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ABSTRACT

In this work the onset of Marangoni instabilities in liquid-liquid
systems with a reversible pseudo first—order chemical reaction taking place at
the interface is investigated. This type of system is a simplified model of
extractive processes of industrial interest in which Marangoni instabilities
have been observed.

Since in some systems the heat of reaction may be substantial,
thermally induced Marangoni flows were considered in addition to Marangoni
perturbations produced by local changes of interfacial tension.

In order to decouple possible gravitational instabilities due to the heat
of reaction and thermal Marangoni instabilities, experiments were conducted
in non-reactive systems under the microgravity conditions achieved in the
NASA KC-135 parabolic flights. Results indicated that thermal effects were
strong enough to induce Marangoni instabilities.

Stability criteria for the reactive system were derived by performing a
linearised stability analysis of the reactive system. Although heat effects
were at first included in the model the complexity of the resulting equations
made the stability analysis intractable.

Neglecting heat effects, a numerical analysis of the model covering a
wide range of conditions indicates that stationary instabilities can occur |
when the net flux is in the direction of the phase of higher diffusivity. The
inter-relation between molecular diffusivity and rate constant of chemical
reaction affects the minimum perturbation required to destabilize the system.
In all cases the presence of the interfacial chemical reaction made the

system more unstable than in the case of pure diffusional mass transfer.
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CHAPTER 1
INTRODUCTION

The need for the understanding of spontaneous interfacial phenomena
has been identified in several fields, such as: liquid-liquid extraction, crystal
growth from melts, separation of immiscible alloys, formation of fibres and
membranes and human biology.

Mass transfer across a liquid-liquid interface has been described in
terms of several theoretical models which assume simplified and idealised
conditions. For instance, in the design of contact equipment the incomplete
knowledge of the physicochemical and hydrodynamic effects at the phase
boundary has not permitted the development of correlations which would
allow a more accurate estimation of mass transfer coefficients. The problem
is further complicated by the presence in some systems of spontaneous
interfacial turbulence which produces greater mass transfer coefficients than
those predicted by theoretical methods.

Spontaneous interfacial turbulence may be due to the formation of local
interfacial tension gradients (Marangoni instabilities), the presence of
unstable density gradients (gravitational instabilities) or the interaction of
both these effects. ~While interfacial tension gradients may be created by
changes in interfacial concentrations, temperature or electrostatic charges,
density gradients may be due to variations in temperature or volume
contraction on mixing.

Marangoni convection has been studied for a wide variety of systems
and stability criteria to predict the onset of instabilities have already been
established for ternary and binary systems. However, although the stability
criteria for these two types of systems have been generally confirmed

experimentally, there have been disagreements which have



indicated that other destabilising mechanisms may be present. There is
experimental evidence that density gradients formed during the transfer of a
solute across a liquid-liquid interface play an important role in initiating
and promoting interfacial convection generated by interfacial tension
gradients. In addition heat effects due to heats of solution or heats of
reaction in systems with interfacial chemical reactions, may play an
important role in initiating interfacial turbulence. It is therefore important
to investigate the relevance of heat and gravitational effects on the
mechanism of interfacial turbulence so that they can be included in the
mathematical models developed to establish stability criteria.

The purpose of this work was to develop a theoretical model to predict
instabilities in liquid-liquid systems when a reversible pseudo first—order
chemical reaction occurs at the interface with the release of heat.

This work is divided into two main parts:

(i) Study of the interaction between Marangoni and gravitational
instabilities.

(ii) Mathematical modelling and stability analysis of a system with an
interfacial chemical reaction.

Part (i) was investigated by performing experiments in a gravitational
environment and under the microgravity conditions achieved in the NASA
KC-135 parabolic flights. Restrictions on the use of certain chemicals in
the parabolic flights led to the use of binary systems at this stage of the
work. In Chapter 3 results of these experiments are analysed and
interpreted.

In Part (ii) a linearised stability analysis for the reactive system is

performed and stability criteria are derived, when heat effects are neglected,



as described in Chapter 4.
A numerical analysis of the interfacial reaction model for a wide range

of conditions is reported in Chapter 5.



CHAPTER 2
LITERATURE SURVEY

The literature survey presented here is divided into three main
sections: Marangoni instabilities, gravitational instabilities and combined
Marangoni and gravitational instabilities. Under each heading only research

on liquid-liquid systems and relevant to the work in this thesis is included.

2.1 Marangoni instabilities

2.1.1 Systems with diffusional transfer

Marangoni instabilities are spontaneous interfacial phenomena caused
by interfacial tension gradients at the phase boundary. These gradients arise
from concentration, temperature or electric potential variations at the
interface.

The first to describe and interpret the phenomena was Thomson (1)
but it was Marangoni (2) who claimed its discovery.

It was much later that Sternling and Scriven (3) studied

mathematically the mechanism of interfacial turbulence in systems where a
solute is transferred between two immiscible phases and proposed stability
criteria for the prediction of the onset of Marangoni instabilities.

Sternling and Scriven's analysis showed that the stability of these
systems depend on the direction of solute transfer and that Marangoni
instabilities

"

are usually promoted by:

(1) solute transfer out of the phase of higher viscosity,



(2) solute transfer out of the phase in which its diffusivity is lower,

(3) large differences in kinematic viscosity and solute diffusivity

between the two phases,

(4) steep concentration gradients near the interface,

(5) interfacial tension highly sensitive to solute concentration,

(6) low viscosities and diffusivities in both phases,

(7) absence of surface active agents, and

(8) interfaces of large extent ".

The mathematical procedure for the derivation of these stability
criteria was based on a linear stability analysis and included the growth of
small roll cells at a plane interface. Several assumptions and simplifications
were made in this model, e.g. heat and density effects were not taken into
account. However, it was suggested how to include heat effects in the
analysis.

Comprehensive reviews of interfacial phenomena have been published
by Sternling and Scriven (4), Sawistowski (5) and Berg (6).

Sternling and Scriven's work was later extended by Cho and Jones (7)
who added heat effects due to heat of solution to the model. They
concluded that Marangoni instabilities were dependent on the relative
magnitude of the interfacial forces caused by temperature and concentration
gradients and the directions of the heat and mass fluxes.

A further investigation of Marangoni instabilities in ternary systems,
with the inclusion of heat effects was performed by Ortiz and
Sawistowski (8) who concluded that thermal effects can only induce
Marangoni instabilities when there is a release of heat at the interface in

systems where the variation of interfacial tension with concentration and



temperature is negative. However, it was found that the order of magnitude
of the temperature driven destabilising forces is normally too small to
modify the stability criteria established by Sternling and Scriven.

Pearson (9) proposed a mechanism for thermal Marangoni instabilities
to explain interfacial instabilities observed in thin films. According to his
mathematical analysis thin films can show Marangoni instabilities when the
thickness of the film is below a critical value.

Later, Ward and Brooks (10) explained the turbulence observed at an
interface where mass transfer occurred, in terms of the interfacial effect of
the heat of solution on the physical properties of the system.

The occurrence of Marangoni instabilities in binary liquid-liquid
systems, i.e. systems in which the solute is also one of the phases, was
considered theoretically impossible. In an isothermal binary system, if
equilibrium is assumed to be reached instantaneously at the interface, the
phase rule precludes any changes in interfacial concentrations.  However,
_ interfacial turbulence was observed experimentally by Merson and Quinn (11)
in binary systems where the solute diffused into a radially moving interface.
The authors interpreted the phenomena in terms of the Marangoni effect and
suggested that interfacial tension gradients could be due either to interfacial
concentration or temperature gradients caused by heats of solution.

Similar phenomena were observed by  Austin, Ying and

Sawistowski (12) who classified instabilities in binary systems into three
types, according to the intensity of the instabilities:
(1) stable systems — diffusional mass transfer;
(2) unstable systems — weak instabilities: rippling and deformation
of diffusional layer, slow movements;

(3) unstable systems — strong instabilities: violent movements.



Suggestions for the cause of the phenomena were heat effects due to
heats of solution and values of the dynamic interfacial tension, as these may
become very important during the relaxing time of the interface.

The classification of forty-six partially miscible binary systems
according to an increasing order of intensity of turbulence was performed by
Ying and Sawistowski (13) using Schlieren photography.

Anomalous values for mass transfer rates calculated for the binary
system furfural/water was reported by Davies and Thornton (14). Although
interfacial turbulence was hardly visible the increase in mass transfer rates
was substantial and attributed to Marangoni instabilities caused by the heats
of mixing.

Stability criteria for partially miscible binary systems were developed
mathematically by Ortiz and Sawistowski (15) (16). Their linearised
stability analysis indicated that a system is stable in both directions of
transfer provided the heat of solution and the rate of change of interfacial
tension with temperature are of the same sign and the kinematic viscosities
of the two phases are approximately equal. Instabilities were predicted
when mass transfer occurred out of the phase of higher viscosity.

Ortiz and Sawistowski stability criteria have been used by Hancock,

White and Spruiell (17) to explain the occurrence of fingering and fluted

void structures in wet spun fibres.

Aguirre, Klinzing, Chiang, Leaf and Minkoff (18) obtained temperature
profiles for binary systems by numerically solving a diffusion model where
they included the heat of solution and considered its non-linear relationship

with concentration. = Temperature difference predictions using this model



were to be found in agreement with experimental data from eight binary

systems.

In a series of papers, Thornton and co—workers (19) (20) (21) report

their quantitative investigations on the link between the rate of surface
renewal due to Marangoni instabilities and mass transfer coefficients. By
using a pendant drop they found that unless Marangoni instabilities were
present there was no surface renmewal. @ When Marangoni convection was
observed mass transfer coefficients increased with the rate of surface renewal.
Their experiments also showed that the rate of surface renewal decreased
with surface age leading to time dependent mass transfer coefficients. Under
the conditions of their experiments they suggested that this effect was not
likely to be due to surface contamination but to transient changes in the
interfacial region such as concentration variations in the layers adjacent to
the interface.

Recently, Thornton and co-workers (22) (23) have proposed an

equation for the mass transfer coefficients, derived from fundamentals, which
includes the rate of surface renewal due to Marangoni instabilities. —They
have also discussed the importance of time dependent Marangoni instabilities
on the generation of fresh surface in the design of high performance packed

towers.

2.1.2 Systems with chemical reaction

In liquid-liquid systems, where mass transfer not only occurs by
diffusion, but also by chemical reaction, the onset of Marangoni instabilities
may be due to interfacial tension gradients created by changes in

concentrations caused by the chemical reaction and/or heats of reaction.



In this section are included theoretical and experimental results
reported in the literature for different systems and several types of chemical
reactions.

Interfacial turbulence observed by Sherwood and Wei (24) in the
extraction of acetic acid from an organic solvent into an alkaline solution
was reported to be due to heat effects from the exothermal reaction. It was
also found that interfacial turbulence was a strong function of solute
concentration.

Heat effects were also reported to be the cause of the Marangoni

instabilities observed by Thompson, Batey and Watson (25) in the transfer

of nitric acid, uranyl-nitrate and plutonium nitrate from an aqueous to an
organic phase. Interfacial oscillations had also been noticed by Lewis and
Pratt (26) for the uranyl-nitrate system and they had also suggested that
the phenomenon was related to the heat evolved during the transfer, i.e.
heat of reaction.

In the extraction of uranium by TBP in kerosene, large irregular
drops at the top of a pulsed column were observed by Batey. Lonie,

Thompson and Thornton (27). The irregular behaviour was attributed to

Marangoni phenomena.
A mechanism for the onset of interfacial convection for the extraction
of uranyl-nitrate from an aqueous solution to an organic phase was proposed

by Thompson and Perez de Ortiz (28). According to their linearised

stability analysis of the system, the sign and magnitude of the interfacial
tension variation with both concentration and temperature and the enthalpy
of reaction are responsible for the onset of convection.

Pichugin, Tarasov, Arutiunvan and Goryachev (29) reported on the

instabilities observed in the extraction of metals (lanthanides and some

actinides) by di(2—ethylhexyl)phosphoric acid (DEPHA). The importance of
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the concentration of extractant on the onset of interfacial turbulence is
emphasized.

Spontaneous turbulence was also observed in the extraction of copper
by a mixture of DEHPA and its sodium salt, DEPANa, by Nakache,
Dupeyvrat and Lemaire (30) who attributed the phenomena to Marangoni
instabilities..

Nakache and Dupeyrat (31) (32) suggested that the turbulence

observed in the reaction of an alkyl ammonium ion with KI, KBr and picric
acid at an oil-water interface was due to Marangoni instabilities; the
interfacial tension gradients were proposed to have been created by the

oscillating reactions. Later, Nakache. Dupevrat and Vignes—Adler (33)

observed spontaneous motions at an interface between two immiscible liquids
when a chemical reaction was present. The interface was kept at constant
temperature and there was simultaneous transfer of two solutes, in opposite
directions, one of them surface active. The notion of "assisted desorption"
was introduced and defined as the "assistance" provided by an interfacial
chemical reaction which transforms a very adsorbable species, e.g. a
surfactant, into an easily desorbable one. The mechanism of instability
proposed includes adsorption—desorption steps as well as diffusional,
convective and chemical steps.

Another type of interfacial reaction was assumed in the studies by
Steinchen and Sanfeld (34) (35). The conditions for the onset of instabilities
when an autocatalytic reaction of the trimolecular type occurred at the
interface between two immiscible liquids was analysed theoretically. It was
suggested that the model studied could explain the deformation of biological

cells upon the reception of a chemical message. A similar system has also

been analysed by Devhimi and Sanfeld (36).
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Steinchen and Sanfeld (37) have also studied the motion induced by
surface—chemical and electrochemical kinetics and given conditions for the
onset of mechano—chemical instabilities.

The linear stability analysis of Steinchen and Sanfeld was extended by
Hennenberg et al (38) to allow for any chemical reaction. The authors
concluded that an unstable reaction may induce mechanical deformation of
the interface and that although this may be a necessary coﬂdition, it is not
a sufficient one because the chemical kinetics has to overcome the stabilizing
effects of viscosities and densities.

A model for the stability behaviour of a fluid drop immersed in
another fluid has been presented by Sorensen (39). Surface tension gradients
are considered due to bulk diffusion or surface diffusion of surfactants and
surface chemical reactions. This model predicts instabilities at low surface
tensions and when diffusion of surfactants is from the exterior solution
towards the inside of the drop. Importance is given to the application of
the model to the understanding of several phenomena, e.g. detergency,
tertiary oil recovery and cytologic phenomena in the living cell (chemotaxis,
cell division and pseudope formation).

Theoretically, Ruckenstein and Berbente (40) applied a linear stability

analysis to a system with-a bulk chemical reaction of the first order. The
authors found that the conditions for the occurrence of Marangoni
instabilities are very sensitive even to small values of the reaction rate

constant. However, general criteria could not be established.

2.2 Gravitational instabilities

Gravitational instabilities are due to density gradients which may

have been started by temperature changes or volume contraction on mixing.
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These instabilities were first observed at the beginning of this century by
Benard (41), who observed regular cell patterns on a thin liquid layer heated
from below. These phenomena, now also known as Benard instabilities were
later studied mathematically by Rayleigh (42), who based his analysis on
density stratification and derived a relation between viscous and buoyancy
forces. This relation, the Rayleigh number, had to exceed a certain limiting
value before any interfacial movements occurred. Benard cells could then be
predicted using Rayleigh's quantitative criteria.

Later, Austin and Sawistowski (43) published an analysis for ternary

systems, on the effects of density and direction of transfer on the
gravitational stability of an interface. = Their results are summarized in
Table 2.1, where all the possible combinations of density and direction of
transfer are presented.

The importance of the interaction between gravitational and
diffusional processes was reported by Mel (44). The phenomena of '"droplet
_ sedimentation" in a continuous flowing system where an enzyme—substract
reaction occurred was explained. He also mentions the importance of the
lack of those instabilities in biological functions under a microgravity

environment.

2.3 Combined Marangoni and gravitational instabilities

A liquid-liquid system may also show turbulence at the interface due
to the combination of Marangoni and gravitational instabilities.  This
turbulence may be caused by the added effects of interfacial tension and
density gradients at that interface.  Therefore, the onset of Marangoni

instabilities, for certain systems, can only be clearly understood when
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gravitational effects can be considered negligible. Density gradients may be
excluded from experimental conditions in Earth laboratories, by changing the
compositions of the phases in the system to be studied, or by performing
experiments in a microgravity environment. Microgravity conditions are
achieved in orbiting laboratories, sounding rockets, drop towers or parabolic
flights. Extensive work has been done in this field and some references are
mentioned in this literature survey. |

Research in convection phenomena in fluids heated from below was
reviewed by Ostrach (45), who also pointed out the importance of the
phenomena in the following fields: meteorology, astrophysics, aeronautics,
chemical engineering, nuclear power and electronics.

Pearson (9), as previously mentioned, observed that under certain
conditions the promotion of interfacial movements in some systems, was due
to local changes in surface temperature which affected the surface tension.
The mechanism of thermal instability, according to his mathematical
analysis, is dependent on the thickness of the liquid layer: thinner films
produce Marangoni type instabilities and deeper films buoyancy driven flows.

The importance of gravitational instabilities leading to surface renewal

and to surface tension driven instabilities was later discussed by Austin (46)

who investigated thirty-three binary systems and observed some very
unstable interfaces in systems which exhibit volume contraction on mixing
e.g. transfer of acetylacetone into water.

In ternary systems, the interaction between buoyancy and interfacial
tension driven instabilities was investigated experimentally by Berg and
Morig (47). Density differences were obtained by changing the composition
of the phases. They concluded that when density forces were stabilising in
a phase, convection was confined to a zone adjacent to the interface.

When, according to Sternling and Scriven's stability criteria, convection
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should have been present roll cells appeared which were damped and
regenerated. When density forces were destabilizing, deep streamers were
produced and convection in the form of roll cells was not present.

Experiments also performed with ternary systems, but under the
microgravity conditions achieved in sounding rockets (Texus programme),
were reported by Bruckner (48) (49). The results obtained were the ones
predicted: less interfacial convection under microgravity than under
gravitational conditions and violent interfacial convection was observed when
the rocket was approaching the earth's surface.

The feasibility of producing dispersion alloys from binary systems with
a miscibility gap was investigated by Walter (50). Results from experiments
also conducted during the flight of Texus sounding rockets were reported.
Under earth gravitational conditions, metallic dispersions are largely
separated in their components due to sedimentation and buoyancy during
cooling, through the miscibility gap. Under microgravity, samples were
found with components largely separated. This separation, in the absence of
buoyancy forces, is mostly attributed to Marangoni convection.

Fredriksson (51) has also studied, under microgravity, the effect of
surface tension on the precipitation of droplets in immiscible alloys. Droplet
movements caused by Marangoni convection produced a coarser structure of
the alloy, due to collision of droplets. In low gravity these droplet
movements become very important.

Also under microgravity conditions, Schwabe and Scharman (52) (53)
(54) measured the critical Marangoni number for the transition point from
laminar to oscillatory convection in a liquid bridge with free cylindrical

surface (floating zone). They reported a critical Marangoni number of
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approximately 10* and although the features of the oscillatory state of
Marangoni convection seemed to be independent of gravity the critical
Marangoni number (Ma) depends on the magnitude and direction of the
buoyancy force.

In the German Spacelab Mission D1, Siekmann, Wozniak, Srulijes.
Nahle and Neuhaus (55) carried out an experiment to obse;ve bubble and
drop motion induced by Marangoni convection. They concluded that for
Marangoni numbers up to Ma = 300 and Reynolds number Re = 0.4,
Marangoni convection could be applied for degasing of liquids under
microgravity conditions. The authors also concluded that they found no
indication that this type of convection could be used for the separation of
liquid-liquid dispersions.

For most liquids, surface tension decreases with temperature.
However, there are cases in which surface tension present extrema in their
surface tension vs. temperature curves. In this category are included: liquid
alloys, ceramics, some ionic surfactants and aqueous solutions of fatty
alcohols.  The influence on Marangoni convection for the case of a
water/n-heptanol solution which shows a surface tension minimum was
investigated by Legros, Limbourg-Fontaine and Petre (56) (57) and by
Villers and Platten (58) (59). The latter authors studied experimentally,
using a laser velocimetry technique, Marangoni and gravitational turbulence
in a fluid confined in a rectangular horizontal cavity. A horizontal
temperature gradient was imposed between the lateral walls of the cavity
where the solution of water/n-heptanol was enclosed . Movements at the
interface should be from cold to hot regions, but they proved that for

different layer thicknesses the behaviour changes: gravitational convection is
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favoured by thick layers and Marangoni convection by thin layers, which is
in agreement with Pearson's mathematical analysis for thermal instabilities.
For thicknesses of middle range two counter-rotating convective cells were
observed.

A theoretical discussion of Marangoni and gravitational instabilities
with emphasis on the role played by negative Rayleigh (Ra) and Marangoni
(Ma) numbers was published by Lebon and Cloot (60). The authors
concluded that surface tension gradients have destabilising effects when Ra
and Ma are positive but they are stabilising when Ma is negative. When
Ra and Ma are negative there is unconditional stability.

A numerical analysis of simulated unsteady Marangoni flows was

performed by Napolitano. Golia and Viviani (61) and attention was focused
on the time evolution of the wvelocity and temperature fields. This
theoretical/numerical model is in good agreement with results from the
Spacelab Mission D1 experiments, by the same authors (62).

It is interesting to mention some other published work in this field
although it does not necessarily involve liquid-liquid systems.

The effects of non-uniform volumetric energy sources, temperature
dependent viscosity and surface tension on Marangoni instabilities in a fluid
layer, when a non-linear temperature profile is imposed from external
incident radiation was recently investigated by Lam and Bayazitoglu (63).
Critical conditions for the onset of the instabilities in a microgravity
environment were determined using a linear stability analysis. It is
concluded that the stability of the system depends on the sign of the
viscosity variation with temperature; that the amount of heat generated

internally in a phase, when external radiation is absorbed, is a destabilizing



17

effect while the degree of heat transfer from fluid to gas interface is a
stabilizing factor.

Also recently, Oliver and Dewitt (64) demonstrated that irradiant

heat may be exploited to induce droplet motion in a microgravity
environment. The droplet was considered opaque and when it absorbed
incident irradiant energy, temperature gradients were formed at the interface
with consequent formation of interfacial tension gradients and droplet
motion. An equation for the bulk droplet velocity is included and it is
suggested that although the values predicted for the drop velocity are much
smaller than those that would be important in most density gradient flows
on earth, the surface tension driven velocities may be very significant in a
microgravity environment.

The effects of a magnetic field and density on the critical Marangoni
number and on the critical wave number in an electrically conducting
horizontal liquid layer have been studied by Maekawa and Tanasawa (65).
They found that the onset of Marangoni convection was suppressed by a
magnetic field and that the distance between each convection cell became
shorter as the magnetic field increased. A relation between critical
Marangoni number and Rayleigh number was also derived.

Marangoni and gravitational convection were also investigated by
Turner (66). He considered both gradients of temperature and concentration
parallel to the body force direction, in order to explain some unusual
phenomena such as salt finger and salt fountains in deep sea ocean.

In an experimental investigation Lee et al (67) studied fluid flows
generated by natural convection due to the combined horizontal temperature

and concentration gradients in rectangular enclosures. For the lower and
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higher buoyancy ratios a unicell flow pattern was observed and for
intermediate ranges of buoyancy ratio a multi-layer flow pattern was
observed. For this regime they obtained interesting temperature and

concentration profiles.
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Gravitational stability

Relative value of | Dir. of transfer Side A of Side B of
solute density interface interface
Ps<pa<pb A-B stable stable’
B- A unstable unstable
pPa<ps<pb A-B unstable stable
B-A stable unstable
Pa<pb<ps A-B unstable unstable
B-A stable stable

TABLE 2.1
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CHAPTER 3
MARANGONI INSTABILITIES UNDER MICROGRAVITY

3.1 Mechanism of interfacial turbulence

Marangoni instabilities are interfacial flows caused by local variations
of interfacial tension, which may be due to changes in interfacial
concentrations, temperature, interfacial electrical charge or a combination of
these.

A general simplified mechanism for Marangoni instabilities is
represented in Figure 3.1 for a system where a solute S, which positively
adsorbs at the interface, is transferred from Phase A to Phase B at steady
state. If mass transfer is accompanied by heat effects temperature as well
as concentration profiles will develop as shown in Figure 3.1a. For the sake
of simplicity only the effect of wvariations of interfacial tension with
concentration on interfacial stability will be discussed. A plot of interfacial
tension vs concentration is also given in Figure 3.1a for the system under
consideration.

Ever present small movements in the phases (Figure 3.1b) may bring
fresh material from the bulk to the interface, thus changing locally the
interfacial concentrations and producing interfacial gradients. For instance, if
an eddy brings fresh solute from the bulk of Phase A into an interfacial
Point 2, the renewed interface at that point will have a lower interfacial
tension than the neighbouring Points 1 and 3. The interfacial tension
gradient (7; — 7b) causes a rapid spreading of material out of Point 2 at
the interface (Figure 3.1c). This spreading motion compresses the adsorbed

solute molecules at Points 1 and 3. Secondary interfacial tension gradients
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are then created and the net change in solute concentration at Points 1
and 3 will depend on the ratio of viscosities and diffusivities of the two
phases. Assuming that at Point 1 (and similarly at Point 3) the conditions
will then be that C A > C Ay i.e. 1 < 7, spreading will occur again but
the movement will be in the opposite direction. This reverse movement
may be either gentle, in which case it is damped and the system remains
stable, or strong in which case turbulence will be observed in the form of
eruptions. If the physical properties of the systems are such that 7 > 79,
then the motion will continue in the form of roll cells. A thorough
description of the mechanism of instabilities based on the role of the
physical properties of different systems, is given by Sternling and
Scriven (3).

As discussed in Chapter 2, Sternling and Scriven (3) derived criteria
for the prediction of the onset of Marangoni instabilities for a single solute
transferring between two immiscible phases, in the absence of heat effects.
They also suggested a way to include heats of solution in their model. If
the system is binary, i.e. one of the phases is also the solute and interfacial
equilibrium is assumed to be attained instantaneously, under isothermal
conditions the phase rule does not allow changes in interfacial concentrations,
thus precluding the formation of any interfacial tension gradients. These
systems should therefore be Marangoni stable. Experimentally, however,
turbulence was observed by several workers (12) (14) who explained it in
terms of either variations in interfacial tension due to temperature gradients
caused by heats of solution or by dynamic changes of interfacial tension.
Ortiz and Sawistowsky (15) (16) performed a stability analysis of binary
liquid-liquid systems based on thermal Marangoni disturbances and developed

stability criteria.
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With reference to the temperature profiles in Figure 3.1 and taking
into consideration the wvariation of 4 with T in binary systems, the
mechanism of thermal instability is similar to that caused by local changes
in interfacial concentration. The eddies from the bulk create points with
different interfacial temperatures leading to interfacial tension gradients.
Spreading may lead to either interfacial stability or to sustained interfacial
turbulence depending on the relative values of the physical properties, which
now include the thermal diffusivities of the two phases.

The stability criteria previously mentioned for ternary and binary
systems have been derived assuming negligible density effects.  However,
gravitational instabilities may also play an important role in the interfacial
stability and may explain disagreements between predicted stability
behaviour and experimental observations.

In binary systems, in particular, in which the proposed destabilizing
mechanism is purely thermal, the relevance of gravitational effects on
interfacial convection must be established since they may be the only
destabilizing mechanism.  Besides, in some of these systems there are
substantial volume changes on mixing which could create unstable density
gradients.

Gravitational instabilities due to volume contraction on mixing were
reported by Austin (43) to be sufficient to cause interfacial instabilities. He
also suggested that gravitational instabilities may lead to the onset of
Marangoni instabilities, i.e. structured convection rather than random eddies
may initiate Marangoni convection.

The interaction between the two types of instabilities when
simultaneously present is very important as it may enhance interfacial

turbulence (43) (47) (68).



23

Visually, Marangoni and gravitational instabilities are clearly different:
gravitational instabilities are characterized by low frequency of motion and
high depth of penetration, whereas in Marangoni instabilities the intensity of
motion is high and the depth of penetration is low.

If thermal Marangoni disturbances were proved to be, on their own,
strong enough to destabilize a liquid-liquid interface their effect could not be
ignored in the mathematical stability analysis of extraction systems with
interfacial chemical reaction, in which the heats of reaction could be an
order of magnitude greater than the heats of solution.

Under normal gravitational conditions it is difficult to separate
Marangoni from gravitational effects. However, if experiments were
performed without gravity, only Marangoni instabilities could destabilize the
interface, since convection due to unstable density gradients could not
develop. In this way, Marangoni and gravitational instabilities could be
decoupled.

Experiments under microgravity conditions can be conducted in orbiting
spacelabs, drop towers, sounding rockets and parabolic flights. These
facilities are available to European research workers through the European
Space Agency (ESA). Thus a proposal was submitted to ESA for
experiments on thermal Marangoni instabilities to be included in their

ESA-NASA parabolic flights campaign in the United States.

3.2 Investigations under microgravity

The importance of the study of Marangoni instabilities under
microgravity conditions has been widely recognized as shown by substantial

number of investigations published in several areas,e.g. crystal growth from
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melts and separation of immiscible alloys. However, up to now, the only
publication related to solvent extraction is that of Bruckner's (48) (49) who,
as mentioned in Chapter 2, reported experiments performed on ternary
systems under the microgravity conditions achieved in sounding rockets.

The investigation of thermally driven interfacial turbulence in
liquid-liquid binary systems under microgravity conditions has never been
performed before. Thus, the purpose of this study was to decouple, under
microgravity conditions, gravitational from thermal Marangoni instabilities in
order to establish their relative importance in the onset and sustenance of
interfacial convection.

The experimental work presented here was carried out in the
microgravity environment provided by the NASA KC-135 parabolic flights in
Houston, USA.

3.3 Selected systems

Binary systems are the only type of liquid-liquid systems in which
Marangoni instabilities have been attributed to purely thermal effects. It
has also been suggested that the interfacial turbulence observed in the
extraction of uranyl-nitrate with tri-n-butylphosphate in odourless kerosene,
a system with chemical reaction, may be also due to thermal Marangoni
disturbances (28). However, due to safety restrictions on chemicals allowed
on board the aeroplane, this system was not permitted to be flown.

The transfer of material from the organic to the aqueous phase was
investigated for two  binary  systems:  acetylacetone/water  and
ethylacetoacetate/water. The choice of these systems was based on their

physical properties and the type of turbulence which had been previously
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observed under gravity. Acetylacetone/water has been classified (12) as an
unstable system with violent interfacial movements when the direction of
transfer is from the organic to the aqueous phase; for the same direction of
transfer, ethylacetoacetate/water shows weak instabilities (12). Both systems
exhibit volume contraction on mixing, according to their physical properties
which are shown in Table 3.1; thus they were both expected to exhibit
gravitational instabilities.

The system acetylacetone/water was one of the systems selected by
Ortiz and Sawistowski (16) to compare predicted and observed interfacial
behaviour. The transfer of acetylacetone into water was predicted unstable.

There are no predictions for the system ethylacetoacetate/water.

3.4 Parabolic flights

The trajectory of a KC-135 aeroplane while performing a parabolic
flight is sketched in Figure 3.2. The parabola profile is executed from an
altitude of 8,000 metres to an altitude of 11,000 metres. In the ascent the
aeroplane flies with a 450 "nose high" angle, for 20 seconds, during which a
1.8-2.0 gravitational force is experienced. @ This is followed by a 25-30
seconds period of microgravity which is achieved by manoeuvring the free
fall of the aeroplane just leaving the engines on to compensate for the effect
of the air drag. A dive at a 45% angle follows and a 1.8-2.0 gravitational
force is experienced again. The microgravity level achieved is 10-2 — 10-3.
Figures 3.3 and 3.4 show the angles of the KC-135 while executing the
descent (y—g conditions) and the ascent (2—g conditions).

The experiments reported in this work were performed during three

different parabolic flights. In each flight 25 parabolae were executed.
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3.5 Experimental
3.5.1 Experimental set—up

Figure 3.5 shows a sketch and photograph of the experimental set—up
which consisted of a frame on which the light source, photographic camera
and test cell were mounted. The frame was made of aluminium and was
bolted firmly into the aeroplane floor. Light was produced by an Olympus
microscope lamp and the camera used was a Minolta 7000. This camera
had a "computerised back" which provided the option of continuously
photographing the subject at a preset time interval.

The purpose of this set—up was to allow the rays of light to cross the
liquid-liquid interface and produce an image which was captured by the
photographic camera. The use of a Schlieren system was considered, at
first. However, the decision to use the set—up presented here was based on
its compactness and the quality of the images obtained during experiments
performed prior to the microgravity work.

Although the experimental set—up was very simple, the alignment and
focusing of the light on the interface was a long and tedious procedure. A
slight change in the incidence of the light on the interface can drastically
modify the clarity of the photographs taken. It was also difficult to focus
the camera on the interface, because the interface was only formed when the
experiment commenced.

Two different types of cells were used as described in the following
sections. In one cell the interface was flat and in the other a drop was

formed.
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3.5.1.1 Bicylindrical cell

Figures 3.6 and 3.7 show a schematic drawing and a photograph of the
bicylindrical cell. This novel cell was specifically designed for the
microgravity experiments performed in this work. Its main design
characteristics were the following:

(i) the two phases were tightly separated before contact;

(ii) the cell could be filled leaving no air inside the chamber neither
before nor after phases contact; this was thought to prevent
phase mixing under gravity changes.

Using this design two cells were constructed: one made of brass and
the other made of stainless steel. In both cases the body of the cell was
cylindrical and had a cylindrical extension which enclosed a PTFE rod
containing one of the liquid chambers. This "piston like" rod could be
pushed into alignment with the top chamber which was located in the main
body of the cell. Two windows made of optical glass allowded photographs
to be taken in a direction perpendicular to the interface.

During the experiments, a flat interface was formed between the two
liquid phases by pushing the "piston like" chamber containing the aqueous
phase into contact with the organic phase which was contained in the top
chamber.

A shortfall of this cell design is that despite a careful, slow, pushing
movement of the "piston" there was always a slight initial perturbation of

the interface due to shear stresses.

3.5.1.2 Drop cell
Figure 3.8 shows a photograph of the drop cell. It consists of a

stainless steel cell with two rectangular Schlieren glass windows. A syringe
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with a stainless steel needle could be inserted at the top of the cell. A
drop of the organic phase was formed at the end of the stainless steel needle

and suspended in the aqueous phase contained in the cell.

3.5.2 [Experimental procedure

The organic phases were pre-saturated with water so that the only
mass transfer observed was from the organic phase into the water.

A fresh interface, between the organic and the aqueous phase, was
formed and photographed in gravity environment and the same operation
performed under microgravity. In some experiments, the same interface was
continuously photographed under microgravity and while gravity environment

was re—established.

3.6 Results and discussion

The duration of the microgravity period for each parabola was
25-30 seconds. Although short, this period was long enough to observe the
effect of microgravity on the interfacial behaviour of the two systems
studied. During the three flights, depending on the weather conditions and
the pilot's abilities, there were fluctuations in the level of microgravity. An
example of this may be seen in Figure 3.9, for one parabola.

Many photographs were taken some of which were selected to be
discussed in this chapter.

Each binary system investigated will now be considered, in turn, in the

next two sections.
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3.6.1 Acetylacetone/water

Figure 3.10 shows a sequence of frames, taken at 2 second intervals, of
a drop of acetylacetone in water under gravity conditions.  Marangoni
instabilities were observed in the form of eruptions, quite close to the
surface of the drop (frame 1), which develop into streams (gravitational
instabilities) due to density differences (frames 2 and 3). The turbulence
observed lasted for several minutes.

A sequence of frames, taken at 1 second intervals under microgravity,
is shown in Figure 3.12. Turbulence is confined to the area surrounding the
drop and has almost disappeared after 8 seconds. A decrease in Marangoni
turbulence with time has been reported by Rogers, Thompson and
Thornton (69), and Javed, Thornton and Anderson (23), for suspended
aqueous drops in organic phases. They suggest that this decrease may be
due to accumulation of solute in the interfacial region with the consequent
decrease in mass transfer driving force and/or to interfacial ageing effects.

Similarly, using the bicylindrical cell under gravity conditions, the
photograph of the flat interface in Figure 3.13 shows small convection cells
surrounded by larger omes. Under microgravity the same system shows
small convection cells, which seem to indicate that they were due to
Marangoni instabilities, while larger cells resulted only from the combined
effect of Marangoni and gravitational instabilities.

The observation of this system under microgravity conditions indicates
the onset of instabilities in the absence of gravity.

Therefore, in microgravity, interfacial tension gradients caused by
temperature differences at the interface are, for the acetylacetone/water

system, strong enough to initiate and sustain interfacial turbulence. The
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increase in duration and intensity of the instabilities under a gravity
environment might be due to an increase in the rate of surface renewal
caused by gravitational instabilities. The interaction between the two types
of instabilities may be an additional factor for the difference in interfacial
behaviour under microgravity and gravity environments.
It may then be concluded that the acetylacetone/water system:
(i) is unstable with respect to Marangoni instabilities in the absence
of gravitational instabilities;
(ii) that gravitational instabilities not only enhance turbulence, as
expected, but also sustain it for a longer period;
(ili) and that Marangoni instabilities do not need to be triggered by

gravitational instabilities.

3.6.2 Ethvlacetoacetate/water

Figure 3.11 shows a sequence of frames taken at 2 second intervals
- under gravity conditions. Figure 3.14 shows a sequence of frames taken at
1 second intervals under microgravity. The drop in the second series of
photographs was continuously photographed, throughout and into the
re-establishment of a gravity environment, as may be seen in Figure 3.15.

It is worth mentioning that because of the difference in the densities of
the two phases, it is easier to observe the system when the drop of the
more dense phase, i.e. ethylacetoacetate, 1is injected upwards.

While photographing the sequence in Figure 3.15, a large air bubble
was created at the top of the drop. Air bubbles, which under microgravity
were randomly distributed within the drop (see Figure 3.14), moved to the

top of the drop once the gravity environment was re—established.
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This system has been classified (12) as presenting weak instabilities
under normal gravity conditions. From the photographs taken, it may be
concluded, that in microgravity, this system hardly showed any interfacial
convection. However, when a gravity environment was re-established the
system became turbulent.

From the observation of the behaviour of the ethylacetoacetate/water
system under microgravity, it may be concluded that density gradients,
either due to volume contraction or temperature gradients, seem to be the
cause of the onset of the instabilities observed in a gravity environment.

There is no theoretical prediction for the stability of this system with
respect to Marangoni disturbances. It would be interesting to know its
heats of solution so that the criteria proposed by Ortiz and Sawistowski
could be used to predict the interfacial behaviour of this system.
Unfortunately values for the heats of solution are not available. If the heats
of solution were such that the system were predicted unstable, perhaps
stagnant layers of material at the interface would prevent any manifestation
of interfacial turbulence until gravitational instabilities penetrated through
that barrier. If the system were predicted Marangoni stable, then the
turbulence observed under gravitational conditions would be purely

gravitational.

3.7 Conclusions

The conclusions obtained from the observations of the two binary
liquid-liquid systems under microgravity are as follows:

Temperature gradients alone are sufficient to induce interfacial tension

gradients that initiate Marangoni instabilities. Once initiated they were of
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shorter duration than instabilities developed under gravitational conditions.
Gravitational instabilities, when present, enhanced the rate of surface
renewal, thus helping to sustain interfacial convection.

The above conclusions indicate that if thermal Marangoni disturbances
are strong enough to destabilize binary systems they could also induce
instabilities in systems with heats of reaction.

For the ethylacetoacetate/water system the instabilities were very weak
and hardly visible under microgravity. Values for the heats of solution have
not been found in the literature, thus making it impossible to use stability
criteria to predict the interfacial behaviour of this system. Therefore, the
system is either only gravitationally unstable or, if Marangoni unstable,

instabilities have to be initiated by gravitational flows.
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p2sc (kg m3)

pure

prase (kg m3)

saturated water

(*) Handbook of Chemistry and Physics

water 997.0 (*)
acetylacetone 972.0 (*) 1001.3 (***)
ethylacetoacetate 1030.0 (*) 1000.6 (**)
TABLE 3.1

(**) Institution of Chemical Engineers, PPDS service

(***)  Austin (46)
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View of the bicylindrical cell
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FIGURE 3.7b

View of the assembled bicylindrical cell

FIGURE 3.8

View of the assembled drop cell
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CHAPTER 4
MATHEMATICAL ANALYSIS

4.1  Introduction

In this chapter a mathematical stability analysis is applied to a
system which consists of two immiscible liquid phases with a reversible
chemical reaction occurring at the interface.

The procedure presented in this work follows the linear stability
analysis used by Sternling and Scriven (3) in their study of Marangoni
instabilities in a liquid-liquid system with diffusional mass transfer.

The mathematical description of the unperturbed system entails the
combination of the equations of motion, molecular diffusion and chemical
reaction with and without heat effects. Perturbations are then introduced in
these equations that lead to a characteristic equation which describes the
evolution of the perturbation with time.

In this chapter a characteristic equation for the case of an isothermal
system is obtained and conditions are given for the development of a
characteristic equation for a system with heat effects.

The mathematical manipulation of terms was performed using an
Amdah] computer and the software package "REDUCE'". Computer
programs written for the algebraic development of the theoretical equations,

for the isothermal case, are included in Appendix A.

4.2 Linear stability analysis

The model studied is a two—dimensional -configuration of two

semi—infinite immiscible liquid phases in contact along a plane interface.
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The phases are in thermal equilibrium and there is a chemical reaction at
the interface. A very simplified form of a chemical reaction has been

considered and is represented by
-
A+B_P

The interfacial chemical reaction is assumed to be a pseudo-first order

reversible reaction, thus the flux is given by
Na = k'l Ca, - k2 CP

The chemical reaction may or may not be accompanied by heats of
reaction and the concentration and temperature profiles are assumed
independent of time. The concentration of B (extractant) is considered in
excess. A schematic drawing of the concentration and temperature profiles

are shown in Figure 4.1.

FIGURE 4.1
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The system is initially undisturbed and an analysis is to be made of
the response of the system when two—dimensional infinitesimal disturbances
are introduced. @ When the disturbances grow with time, the system is

unstable and when they decay the system is stable.

4.2.1 Equations of motion
The Navier-Stokes equations for an incompressible Newtonian fluid in

the absence of body forces and for two—dimensional flow are

guf-i—u-g%+v-gu§ l-ng+ (g}%’- -g;%) (4.1)

B‘J““K“L"gvi— %+ (-g;} %2—,}) (4.2)

The system 1is initially quiescent (creeping flow) therefore the
non-linear terms in Equations (4.1) and (4.2) may be neglected and the
pressure terms may be eliminated by cross—differentiation.

Subtracting Equation (4.1) from Equation (4.2)

Pv_ 63v 63v _ 0%y d%u (4.3)

Introducing a stream function ¥

u=-gy and v = -g% (4.4)
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so that the continuity equation
Qg % =0 (4.5)

is satisfied, Equation (4.3) becomes

a3y o3y 04V MV 04V
gioxz T oy = VY ['&T + 2 gy t g7 ] (4.6)

A solution for ¥ in Equation (4.6) will be assumed to be of the form
U = (x) eixy ebt (4.7)

where: ¢ is the x—component of the perturbation; a = 27x/A is the
wavenumber; A is the wavelength and [ is the growth constant of the
perturbation.

Substituting Equation (4.7) into Equation (4.6) the Orr—-Sommerfeld
equation is obtained for a two—dimensional disturbance in an initially

quiescent medium,
Y -2 a2 o' + ot p = E% (a ¢"- o4 o) (4.8)

A new variable X = ox may be introduced to simplify Equation (4.8)

which then becomes

(,9”“ -9 (P” + Y = _5% (02 (P” - A 99) (49)
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The solution for Equation (4.9) when £ # 0 is

@ = A ex + As ex + A3z ePx +A4 ePX (4.10)
and for § =0
0= As ex + Ag ex + A7 x ex + Ag x ex (4.11)
where p = J 1 + g > and the constants A; to Ag have to be evaluated

from boundary conditions.

4.2.1.1 Assumptions and boundarv conditions

It is assumed that:

— the interfacial tension is sufficiently high for the interface to keep
planar;

— the disturbance stays finite at large distances from the interface
(boundary conditions (1) to (4));

— the interface (x=0) is a streamline (boundary conditions (5) and
(6));

— there is no slip at the interface (boundary condition (7));

— there is continuity of tangential stress at the interface (boundary
condition (8));

These assumptions may be expressed in the following boundary

conditions:
(1) up(w) = 0
(2) ua(-w) = 0
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(3) vplw) = 0

(4) va(-) = 0

(5) up(0,y,t) = 0

(6) up(0,y,t) = ua(0,y,t)
(7) ve(0,y,t) = va(0,y,t)

(8) Txya —Txyp — agﬁ

4.2.1.2 Hvdrodynamic boundary conditions

To calculate the constants in Equations (4.10) and (4.11) the above

boundary conditions may be redefined using Equations (4.4) and (4.7):

(1) vp(w) = 0

(2) pa(-w) =0

(3) vp'(w) =0

(4) pa'(=) = 0
(5) wp(0) =0

(6) wa(0) =0

(7) wp'(0) = a'(0)

)

(8 Txya — Txyp = 7-;;16(-7” at x =0

The shear stresses on each side of the interface are defined as:

2

rve = we (2 + 500 = wp gz - GlB) @12)

& T H&) = ke (gi—%’—a - %%%) (4.13)
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The dynamic interfacial tension oyy, according to the Boussinesq

formulation (70), depends on the rate of deformation of the interface:
oy = 00 + n(g"y+gg) +\~(§Vy-g§) at x = 0 (4.14)

ayy=ao+u(-gvy)=ao+ps(-g?g—i) at x =0  (4.15)

and

v = 000 1y (25 (4.16)

Considering the static interfacial tension as a function of the

concentrations of the two components and temperature,

dog _ 0og 0C dog 0C dog 0T
T d oy ey taray D

and substituting Equation (4.17) in Equation (4.16)

do dogy 6C dog 0C dog 0T 03
=@t n gy t s ('5;5)%) (4.18)

After the substitution of Equations (4.12), (4.13) and (4.18) into

boundary condition (8), this becomes

dog 0C, , dog 0C dog 0T 03 _
(G2 o5 + 36 oy + 9y + e () =

2, 520, 020y _ 92Uy,

= Ha (W - _572) iy ) (aXQ - Jy 2 (4.19)
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Using boundary conditions (1) to (6), for § # 0

Yp = Ay (X — ePpX) for x >0 (4.20)
wa = A (eX — ePyX) for x <0 (4.21)

Ay can be eliminated with boundary condition (7) so that

vp= — Ag H%gg (ex — epyX )} for x < 0 (4.22)
a
Similarly for g = 0
op = Ag x ex for x>0 (4.23)
wa = Ag X €X for x <0 (4.24)
Combining Equations (4.7), (4.19), (4.20) and (4.22) and introducing

doy - doy dop

@ =Gy P = &, W4 = gT

then, for 3 # 0

x=0

[ BCa oC ]

PE')TE"'CY,

= A pp a2 eiay eBt (p, - 1) [(1 +pp)+5%(l +p)+ﬁf—t§] (4.25)

Similarly for § = 0

[Cag%'*‘gagge'*'gtgsl:—} _2A3pp0261)'(1+”—+7£)

x=0 Hp
(4.26)
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Equation (4.25) describes the evolution with time of a disturbance of
wavelength A = 27/a while Equation (4.26) gives the wavenumber of a
disturbance that neither grows nor decays with time. This is the state of
neutral stability.

In order to obtain @ and [ from Equations (4.25) and (4.26) the
concentration gradients g% and -2%2 have to be found from the equations of
diffusion. = The temperature gradient % has to be obtained from the
equation of energy.

In the following sections the temperature gradient % is assumed
equal to zero and the characteristic equation for an isothermal system is
developed. The inclusion of the temperature gradient % in the
development of the characteristic equation for the case of a system with

heat effects is considered in Section 4.6.

4.2.2 Equations of diffusion

The two—dimensional diffusion equation, for a binary mixture of
constant mass density is given by
aC aC g2C | 92C
W+u3§+v%=D(W+W) (4.27)
where u and v are defined in Equations (4.4) and (4.7).

It is assumed that in the undisturbed system constant fluxes have

been established and that the undisturbed concentrations are given by

Cao = Ca + La X X 2 0 (4.28)
(4.29)

N
(=)

Cp0=Cp+pr X £
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The concentration profiles are then disturbed by a perturbation

G (x,y,t) caused by the perturbed velocity profiles, so that
C=0C0(x)+ G (xyt) (4.30)

Introducing Equation (4.30) into Equation (4.27) and neglecting

second order terms,

0 2 2
Lrull=pE3+%D (4.31)

The concentration perturbation is of a similar form as the one

introduced in the equations of motion, Equation (4.7), i.e.
G = H (x) eixy eft (4.32)
Introducing this equation together with Equations (4.4), (4.7), (4.28)

and (4.29) into Equation (4.31) an equation for the concentration

disturbance, H (x), is obtained:
il
H' - (1+ I H=-1ko (4.33)
The solution for this equation, for each phase, is given by,
Hp = Ag e%p* + Ajp e9px =1, Ip (4.34)

Ha = Bg €9;x + Bjg e9;x = 1, I (4.35)
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where,
I = eax [ e2ax| eax ¢ (dx)? (4.36)
a=11+ % (4.37)
iL
=<5 (4.38)

From the boundary conditions for the diffusion equation, constants Ag,
Ajo, By and Bjo can be calculated. Values of the integrals Ip and I, may

be found in Table 4.1, taken from Sternling and Scriven's work (3).

4.2.2.1 Boundary conditions

The boundary conditions for the diffusion equation are:
(9) and (10) The concentration disturbance vanishes at large distances from
the interface:
Cp (@) = Cp0 () =» Hp(x) =0
Ca (w) = Ca () - Ha(w) =0

(11) There is a chemical reaction at the interface, so that the mass balance

is given by

Do (J8) + (k2 Cp -k Ca) =0 atx=0  (439)
where

k'l = k1 Cb
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(12) Since the stoichiometric factors in the chemical reaction are the same,

the fluxes of A and P at the interface are equal, i.e.
Da (X2 = p, @2 atx=0

4.2.2.2 Calculation of H, and H,

Expressions for H, and Hp are found by taking into consideration

boundary conditions (9) and (10). Equations (4.34) and (4.35) become:

Hp = Alo e-qpx - lp Ip (4.40)
Ha = Bg eqax - la Ia (4.41)

Introducing the concentration perturbation, defined by Equation (4.32)
into Equation (4.30) and using boundary condition (11), in the undisturbed
state, the following equation is obtained

Da a H'4(0) + [ke Hp(0) — k'; Ha(0)] = 0 (4.42)

where, from Equations (4.40) and (4.41),

Hp(0) = Ao - Ip 1p(0) (4.43)
Ha(0) = Bg - 15 1a(0) (4.44)
H'p(0) = — Ao qp = 1p I'p(0) (4.45)

H'2(0) = By qa — 1 I'a(0) (4.46)
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From boundary condition (12) in the undisturbed state and using

Equations (4.30), (4.32), (4.40) and (4.41) the following equation is obtained:
Dp [~ Ao gp — Ip I'p(0)] = Da [By qa — la I'a(0)] (4.47)

Constants Ajp and Bg may be evaluated from Equations (4.42) and
(4.47).  Their algebraic values are presented in Output "OUT 1", in
Chapter 5.

Ao and Bg may be introduced into Equations (4.43) and (4.44),
respectively, and after substitution of the integrals, given in Table 4.1, the

expressions for H, and H, are found.

4.2.3 Calculation of A and B
To calculate -‘3—)72 and 7)8% to be introduced in Equation (4.25),

Equations (4.30) and (4.32) were used so that,

aC : .

('(?YE)X=0 = (’g'G}TE)x_—_() = Hp(0) i a el y eBt (4.48)

(g%)xzo - (—g%) oo = Ha0) i aei vy eBt  (4.49)
Therefore, neglecting heat effects, Equation (4.25) becomes,

[ ¢ Hp(0) i + Ca Ha0) i ]|, ¢ =

=Aompa(pp-1) [ (1+pp) + (1 +p)+ 3] (450)
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After substituting Hp(0) and Ha(0) into Equation (4.49) and rearranging

terms into dimensionless form, the characteristic equation

= Vp 2 = )
A —fhga AC (4.51)

is obtained, where A is the dimensionless wave number and AC is the
algebraic value developed, which is given in Output "OUT 2", in

Appendix A.

A dimensionless growth constant B, may be defined from the

following relationship,

% = pp2 -1 = (an - 1) d2 (4‘52)

Another form of the characteristic equation can be found by

combining Equations (4.51) and (4.52),

B = Tf,‘%; B = BC (4.53)

where BC is also given in Output "OUT 2".

4.2.4 Calculation of ANS
The characteristic equation for # = 0, the neutral stable condition, is

obtained by using Equation (4.26) and a similar manipulation of terms as

for § # 0. The final equation is

- 14 —
Ang = 'fﬁﬁ a?\g = ACyg (4.54a)
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where ACNS is presented in Output "OUT 4", in Appendix A, or in

dimensionless form:

r2+1) ]

(- 1) [ (m+1)r12-7Z (
+ pafpp + aps/2up |

ACNg = 3@ (@ ¥ 1) =ZJ[1

(4.54b)

This equation was developed by manipulating Equation (4.54a) so that
ACNS is presented as a function of the dimensionless terms r2, m and Z.

These dimensionless terms are defined as

r2=—8—§—, m=j}% andZ=—Dﬂ%

4.3 Analvsis of the characteristic_equation

The characteristic equation is a function of the physical properties of
the system under study as well as the reaction constants of the interfacial
chemical reaction involved. For each wave number «, the characteristic
equation gives the value of the growth constant §. The wavenumber « is

real and positive while f§ is complex,

B=p+ Bii (4.55)

The system is stable if 3, the real part of f§, is negative for all
values of a. If it is positive for only some values of @, the system is still

considered unstable.

Table 4.2 shows several types of instabilities which may set in, for

different values of £.
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For the cases when A, = 0, the disturbance neither grows nor decays
with time, thus representing the boundary between stable and unstable
states.  These cases are the neutral stationary and neutral oscillatory
regimes

The introduction of ¢ defined in terms of a and f,

€ = —07;%; (4.56)

simplifies the analysis of the characteristic equation, which may be
considered now dependent only on the variable e.

From Equation (4.52)

the dimensionless wavenumber A, may be described now as a complex
- function of the complex variable ¢ = ¢ + ¢; i. Therefore, Equation (4.57)

may be expressed as,

(Ac + Ai i) (@ + @) = - [Br e + Bi & + (Bi & — B ) i
(4.58)

The dimensionless wave number A is real so the imaginary part of A

must be zero, and therefore

Bi ¢¢-Br =0 (4.59)
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The ranges of e and ¢; that satisfy this equation and respective type
of instability regime are shown in Table 4.3.

The limiting behaviour of functions A (¢) and B (¢) is examined in
the following sections so that an understanding of the stationary and

oscillatory regimes may be obtained.

4.4 Limiting behaviour of the characteristic equation

The development of the limiting behaviour of the characteristic
equation, for ¢ - 0 and ¢ - « is presented in Appendix B.

When ¢ - 0, A and B are of the form:
1
B = 1‘2 ANS (6 - f€2) (461)

where Ayg is given by Equation (4.54) and f is in Output "OUT 5" in
Appendix A.

When ¢ - o, A and B contain a large number of terms which the
computer software used is unable to manipulate analytically. Consequently,
only the limiting behaviour of the characteristic equation for very small

values of ¢ is analysed in this work.

4.5 Stability analvsis

The boundary between stable and unstable states is represented by
the neutral stationary and oscillatory regimes. Therefore, these regimes are

analysed in detail in the following sections.
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4.5.1 Neutral Stationary Regime: ¢ = 0 and ¢; = 0

When ¢ = 0, Equations (4.60) and (4.61) become

>
i

ANS
B =0

The conditions for the onset of stationary instabilities are found when
the dimensionless wave number for neutral stability ANS’ as defined by
Equation (4.54) is analysed.

The sign of ANS depends on the signs of (p and Lp, since C'ZNS is
real and positive. Table 4.4 shows the sign taken by ACNS for the range
of values used in this work and assuming that pus is equal to zero. For
2> 1 and (p < 0, ANS has the same sign as ACNS when Lp < 0. For
Lp > 0 they have the same sign when 12 < 1 for {p < 0.

By definition, ¢ is equal to zero either when § = 0 or when a = w.
The former case was the one analysed previously. From Equation (4.61),
when @ = o, B is also zero, so the stationary instability does not grow with
time.

When ¢ - 0, Table 4.5 shows the sign taken by the factor f for the
same range of physical properties investigated before.

The final "sign analysis", for small values of ¢ and when (, < 0,
indicates that, for stationary instabilities to occur, mass transfer must be out
of phase A into phase P when r2 > 1 and out of phase P into phase A

when r2 < 1.
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4.5.2 Neutral Oscillatory Regime: ¢ = 0 and ¢; # 0

The neutral oscillatory regime was analysed for small values of ¢, by

considering Equation (4.61) as
B =5 Ayg (& + & 1) = (& + € 1)2 (4.62)

or for ¢ = 0

B = _lez Ans € (4.63)

Table 4.6 shows that B takes the same sign as ANS’ for different
values of r2. The sign of ANS depends on the signs of (p and Lp, as
previously mentioned. For r2 > 1 and (p < 0, B has the same sign as
ANS when L, < 0. For Lp > 0 they have the same sign when r2 < 1 for
(p < 0. Therefore, the system seems to be unstable for the same direction
of transfer as in the case of the stationary regime. However, in order to
cover all possible unstable conditions the limit of B for € - «» should be
analysed. This is impossible with the software facilities available at the

moment, as mentioned in Appendix B.

4.6 Energv equation for a svstem with heat effects

In Section 4.2 a characteristic equation was developed for an
isothermal system after neglecting the temperature gradient —g%— in the
equations of motion. However, the addition of heat effects requires not only

the solution of the Navier-Stokes equation and the diffusion equation but
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also the energy equation. This equation is given by

ar

W+U%+V%=Kt(32T azT) (4.64)

The boundary conditions which need to be taken into consideration

for the solution of Equation (4.64) are:

(i) the energy balance at the interface is given by

Q Nj = kep ("g%ﬂ) - kia (.,g%) (4.65)

where Q is the heat of reaction, N is the flux and the subscript j can be
either a or p depending on the direction of the chemical reaction.

(ii) there is thermal equilibrium at the interface,
Ta = Tp (4.66)

The additional inclusion of the energy equation in the development of
the characteristic equation for the described system with heat effects
introduces such complexity in the theoretical equations that the computer
software "REDUCE" was wunable to manipulate algebraically the
mathematical terms included in the equations. Therefore the final

characteristic equation could not be obtained.

4.7  Conclusions

In this chapter the characteristic equation for an isothermal system
was developed and analysed. From the stability analysis for the neutral
stationary and neutral oscillatory regimes it was concluded that for

stationary instabilities to occur mass transfer must be out of the phase with
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lower diffusivity. This is the only conclusion that could be drawn
analytically. The quantitative effect of the chemical reaction is investigated
numerically in Chapter 5.

Oscillatory instabilities as well as the inclusion of heat effects in the
the characteristic equation could not be treated due to the limitations of the
software "REDUCE". However, the equations have been developed and are

ready to be used when more advanced software becomes available.
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B+0 I(0)/a I'(0)/a
2, - 1) 1- 2, +
Phase P Pp
ase (9% - 1) (q%p — P?%) q’p — 1) (g% — P?%
x20
(1 =D (p%2a - 1) (1 - pp) (9% + pa)
Phase A | (7=, (%~ 1) (@ = 7% | (@ = 1) (0% — %)
x <0 .
B=0
Phase P 0 ~1/4
x20
Phase A 0 -1/4
x <0

TABLE 4.1
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Case Br Bi Type of instability
1 <0 <0 stable

2 =0 =0 neutral stationary
3 >0 =0 stationary

4 =0 >0 neutral oscillatory
5 >0 >0 oscillatory

TABLE 4.2
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Regime

€r
€r # 0
€r

6;#0

I
o

1l
o

Il
o

€i
=0
6 # 0
€6 # 0

neutral stationary
stationary
neutral oscillatory

oscillatory

TABLE 4.3




> 1 + - - +
<1 - - + -
TABLE 4.4

Typical data used to establish signs:

CB = 102, Dp = 109, us = 0, k'y = 1012 — 104 and kp = 10710 — 102
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r2 ACNS 1 -1 e Cp Lp A

> 1 + + - - +

<1 - - + -
TABLE 4.5

Typical data used to establish signs:

Cg = 102, Dp = 109, s = 0, k't = 1012 — 10 and kp = 10710 — 102
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2 Ang B (o Lp

> 1 + + - -

<1 - - - +
TABLE 4.6

Typical data used to establish signs:

Cn = 102, Dp = 109, pus = 0, k'y = 1012 — 10*¢ and ke = 10710 — 102

B
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CHAPTER 5
NUMERICAL RESULTS AND DISCUSSION

5.1  Introduction

The characteristic equation developed in Chapter 4 was used to study
numerically the stability of four liquid-liquid systems with interfacial
chemical reactions. In this chapter results of that study are presented for
the case of stationary instabilities and a comparison is made with similar
results obtained from computations performed using Sternling and Scriven's
characteristic equation for diffusional mass transfer.

The simulation of the systems was classified into four cases depending

on the value of the diffusivity ratio, r2

Case 1 — 12 = 4.0
Case 2 — 12 =15
Case 3 — 12 =1.0
Case 4 — 12 =05

For each case two values of the viscosity ratio e? were used: €2 = 0.5
and e? = 2.0.

The above data and selected values of the physical properties are
representative of typical liquid-liquid systems.

The characteristic equation, Equation (4.51), was developed assuming

a pseudo-first order interfacial chemical reaction of the form

A+B_P
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with a flux given by

Na = k't Ca — ko Cp
where: k'y = k; Cp; ki1 and ko are the forward and the reverse reaction rate
constants respectively; and C,, Cp and Cp, are the concentrations of
compounds A, B and P respectively.

The pseudo—forward reaction rate constant k'y and the reverse reaction
rate constant ko were varied so that the effect of the rate of reaction could
be investigated.

The choice of the range of numerical values chosen for the interfacial
reaction rate constants was guided by experimental values reported in the
literature (71) (72).

Results presented here were obtained assuming that the variation of
interfacial tension with concentration, ¢, is negative; that the composite
surface viscosity, pus, is negligible and that the concentration of the
extractant, Cp, is in excess. Numerical values used throughout this work
are:

Cp = — 1 x 10 -4 m3/s?
ps = 0
Cpb =1 x 102 kg/m3

5.2 Numerical calculation of aNg—Q and 8

Figure 5.1 shows the flowchart used in the calculation of NGy the
neutral stability wavenumber. From an initial guess, ayg was iterated until
the numerical values of each side of Equation (4.54a) were the same. The
sign taken by the parameter Lp, which determines the direction of transfer,
is also defined to obey that equality. Taking into consideration the

definition of wavelength as A = 2x/a@, wavenumbers which may lead to
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instabilities must be below the calculated value of ayg, which corresponds
to the minimum wavelength for the onset of instabilities.

Figure 5.2 presents the flowchart for the calculation of the growth
constant [, for different values of w.avenumber a below aNg: For each
value of @, a correct value of f is obtained when, after an initial guess of

B, the equality given by Equation (4.51) is satisfied.

5.3 Discussion of results

The physical behaviour of the systems studied is expressed and
discussed in terms of the relationship between the wavenumber a and the
growth constant f.

For each case results are presented in a table which is divided in two
parts: the first gives computed values using Sternling and Scriven's diffusion
model and the second computed values using the interfacial reaction model.
The latter table contains results for different values of the pseudo—forward
and reverse reaction rate constants, k'; and ko. Values for the physical
properties used to obtain these numerical results are included prior to the
tables.

Figures 5.3, 5.4, 5.6, 5.7 show plots of o vs B for the interfacial
reaction model for all the cases found unstable. Each curve has a maximum
which corresponds to the wavenumber which is amplified most rapidly and
eventually dominates the system, i.e. apy- The maximum value of @, which
is apg, occurs when # = 0. Below this value instabilities grow with time.

It may also be observed that instabilities with small wavelengths have
large growth constants and instabilities with large wavelength have small

growth constants: large instability cells grow more slowly due to the larger
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inertia of the greater amount of fluid which has to be displaced for the
instability to grow.

The graphs in Figures 5.3, 5.4 and 5.6 also show that the values of «
and ( obtained from the computations of Sternling and Scriven's model are
smaller than the ones computed using the interfacial reaction model.
Therefore a system is more unstable when a chemical reaction occurs at the
interface.

It is important to emphasize that this study is only concerned with
stationary instabilities, so that when a system is referred to as being stable

or unstable it is meant to be in terms of stationary instabilities only.

5.3.1 Effect of diffusivitv ratio r2 and viscosity ratio_e2

Table 5.1 shows the effect of the diffusivity ratio in the unstable
direction of mass transfer, Lp, for a negative system. When Ly is negative
mass transfer occurs from phase A into phase P (forward reaction); when it
is positive the reverse reaction is taking place and leads to the opposite
direction of transfer.

An analysis of the results shown in Table 5.1 confirms that the
systems studied are unstable for either the forward or the reverse reactions
depending on whether r2 is greater or less than 1. Thus the onset of
stationary instabilities occurs when mass transfer is out of the phase of
lower diffusivity. In each case the system is stable in the opposite direction
from the one shown in the table.

Results given in Tables 5.2 and 5.3 and in Figures 5.3, 5.4 and 5.5
suggest that for the conditions used, values of & and [ increase with

increasing values of r2. This may be seen in Figure 5.5 for Cases 1 and 2.
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The unstable direction corresponds to the direction of the forward reaction
and for the same values of Dp, k'; and ko the system is more unstable when
the ratio of diffusivities is larger, i.e. the value of D, is lower. Since
simulations have been conducted at constant interfacial flux, a decrease in
the value of D, results in a steeper concentration gradient for reactant A,
thus making the system more unstable.

An analysis of Tables 5.2 — 5.5 also shows that the viscosity ratio e2
does not affect the values of a and f.

According to Sternling and Scriven's work the value of the ratio of
the viscosities becomes important when oscillatory instabilities are considered
and they have concluded that for a negative system oscillatory instabilities
occur when mass transfer is out of the phase of higher viscosity.

When 12 =1 both diffusivities are exactly the same and the
characteristic equation for neutral stability becomes zero. In Case 3a and
Case 3b values of r2 = 1.0001 and r2 = 0.9999 were used to investigate the
sensitivity of the system in a region close to r2 = 1. Results obtained,
which may be seen in Table 5.1, show that a small variation on the value
of the diffusivity ratio produces stationary instabilities in opposite directions
of mass transfer.  Therefore, it is important to emphasize that since
diffusivities are wusually estimated from correlations or measured with
experimental errors larger than the accuracy required by this model, the
stability of a system in which r2 ¥ 1 is difficult to predict.

The sensitivity of the interfacial reaction model in the region of
r2 ¥ 1, may explain the disagreement between predictions using the Sternling
and Scriven's model and experimental results reported by Thompson and

Perez de Ortiz (28). They observed instabilities in the extraction



80

of uranyl-nitrate from an aqueous solution to an organic phase containing
tri-n-butylphosphate and mention that there is chemical reaction at the
interface.

They measured the interfacial tension of this system and found that
it increases with increasing concentrations (¢ > 0); they estimated that the
diffusivity ratio was approximately unity and the viscosity ratio was
approximately two. According to Sternling and Scriven's stability criteria
this system should exhibit oscillatory instabilities. When the organic phase
was replaced with hexane, so that the viscosity ratio modified to €2 = 0.6,
instabilities were still visible. If these instabilities were purely oscillatory,
according to Sternling and Scriven's criteria they should disappear when
e2 < 1. However, since this system seems to have a value of r2 ¥ 1, from
the conclusions mentioned previously it may still present stationary

instabilities which are independent of the value of the viscosity ratio.

5.3.2 Effect of k; and ko

The onset of stationary instabilities in systems with an interfacial
reaction of the type presented in this work, has been analysed for different
values of the forward and the reverse reaction rate constants, k; and ko
respectively.

As previously mentioned, the value of the wavenumber of neutral
stability, i.e. ang, Suggests how unstable a system is. The calculation of
oNg 18 performed, as described in Section 4.2, using Equation (4.54a). In
this section Equation (4.54b) is used to discuss the effect of k'y and k2 on
the values of aNg Equation (4.54b) was developed by manipulating the

terms in Equation (4.54a) so that ACNS is presented as a function of the
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dimensionless terms r2, m and Z. These dimensionless terms have been

defined as

and z=—Dﬂi

Changes to any of these dimensionless terms may therefore affect the
final value of aNg

The effect on r2, m and Z of changes in the parameters which define
them is summarized in Table 5.7.

It is important to point out that Z is also a function of a. However,
in the discussion presented here the effect of @ on the value of Z is not
considered.

In Cases 1, 2, 3 and 4, all physical properties were kept constant and
although variations in the pseudo forward reaction rate constant k'y are
discussed, they correspond to changes in the forward reaction constant ki,
with the value of Cp kept constant.

Table 5.1 shows that in Cases 1 and 2 the unstable direction of mass
transfer is when the net flux is from Phase A to Phase P. In Case 4,
instabilities occur when the net flow is from Phase P to Phase A. In order
that Cases 1, 2 and 4 can be discussed and compared easily, for the same
direction of net flux, a system which mirrors Case 4 has been defined:

Case 4 (rev).  This case was simulated numerically by adjusting all
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parameters in such a way that properties of Phase A and Phase P in
Case 4 became properties of Phase P and Phase A in Case 4 (rev). Having
introduced the changes, Case 4 (rev) is unstable in the direction of the
forward reaction.  Numerical data used for Case 4 (rev) are shown in

Table 5.6.

5.3.2.1 Case 1, Case 2. Case 4 and Case 4 (rev)

The effect of k'y and ko on Cases 1 and 2 is presented in Tables 5.1b
and 5.2b These tables show that a change in the value of k'y, with ko
constant, does not affect the values of either @ or f. However, a decrease
in the value of ko, for the same value of k'y, produces an increase in the
values of @ and B. This effect may be seen in Plots (1) and (2) in
Figures 5.3 and 5.4. Therefore in Cases 1 and 2 the size of the instabilities
is a function of ks but remains unaffected by a variation in k's.

Results for Case 4 and Case 4 (rev) are shown in Tables 5.5 and 5.6
and plotted in Figures 5.6 and 5.7.

As previously mentioned, Case 4 (rev) is the one which is to be
discussed. An analysis of the results for this case indicates that the values
of a and g are functions of k'y and not of ks.

Table 5.8 presents a summary of the effect of k'y and ke on aNg for
Cases 1, 2, 4 and 4 (rev).

It is important to notice that the most relevant difference between
Case 2 and Case 4 (rev), is that although values of r?2 are not very
different, the value of Dy in Case 4 (rev) is double. This increase in the
value of Dp affects the values of ACNS in Equation (4.54b). According to

Table 5.7, when all the other parameters are kept constant, an increase in
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Dp produces an increase in Z and hence a variation in ACNS' This
variation is also dependent on m, when k' is varied. The relative
magnitude of the terms m and Z will determine the value of ayg  When
Dp increases, a variation in ko will only affect the individual values of m
and Z but not their value relative to each other. The relative magnitude of
m and Z is therefore only dependent on k';.

To understand the reason for the shift of the dependence of ayg on
ko, in Case 2, to k'y in Case 4 (rev), a qualitative analysis of the
mechanism of instabilities is necessary.

The rate of dissipation of an interfacial excess concentration of A
depends on: the net rate of interfacial reaction, the rate of diffusion of A
back to Phase A and the rate of diffusion of the product P into Phase P.
Since the value of r2 in this discussion is always greater than unity, it is
assumed that the diffusion of A does not contribute significantly to the
dissipation of A from the interface. The process can then be controlled by
k'y, ko and Dp. In the lower range of values of Dp considered, as in
Cases 1 and 2, the excess of P produced by the forward reaction remains at
the interfacial region long enough for the reverse reaction to take part in
the rate controlling process. Thus, the higher the value of ko, the less steep
the interfacial concentration gradient of Ca; and the more stable the system.
This is represented in Table 5.8 and in Figure 5.5. As Dp increases, the
rate of diffusional dissipation of P increases until a point is reached when
the reverse reaction ceases to influence the process. At this stage the

interfacial gradient of A becomes a function of k'y.
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5.3.3 Comparison with the diffusional stability model

5.3.3.1 Cases 1, 2 and 3

Data used in Case 1 and Case 2 was also used to compute results
using Sternling and Scriven's diffusion model. Results are presented in
Tables 5.2a and 5.3a and plotted in Plot (3) of Figures 5.3 and 5.4. From
these it may be seen that a system with an interfacial reaction, of the type
assumed in this work, is more unstable than a system where interfacial mass
transfer is by diffusion only.

Figures 5.3 and 5.4 seem to indicate that Sternling and Scriven's
model, for the data used in this work, may be close to the case of a system
with an interfacial chemical reaction when ko ¥ o (very fast reverse
reaction). At constant interfacial concentration and for a constant net flux,
any increase in ko is accompanied by an increase in k'i;.  Hence, both
forward and reverse reactions become faster and equilibrium at the interface
is approached. The system would then become controlled by diffusional
transfer, i.e. the Sternling and Scriven's model.

In Case 3, values of the wavenumber and the growth constant are
very small.  Therefore the only values presented in Table 5.4, for the
interfacial chemical reaction model and for Sternling and Scriven's model, are
for the neutral stability case. The system is very close to stability which
would be the case if r2 = 1, as the characteristic equation would become
equal to zero.

It may also be observed in Table 5.4 that although ayg is higher for
the case of the interfacial reaction model, i.e. the system is more unstable
than in Sternling and Scriven's case, the values of ayg are still very small:

instabilities are of very large wavelength.
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5.4 Summary_of results

It may be concluded from the results discussed in this chapter that

the onset of stationary instabilities for a system with a reversible pseudo

first—order interfacial chemical reaction is not only dependent on r2, but also

in two additional dimensionless terms, i.e. m and Z. The stability analysis

is very complex and general criteria could not be established. However,

numerical

results have been explained qualitatively and the following

conclusions may be drawn:

(1)
2)

(4)

()

instabilities occur for both directions of mass transfer;

the value of r2 controls the direction of the instabilities which is
the same as for diffusional mass transfer: out of the phase of
lower diffusivity;

the interfacial reaction model predicts smaller cells which
amplify more quickly (system more unstable) than those
predicted by the  diffusion model;

stationary instabilities are independent of the ratio of viscosities
eZ;

the influence of m and Z is reflected by the effect of k'y and ko
on /\NS;

and under certain circumstances, aNg is a function of k'i and
others of ks, depending on the potential rate of diffusion in each

phase.
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Case r2 Lp
1 4.0 -
2 1.5 -
3a 1.0001 -
3b 0.9999
4 0.5

TABLE 5.1
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CASE 1
Lp = Lafr?2 = — 1.0 x 105 kg/m*

Dp = 2.0 x 10-9 mQ/S

vp = 1.0 x 106 m2?/s

s = 0

pp = 1.0 x 10-3 Kg/ms
pafpe = 0.5

r2 = 4.0

e2 = 2.0 or 0.5

a x 1075 I}
9.97 0
8.0 170
3.0 320
1.0 170
0.0 0

TABLE 5.2a

Diffusion model
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- 2 ax10-5 i
10-12 10-10 25 0
16 1500
10 2000
4 1500
0 0
10-12 10-2 22 0
16 900
10 1400
4 900
0 0
10-¢ 10-10 25 0
16 1500
10 2000
4 1500
0 0
10-4 10-2 92 0
16 900
10 1400
4 900
0 0
TABLE 5.2b

Interfacial reaction model
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CASE 2
Lp = La/r2 = - 1.0 x 105 kg/m+*

Dp = 2.0 x 107 m2/s

l/p = 1-0 x 10-6 m2/S

s = 0

pp = 1.0 x 10-3 Kg/ms
pafpe = 0.5

2 =15

e2 = 20or 0.5

a x 105 B
3.5 0
2.5 96
1.6 105
1.0 85
0.5 65
0.0 0

TABLE 5.3a

Diffusion model
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<1 6 ax10°5 )7

10-12 10-10 7.2 0
5.0 240
3.5 350
2.0 280

0 0

10-12 10-2 5.5 0
4.0 120
3.0 175
1.0 100

0 0

10-4 10-10 7.2 0
5.0 240
3.5 350
2.0 280

0 0

104 10-2 5.5 0
4.0 120
3.0 175
1.0 100

0 0

TABLE 5.3b

Interfacial reaction model
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CASE 3
Lp = La/r2 = £ 1.0 x 105 kg/m*

Dp = 2.0 x 109 m2/s
vp = 1.0 x 106 m2/s
us = 0

pp = 1.0 x 10-3 Kg/ms

palup = 0.5
12 = 1.0001 (Lp < 0) or 0.9999 (L, > 0)

e2 = 2.0 or 0.5
. k'y ko
ang * 10°% | B 11 6.6
Diffusion model 4.5 0 - -
Interfacial reaction 9.1 0 10-12 10-10
model 6.8 0 10712 10-2

TABLE 5.4




CASE 4
Lp = La/r2 = + 1.0 x 105 kg/m4*
Dp = 2.0 x 109 m?/s

vp = 1.0 x 1076 m?/s

s = 0

pp = 1.0 x 10-3 Kg/ms
pa/pp = 0.5

r2 = 0.5

e2 = 2.0 or 0.5

a x 105 I}
2.6 0
2.0 50

1.19 71
0.5 50
0.0 0

TABLE 5.5a

Diffusion model
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Interfacial reaction model

—ll(i—i —lélg ax10°5 B
10712 10-10 5.6 0
3.0 300
2.0 330
1.0 240
0.0 0
10-12 10-2 3.3 0
2.0 100
1.5 120
0.5 67
0.0 0
10-4 10-10 5.6 0
3.0 300
2.0 330
1.0 240
0.0 0
10-4 10-2 3.3 0
2.0 100
1.5 120
0.5 67
0 0
TABLE 5.5b
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CASE 4 (rev)

Lp = La/r2 = - 0.5 x 105 kg/m* s = 0

Dp = 4.0 x 109 m2/s 4p = 0.5 x 108 Kg/ms
vp = 0.5 x 106 m?2/s paftp = 2.0

r2 = 2.0 e2 = 20 or 0.5

X .- ax10° 8

10-10 10-12 5.6 0
3.0 300
2.0 330
1.0 240
0.0 0

10-2 10-12 3.3 0
2.0 100
15 120
0.5 67
0.0 0

TABLE 5.6

(continues next page)



(cont'd)
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10-10 104 5.6 0
3.0 300
2.0 330
1.0 240
0.0 0
10-2 104 3.3 0
2.0 100
1.5 120
0.5 67
0 0
TABLE 5.6

Interfacial reaction model
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Parameter changed Terms affected
Dp r? and Z
Da r2
k'l m
ko m and Z

TABLE 5.7
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Case Lpx10°5 Dpx109 Dax109 r2 _},T —lfl} _6{‘26 aNS:IO'S Comments

1 -1.0 2.0 0.5 4.0 10710 1012 1010 25.0 f(ka)
10-10 1012 102 22.0
10-2 1074 1010 25.0
- 102 10-4 10-10 22.0

2 -1.0 2.0 1.3 1.5 1010 10-12 10-10 7.2 1(k2)
1010 10712 102 5.5
102 104 10-10 7.2
102 1074 102 5.5

4 (rev) 0.5 4.0 2.0 2.0 108 10-10 10-12 5.6 1(k"y)
108 10710 104 5.6
100 10-2 10-12 3.3
100 10-2 104 3.3

4 +1.0 2.0 4.0 0.5 10-10 1012 10-10 5.6 f(k2)
10-10 10712 102 3.3
1072 1074 10-10 5.6
102 10-4 102 3.3

TABLE 5.8
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PHYSICAL PROPERTIES

GUESS ong [

NS

ACns

4

no

Ans = ACns

yes

aNg OBTAINED

FIGURFE 5.1

Flowchart for the calculation of aNg
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PHYSICAL PROPERTIES

a<aNS

l

GUESS B

AC

no

A = AC

yes
4

# OBTAINED

FIGURE 5.2

Flowchart for the calculation of 8 for each a
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CHAPTER 6
CONCLUSIONS

The conclusions taken from this work may be summarized as follows:
Under microgravity conditions, temperature gradients were sufficient to
initiate Marangoni instabilities, although those initiated were of shorter
duration than instabilities under gravitational conditions.

The analysis of the characteristic equation, for a system with a pseudo
first-order reversible chemical reaction and for small values of e,
indicates that stationary instabilities occur when mass transfer is out
of the phase of lower diffusivity, for negative systems. This agrees
with the stability criteria established by Sternling and Scriven for a
liquid-liquid system with diffusional mass transfer.

For the unstable direction of mass transfer and for the range of values
used, when the diffusivity ratio increases the system presents
instabilities of smaller size and larger amplification factor.

Stationary instabilities are independent of the ratio of viscosities.

A system with an interfacial pseudo first—order reversible chemical
reaction is more unstable than a system with mass transfer by
diffusion only.

The size of the instabilities is a function of the forward reaction
constant or of the reverse reaction constant, depending on the potential

rate of diffusion in each phase.
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RECOMMENDATIONS FOR FURTHER WORK

The heat of solution for the system ethylacetoacetate/water should be

calculated so that clear conclusions can be taken from the microgravity

experiments performed in this work.

Similar experiments to the ones executed under microgravity should be

performed with different binary systems and with liquid-liquid systems

with an interfacial chemical reaction. @ This would enable a more

complete study of the thermal effects on the onset of Marangoni

instabilities.

If gravitational effects are found to be important in liquid-liquid

systems with an interfacial reaction the model presented in this work

should be modified to take these effects into account.

More advanced software capabilities should be found so that:

(i) stability criteria for the system under the conditions investigated
could be established;

(ii) a similar analysis to the one in the present work could be
performed for oscillatory instabilities;

(iii) and the present interfacial reaction model could be extended by

the addition of heat effects.
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APPENDIX A
COMPUTER LISTINGS AND OUTPUTS

A.1  Algebraic solution

The development of mathematical equations for the determination of
the characteristic equation Equation (4.51) and of the equations needed for
its analysis, was achieved using one of the University of London Computer
Centre computers: the AMDAHL 5890. The algebraic programing system
"REDUCE", was used to deal with very long, tedious calculations. The disc
operating system control language used in the programs to access
"REDUCE" was "PHOENIX 3".

Listings of the computer programs written and respective outputs are
included in this Appendix.

The nomenclature used throughout this work, could not always be the
same as in the computer programs. All variables are defined in the list of

symbols included at the end of this thesis.
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setuplocal (vut=.outl/w/1p)
reduCe =x1i!

comment FIle 1

comment CALCULRTIOK OF A&1¢ AND BS FOK EFETR % ¢;
off nat;

factor h,m,alfa;
off exp;

on gca;

diai=((1-pp)*(ga**2+pa))/((ga*=*2-1)*(qa**2-pa**2));
dip:=((1=-pp)*(gp**2+pp))/((gp**2-1)*(gp**2-pp**2));
;a:=§-((1-pf);(pa"2;1)){((1-p3)‘(qa;;§ 1)%(ga**2-pa**2)));

s = $x )~ ) ( * & -1) (- s x % ;

g a:=§§' d-la‘dig? P PP

P:=alf=1p%ip;

ha:=b9-la*ia;
egl:=da*alfa*dha+h*(hp-m~ha);
€g2:=dp*(-al@*gp-1lp*dip)-da*(b9s*ga- 1a‘d1a)’
solve(lst(eqgi,eq2),1lst(a18,b9));
out out.

write “output out 1Y

al®:=soln(l,1);

bS:=s0ln(1,2);

write"jend";

on nat;
$u1t;
output out 1%
A10 = ( = (H=M=P 'QA‘PP'DP'LP + H*M*PA®*QL*DP*LP

DP*LP + H*M*PA*DP*LP*QP*=*2 4+ H=*lH=*QA**2*PP*DP*LP + Hepns=
QAh**2sDps1P*QP**2 + H*N*CASPP*DP*LP + H*N*QASDP=*LP=*QP**

2 + H*t*PP*s2*DA*LA®QP**2 - H*NePP#*2%DA*LA - He*Me*DA=*LA
*QP**4 + H*N*DA*LA®QP**2 + H*PA*QA**2*PP=*DA*LP + H=*PA*
QA**23DASLP 4+ H*PA*QA*>PP*DA®*LP + H*PA®*QL*DA*LP + H*QAs**"
3*PP*DAsLDP + H'QA"B'DA‘LP + H3QA®22*PPsDL*LP + H*QA*+2
*DA®*LP - PA*QA**2*PD=ALFASDP*DR*LP - PA*QA**2*ALFA*DP*
DA*LP*CP**2 - PA*QA*PP*ALFA*DP*DA~LP -~ FA*QA*ALFA*DP*DL
*Lp*QP**2 - QA"3'PP'ALFA'DP‘DA'LP =~ QA**3%ALFA*DP*DA*
LP®*QP**2 = QA**2+PP*ALFA*DP*DA*LP - QA**2*ALFA*DP*DA*LP
*QP*=2)*(PP - 1))/ ((H*Ii*DP*QP + H*QA*DA - QA*ALFA*DP*DA
SQP)*(PA + QA)*(QA + 1)*(PP=**2 = (QQP=**2)*(CP2**2 - 1)1)%

B9 = ((H*=M*PL*PP*DF*LA®(P**2.+ H*M*PA*PP*DP*LA*QF + H*N
CP**3 + He*M*PA*UP*Lr=*QP®**2 + H*H=FP*DP*LA*QP*=*2 + HeN*PPe*DLE
*LA®QP + H*M*DP*LA®(P**3 + He*M=*DP*LA*(QP*=2 + He*pPArss2aQp7=2
DP*LP - H=*PA®<2¢DF*LP + Lhe*FA*FP*LA*LA*QF + HePA*PP*DA*LL +
H*PASDA®LA®CP**2 + H=FA*DA*LA*CP — LHeQA*=U*DPeLP + E=QA*s*2>»
PP*DA*LA*CP + n'QA"z‘PP‘DA'LA + H*Qh=*2*DP*LP + H*QA**2=DA
'LA'QP"2 + heGA**2*DASLA*(P - Pn'FP'}LFA‘DP'DA'LA'QP"2 -
PA*PP*ALFADP*DA*LACP — PA®ALFA*DP*DA*LA*QP**3 - FA*ALFAx
DP*DASLA*(P**2 - (UA**2%PP*ALFA*DF*DA*LA*QP**2 -~ (Ahe=2%pPp=
ALFA*DPSDASLECQGY — (A*®2%ALFA®DP*DA*LACF**3 -~ QA*s2=ALFAs
DP*DA*LASQP**2)*(PF — 1))/ {((H*L*DP*QP + H*(QA=™ D = GR*ARLFA*
DP*DAS(CP)®(PLo*2 — (22%2)*((A**2 - 1)*(FF + (CP)*(CP + 1))&

ienad

*QP**2 + HaM*FLePP?
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setuplocal (out=.out3/w/{1l:)

1educe ~i! .

comment FILE 3

conment CALCULATICN OF A1¢ ANLD B9 FOR BETXL = 0,
off nat;

factor h,m,alfa;

cff exp;
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);sLLA)‘H‘M = ALFA*LLP=DR)*IC)/(4*ALFL*((%*DP + LR)*h

- LLA)Y*H + ALFA*DP*LLA)*IC)/(L4*ALFA*((M*DP + LA)*h -
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setuplocal (in=.out3/r)
setuplocal (out=.outu/uw/£fL)
reduce %i!

comment FILE &

comment CALCULATIONR OF ACKS;
off echo;

off nat;

in inj

on factor;

(bs-la*ia)+ices
/nip+(altas*ni

c o
[Te g, Vo]
wet W
(X
e
o
[Tolt NY N ]
(W Yol |
i~ o =
N .o
[adhdl
(=2 ]
[N 2P
P
UI’U

out out;

write Youtput ou
acns:=ws*niup=*alf
write';end";

on nat;
gult:

t 6"
a/(s

/

-

s11p)

T

outjut out 43

ACNS = ((((LL
LLFA®*LLAL)*SA)*N
J* (ALFA®*NIS + J

sends
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setuplocal (in=.out1
setup;qq?i (out=.cut

comment FILE 5
comment CALCULATICK OF 1IH
cCommeEnt }FCHE SEALL VALU
ctf ecnc;

cif nart;

in inj

-1)%(ga**z-pa**2)));

; is/nigp);

[Vl =20 [ e 94
WO AT ~ee O
Ll (O N |
(o g X2l B!
[P L o
@ 3 # v
O~ s
| =~
4+~
[+ 1L olVel Y
aarierT »
b oas
(s LR ¥ V]
~ kN ]
‘0=
el
O~~~

D%

) T+(ep*niug /11L
Slgkaliyiter b/niee

S b NUIT v

P e 8 B e el & W »g s~
T wswcviwsas

P
| ol ]

a) pp13Telepr iy ni
)' as 1c';15/(a{fa

-
T

® N~
L =]

[«

alfa**2%up),e55);

-0 O
.. =t
n

S8
[Tl Ns
U O

-

tn
T o

LXN e o3 UV o NN NS ¥ o0 B4 o o]

»
~
NENS 1 ee 8 11 DU RN
- e

T OO NI L O (D 1T o0 4o 00 00 o0
Mee sMHHU\NCUIE D=0 NI HN

[[RTITTIRTY, oX TINYS N Tall o d

B~ e
phroHO o
| SN VN Ngul

[ B IR XN
pam Me.
N

S A AMRDITIND e’ N TG
'
-
~

(27 alead Vo TN o2 1 ]
Heom o et O -
O ad b md om0
NI 4 4 4 =T pra
~ N\

M@0 Nee tl 1o O T oo
[l
"
~-e
-

sty o s

-Chn H
et € \v'2=i_;;
tactor ep;
wuma:i:=num(a)l;
Gena:=den(a);
n4:=1tcrm(numd,ep)
cZ: Jterm(dena,e,)
nli=npuma-n2;
c¢l:=dena-u2; i
1cen:=(1/u1)f(1-62/d1);
1roc:=numa iaen;,
ub(ep=¢,proc);
proq@:=ws;
on teact H
CLf exgp
11:=1-
1z:=(az
cut out

wswe

-

"
Lol o
—0
~ 5

[N
-~

s
2

(=]
\-.

nl);

£

L]
BERNG oP o

0
(o]
2
a3
T
o3
ﬂ
L
-
"

ite Youtput out L v,

vrite;end';
on nat;
?uzt;



113

S
-

output out S

-~
al
—
“
*
W™
v
| 4
[o% [
—~ -
a5 (3] -
) cl o | a. -
o~ ~ 3w ] . ” e w - » [ANFE R . Qo - * A &8 N
+ ® e e I oOC LOR A C ® R e (] # el D Iw qlw
+ 3 * ~ -~ o Y EEAU ML.UAPPADP::#PUtFIlﬂLD.
g K X Hr gt ODride VR QM| B oaQh il e Bl HpqOrd L | e &~
-5 -G o fag i (R 15 Qe R R e, L EBHE L QN QLN &l O® NI
e ¢« DA [aa ] S R NSNS DN~ R R (250 0 %S Do e I o~ &~
e e SN L 34 Bt # HIQHDE HOQAQH® el t # AARDA I DZENS Dt NDTrN+ L L
AT D~ ~ HANZ #mramie v 2% 13 D AQMEHO He  <HEANHR o —e
*aZ4 *Ne L~ el | nn N TN Qe N L1 SEE NS QEIn TG RN
Vi Leg~% 33 | SRR AZ:LP:-IID:WFN6::uPo2‘:L R E R
HONt Q@ liE N Ire Do+ AN ~ealagNZIt NN e~y Dal # G NGl F a0 L # D8 ¢
-4 utDL(( L N R rAle ANt e L EHQSG DQFPHE D e HD Qe ¢
~r Ad At ~r [ F SRR - VT RO R A B b I P S e B T JOR g I B K IS P PRV NS Y
* +Aacie ~ LT + 4 DL rGMDES® D0 LINTIR SDUr1 523G # Cla L5 Se0n 2 Lal oo by o~

um it # DeSOw Lw QMR CNHD 0N+ &

el o OIS ) S aChiN AR L SN e

Glaall ™ I o] UVID AR § L0 Y M3t Dt il e Qg% DR rem | # LlaCw L (g 4%
Nediawa woliut i wr o yn 4 -Gl o o Rt RO KGR D e R LD b Adw S ARG &N
*® LA T N QUZR SN ~D N NP D NGHDILA A el H S HZNAQR a0 LDy »

* LR QDY (DI P4l

Z4ate AQAT* O ~mNGagai QGO ® DA Ze QDD 2w

N S baw SOt HHZ QAR OO 38 X b He o d® aln L+ oChI0 U N FD e LM
THONND ~ 48 Zaf LIS i 52 P LZ L Golw ol Z Q0 Z 0ol e m] R QoG ol.o8 b8 & 0 o3
e Py A~ Qe P e a8 R R el T QR 0 e DK AR il AR DG U T
Al QA N~ ¢ SNl ~UNelagn | NI SSade it VN rdoThe QaiD I D00, Lo Qe Dreld
W il w (AR GO D it R deN ] M e DADIH L LA v ® G NS DE QU QY
e AR R NI PR Al SGd N0 e 2N QNS DRI Sl D - e
~ R LD E R Y NINE w0 % # R SOIRTISAOR (QeSaG® M LR ® LIS IR e N
AL NN QY Con o PO EUREER SN 7o RPN oY PV S e ¥ S S SNSRI T B § PLGPVLPT R SRSV, S SR A Y |
D S mldy NI P I G GH QoS IO Ll Aag | 233 % # QA QGG ¢ Je=n 2
sl enreetny &« D RN Y LY PSR I e T S [ A P R B R I = T-"E IR - T Sy SUpR U R (L
ME A~ANAQUVIEr | -G+ e T PR K - v o P R BN X R S AN D L LD R | e
f Ll e R W% Nl e OGRS AE R AR QD el R N D] L *r40 AN
+)LI+I AL Qin w8 H AN [ % o DN I G- dQMAQNAI® & | % ONGE el
G LI DHE At 2 3 NIRRT LR 04 A DAY DD Qi SR e D e
g w Bt 2w D8] A {w et 2 e S M IR DN D O s

VM S DG LR N P2 GV~ (N DG rfedal® DA G I SZ LIt VI LGNNI

G0 Z RN LSty HME el Al Ao R A DA LA e PSR HSNQR AR e O
T4 w .3 & 4A,')L+(-Il e Zrd-o (NSID IR 4 (-G N® So% 88 -Jn o w4
~Zt AN 4D+ QGNSg # # DN+ LI = Yo¥R ) H DX D e DR O | Qe G oD 2 qIO G
e lew Nt fum ] D% G G4 EAA2-L.¢N_I.11-51L.PL L e ol L I B L
~LIN+T I =84l PN QOZONNSIAM D e 5 0y # TS ZOHZ# ¢ W INGH AQZZ+ 0 ¢ 23549
- (N" ) om S Zrel | # a I Je= T 3 PR AP TEURK WP TR s B 3 PRt A LR X FS VIR IS
~e TG A~ E AT BT NN G L BRGSO QA AR AR SOOI R DUV S NS
i) BeNNQQaL T # L4 ~wr 4N G TR QAR IS 30 O% -] Bl R DAL D D1t 2 e DALY

“ile L LWHr QXL NAOr LA QUNCH QSR SR Al Ty e AL A AF S QA A 2 2 O~

(»PbA&nlquhtlzltP }:)nlLFLtJIPlhDB:Dt: (S - 3 JRTS PR IR e P e A
SNDH® e e PRGN M L] A SR # DA QBN A e Lo #Ne # D% # | 1]

LN JNEL LN ta(SlUAnDss*4PL_:gtANIDPUD:n&.FAE;SA * e~
HPZ® mld ~held + NN #Za st #0200 D] A0 # B0 S # QD ADO e HD | G2 4] S
0 A e AN 4 ~ AU EZNCAUIR Lt SR W] O DL ZDGI QoA 2+ He SN
Eumadiwagy) ~a(Q L+ # (358 Qe # QENQR QR % Lo R ® Qe Qe ZL£OQ8 ZNLZS 0o

4

AUAI(Q(P1tUPF NLE DAZT IR Qi % 8 2HERAI DIC e Qi w0 g ® e ®De QS
EHH=StN H NHHAN DNHAGwed ~DQ0ges 24D DA = DD DA G B4 3 D
INNcZIéb.INN&I.Itilos#BI.ILPII+I-Ah+IIAIlL1!LLIIL5£IP:él
R g (NwZ @ Efefd Lt e AN QELSAALE 2t LA4AQLLH1Er AN IZAQY s NA oS

ALFA + LLIF*SP*)LLFL»

»
(NI S*ALFA +

L*SA
Dr)~

LLL
A®

- bri.
DP*4LLF

= LLP) *H

54) *(LLA
L*LD + DL)*H

2

+
5
(]
-4 -~y
- Gy o~
N o~ + (55 —~d s
L - el
+ » g el e w
+ (2% 'Y L K - LN oW
-5 Dl ® A~ ~rND
e~y FL NCusl ® ol &
MADA = n O oA
Qe s * N 3 .0, Qg
g KN i tV, LA
VNcee 2~ F | ® o~ e
.nn.nu)' B T R o S o N X SR |

Z+ 4 NQH-NIH
411.-..0.&-&’ [ald 2P -4 o R >4
Wl f QNal U A~
Qe n LN BN~ D G s 0
QI L4 ~<+.3
L] Dl t el (e
~trHidin —taln L 2K R PV R

aC WL NE Sl AN i
HAo® o H#® AHWN~D .3 (X
Al e X NQZ e Qb1 | oy -Q
LI A § * L Y & (A L] rd
Nae ™ SONFNR wr o Onl g 0N

4 30r4.3
PRy ISP RS

NS+ fay H@ s eGP~
+ Arin el ¢ 2w

*TNCg Hw | ~eledlage ~
[oW Qe dz ON-Z # 22D (NG oy
Gt % lr B ® MAM Nl
Ly ~r4-lI QA0S My 3
R CEIC s N~ +

SR U x PO S0 ~ g ”
=S N HBEe AN Q L)
+Ne B AL AL 3. 3NA
NN Zhe# s I® + % -0 2
<§ .5 Lot ] ~ (N 3~
SR gl N JEVFRETY RO TR BV e )
~ r42¢ DA QD& =~
L PR Vire Nt H3, S g
® B h Pr{SND L EZ g~ ~]
Vi~ e QH-ID®  » o
HOS® i~ ZalH e ~Ag
Lr4® FIOQwGrvr o S~ L8 L,
“ZN) HE Ll -0
e e S SLAADNGC LAe g
s e ee e A e e
(G~ [ Te R T N0 R v el =%
IO ML AL D Dhode )
WA 1S 3l
~ 22 LLQe~s LA ~aLw Qe
® w®d N® ® ACg® G
e~ NN HA~QDNLG I S
B DR KA M D
IDN%IK:II.[#I.H{
e~ SJQNZL o -

s€ndl



114

APPENDIX B
LIMITING BEHAVIOUR OF THE CHARACTERISTIC EQUATION

B.1 Small values of ¢

The radicals in the characteristic equation, Equation (4.51), have the

form B! + x , which can be expanded in binomial series as:
(l—x)n=1+nx+n(n—1)—’2(-?—+... (B.1)

This series converges for x < 1 when n > 0 and neglecting terms of

second and higher order, expansions of p and q are:

pp = 1 + d2 = pa=1+e2d2ﬁ§— (B.2)

r4

1+ = Qa=1+12 = (B.3)

ap

The numerator and denominator of Equation (4.51), after inserting

Equations (B.2) and (B.3) become of the form:
NUMA = N;y + N2 € + N3 €2 (B.5)
DENA = D; + Dy ¢ + D3 €2 + ...+ Dg ¢7(B.6)

The inverse of Equation (B.6) may be expanded for small values of e:

—E}%er'jl)—l[l—TlTl(sz‘l"Dsfz)] (B7)
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Multiplying Equation (B.6) by Equation (B.7) and neglecting terms of

second and higher order:

NUMAxDENK=_g_;[1-(g—f-§2)e] (B.8)

—

or
LIMA = NOMR — Ay (1-1¢) (B.9)
where ACNS is given by Equation (4.54) and

(B.10)

-

I
ok
|
Az

Equations (B.5) to (B.10) are fully expanded in Output "OUT 5" in
Chapter 5.

B.2 Large values of ¢

For large values of ¢ the radicals in the characteristic equation can be

rearranged as:

pp=dlef1+ I (B.11)
pa=edde] 1+ —ir (B.12)

Qp (B.13)

I
~
:‘l
|-

qa=rﬂ 1+'TITE (B.14)



116

and their expansions, after neglecting terms of higher order than onme, are:

pp=d e [ 1+ o | (8.15)
pa=edfe| 1+ g | (B.16)
w=1c[1+4] (B.17)
aw=rfc[1+ 5t (B.15)

A similar manipulation of terms as previously described for small
values of ¢, was performed for the determination of the limits of A and B
when ¢ - ». Unfortunately, the number of terms involved is so large that
the final algebraic values are impossible to obtain with the means available

for use.



117

LIST OF SYMBOLS

The nomenclature of the computer programs is presented here in bold

and capital letters or normal if it is the same as in the main text.

A = (vp up/¢p Lp) a2, dimensionless wave number

AC = dimensionless wave number given by Equation (4.51)
An = constant of integration '

B = (vp/{p Lp) B, dimensionless growth constant

BC = dimensionless growth constant given by Equation (4.53)
Bn = constant of integration

C = concentration, Kmole m-3

D = diffusivity, m? s’!

d = { Dp/vp, dimensionless

DEN = denominator

DHA = H',
DHP = H',
DIA = I',
DIP = I'p

e = J Vp[va , dimensionless

f = function defined in Equation (4.60), dimensionless
f( ) = function of the variable in brackets
G = concentration perturbation, Kg m-3

H = X part of the concentration perturbation, Kg m-3
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k; = forward rate of reaction constant, Kmole'! m3 s-!
k'y = pseudo—forward rate of reaction constant, s-!

ko = reverse rate of reaction constant, s!

LL = L = undisturbed concentration gradient, Kg m™
L=1=(i/aD)L, Kgmss

m = (ki/ks) Cg, dimensionless

NUM = numerator

p= J 1 + (B/a?v) , dimensionless

pressure, Kg m-! s2

q J 1 + (B/a?D) , dimensionless

r = J Dp/Da , dimensionless

t = time coordinate, s

U,V,W = XY and Z components of velocity, ms-!

X,Y,Z = spatial coordinates, m

D, a . )
Z = —]‘:T——, dimensionless

Greek letters

a = ALFA = wave number, m!

# = BETA = growth constant, s’!

B = amplification factor for the disturbance
fi = circular frequency

S = concentration coefficient of interfacial tension, m3s-2

N
I

k£ = dilational surface viscosity, ms-!
A = 27/a = wavelength, m

g = NI = ordinary viscosity, Kg m-1s-!
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ps = NIS = ¢ + K, composite surface viscosity, Kg s

v = NIU = kinematic viscosity, m2s-!

¢ = EP = (/a?Dp ,dimensionless

p = density, Kg m3

7o = equilibrium interfacial tension, Kg s

7xy = y component of the fluid shear stress, Kg m-1s2

Tyy = y component of the longitudinal surface stress, Kg s2
¢ = x part of the stream function, m?s-!

¥ = stream function, m2s!

\

surface shear viscosity, m s!

Subscripts

a = phase A (x < 0)

D = dominant unstable disturbance

i = imaginary part of a complex variable
N = neutrally stable disturbance

p = phase P (x > 0)

r = real part of a complex variable

S = stationary disturbance

Superscripts

0 = value in the undisturbed state

primes = differentiation sign
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