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COALESCENCE OF SECONDARY DISPERSIONS
SUMMARY

A thesis submitted by David George Austin to the
Faculty of Engineering, University of Aston in Birmingham,
for the Degree of Doctor of Philpsophy. March 19789.

A study has been made of the coalescence of secondary
dispersions in beds of woven meshes. The variables
investigated were superficial velocity, bed depth, mesh
geometry and fibre material; the effects of presoaking the
bed in the dispersed phase before operation were also
considered.

Equipment was designed to generate a 0.1% phase ratio
toluene in water dispersion whose mean drop size was
determined using a Coulter Counter. The coalesced drops
were sized by photography and a novel holographic technique
was developed to evaluate the mean diameter of the effluent
secondary drops.

Previous models describing single phase flow in porous
media are reviewed and it was found that the experimental
data obtained in this study is best represented by Keller's
equation which is based on a physical model similar to the
internal structure of the meshes.

Statistical analysis of two phase data produced a
correlation, for each mesh tested, relating the pressure
drop to superficial velocity and bed depth.

The flow parameter evaluated from the single phase model
is incorporated into a theoretical comparison of drop capture
mechanisms which indicated that direct and indirect inter-
ception are predominant. The resulting equation for drop
capture efficiency 1s used to predict the initial, local
drop capture rate in a coalescer.

A mathematical description of the saturation profiles
was formulated and verified by average saturation data. Based
on the Blake-Kozeny equation, an expression is derived
analytically to predict the two phase pressure drop using the
parameters which characterise the saturation profiles. By
specifying the local saturation at the inlet face for a given
velocity, good agreement between experimental pressure drop
data and the model predictions was obtained.

Key Words : Coalescence, Holography
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Secondary Dispersion.
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CHAPTER 1

INTRODUCTION




“Thefinbreasigg$§ sﬁr»‘gerkQ?eStfiCnibﬁs Eecently imposed
upon all types of effluent diécharge have promoted commercial
interest in coalescence and similar methods of phase separat-
ion. As well as shore pollution by sea-borne contaminants,
inland pollution of permeable strata may result in the fouling

A 1 )
of watercourses, thus limiting water resources. Ecological

effects upon plants, animals and ultimately man are also cause

!

or concern with respect to pollution. Egually serious is the
fact that, during research to ascertain the extent of our
natural oil resources, it has been indicated that supplies of
this internationally vital commodity could be exhausted by the
close of the century. Increasing demands, together with the
current trend of rising oil prices, therefore accentuate the
obvious advantages to be gained from combining a solution of
the pollution problem with the recovery of o0il, or any other
valuable material, for re-use.

In addition, the capacity of all forms of liquid extract-
ion equipment is limited by the behaviour of small droplefs
within the plant. Effective mass transfer is only obtained
with a large number of small droplets, but, following the
extractipn operation, rapid coalescence of the drops is
desirable. This reduces the residence time and alleviates
the possibility of poor phase separation which would decrease
the capacity and efficiency of the process. Models predicting
coalescence rates based upon the physical properties of the
system and operating conditions are therefore essential to
improve design techniques.

The separation of primary dispersions is generally easily
accomplished by gravity settling but the reguired residence
time for secondary dispersions, which may consist of drops

down to l/Jm diameter, is often prohibitive for this method



to be effective. it is necessary to increase
the settling rate, which can be achieved by promoting intimate

contact between constituent drops thereby encouraging coales-

cence to occur. Passing the dispersion throughl a porous
packing is an attractive method since it is efficient, inexpen-
sive and continuous. Drops are captured within the bed, where
they are retained to induce coalescence, and eventually, are
released as larger primary drops. Because the drops are not
permanently retained, the bed usually operates under steady
state conditions except in cases where particulate material,
present in the feed dispersion, causes a rapid deterioration

in the efficiency and operating lifevof the device.

Pracﬁiéal design of coalescers is usually based on trial
and error procedures because the mechanisms of coalescence in
porous media are not fully understood. The objective of this
investigation was to analyse the mechanisms of drop capture
and two phase flow in a coalescer in order to develop a
mathematical model for the efficiency, represented by the
filter coefficient and the energy requirements, measured by
the pressure drop across the bed. Also, a series of experim-
ents, have been completed using packings of accurately known
geometrical characteristics to establish the effects of
operating conditions and bed properties and to evaluate the

proposed theoretical model.




CHAPTER 2

FORMATION OF SECONDARY DISPERSIONS,




2.1, INTQODUG TON. f
When oné phase in a iiqdid/iiquid system is dispérsed
as discrete drops, the dispersion produced can exhibit
widely differing physical and chemical properties depending
upon the drop size. The latter is therefore extensively
employed to categorise particular dispersions which may
be broadly divided into primary dispersions, secondary
dispersions and colloids or emulsions. Exact definitions
of the ranges of these dispersion types in terms of drop
size have not been elucidated. However, most previous
workers in the field of secondary dispersions have arbit-
rarily defined such ranges without sufficient justification,
apparently for theoretical and/or experimental convenience.
Such arbitrary definitions of a secondary dispersion must
be considered as over-simplifications especially when a
theoretical description of the phenomenon of coalescence
is attempted. The reason for this is that before coales-
cence, the dispersion may behave as a colloidal system;
during coalescence growth of the drops occurs by different
mechanisms depending partly upon the coalescence medium
seiected. Finally as the larger drops leave the coales-
cence medium, they will behave as primary dispersions.
However, to place secondary dispersions into broad
perspective, the approximate ranges of the three types of
dispersion are illustrated in Fig. 2.1.

2.2, THEORY OF DISPERSION FORMATION.

A fundamental understanding of the basic processes of
dispersion and coalescence can be gained by consideration
of colloidal systems. Colloids may be defined as sytems
in which a significant proportion of the dispersed phase
molecules lie in or are aésociated with interfacial regions.

Because of the excess energy associated with the formation
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Fig 2.1. Classification of Dispersions by Drop Size.
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Mutual potential energy of two colloidal particles as a function
of the distance of separation between their surfaces:

l. curve with primary maximum P and primary minimum Ml
11. curve with primary maximum P, primary minimum M, and secondary

minimum MZ

111. curve for spontaneous (unactivated) dispersion
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of'neQ surféces, SﬁB&iViéicn'bf é: iéﬁié within énother
liquid always increases the energy of the system and the
diSpérsed phase is thermodynamically unstable (or
metastable) with respect to the bulk phase. The energy is
also modified by interactions between the surfaces and the
phase in which it is immersed. Depending on the magnitude
of the energy associated with such interactions, the
dispersed colloid may remain unstable (or metastable) with
respect to the bulk phase a(lyophobic dispersion) or may
become thermodynamically stable (lyophilic dispersion).
When two particles in a lyophobic dispersion collide, they
may adhere to one another; if the system is metastable only
a fraction of the collisions will result in adhesion. The
metastability of lyophobic colloids thus arises from the
existence of an energy barrier which has to be surmounted
before the two particles can adhere. This barrier may
exhibit two characteristic forms as shown in Fig.2.2.2'
With reference to Fig 2.2, in case I, é collision in
which the associated kinetic energy is sufficient to carry
the system over the potential energy barrier (primary
maximum, P) into the minimum M, (primary minimum) will
result in association of the droplets i.e. coagulation; if
the potential energy barrier is high in comparison with
thermal kinetic energies, the particles will repulse one
another and the dispersion will remain stable indefinitely.
In case II, a third possibility arises in which the
two droplets may become associated in a state represented

by M the secondary minimum corresponding to flocculation.

2 y
They may later either dissociate or pass over into the

primary minimum. Two droplets associated in the primary mir mam

may remain in this state or may coalesce to form a larger



drgpiet'of i6§er surfééé égé£gy3Sa§IWEég:an emulsion
breaks. ”

If the interaction curve between two droplets has
the form shown in case III, the dispersed state is stable,
at constant particle size, so that dispersion of the
partigles occurs spontaneously.

The form of the curves in Fig 2.2 depends on the size
of the drops or particles involved. Therefore, even for
the simplest case of monodisperse colloids, it is necessary
to consider systems whose energies depend both on particle
size and distance of separation, and so may be represented
by a three-dimensional surface such as that shown very
schematically in Fig 2.3. However, the shapes and charact-
eristic features of such surfaces depend on many other
parameters bhesides size. Continuous phase properties,
dispersed phase concentration, electrical state of the
interface, structure and chemical state of the dispersed
pPhase and the presence of adsorbed films at the interface
are among the more important factors. The surface
illustrated in Fig.2.3 is therefore only one three-dimen-
sional section of a multi-dimensional hyper-surface, but
is adequate for a basic description of the phenomena of
dispersion and coalescence. Secondary dispersions may, in
principle, be formed in two ways. Firstly, by mechanically
breaking down a bulk phase to colloidal dimensions and
dispersing the particles as formed or secondly by building
up colloidal particles from molecular units.

2.2.1. Subdivision of a Bulk Phase.

A liguid phase may be subdivided into droplets of
colloidal size by mechanical means,i.e. emulsification.
This process may be represented in Fig.2.3 by routes B - C

or BM,P.M_C depending upon the method of emulsification.
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Fig. 2.3

Mutual potential energy surface of two colloid particles of a lyophobic
colloid in a liquid medium as function of distance of separation and

size of particles, showing routes by which colloid state C can be reached
by (i) comminu-tion, routes BC or BM1P1M2C or (ii) by nucleation and

growth, ANC; and routes by which coagulation can occur (i) CBlB and (ii)

CMzPlMlB. Note that the reverse route CNA in which a colloid would
disperse to the molecular state does not in general occur spontaneously.
(The short range repulsion "cliff" adjacentoto the left hand face of the
diagram is omitted for clarity.) Mlo and C” are points representing

energies in a vacuum environment.




Thelfoﬁte B - C applié; when ﬁﬁe‘350ps are already
dispersed in the continuoﬁsiphase and route BMiPiMZC

is taken when the dispersed phase is introduced as a
continuum into the continuous phase after which, thermal
motions or mechanical disturbance will take the system to
the dispersed state C if the activation energy over the
path M_P. is sufficiently low.

11

2.2.2. Formation by Nucleation and Growth.

The building-up of colloidal particles to C (Fig 2.3)
from atomic or molecular units at A involves following the
path AENC. The formation of an embryo, at E, of new phase
is an existing bulk phase involves an increase in energy,
which when the embryo reaches a critical size, passes
through a maximum. This corresponds to the nucleus, N.
Thereafter, the decrease in surface energy which accompanies
growth acts as a driving force for spontaneous growth of
the nucleus. However, if a large number of nuclei are
present and the bulk phase is of limited extent, then
growth involves the depletion of the bulk phase of the
components of the growing particles, whose ultimate size
(at C) is thus limited by the amount of material available.
Since not all nucleii are formed simultaneously, they will
have been growing for different times when growth ceases
and consequently the final dispersion will be polydisperse.

2.3. PREPARATION OF SECONDARY DISPERSIONS.

In addition to a classification of dispersions based
upon the energy changes and mechanisms of their formation
as described in Section 2.2, Bikerman ) adopts a similar
classification relating to the practical aspects of

formation. The latter considers critical emulsions,

emulsions produced by condensation and emulsions produced



by mechanical dispersion.

2.3.1. Critical Emulsification.

If two liquids are completely miscible above an
'upper critical dissolution temperature' and partially
miscible below this temperature, then heating a mixture
of the two liquids to the vicinity of the 'upper critical
dissolution temperature' often causes appearance of
critical opalescence due to the formation of an emulsion.
Also, some systems exhibit a 'lower critical dissolution
temperature' when cooling from room temperature is regquired
to achieve partial miscibility. Such emulsions are fairly
stable at the critical témperature due to similar densities
and interfacial tensions of the dispersed and continuous
phase.

However, the strong temperature and system dependen-
cies inherent in this method of formation render it
unsuitable for most practical purposes.

2.3.2. Emulsification by Condensation.

This process is achieved by nucleation and growth as
described in Section 2.2. The nuclei may be natural
impurities of dust or smoke, or may be ions and other
seeds that are artifidally introduced, Even in the absence
of foreign matter, the nuclei may be spontaneously formed
by the aggregation of molecules into droplets of sub-
micron size. There are two basic types of emulsification
by condensation as illustrated in Fig.2.4 namely vapour
injection and the freeze-heat techniqgue.

Vapour injection consists of injection of a super-
saturated vapour of the dispersed phase using a jet orifice
which is submerged in the continuous phase containing a

suitable emulsifier. In this process, the vapour

condenses as micron-sized droplets, whose size and size
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distribﬁfioﬁgi§ aetermiﬁéd;b‘,ﬁhé ﬁé£pératdre and pressure
of the injected vapour and the diameter of the orifice 4 .
Careful seeding usually produces a fairly monodisperse
emulsion and subsequently this technique has been modified
for controlled aerosol formation.

The freeze-heat technigue or precipitation is often
manifested, under uncontrolled conditions as clouding of
either organic or aqueous bulk phases. Meissner and
Chertow > developed this technique for emulsification
which relies upon the temperature dependance of mutual
solubility of two liguid phases. This method involves
varying the temperature of an agitated mixture of the
organic and aqueous phases in a sealed system containing
an emulsifier until condensation occurs. This technigue
has been extensively employed in the laboratory for
evaluation of emulsion stabilisers 6’7’8. Hermanie and
van der Waarden ? have shown that monodisperse systems
are produced by this technique but rapidly become heter-
odisperse once formed. The method is extremely sensitive
to temperature and the geometry and materials of the
eguipment used lO‘

Condensation methods have not grown beyond the stage
of laboratory development due to the complexity of the
equipment required to adequately control the conditions
of formation. However, several practical technigues have
been evolved to disrupt the interface between two bulk
phases efficiently into many small droplets. Thus the
dispersion approach is commonly used in industrial and
laboratory preparation of emulsions for which a wide
range of emulsification eguipment has been developed.

: Ead
2.3.3. Emulsification by Mechanical Dispersion.

Mechanical dispersion is based on a two-stage



mechénﬁsm} In thé fifgfygiage,pa}dféplét is deformed in

a way characteristic of the system’as é whoie, and adopts
a cylindrical conformation. These cylinders, once formed,
become unstable when their length exceeds their circumfer-
ence. The second stage of spontaneous break-up which then
follows, the Rayleigh disproportionation, results in the
formation of a number of smaller drops. The effect of
system parameters on this elementary emulsification process
has recently been studied by Carroll and Lucassenll. The
extensive deformation of large drops, necessary for
initiation of the above process, is achieved by several
different methods in practice. The second stage of emuls-
ification may be delayed when external forces are continuous-
ly acting on the deformed drops during agitation. However,
if agitation ceases then spontaneous break-up occurs. This
advantage of interrupting agitation is employed in Brigg's
method of preparing emulsions in which polydisperse
systems of 50—100/pm. are produced by intermittenfly
shaking the two bulk phases, with rest periods between
shakes. Ford and Furmidge 12 have applied this technique
to the study of oil-soluble emulsifiers because of its
simplicity.

However, it is usually desirable to produce smaller
droplets in a short time which necessitates the application
of large velocity gradients using such techniques as
illustrated by Fig 2.5. One method of attaining the
required shear rate is to use a turbine rotor in a baffled
tank. Careful design of the geometry and materials of the
mixer produces a homogeneous turbulent flow field capable
of reducing the drop diameter to as‘low as 5 Fm' The
properties of the prepared dispersion also depend upon

the agitator speed and the physical properties of the bulk
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