and vice versa). The phase inversion point is therefore the dispersed phase holdup at
this interchange occurs.

PREDICTING PHASE INVERSION BEHAVIOUR
USING A MONTE CARLO TECHNIQUE

the difficulties in understanding the mecl which is responsible for phase
n, the ability to predict the point of phase inversion is severely limited. Studies on
ase inversion behaviour is affected by the various physical and physicochemical
sters are restricted due to the complexity in uncoupling the effects of individual
ers. Few attempts have been made to predict the phase inversion point theoretically,
mphasis being placed instead on developing empirical correlations. Nevertheless, there
siderable amount of variation between the results predicted by these correlations [1].
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Department of Chemical Engineering & Chemical Technology
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London SW7 2BY, UK.
pmputational models have been developed for predicting phase inversion behaviour.

ndi [2] attempted to simulate phase inversion of a dispersion existing in a thin annular
film flowing around a tube wall using a Monte Carlo method. In Juswandi's model, a
algorithm to the Metropolis Monte Carlo method [3] is used to generate a trajectory in

ABSTRACT. A stochastic model to predict phase inversion behaviour in agitated liquid space which samples from a chosen statistical ensemble

liquid dispersions is presented. The model uses a Monte Carlo technique to simulate
random motion and interactions of the drops in the dispersion taking into account
fundamental hydrodynamics of drop deformation, coalescence and break-up. Comparisons o
the results with those obtained experimentally indicate good qualitative agreement with

features being captured by the model.

ork attempts to incorporate the fundamental processes of drop hydrodynamics such as
nation, coalescence and break-up absent from the model of Juswandi [2]. Since a large
n of phase inversion research has concentrated on liquid-liquid dispersions in agitated
s, culminating in a vast amount of experimental data, our model describes a dispersion
ccurs in agitated vessels. The model is being extended to flowing systems.

NOMENCLATURE
METHODOLOGY

Symbols

K, K; K;  Constants
N Agitation speed (s)

| Approach

of the assumptions used in the algorithm by Juswandi [2] are retained: The drops
a spherical shape, having equal sizes correspondirg to the Sauter mean diameter, D,

Apy Az, A3 Coalescence probabilities
¢ Holdup ;
¥ Probability of drop lation resulting in inter-p ation and distributed uniformly in a face centred cubic configuration in the dispersion lattice.
2 Break-up probability
each dispersion morphology (water-in-oil and oil-in-water), a randomly selected drop in
Subscripts dispersion lattice is moved using a method somewhat similar to the Metropolis Monte
c Ty o method [3]. The drop is ch_ecked for the pqssihility of it coalescing with a neighbouring
d Dy ﬁase p, subject to the limitations given by the maximum stable drop size, Dpa (m). In the event
pe B coalescence, the coalesced drop is placed in the position of the neighbouring drop with
".r Impelleil' ich the selected drop has coalesced. Another randomly selected drop is then checked for
g Inlcrfa:cmi . possibility of break-up (and re-coalescence). If break-up occurs, one daughter drop is
i Inversion point ced at the original location of the mother drop whereas the other daughter drop is
domly placed. The steadz-statc drop size distribution is generated after a sufficiently large
mber of moves [~O(10°)] and the total interfacial energy for the dispersion is then
INTRODUCTION ulated. The process is )Lpeated for increments in theg)v;alcr holdup until the total
acial energy for the oil-in-water morphology decreases below that for the water-in-oil

A d:spgrsmn of two imlmlsmble liquids can exist in the form of two general morpho orphology. At this point, phase inversion from a water-in-oil dispersion morphology to an
depending on the conditions governing the system. A water-in-0il (w/0) dispersion -in-water dispersion morphology is assumed to take place.
when the aqueous phase is dispersed in the organic phase and an oil-in-water (o/w) di
is one in which the organic phase is dispersed in the aqueous phase. Phase inversion

when these states interchange (i.e. the dispersed phase inverts to become the cont
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Break-up & Coalescence Probabilities

The probability of drop break-up, 42 retained from the model of Juswandi [2], incorporates

both the hydrodynamic conditions surrounding the drop and the effect of viscosity:

Q=0. exp[_lﬂo‘_i Db-D,, +expl - &
Re A\D,,.-D,, H,

Re i§ the Rsyl]wlds number [defined by Re = a.ND/ /s where g. is the continuous phase
MS}I)' (kg/m’), N the agitation speed (s'), D; the impeller diameter (m) and g the
continuous phase viscosity (Pa.s)], D is the drop diameter (m), Dy, the minimum stable drop

diameter (m), and 4 the dispersed phase viscosity (Pa.s).

For two approaching drops with volumes ¥ and ¥ (m’) to coalesce, the intervening
continuous phase film must drain such that the film ruptures. This occurs when the contact

time is sufficiently long for the film to drain to the critical film rupture thickness. In
work, two models for the coal probability are used:

1. Coulaloglou & Tavlarides [4] - Based on a model for film drainage

ey

2. Sovové [5] - Based on the impaction of the colliding drops

where A, and A; are coalescence probabilities. These are combined to give a sin
coalescence probability, 4, as proposed by Sovova [5]:
AV, V)= AV, V) + 2V, V) - AV, V) AV, V')

K; and K, are constants, gy is the dispersed phase density (kg/m’), and & the interf:
tension (N/m).

phps

K,up DN’
Iz

p_z

2 K,oW¥ +v¥ )y +r)
2 = O DR PR T PR
PN DIVV (VR + ¥R

Drop Size Correlations

The correlation used for the maximum stable drop size, Dyar, was that of Shinnar [6]
the Sauter mean diameter, Dj,, is given by the correlation of Chen and Middleman [’
minimum stable drop size, Dy, below which drop break-up cannot occur was set 8
since values for Dy are very small compared to that for Dma. and because the probabil
drop break-up, equation (1), is relatively insensitive to Dy

Accounting for Drop Deformation

At high phase volume holdups when the disp ingly al
translation of drops without inter-p ible. The drops are th
allowed to inter-penetrate each other in the present model, this being interpreted &
‘deformation’ of the drops into prolate spheroids. The ‘deformability’ of the d
governed by a probability, ¥ given by:

ion b fe

oA,

el T )
K,p.N*DiD*

o )

stricts the random translation of the drops that result in larger degrees of inter-
ion. In equation (5), A4 is the change in the interfacial area (m’) as a result of
nation’ and K is a constant. The numerator represents the energy required to deform a
hereas the denominator denotes the total system kinetic energy available to induce-the
mation’ of the chosen drop.

n

DISCUSSION OF RESULTS

of Drop Initial Conditions

ations using different drop initial conditions such as the initial mean drop sizes, the
number of drops, the polydispersity and the initial packing state of the system indicate
total interfacial energy per unit volume tends to a stationary value after a significantly
number of random translations [8). This indicates that the energy states of the system

gely insensitive to the initial drop conditions. The drop size distributions however,
been found to be slightly sensitive to initial conditions [8]. These are due to the effects
different initial states on the coalescence and break-up probabilities which tend to have
anent effect on the final drop size distributions. Nevertheless, as phase inversion
ips in this model are governed mainly by the relative interfacial energies of each

ion morphology, it can be concluded that the inversion holdup itself is insensitive to

fop initial conditions.

et of Viscosity on the Inversion Holdup

o1

Figure 1. Inversion holdup as a function of the water to oil viscosity ratio
(equal density system). Note that the trendlines are added for clarity
rather than on a theoretical basis.
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sion tends to increase the difficulty of inversion. However, both Clarke and Sawistowski
13] and Norato ef al. [14] used liquids which have aqueous phase to organic phase viscosity
ios greater than 1. Our model predictions are therefore in good agreement with these
lts. On the other hand, it is not known as yet whether there are any experimental evidence
verify the predictions for the case where the waler o oil viscosity ratios are less than 1.

Figure 1 shows that as the dispersed to continuous phase viscosity is increased, the inversion
holdup, g, increases as observed by Selker and Sleicher [9]. These results are also in good
qualitative agreement with the scaling law of Yeh et al. [Il]] although it should be noted that
their experiments were carried out by shaking the dispersion lly. In the ab of
viscosity differences, the system inverts at a holdup of 0.5, in agreement with the predictions
of Ml:Clarey and Mansoori [1 1] As the ratio of dispersed to continuous phase viscosity is

d, the coal probability i for the w/o dispersion and decreases for the
ofw d1spers|on as a direct result of the increase in film drainage times. On the other hand,
from equation (1), the break-up probability, proportional to [exp(-/s)], decreases for wio
dispersions and increases for o/w dispersions. These result in larger mean drop sizes and
lower interfacial energies. Thus there is an overall downward shift in the energy curve of the
wio dispersion and a corresponding upward shift in the energy curve of the o/w energy curve
leading to a higher inversion holdup as illustrated in Figure 2. The reverse is true if the
dispersed to continuous phase viscosity is decreased.

WaberDil Viscosity Ratia = 10

Figure 2. Effect of increasing the water to oil viscosity ratio
on the w/o and ofw interfacial energies

It can be seen from Figure 1 that the holdup at whlch inversion occurs decreases as
agitation is intensified except for the case of N = 2.5 s™ when the oil viscosity exceeds
walter viscosity. However, the agitation speed for these conditions corresponds with very
Reynolds numbers in the laminar flow region. When the water viscosity exceeds the
viscosity, the flow is once again turbulent and the trends gradually become more and
consistent with the rest of the dataset. In general, the inversion holdup thus decreases
agitation speed and reaches an asymptote at high agitation speeds in qualitative a
with the experimental results of McClarey and Mansoori [11] and Quinn and Sigloh [12].

Figure 3. Effect of interfacial tension on the inversion holdup
for various water to oil viscosity ratios (equal density system)

Effect of Interfacial Tension on the Inversion Holdup

The effect of interfacial tension for an equidensity system is illustrated in Figure 3. ffect of Density on the Inversion Holdup
cases are evident: For water to oil viscosity ratios less than 1, increasing the interfs

tension causes the inversion holdup to increase whereas the reverse is true for water
viscosity ratios greater than 1; In the event of equal water and oil viscosities, intel

tension does not affect the inversion characteristics.

igure 4 shows the effect of varying liquid densities in an equal viscosity system. Inverting
the water-in-oil dispersion becomes increasingly difficult with increasing water to oil density
ratios. This is in agreement with the results of Chiang and Chen [15] who observed an
increased difficulty in inversion for water dispersed systems in which large density
differences are evident. It can also be seen that there is no effect of agitation speed on the
inversion holdup, an observation consistent with the study of Selker and Sleicher [9] on the
effect of kinematic viscosity on the ambivalence limits for an equal viscosity system.

The last observation is in agreement with Yeh er al. [10] who suggested that the in
holdup is 50% in systems in which forces other than interfacial tension are absent.
Clarke and Sawistowski [13] and Norato ef al. [14] have shown that lowering the inte
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Figure 4. ) Inversion holdup as a function of the water to oil density ratio
(equal viscosity system). Note that the trendlines are added for clarity
rather than on a theoretical basis

Drop Size Distributions

wever, makes comparisons of our model predictions with experimental observations

fficult.

CONCLUSIONS

have developed a Monte Carlo technique to predict phase inversion of liquid-liquid

persions in agitated vessels. This model, which takes into account drop deformation,

lescence and break-up, shows good agreement with observations obtained experimentally.

hough the hysteresis effects which are normally present in systems undergoing phase

ersion cannot be captured by the model, this model is nevertheless a promising basis
can be developed further to study phase inversion behaviour.
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Figure 5. Typical drop size distributions at phase inversion

Figure 5 illustrates typical distributions obtained at phase inversion for various s
conditions; we have found no single general shape for the drop size distributions

inversion point. The lack of data for drop size distributions near the phase inversion pe
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