fasenscheiding, hetgeen gezien de thermodynamische uitgangspunten van de 
catastrofe-theorie inderdaad fysisch correct is. De catastrofale verschijnselen, die 
optreden bij faseninversie, k:unnen dus niet beschreven worden met de catastrofe
theorie, die daarom als voorspellend model niet voldoet. 

Om een kinetisch model voor faseninversie te construeren zijn een aantal 
bouwstenen nodig, welke worden besproken in hoofdstuk 4. Het opbreken en 
coalesceren van druppels wordt gedreven door snelheidsgradienten in de stroming. 
Als maat voor deze snelheidsgradienten dienen de afschuifsnelheid in laminaire 
stroming, en de turbulentie energiedissipatie in turbulente stroming. De waarde van 
deze grootheden kan lokaal sterk varieren, en daarmee ook de snelheid van de 
opbreek- en coalescentieprocessen. Uit numerieke stromingsberekeningen zijn de 
lokale waarden van deze grootheden te achterhalen, maar als benadering is hun 
gemiddelde waarde ook te relateren aan de macroscopische emulsificatiecondities. 
Om de druppelgrootteverdeling in de tijd te volgen wordt gebruik gemaakt van een 
zogenaamde populatiebalans. Dit is in feite een behoudswet, waarin het opbreken 
en coalesceren van druppels verdisconteerd wordt. Uitdrukkingen voor de 
opbreekfrequentie, botsingsfrequentie en coalescentiewaarschijnlijkheid zijn te 
vinden in de literatuur. De beschikbare uitdrukkingen voor de coalescentie
waarschijnlijkheid voldoen echter niet voor de beschrijving van faseninversie: ze 
voorspellen een coalescentiewaarschijnlijkheid gelijk aan nul in de limiet voor grote 
druppels. Dit zou impliceren dat de druppels disperse fase nooit k:unnen 
samenvloeien tot een continue fase. Kwalitatief kan worden beredeneerd dat de 
coalescentiewaarschijnlijkheid wordt onderschat, maar kwantitatieve modellen zijn 
niet beschikbaar. Daarom zal de coalescentiewaarschijnlijkheid in de volgende 
hoofdstukken beschouwd worden als een aanpasbare parameter. 

In hoofdstuk 5 wordt een eenvoudig kinetisch model geconstrueerd met behulp van 
de bouwstenen uit hoofdstuk 4. Het model is gebaseerd op drie aannames: de 
druppelgrootteverdeling wordt als monodispers benaderd, de intensiteit van de 
stroming wordt homogeen verdeeld beschouwd en de coalescentiewaarschijnlijkheid 
wordt beschouwd als een aanpasbare constante. Het model voorspelt een 
geleidelijke toename van de stationaire druppelgrootte met toenemende 
volumefractie disperse fase, tot aan een zekere kritische volumefractie. Boven deze 
volumefractie divergeert de stationaire druppelgrootte, hetgeen gelnterpreteerd 
wordt als faseninversie. Het inversiepunt is volgens het model onafhankelijk van de 
roersnelheid, en omgekeerd evenredig met de coalescentiewaarschijnlijkheid. De 
voorspellingen van het model worden vergeleken met faseninversie-experimenten in 
een systeem bestaande uit water, rosin (bars) en een nonionische surfactant. Uit de 
experimenten volgt een toename van het inversiepunt met toenemende roersnelheid, 
en afnemende toevoegsnelheid van de disperse fase. Deze trends worden 
toegeschreven aan onvolledige menging in bet hoogvisceuze systeem, waarmee 
geen rekening wordt gehouden in bet model. 
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In hoofdstuk 6 wordt het model uitgebreid met een tijdsafhankelijke analyse van de 
druppelgroei. Het blijkt dat vlak voor het inversiepunt de feitelijke groei van de 
druppels achterblijft bij de stationaire waarde, waardoor een vertraging in 
faseninversie optreedt. Deze vertraging neemt toe met toenemende toevoegsnelheid 
van disperse fase. De modelvoorspellingen worden nu getoetst aan een systeem 
bestaande uit water, n-hexaan en een nonionische surfactant. In dit systeem is 
menging niet Ianger een beperkende factor. Bij niet a! te hoge roersnelheden blijkt 
het inversiepunt inderdaad onafhankelijk te zijn van de roersnelheid . Verder wordt 
ook een toename van het inversiepunt met toenemende toevoegsnelheid disperse 
fase geconstateerd. Beide observaties zijn in kwalitatieve overeenstenuning met de 
modelvoorspellingen. In kwantitatieve zin blijkt de experimenteel waargenomen 
vertraging in faseninversie echter vee! groter te zijn dan voorspeld door het model. 
Indien, naast de coalescentiewaarschijnlijkheid, ook een vertragingstijd wordt 
meegenomen als aanpasbare parameter, wordt een goede kwantitatieve 
overeenstenuning gevonden tussen modelvoorspellingen en experimentele waarden. 

Om tot een werkelijk voorspellend model te komen, moeten de aanpasbare 
parameters onafhankelijk bepaald k:unnen worden. Vooralsnog is het model 
dusdanig gesimplificeerd dat ook afwijkingen die fysisch gezien niet gerelateerd 
zijn aan deze aanpasbare parameters via deze parameters verdisconteerd k:unnen 
worden. In hoofdstuk 7 worden de aannames die ten grondslag lagen aan het model 
uit de hoofdstukken 5 en 6 aangepast: allereerst wordt polydispersiteit meegenomen 
in het model, in tweede instantie inhomogeen verdeelde stromingsintesiteit. Uit het 
polydisperse model blijkt dat met name de grootste druppels bij het inversiepunt 
groeien tot macroscopische afmetingen. Het effect van inhomogeen verdeelde 
stromingsintensiteit uit zich in een tragere druppelgroei. Dit laatste zou een 
verklaring k:unnen zijn voor de experimenteel waargenomen (extra) vertraging in 
faseninversie. 

Uitgangspunt voor aile kinetische modellen in dit proefschrift is dat de toename van 
connectiviteit van de initieel disperse fase de beperkende factor is in het fasen
inversieproces. Er zijn echter aanwijzingen in de literatuur dat met name het 
breken van de connectiviteit van de initieel continue fase een cruciale rol speelt: er 
worden meervoudige emulsies gevormd. Dit is ook door ons experimenteel 
waargenomen in enkele systemen. Het blijkt echter dat voor de vorming van 
meervoudige emulsies een zekere kritische volumefractie disperse fase vereist is: 
boven deze volumefractie wordt continue fase ingesloten bij gelijktijdige botsing 
van meer dan twee druppels. Andere systemen blijken echter te inverteren beneden 
deze kritische volumefractie voor insluitingen. Er k:unnen dan ook verschillende 
regimes van catastrofale faseninversie worden onderscheiden, waarin verschillende 
mechanismen plaatsvinden. Het door ons gehanteerde model is van toepassing op 
emulsies waarin de surfactant een zeer sterke voorkeur dicteert voor de 
omgekeerde morfologie. Dit regime blijkt het meest relevante regime te zijn voor 
de meeste toepassingen van faseninversie. 
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Deze filosofie is naast de vergaarde fysisch-chemische kennis de belangrijkste 
vrucht van vijf jaar afstudeer- en promotieonderzoek. Ik wil U, prof. Stein, 
bedanken voor aile hulp en begeleiding, met name ook na uw emeritaat. 

Van mijn tweede promotor, prof.dr. W.G.M. Agterof, kreeg ik een 
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Naast de promotoren wil ik ook de overige !eden van de kerncomrnissie, 
prof.dr.ir. P. Walstra en prof.dr.ir. H.E.H. Meijer, bedanken voor de snelle en 
kritische wijze waarop zij mijn proefschrift hebben doorgenomen. 

De firma Hercules te Middelburg wil ik bedanken voor de materiele maar vooral 
ook de imrnateriele steun. De discussies met Ko de Hullu waren zeer verhelderend. 
Hugo Stok leerde mij de fijne kneepjes van het 'inverteren'. Ik ben nog steeds diep 
onder de indruk van het feit dat Hugo in een soepele polsbeweging exact 100.0 g 
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Patrick Peeters, Peter-Remco Vellinga, Fred van den Boogaard en Henri Jagt 
leverden met hun research-stage een zeer gewaardeerde bijdrage aan het onderzoek. 
Hierbij deed zich de 13• stelling van Otten gelden(ll: door hun vragen werd ik 
gedwongen mijn eigen gedachtengang kritisch te analyseren. Marcel Visschers en 
Ton Rooijackers hebben zich als afstudeerders met hart en ziel ingezet. De 
hoofdstukken 6 respectievelijk 8 zijn hiervan het resultaat. 

De voormalige vakgroep Colloldchemie en Therrnodynamica was een echte thuis
basis. Met de vaste staf, Wies van Diemen, Stan Holten en Jos Laven was het 
prettig samenwerken. Aile studenten, AIO's, post-doc en stagiaires dank ik voor de 
goede sfeer. Het waren soms onzekere tijden. Met zijn allen hebben we echter 
Iaten zien dat de collo!dchemie waard is 'gekoesterd' te worden. 

(1) 'Studenten met een geringe specifieke voorkennis zijn door hun objectiviteit 
uitstekend geschikt om onderzoek te verrichten. Bij een goede selectie dient 
men naast de behaalde cijfers ook de "ondeskundigheid" van de student 
zwaar mee te wegen.' 

l.A.M. Otten, Stelling no. 13, proejschrift TU Eindhoven, 1995 



Enkele collega 's wil ik nog met name noemen: mijn eerste kamergenoot, Paul 
Buijs, leerde mij wegwijs op de faculteit. Van Peter Baets, Jacques van der Donck 
en Gert Tuin heb ik, in verschillende context, veel geleerd. Aan de bridgetafel 
waren we echter aan elkaar gewaagd. Met Marcel Visschers bereikte de informatie
dichtheid op onze kamer ongekende hoogten. Aan allen mijn hartelijke dank voor 
vriendschap en samenwerking. 

Tenslotte wil ik diegenen bedanken die garant stonden voor een hoog serviceniveau 
op de vakgroep, faculteit of universiteit: de secretaresses Ini Smulders en Christa 
Schilders, de 'schatbewaarders' Ruud Monten, Jules van Hettema en Peter Eisfeld, 
medewerkers van de faculteitswerkplaats, de glasblazerij, de diverse magazijnen, 
de diverse bibliotheken (met excuses voor het te laat terugbrengen van boeken), het 
rekencentrum, het bureau automatisering T, en het bureau academische en 
protocollaire zaken. 

Jan Vaessen. 
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Stellingen 

behorende bij het proefschrift van 
G.E.J. Vaessen 

1. Op basis van stochastisch verdeelde uitkomsten van emulsificatie
experimenten concluderen Ross en Kornbrekke (1981) dat faseninversie een 
stochastisch bepaald proces is. Deze conclusie is echter onverantwoord, 
aangezien de reproduceerbaarheid van de door hun gehanteerde 
emulsificatiemethode (met de hand schudden van reageerbuizen) niet 
gegarandeerd kan worden. 

Ross, S. en Kornbrek.ke, R. E., J. Colloid !nJerface Sci. 81, 58, 1981. 

2. De voorwaarde van orthogonaliteit van de conodes in het fasendiagram van 
een ternair water/olie/amphifiel mengsel, gesteld door Lim en Smith (1991), 
is slechts gebaseerd op een vermeende eenvoud en elegantie van de 
catastrofe-theorie. 

Lim, K.H. en Smith, D.H., J. Colloid Interface Sci. 142, 278, 1991. 

3. Het argument dat Kabalnov en Wennerstrom (1996) inbrengen tegen 
zogenaamde 'surfactant mass flow' -theorieen toont weliswaar aan dat de 
beschrijving van de relatie tussen surfactantverdeling en emulsiestabiliteit te 
wensen overlaat, maar brengt niets in tegen de basis van deze theorieen. 

Kabalnov, A. en Wennerstrom, H., Langmuir 12, 276, 1996. 

4. Tjaberinga et al. (1993) concluderen ten onrechte uit een artikel van Sevik 
en Park (1973) dat het opbreken van druppels in het inerte regime in het 
algemeen een gevolg is van resonantie van druppeloscillaties met de 
turbulente druk-fluctuaties, en suggereren ten onrechte dat het criterium voor 
opbreken, uitgedrukt in termen van het Weber-getal, gebaseerd is op de 
resonantievoorwaarde. 

Sevik, M. en Park, S.H., J. Fluids Eng. 95, 53, 1973. 
Tjaberinga, W.J., Boon, A. en Chesters, A.K., Chern. Eng. Sci. 48, 285, 1993. 

5. Bij de combinatie van stromingsberekeningen en het oplossen van de 
populatie-balansvergelijkingen is de rekencapaciteit van de huidige generatie 
computers een belangrijke beperkende factor. Indien de deeltjespopulatie 
zich min of meer in een dynamische evenwichtssituatie bevindt, is het aan te 
bevelen de nadruk te leggen op gedetailleerde stromingsberekeningen. Indien 
er belangrijke, niet-stationaire processen plaatsvinden, zoals bijvoorbeeld 
faseninversie, is een nauwkeurigere aanpak van de populatiebalans te 
prefereren. 

Dit proefschrift, hoofdstuk 7. 



6. Ondanks het feit dat een op thermodynamica gebaseerde verklaring van 
transitionele faseninversie fundamenteel incorrect is, is het gebruik van 
thermodynamische modellen uit praktisch oogpunt te verdedigen, en in 
sommige gevallen zelfs te prefereren. 

Dit proefschrift, hoofdstuk 2. 

7. De vele "puzzles" die emulsies volgens Sutheim (1946) voor de onderzoeker 
in petto hebben zijn mede een gevolg van het feit dat de typische 
lengteschaal van emulsiedruppels niet samenvalt met de typische lengteschaal 
van collo"idale systemen. 

Sutheim, G.M., Introduction 10 Emulsions, Chemical Pub. Co., New York, 1946. 

8. De elementaire cusp catastrofe biedt niet aileen een beschrijving van het 
faseninversieproces, maar kan ook het uitblijven van een 
"Wirtschaftswunder" na de Duitse hereniging verklaren. 

Zeeman, E.C . , Catastrophe Theory, selected papers 1972-1977, Addison-Wesley , Reading 
MA, 1977. 

9. De Amerikaanse componist Charles Ives (1874-1954) genoot ongekende 
artistieke vrijheid als gevolg van een van zijn muziek onafhankelijke 
inkomstenbron. Het is daarom betreurenswaardig dat vee! avant-gardistische 
componisten wei ge"inspireerd werden door Ives' muziek, maar niet door 
diens carriere in het verzekeringswezen. 

10. Privatisering van de Nederlandse Spoorwegen is geen gevaar voor de 
instandhouding of zelfs uitbreiding van het railpersonenvervoer op de 
'onrendabele' lijnen, mits er een strikte scheiding wordt aangebracht tussen 
infrastructuur en exploitatie. 

11. Met het halsstarrig instandhouden van het handelsembargo tegen Cuba lijken 
de Verenigde Staten te vergeten dat Coca-Cola en McDonalds hun 
belangrijkste wapens in vredestijd zijn. 

12. De houding van de Nederlandse autoriteiten ten aanzien van overtreding van 
de maximumsnelheid door vrachtwagens verdient de benaming 
'gedoogbeleid'. 

13. Promoveren is een catastrofe. 

Dit proefschrift, hoofdstuk 3. 


