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1. Introduction To Coalescence

Taking a stoppered glass bdttle, half full of water
and half full of an immiscible oil, and shaking it often re-
sults in swarms of droplets in both phases., When the bottle
is then held still, the droplets congregate at both sides of
the oil/water bulk interface. Gradually, the two liquids
become clear again as the droplets enter their respective
" phases,

If the progress of one droplet in the bottle is fol-
lowed, it approaches the bulk interface, rests at this inter-
face for a length of time and then disappears into its phase,
often leaving behind a small drop in its place. For purposes
of discussion, the author assumes that the o0il is lighter than
the water, that the drop is oil and that the large horizontal
oil /water interface is called the bulk interface. Since the
drop is oil, the oil phase is termed the discontinﬁous phase,
and water the continuous phase. Merging of the droplet with
its own phase is called coalescence, and the sequence of events
leading up to and including this coalescence is termed the
coalescence process.,

The time consuming step in the coalescence process
is often the resting of the droplet at the oil/water bulk
interface., A film or lamella of continuous phase liquid is
trapped between the droplét and the bulk interface. The rest-
time of the drop at the interface is determined by the time
taken for the lamella to drain to a critical thickness. At

2



this thickness a hole suddenly and inexpliciblv forms in the
lamella, the contents of the drop flow into the discontinuocus

phase liquid, and coalescence is complete.

1.1. The Importance of Coalescence

A study of coalescence is important from both a fun-
damental and a practical point of view.

The study of thin liquid films such as those that
occur in liquid/liquid and gas/liquid (socap films) svstems
allows the strength of forces operating between interfaces to
be measured.

Coalescence is intimately connected with the stabi-
lity of thin liquid films., The existence of foams in lakes
and rivers, printer's ink, distillation columns, and automo-
bile engine oil is of great interest., The existence of emul-
sions and dispersions (unstable emulsions) in liquid/liquid
extraction, water purification of industrial wastes, emulsicn
polvmerization, and decantation is also important for design
of these processes,

Since decantation is a common, important chemical
engineering operation, it is considered as an example. A
dispersion which yields large rest-times of droplets .t the
bulk interface means that when it is fed to a decanter, the
decanter must be large enough to eive long phase residence
times so coalescence can occur. From a decanter design point
of view, then, it wodld be advantageous to be able theoreti-

cally to predict droplet rest-times. Before looking at methods



of studying the coalescence problem, a short discussion of
the variables that appear to affect coalescence will bhe con-
sidered. This will aid in understanding the difficulties of

the methods of study.

- 1.1-1 Coalescence Variables

A major difficulty in studying coalescence is the
vast array of variables that must be controlled., There are
three types of variables in coalescence; physical property
variables inherent in a chcice of the liquid/liquid system,
variables that are externally controllable which may inter-
act with the liquid/liquid system variables, and external
variables over which the experimenter has little contol and
can only minimize or be a&are of their influence. These
three groups are discussed in turn. |

Physical property variables that directly affect
coalescence are density difference between the phases, phase
viscosities, and interfacial tension. Another property is the
phase dipole moment. This property determines how well an
electrostatic field will he conducted through the phase,

Various properties of the drop and bulk interfaces
may affect coalescence. Diffusion of molecules adsorbed at
the interfaces may affect the ease with which aninterface will
move. Also, if the surface-adsorbed molecules (surface active
molecules) attract one another strongly enough, another phase
may be formed at the interface. This phase may give the inter-

face a larger viscosity than either of the bulk phases.
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Another effect of this deliberately added surface
active avent or surfactant is often to set up a repulsion force
between two Interfaces which are very close together. The
presence of ionic surfactant molecules at each interface res-
sembles a layer of charge at each interface, and if the phase
separating the two interfaces is capable of conducting an
electrostatic field, the two charged lavers repell one another.
Often, the interfaces are close enough that van der Waals at-
tractive force opposes the '"double-laver' repulsive force, so
the lamella thins until the two opposing forces are equal,

Addition of electrolyte to the electrostatically con-
ducting phase, usually water, allows the surface charges to
be almosﬁ neutralized. The lamella may then get thin enocugh
for rupture to occur, before the double layer force becomes
appreciable.

Other variables which may he controlled are tempera-
ture, drop size, the distance the drop must travel from the
point where the drop is formed to the interface, and interface
curvature,

Uften the experimenter has little control over some
variables which mav influence coalescence. Vibration of the
interface, initial puritv of the liquids, earth magnetic field
fluctuation, and cosmic disturbances have, at cne time or
another, been suspect.

With this brief survey of the coalescence variables,

different methods of studying coalescence suggest themselves,



1.1-2 Methods of Study

Two main methods may be used to studv coalescence:
large scale semi-industrial studies, and idealized single
drop studies. For example, large scale studies could deter-
mine the effect of different liquids, surface active agent,
electrolyte, temperature, drop size, etc., on the ability to
separate a mixture into two 'pure' streams. This yields em-
pirical correlations usually for drop rest-times or coales-
cence band thickness versus the variahles for each system.
There are manv difficulties with this approach, such as the
puritv in large systems (> 1 litre volume). Drop size must
be accuratelv measured, and the influence of drcp internai
circulaticn and surrounding droplets should be known to make
accurate prediction possible. This approach also vields lit-
tle insight into the actual mechanisms ©of the ccalesceﬁce
process.,

A simpler idealized apﬁroach is to consider only a
single drdp and the bulk interface, or»another drop. The
influence of surrounding droplets is removed, purity can be
more closely guarded in a smaller apparatus, and variables
such as drop size and distance of drop fall mav be controlléd.
Simple rest-time versus drop size plots yield informaticn on
the various parameters.

However, the behavicur of the lamella of continuous
phase liquid is of ultimate importance since it determines

rest-times. The thickness of the lamella mav be measured in
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two ways: bv viewing the lamella parallel to the interface, or
using light interference by viewing the lamella perpendicular
to the interface. These two methods are outlined in Figure(l.@.

When viewing the lamella parallel to the interface,
the prime prerequisite is that both liquids have very nearly
the same refractive index. OUnly lamella thicknesses greater
than 1072 cm. can be observed using this technique. Another
restriction is that the lamella may only be seen along a two
dimensicnal slice. Behaviour of the lamella that may affect
coalescence may be occuring in regions other than that being
viewed.

The light interference technique requires the dis-
continucus phase liquid to have a refractive index close to
that of glass and requires a large difference in refractive
indices of the two liquids (> 0.10). Again, the interface
is observed in only twc dimensions, but here all the lamella
within the barrier ring is within view and the thickness of
the lamella can be determined from the interference coclour, so,
in essence, a three dimensicnal view is accorded.
| interpretation of the interference pattern can he
difficult, especially when using monochromatic light. This
method is limited Lo less than 3 x 10'4 cm. lamella thickness
with white light, although there is really no upper limit
when pure monochromatic light is used. A more complete dis-
cussion of this technique is given in Appendix A 3.

The emphasis of a review of past work is on the



Figure 1, 1lwo Methods of Lamella Thickness Measurement
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idealized single drop studies. This review will consider how
these two techniques have been used by the various investiga-
tors, give some of their more pertinent findings, and some
criticism of their methods. When the coalescence field is then
in perspective, the object and scope of this thesis are pre-

sented,

1.2. Historical Review

Most of the early work was concernedvonly with the
rest-time of single droplets at an interface. Then the light
interference technique was applied to the measurement of lame-
lla thickness, Recently, the "through-the-side'" study of
lamella thickness has been used.

Each of these methods is considered in turn.

1.2.1. Rest-Time Measurement Only

There have been essentially two anproaches made to
the study of single drops at a bulk phase interface. One ap-
proach was concerned with only pure oil /water svstems. The
other approach studied the influence of added surfacevactive
agents on the drop rest-time.
| With pure systems, fesearchers always found that drop
rest-times were distributed randomly; with rest-times ranging
from about one second to perhaps thirty seconds ( 1 - 14 ),
These distributions of rest-time with drops observed were
neither normally nor log-normally distributed. Extreme méa—

sures were often taken to attempt to ensure cleanliness of



apparatus and purity of compounds; interface cleaning proce-
dures, such as surface impurity absorption with tale, "spil-
ling" the interface, and suction with a capillary were used.
Since svstems were then supposed pure, any scatter in rest-
times was attributed to uncontrollable external factors, such
as mechanical vibration, kinetic temperature fluctuation, and
unavoidable interfacial tension variation caused by thermal
convection currents in the cell.

When surface active impurities were deliberately
added to the liquid/liquid system, randomly distributed rest-
times were again observed. However, the marked influence of
a change in surfactant concentration overwhelmed the random
fluctuaticns enough to allow trends in mean rest-times to be
observed., The explanations for the influence of the surfac-
tants included suggesting the existeﬁce of a double layer
repulsion force for ionic surfactants, and a consideration of
surface ''wettability" when insoluble protein layers were pre-
sent at the interface.

with the addition of only electrolvtes to the pure
~system, the change in rest-time distributions was attributed
to an electroviscous effect ( 13 ). The evideﬁce on which
these workers based this conclusion is deemed by the author
to be insufficient when the results of later light interfe-
rence studies are considered.

However, in 1966, Hodgson ( 4 ) developed experi-

mental techniques that clarified earlier observations and

10



11
indeed opened up the coalescence field for renewed investi-
gation. He devised a drop forming technique that allowed a
simple Agla syringe to be used tc form any size droplet
easily and reproducibly. Practically, the technique is limited
only by the volume of the capillary of the syringe. More signi-
ficantly, a simple interface cleaning procedure was devised
which showed}gggp rest-times were a function of bulk interface
age from time of cleaning, both with and without.surfactants
in the-system. Considerable scatter in the rest-times was
removed, and hence reproducibility of rest-times was excellent.
Theoretically, Hodgson introduced qualitative and quantitative
analysis to the sequence of events that must be occurring at
the interfaces bounding the lamella. One of the most important
results of his work is that interfaces in a pure system are un-
able to withstand any shear stress and will move in the direc-
tion of the shear. Pure systems give very short rest-times
(<1 second) for this reason. This shows that the systems
used in past work were not pure enough, despite the elaborate
and time consuming equipment‘and material cleaning procedures
used by workers prior to 1966. As discussed bv Hodgson and
Lee ( 4 ) the older methods of interface cleaning may actu-
ally introduce contaminants or work so inefficiently that
surface contamination is still present,

It is interesting to note that rest-time data from
Hodgson's work still yield sigmoidal curves when plotted as

cumulative drops versus cumulative observed rest-time, but
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the spread of the curve is much narrower than in past work.

The difficulty with Hodgson's work, however, is that the inter-
pretation of rest-time data is limited in scope because of

the lack of experimental knowledge about lamella shape and its
behaviour. Consequently, data are interpreted in terms of a
very simple mathematical model which cannot adequately describe
lamella shape. Since lamella shape partially determines rest-

time behaviour, the shape must be known.

1.2.2. Rest-Time Measurement and Light Interference

IOnce again there are two approaches. Few researchers
have been concerned with the relationship between the drainage
pattern revealed by interference measurements and the drop rest-
time. Most have used the light interference technique to mea-
sure the rate of lamella thinning, the lamella thickness at
rupture, and the lamella thickness when double layer repulsion
balances van der Waals attractive force (15 - 32).

Both observation of lamella behaviour and measurement
of rest-times are valuable in trying to predict drop rest-times.
This is especially true if mathematical models can be found to
accurately describe lamella thinning. Until recently, the
modelling approach has not proved useful because the models
have not been adequate.

Studies of rest-times have primarily been of bubbles
or drops rather than one drop at an interface. Lindbald (i8)

studied the effect of humidity, electrostatic charge and
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presence of surfactant on rest-time when two drops were shoved
together. Scheludko ( 24 ) was not solely concerned with the
rest-time of the gas bubbles he studied. He-did reach the
significant conclusion, as did Hodgson, that lamella drainage
is hindered by the immobility of the surfactant-bearing inter-
face because this interface can set up a gradient in interfacial
tension to balance the shear stress caused by flow from the
lamella,

Charles, Allan and Mason ( 20 ) studied nitrogen
bubbles in a viscous liquid and reported the influence of sur-
factants on mean rest-time. MaéKay and Mason ( 19 ) studied
coalescence in liquid/liquid systems. Their systems generally
contained no surfactants, and they were more concerned with
lamella thinning than with rest-time.

Hodgson and Woods ( 17 ) were essentially the first
to employ a study of drainage patterns in an attempt to simp-
lify the problem of predicting rest-times. They showed that
rest-times are quite different for even and uneven drainage,
that trace quantities of deliberately added suffactant immen-
sely affect the drainage patterns, identified four distinctly
different drainage patterns, and proposed a simple mathemati-
cal model which predicted drop rest-times, in most cases of
even drainage, to within a factor of two of the observed rest-~
time, for one of four observed lamella drainage pattexns,

This model is a two-dimensional approximation. The data used

to evaluate the model were limited to two systems, anisole/water
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and toluene/water, and for a small range of sodium lauryl

sulfate concentrations of 10'6 to 1074 grams /litre.

1.2.3. "Through-the-Side'" Approach

Hartland ( 26 - 30 ) has studied coalescence of
large drops of viscous liquids by observing coalescence para-
llel to the interface, He has been concerned mainly with
drop-interface shape, and has attempted to predict the change
in lamella shape with time for his systems. He paid little
attention to drop rest-times, and his use of very viscous
systems all but negates work done using’surfactants since
the large viscosities and drop and bulk phase circulation
patterns should restrict any motion caused by the small forcesv
acting at the surfactant-bearing interface. Purity of viscous
systems is also a problem since most of the conventional inter-
- face cleaning techniques (including Hodgson's) will not func-
tion well with viscosities of the order of 30 cp.

The main advantage of this technique is the direct
observation of the lamella. The main disadvantage is that the
lamella is seen only in two dimensions. Drainage may seem
to be even in one vertical plane, while in another vertical

plane perpendicular to it uneven drainage may be taking place.

1.2.4. Evaluation of the Literature

Past workers often assumed that simple mathematical
models, such as Reynolds' parallel discs model, should des-

cribe lamella thinning. This resulted in many explanations
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as to why the data did not agreé with the model, rather thanr
attempts to derive new models that more closely describe the
physical situation.

Use of the light interference techmnique to observe
lamella drainage while measuring drop rest-times seems to be
the most promising approach in collecting meaningful data on
drop rest-times.

- New theoretical insight and good data from the experi-

mental technique of Hodgson and Woods seem to be the keys to
understanding the coalescence process and to the accurate pre-

diction of rest-times,

1.3. OUbject and Scope of This Thesis

The object of this thesis is to investigate the
coalescence process with the aid of the light interference
technique. Contributions of this thesis shculd be new under-
standing of the sequence of events extant in the lamella,
the formulation of additional mathematical models to inter-
pret experimental data, production of reproducible accurate

data on lamella thickness and drop rest-time, and extension
of the range of surfactant concentration and liquid/liquid
system physical properties. |

Experimentally, the work is limited to the study of .
small (£0.35 cm.) diameter oil droplets in water, with the
oil lighter than the water. An ionic surfactant, sodium lauryl
sulfate, and electrolyte, potassium chloride, were added to

the water in varying quantities to influence the coalescence
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process, Variables studied were:
1. Drop diameter
. Distance of drop rise

Surfactant concentration

Electrolyte concentration

[V, N SN VU N
-

. System physical properties

All other variables were either contraled, measured, or mini-
mized where possible,

Thesis organization is based on a paper type struc-
ture since the work done is easily ordered into tgree distinct
sections. Each péper will constitute a chapter. Experimental
data, ideas, and additional»work not included in the chapters,
but relevant to this thesis, are included in appendices at the

end of the thesis,
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CHAPTER 2,

LAMELLA PRESSURE DISTRIBUTICN AND INTEKFACE SHAPE



ABSIRALL

A method has been developed to calculate the hydro-
dynamic pressure distribution in a liquid film for a drop at
a liquid/liquid interface. This method uses the relative
thickness data obtained from light interference measurements
made on the liquid film.

Once the hydrodynamic pressure distribution is known,
the three-dimensional or absolute droﬁ and bulk interface

shapes can be calculated.

20
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1. Introduction

The coalescence of liquid dispersions is important
in such diverse industrial operations as waste water treat-
ment and liquid/liquid extraction. To understand coalescence
in multidroplet systems, fundamental studies have been made
on single drops coaleséing at a planaf‘interface. “investigators
have often used light interference or electrical conductivity
methods to study the thickness of the trapped film of continu-
ous phase fluid that prevents for a short rest time the dis-
persed phase droplet from coalescing.

For liquid/liquid coalescence of a single drop at
an interface,’both the drop and the bulk interfaces deform so
that the shapes of these interfaces, bounding the trapped film,
are difficult to predict. To fully understand the coalescence
mechanism, thé fluid flow from and in the neighborhood of the
film together with the shapes of the interfaces bounding the
film should be known. . Information about the hydrodynamic
pressure distribution in the trapped liquid film would aid
in predicting both the flow and the interface shapes.

Little is known about the pressure distribution in
the film for a deformable drop at a deformable interface.
Hartland (1) has studied the approach of a large (1.265 cm.
diameter) solid sphere to a liquid/liquid interface using an
electrical conductivity method and photography. However,
his film thicknesses are relatively large, greater than 10'3

cm, and he does not attempt to relate his calculated pressure
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distribution to either film or interface shapes.

Princen (2), and Princen and Mason (3) predicted and
confirmed interface shapes for a gaseous bubble at a gas/liquid
interface for the case when double-laver repulsion prevents
further thinning (equilibrium conditions). These authors
therefore assumed no pressure distribution in the trapped film,

Jeffreys and Hawksley (4) photographed a water drop
at a benzene/water interface and then calculated the film
pressure distribution from the shape of the drop., This method
is not accurate at small film thicknesses ( <10 >cm).

Thiséggééggﬁses relative film thickness data obtained
by a light interface technique to calculate the hydrodynamic
pressure distribution in the film., Results of this approach

are then used to predict three-dimensional drop and bulk inter-

face shapes.

2. Experimental Part

To study film thinning for a single liquid drop at
a liquid/liquid interface, the same all-glass coalescence cell
- used bv Hodgson and Woods (5) was used. This is shown in
Fig. (1.

The system studied was toluene drops in distilled
water. The toluene was freshly distilled. Solutions of
doubly distilled water (1 to 2 micromho resistivitv) with 10_6

gm/liter of laboratory grade sodium lauryl sulfate and 0.01 b.

potassium chloride were used. The latter chemical was added
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to minimize double-layer repulsion.

To form a drop, the entire syringe assembly was
moved upward until the capillary penetrated the interface.

A micrometer was used to meter in & slug of 0.005 ml. of tolu-
ene into the capillary, and the svringe assembly was then
lowered into position. The toluene was slowly forced from the
capillary and allowed to rise to the interface as a drop. The
distance of rise of the drops was less than 1 mm, and the drop
was usuélly less than 10 seconds old when it reached the inter-
face.

The special technique developed by Hodgson (6) of
cleaning the interface and the extreme care taken to ensure
cleanliness resulted in reproducible data in studying the
effect of surfactants on film thinning.

The change in film thickness with time was observed
and photographed through an Olympus Model MR metallurgical
microscope and using a 30-watt tungsten light source. Immer-
sion oll of the same refractive index as the glass plate was
placed between the microscope lens and the glass plate to pre-
vent reflection from the plate.

Drops usually coalesced within 10 seconds and were
released at l-minute intervals until no further changes were

observed in the interference patterns for successive drops.

3. Theory |
If the pressure distribution in the trapped fluid

film were known as a function of time, then the change in
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dimple shape could be found as a function of time, and abso-
lute bulk and drop interface shapes could also be determined,

Normally, to determine the pressure distribution in
the trapped fluid film at any instant, either the velocity
distribution in the film or the absolute interface shape must
be known. Film velocity distributions are not easily measured,
and accurate determinations of the three-dimensional interface
shapes are very difficult to obtain for small diameter drops.
The photographic technique used by Hartlaﬁd (7) is not sensi-
tive enough for the regiun of interest in this work.

The procedure adopted in this chapter is tc semiem-
pirically describe the pressure distribution in the film. The
form of the polynomial pressure correlation equation is dic-
tated by realistic fluid dynamical boundarv cenditions. LEqua-
ticns describing the shapes of the bounding surfaces can then
be written in terms of the pressure distribution. The constant
required in the pressure distribution equation can then be
determined by trial and error by comparing the experimental
relative film shape, found from light interference measurements,
with the predicted relative film shape.

3.1. The Form of the Pressure Distribdtion Equation

A generalized sketch of the drop and bulk interface
shapes is shown in Fig. (3); a typical relative‘film thickness
profile (dimple) is shown in Fig.(@.

Although a multi-term polynomial expression could be

used to describe the film pressure distribution, a simple form
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can be selected because of the hydrodynamic pressure boundary
conditions. These are shown in Fig.(Z) At an unknown radial
distance R the pressure is zero and,éplér = (0. At the centre,
r = 0,Jdp/dr = 0.

An equation of the form:

?r = a‘brx+cry ocool

is sufficient to satisfy the boundary conditions of the pres-
sure distribution. To further simplify this expression, let
y = x+ 1,

The fourth boundary condition to be imposed is that

the pressure force must balance the drop buoyancy force. This

R
2T rP, dr = Wg.
O '..lz

(The volume of that portion of the drop lying above

is written:

or below the horizontal reference axis for drops rising or
falling, respectively, does not decrease the drop buoyancy
force significantly for small drops, and so is not considered.
This analysis also assumes that acceleration of the interfaces
is approximately zero; thus >Fo= 0.)

| Use of all four bodndary conditions means that the
constants a, b and ¢ can be determined as functions of x and

R.
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Thus:
b (x + 1)a
Rx
xa
¢ = E??T
d
an P/ S
ZHV‘R
where 1 z[_1_.__(1&-0—1)_,_ X .
2 (x+2) (x+3)

Equations must now be derived that give the film thickness as

a function of the pressure distribution.

3.2. Central Bulk Interface

It is convenient to divide the drop and bulk inter-
faces into the three parts shown in.Fig.(Sl The drop interface
extends between 1 and 2, the central bulk interface between 4
and 5, and the bulk interface tail from 5 to 3, where point 3
lies at infinity. The lower '"“free surface'" portion of the drop
interface will not be considered,

The coordinate system used is also shown in Fig. (3)
The horizontal axis coincides with the bulk interface tail at
infinity. Let the position of the central bulk interface
zenith be given by H, (i.e., at r = 0) and the height is k
at any radius r. For the central bulk interface, the hydro-
static head of liquid in the film may or may not be important,

. balance
If the hydrostatic head is included, a force/on the central
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bulk interface yields:

1
B2

where “i31 and @2 are the radii of curvature of the bulk

+ ""[j?gk ':'.'“'-l_)r 3 50003

i

o
Y

interface, and are given by:

1. alk/ar? ,
B1 1+ (dlat/dr)?}sfz 5

-
-

. dk/dr _ .
r|1 + (ak/ar)? |12

prs

1
A2
\1
To keep the analysis tractable, neglect (c:ik/dr)2 relative to

1. This is a reasonable assumption since we find later on

that:
g% = 0 {0,01)
and so
(dk/dr)% = 0 (107%).
With this simplification and with the use of Eq. (1}, Eq. iB}
becomes:
2 . ;
dlk, Ldk_ Aoek
dr r dr " A
X Xx+1
s.:“"‘-a-f.‘.br “"Ct:l * ...033
¥ ¥ ¥

The complementary function to this ordinary second~order linear

differential equation is:
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k., = &I, (m) + BK, (m),

where A and B are integration constants, Ij and K, are modi-
fied nessel functions of zero order, of the first and second

kind, respectivelv, and:
i
m £ re = ‘/ ’3“6"8 ¢

The method ¢ variation of parameters was then used and the

complete solution to Eq. §3} found to he:

k = ALy(m) + Bx(',(m)
N g (m) ¥ (m) dm
, L)
= IO(m)wO E

i m -Iy(m) ?j(m) dm

Ky(m) |

O I‘A ac.t 031)
where: |
§ ‘ x x+1
\P (m) = 2. . bm\ + €m 3
o2 T LY T KTy
E = 10(m}K1(m) - ll(m)KO(m); veenh

and 11 and Kl are modified Bessel functions of the first order,
of the first and second kind, respectiveiy.

Two boundary conditions can 59 used to determine A
and B,

B.C.1: k is finite, m = 0; since Ky —» +

as m-*0; then B = 0,



B.C.2: k = 4H,; m = 0; then A = rH,
since both integrals approach 0 as m -» 0.
The central bulk interface shape can thus be deter-~
mined if x, K, and H, are known.
On the other hand if the hydrostatic head is neg-
lected, a force balance on the centrél bulk interface yields:
X(i-%l—-)m? ; .
gL B2 r

this can be written as:

de .1 dk __a br® er¥fl .
—-—-2‘ * — e - - * -~ '
dr r dr ] ¥ Y 0eseda

This is an ordinary second-order linear differential
equation, solved by reducing it to a first-order equation and
integrating with the use of an integrating factor. The result
is then integrated again to give:

2 brx+z x+3

ar cr

A4y T x+ % (x+ iy

=

+C Inr +¢C, , ces»0b

where C1 and CZ are integration constants. The two boundary
conditions are as before:
B.C.1: k is finite:; r - 0; therefore C; = 0.

b.C.2: k= +Hy; v = 0; therefore C, = +H,.

These two solutions for the inclusion and neglect

of the hydrostatic head for the central bulk interface will
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be compared later.

3.3, Drop Interface

To describe the drop interface shape, let the coordi-
ate system be set up again as in Fig.(3l Let the positicn of
the drop zenith be given by the distance H;, relative to the
horizontal axis, and let the drop interface height at any
radius r be h, relative to the horizontal axis,.

The drop is assumed small enough that it does not
deform significantly because of gravity forces. T1his permits
the use of the undeformed drop radius for calculating the
relative drop internal pressure. Again, the hydrostatic head
of liquid in che film mav or may not be neglected., 1f the
hydrostatic‘head (relative to the » . axis) is included in

a force balance on the drop interface, the balance vields:

¥

! 1 ) 2 Y
| oir @"{") TApEn T e TR

A eoeed
where l/@i* and l/ﬁé* are now written in terms of h, ﬁhe drop
interfacé height rélative to the horizontal reference axis. |
(This equation can be solved using the same techniques as for
the central bulk interface, kq. (3} .)

If the hvdrostatic head is neglected the force bal-

ance on the drop interface vields:

1 1 .29,
¥ A tATE|] Py TTRg ' call7
A1 By
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Equation (7) simplifies to &

d2 +Ldh 2 a br™ ch+l . ceesla
gt S S =TSRy e +
de* rdr d  f X Y

This equation is integrated to give the final result:
2 L2 X+2
h =~ E. , &L br

2d ' 4 Y ) (x + Z)ZX

er**? +C, 1 c
+ Inr +

0...7b

where C3 and Cé are integration constants. The two boundary

conditions are:

B.c.l §& = 0

r = 0 therefore Cqy = 0.
B.C.2 h = H

r = 0 therefore C, = +H;.

The drop interface shape can thus be determined if

x, KR, and Hy are known.

3.4, Bulk Interface Tail

To locate the central bulk interface segment, the
location of its zenith Hz musi be determined, Whereas the
value of H, depends on the pressure distribution in the film,
we next show how the absolute position of the complete bulk
interface can be determined if H2 is known,

To do this, the shape of the bulk interface tail
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needs to be determined, A force balance on the bulk interface

tail yields:

| SR W R |
5 (f{;r + @ET)». zﬁggk. reesd

Simplifyving the radii of curvature as before gives:

)
d“k . 1 dk - Apgk

b a  ——— - ; = O
2 Ex |

dr r dr
Letting m = er, we get |
2 g%k dk 2 |
m® = +m— - mk = 0,
dm dm .5.‘88

Lquation {8a) is the modified form of Bessel's equation of order

zero, 1lts soluticn is
k = Clo(m) + DKQ(m), ~ ' ceesBb

where ( and U are integration constants, and 10 and KO are
modified Bessel functions of order zero, of the first and
second kind, respectively.

For the first boundarv condition,

B.C.1l: k —=0;m-» . Then C = 0 since Io(m) :
n%.aa as m -» », The solution to Eq. |(8)becomes 3 |

k = DKy(m). | ceed?

At this point, we see that if.x and K were known

(pressure distribution known) the slope of the central bulk

interface at r = R can be approximated since HZIO(m) is

relatively ccanstant. Thus the second boundary cenditien
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is that
dk/dm is known at m = eR
_ dk/dm
D = - R m)

where K, 1s the modified Bessel function of the first order
and the second kind. |

Therefore, as the pressure distribution is known,
the bulk intefface shape gnd position relative to the hori-

zontal reference axis are absclutely determined.

3.5. Film Shape

For a given pressure distribution, the absolute
shapes of the drop and bulk interfaces can be calculated.
By simply positioning the drop interface at any arbitrary
location relutive to the bulk interface (abritrary.Hl), a
dimple is pruduced. The film thickness is then given by

 the equation:
A: k..h, ‘000010

Thus the pressure distribution is determined by comparing the
experimentél and calculated film thickness until they agree.
The pressure distributioﬁ depends on three variabies, a, X,
and R, only two of which are independent.

| However, Hodgson (9) has derived a set of equations
which allow the dimple pressure at r = ( to be determined
from the experimental dimple shape. With reference to Fig. {4),

if R, and K, are the radii of curvature of the drop and bulk
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interfaces, respectively, and if [)0 and Zl&are the experi-
mental film thicknesses at r = 0 and r = ¢ , respectively,

then simple geometry indicates:

2 2 2
Rl - e +’ (Rl - Zl) 3 occoll
1his may be written:
€2
21 = -2-}:*1' s if Zl(\Rl,
el
and similarly, <4, = zp— '
2

The geometry also indicates:

Aé:: AO -+ Zl - 22 Py e s e 012
Now, a pressure balance at the film center yields:
R, = K d B &

Equations (12) and (13) can be solved simultaneously to
yield values for R, and R,, and so the film pressure at the

center is then given by:

a = 2% - ... lb

Ry

The above derivation assumes no pressure drop in the film

between r = 0 and r = €,

4, Kesults and Discussion

The type of data obtainable is first presented.
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Then,several assumptions made in the derivation of the pre-
ceding equations are justified. Pressure distributions are

then derived from representative dimple shapes and for more

restrictive geometries.

4.1, Data Obtained

Symmetric dimples are formed for interface ages less

6 grams /liter of sodium lauryl sulfate plus

than 1 hour, for 10~
0.01 N KC1, The dimple forméd, for an interface age t = 16
minutes and for drop-at-interface times of £ = 0.79 second

and 6= 8,7 seconds, is shown in Fig.(ﬁ.

4.2, Checking of Assumptions From Absolute
Bulk and Drop Shapes

To check the assumptions used in deriving the pre-
ceding equations, absolute drop and bulk interface shapes
were first calculated., A simple pressure distribution with
x = 2and R = 0¢039 cm was chosen arbitrarilv, and the
absolute interface shapes were calculated using an 1.B.M. 7040
digital computer for both force balances as expressed by
Eq.(3Yand Eq. (5. The resulting bulk interface shape and |
~details are given in Table(1) for a toluene drop at a toluene/
water interface. |

Table (1} shows that including the hydrostatic head
“in the force balance has only a very slight effect on the
absolute shape of the bulk interface. in evaluating the slope
of the central bulk interface at m = eR, it was assumed that

HZIO(eR) was constant, The slope is found to be less than 1%
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in error if this assumption is made., 1f greater accuracy is
desired, a trial-and-error anpproach is necessarv to locate
the bulk interface more accurately,

lThe assumption that dk/dr{l was used to simplify
the ex»ressions for radii of curvature. Table(l}data show
that the slopes are less than 0,01 and hence this assumption
is reascnable,

The absolute bulk and drop interface shapes are also
shown in Fig.{6l. tere it is assumed that the hydrostatic head

~4 cm. Notice that

is negligible and that HZ - H1 = 25 X 10

since the film pressure exceeds the drop internal pressure,

the drop is dimpled.

4.3, Determining the Film Hydrodynamic Pressure
Distribution From Film Thickness Data

To illustrate the applicabilitv and easevin using
thevapproach outlined in thisC;;¥;§;>dimple shapes at the op-
posite extremes of behavior are considered; a deep or proncunced
dimple and a shallow, almost parallel disc dimple, The mathe-
matical procedure was to determine the film pressure,a,at the
center from Eq. {14} and search for the best value of x to satisfy
kq.({10}at at least 10 radial locations. To obtain accurate
fits of the data in the region of the barrier ring, weighting
factors were arbitrarily selected to emphasize that region,
since the central region of the dimple is easily fitted.

This approach was programmed for a CDC 6400 digital

computer. A simple grid search technique was used to find the
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value of x which minimized the weighted difference sum of
squares between calculated and experimental dimple shapes.

The experimental dimple shapes used are given in Fig, (5} The
results of the search techniques are givén in Tables (2) and (3).
Greater accuracy in the search is not warranted because the
light interference technique is partially subjective, and so
thicknesses could be in error up to 20%., This is especially
true for the shallow dimple in Table (3).

The depth of the dimple is determined by the pres-
sure a at the centre, and changes in x produce dimples of vary-
ing width, as shown in Fig.{7). The barrier ring radius aléo
changes slightly as x is changed.

It can be seem from these data that the method pro-
vides an accurate representation of shapes that is flexible

enough to handle the extremes of behavior.

4.4. Application to More Restrictive Gebmetries

This method can alsoc be applied to aid in the under-
standing of specialized examples of the £ilm thinning pheno-
mena. As an indirect means of evaluating our approach, it is
interesting to examine specialized cases, For example, Hartland
(1) considered a solid sphere approaching a deformable liquid/
liquid interface, and MacKay and Mason (11) and Hartland (10)
photographed a dimpled drop at a solid plane surface. The
approach of this chapter will now be used to qualitatively pre-

dict the dimple shapes these authors observed.



38

4.4,1. Deformable Drop at a Solid Plane Surface

If we neglect the hydrostatic force, a force balance

on the drop interface near the flat plate yields:

2y
X(-]-‘--—l»-]#—)«t-l’ = -
3 : r d
B e
For the most general case, this can be solved to
give:

h = r2 ar2 brx+2

- + 5
2d 4% (x + Y

x+2

cx + H,

C(x + 3)2Y ... 15

where ﬁ is the height of the drop interface above the flat
plate at any radius r, and H is the height of the drop inter-
face centre above the flat plate (r = 0).

To calculate the dimple shape, consider the simplest
pressure distribution. Let x = 2 and R = 0,030 cm. Then for

a 0,005 ml toluene drop in water, the results are:

Wg = 0.652 dyne;
n = 3/20;
with |
a = 768.3 dynes/cm®;
b = 2.561 X 10° dynes/cm®;
¢ = 5.691 X 10’ dynes/cm®;

d = 0.106 cm.
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Let H be arbitrarily selected as +1,0 X 10”4 cm.
Then the shape of the drop can be calculated, and is given
in Fig. (8, 1his is similar to the shape of the drop inter-

face shown both in MacKay and Mason's and in Hartland's papers.

4,4,2, A Solid Sphere at a Deformable
Liquid/Liquid Interface

To see what the film shape may be for this case,
let the toluene drop used in our analysis be undeformable.
With the hydrostatic force neglected, a force

balance on the bulk interface yields:

”,X( Lo,y = +P. .
\f1 P2

The general solution is:
Kk = -ar2 . brx+2

4 Y (x + 2)%¥

crx+3
- ) 2 "'Hz o
(x + 3)°) R ¥

The sphere surface can be described by:

s = ~d ¢+ ‘/dz - r2’+ Hy

where s is the distance of the sphere surface above the
horizontal axis, d is the radius of the undeformed sphere,

and H; is the height of the sphere zenith above the reference

axis at r = 0,

1f we use the same pressure distribution as in part

(1) and let Hy - H, = 8 X 10™> cm, the dimple shape is then
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given in Fig. (8, This dimple is similar in shape to those
found by Hartland. Whereas Hartland attributed the dimple
minimum in the centre to the hydrostatic force, this analysis
indicates that this minimum is the result of having one sur-
face of constant curvature (solid sphere) and one surface of
varying curvature (curvature dependent on the hydrodynamic
pressure distribution), since the secondary minimum at the

center was obtained when the hydrostatic force was neglected.

4.5, Application to Larger Drops

The major restriction to the foregoing analysis is
that the slopes of the drop and bulk interfaces are much
smaller than unity. The application of this analysis to
larger drops (0.5 ml) may be in considerable error, but it
is interesting to note that dimples may be calculated which
agree reasonably well with those given by Hartland (7) for
large drops.

Results of hand calculations are given in Fig. (9),
which shows the dimple for a 0.5 ml., glycerol drop after it
has rested for 20 seconds at the glycerol/paraffin interface.
Whereas the calculated hydrodynamic pressure distribution
giving the agreement in Fig.{9) may be in error, the simple
three-term polynomial form used for the pressure distribution
appears to be flexible enough to account for this seemingly
complex dimple shape. Also, since the hydrostatic head was
neglected in calculating this dimple shape, the calculated

pressure distribution probably more closelv approximates the
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the total pressure distribution in the film rather than just

the hydrodynamic pressure,

4,6, General Application of This Approach

The method is very simple, requiring oniy an esti-
mate of the dimple pressure at the center and an x value.
The dimple pressure distribution has been determined success-
fully for drop diameters in the range 1;6 mm to 10 mm. The
pressure distribution information is vital to the prediction-
of interface shapes and of subsequent thinning behavior. This
latter topic is discussed in detail in Chapters 3 and 4.

Initially in this work, a Rosenbrock search tech-
nique was used to find optimum values of a and x to fit the
experimental dimple shapes. However, the one-variable x
approach was capable of giving as good results since the
value of a changed by less than 1% of the initial value in

the Rosenbrock search approach.

5. Conclusions
| 1. The pressure distribution within a fluid film
can be determined from fundamental fluid dynamics and light
interference data showing the relative thickness of the film.
2. The method requires the empirical determination
from the experimental data of only one parameter, the power
of variable used in the polynomial for the pressure distribu-
X+l

tion P = a - br® + cr .

3. The pressure at the centre of the film can be
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satisfactorily determined from a theoretical treatment by
Hodgson. If this were not so, then the empirical correla-
tion discussed in conclusion 2 would require two parameters,
a and x,

4, The pressures do not fall to zero at the bar-
rier ring; there is a significant pressure gradient beyond
the barrier ring.

5. The absolute shapes of the interfaces can be
predicted by this technique,

6. The effect of the hydrostatic head on the pres-
sure distribution is negligible for drops of diameter 1.6 to
10 mm,

7. Film shapes of other authors can be reproduced
from this technique, and‘this in turn gives a knowledge of
the pressure distribution for these data,

8. For a solid sphere at a deformable interface a
double dimple can occur even when the hvdrostatic forces are

negligible.
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NOMENC LATURE

film pressure at center, dynes/cmz.

drop radius, cm.

physical property parametex:;cm"1 %ﬁ%ﬁ
980 dynes/gram.

drop interface height of any radius r, cm.
drop zenith position relative to the horizontal refe-
rence axis.,

central bulk interface zenith,

bulk interface height at any radius r.
film pressure at any radius r, dynes/cmz.
any radial distance,

radius at which ¢ = 0,

bulk interface age, minutes,

drop volume, cm3.
drop weight, grams.

index used in pressure distribution,

any vertical distance;

radius of curvature.

arbitrary radius used in derivation of central film
pressure.

interfacial tension, dynes/cm.

film height, cm or A.

density difference, grams/cm3.

elapsed time of drop at bulk interfaceﬁseconds.
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PHYSICAL PROPERI1LS UF TOLUENE /WATEXK SYSTEM

(Values taken from literature for 25°C)

(3water = 1,0 gm/ml.
gjtoluene = 0,867 gm/ml.
¥ = 32.9 dynes/cm.



siblography

9.
10.

11,

Hartland, S J. Colloid Sci. 26 (4) 383-394 (1968),

*s

Princen, H. M., J, Colloid Sci., 18 178-195 (1963).

b

Princen, H, M., and §. ©. Mason, J. Colloid Sci, 25 ()
156-172 (1965).

Jeffreys, G. V,, and J. L. Hawksley, A.I.Ch.F.J, 11 (3)
613,424 (1965).

Hodgson, 1. D, and D, R, Woods, J. Colloid and Int, Sci,
30 (4)  429-446 (1969).

T. D., Ph.D, Thesis, Swansea, (1966),

Hartland, S., Trans. Inst, Chem. Engrs., (Londcn) 45 797-
T114 (1647),

Jenson, V., G, and G, V, Jeffreys, "Mathematical Methods in

Chemical Engineering', pp. 56-57, Academic Press, London,

(1963).

Hodgson, T. D., personal communication.

Hartland, S., Chem, Eung, Sci, 22 1675-1687 (1957).

MacKay, . 6. M, and S, G. Mason, Can, J. Chem, Ekng., 41
203-212 (1963),

45



Table 1., Calculated Bulk Interface Shape

Hydrostatic Head] Hydrostatic Head
r (em.) Incluéeg Neglected )
k (cm. x 107) k {em. x 10°)
¢ 1.2309 . 1.2301
0,005 1.2169 1.2158
3,010 P 177 b 1759
0.0L~ 1.1196 b.hisl
0.020 1.0541 1.0523
0,025 0.9899 10.9877
0.030 0.9334 0.9306
.05 0.7723 0.7700
0.10 0.5579 0.5562
G.s0 0.1340 0.1336
1.0 0.0362 0.0361
1.5 0.0111 0.0110
2.0 0.0036 0.0035
2.5 0.0012 0.0012
3.0 0.0004 0.0004

Drop Diameter 0,212 cm.

Toluene drop in water.

2 3
p=a-~ br” + cr

(0.C05 ml., volume)

Preassure distribution used was:

a = 766.3 dynes/cr’

La . 6 3y "
b o= 2,561 % 10  dynes/cm!

¢ = 5.691 x 10 dynes/cn?

x = 2

K = 0.030 cm,
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Table 2. Experimental and Calculated Relative Lamella

Shape for Large Dimnle

r (em.) A gA') ‘/.S (A") Weighting

Experimental Calculated Factor )
0 11000 11000 1
0.0025 10800 10797 _ 4
0.0050 10000 | 10188 9
0.0075 910Q 9173 16
0.0100 7700 7763 25
0.0125 6000 5995 36
0.0150 4400 3984 49
0.0175 2500 2002 64
0,0200 1000 586 81
- 0.0225 500 659 100

1. Calculated a is 332 dynes/cm~
2. Best x value based on weighted difference sum of
squares is 6.1 ,

3. Weighted difference sum of squares (for ten points)

17 4 o . 2
N E L(Aexpt'l - Acal'dﬂ




Table 3. Experimental and Calculated Relative Lamella

Shape for Small Dimple

r(cm.) Expﬁiizégtal Cafiu{:fgd g:ifgglgg
0 1600 1600 1
0,0025 1550 1563 - 4
0.0050 1490 1450 9
0.0075 1200 1264 16
0.0100 950 1015 25
0.0125 600 740 36
0.0150 400 551 49
0.0175 600 693 64
0.0200 1450(est.,) 1637 81
0.0225 4000(est.) 4169 100

1. Calculated a is 314.5 dyne&/cm%

2. Best x value is 5.8

3. (est.) means that the experimental thicknesses

have been estimated, since the interference rings

were close together.




Figure 1, The Ccalescence Cell
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Figure 2, Typical Dimple Shape, with Boundary Conditions

for Lamella Hydrodynamic Pressure Distribu&ion ‘
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Figure 3. 2rop and Bulk Interface Notation 51
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Figure 4. Geometry to Determine the Central

Lamella Pressure ''g"

Bulk Interface
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Drop Interface




Experimental,

Figure 5.

Relative Lamella Shapes
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Figure 6, Three Dimensignal Bulk and Bron Interface Shanes
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Figure 7, Effect of '"x" on Dimple Shape for : 55
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Figure 8. Drop Shape at a Flat Plate, and Relative Lamella: Shape

for a Solid Sphere at a Deformable Interface

( Hydrostatic Head Neglected)
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Figure 9. Calculated and Experimental Lamella Shapes
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CHAPTEK 3

AN INTERPRETATION OF LAMELLA BEHAVIOUK
AND DROP REST-TIMES



ABSTRACT

The coalescence of single oil drops at an oil/water
interface was studied with the use of a light inteference
technique., Sodium lauryl sulfate, a surfactant, was delibe-
rately added to the aqueous phase. The bulk oil/water interface
could also be cleaned and the drop rest~-time could then be mea-
sured as a function of the interface age from the time of clean-
ing. The oils used in this study were toluene, anisole, cyclo-
hexanol, and a cyclohexane-anisole mixture. The use of these
oils resulted in a variation of the oil/water density difference
from 0,0097 to 0.133 gram/cm3, a variation in the interfacial
tension from 3.93 to 35.0 dynes/cm., and a variation in the
discontinuous oil phase visdosities from 0.59 cp. to 32.8 cp.,
at 25°C. The aqueous phase concentration of the surfactant was
varied from 0 to 10'2 grams /1. for the toluene/water system,
and from 10~% to 107¢ grams/l, for the other three systems, Suf-
ficient KCl electrolyte was used to minimize double layer repul-
sion. The drop volumes used in the determination of the rest-
times ranged from 0.001 to 0.020 ml. for the four oil/water
systems, |

The drop rest-times and the light interference patterns
produced by the thin lamella formed between the drop and bulk
interfaces were 6bserved simultaneously. Consequently, the drop
rest-time could be'chgracterized by the additional observation

59
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of whether even or uneven drainage of the lamella was observed.
ihe appearance of even or uneven lamella drainage for a parti-
cular dron was found to be a function of the interfacial con-
centration of the adsorbed surfactant. Distinct patterns in
the type of lamella drainage were observed for differenmt inter-
facial concentrations of adsorbed surfactant, for each of the
four oil/water systems Studied. |

All of the light interference patterns that were ob-
served in this work could be decomposed into five distinct
mechanisms for the lamella behaviour. These mechanisms were:
the rapid approach mechanism , dimple formation, slow even
thinning, uneven thinning, and lamella rupture. Each mechanism
was interpretéd in terms of the flow of water in the lamella
and the movement of the bulk interface as affected by the inter-
facial concentration of adsorbed surfactant. An hypothesis for
the cause of uneven drainage was formulated and was used to
interpret the complex light interference patterns that were
produced by the cyclohexancl/water system. These mechanisms
were then employed to interpret the rest-time data.

The observed rest-times were also correlated using
simple equations based on the Hodgson/Woods and parallel disc
models. The former model consistently over-estimated the rest-
time data by a maximum difference of +30%, and the latter model
consistently under-estimated the rest-time data by a maximum
difference of -70%. These correlations were based on rest-time

datg for only even lamella drainage, and, if possible, the same
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interfacial concentration of adsorbed surfactant,

Coloured ciné photographs were taken of the inter-
ference patterns produced wben the lamella was illuminated
with white light for all four oil/water systems. When light
intensity measurements were made on the gray-black region of
the light interference pattern, the lamella thickness at rup-

ture was estimated to be 200 - 400 A°.



1. Introduction

ln most coalescence studies, only drop'rest—timés have
been measured., These drop rest-times were observed for both
pure liquid/liquid svstems, and for svystems which contained
deliberately added surfactant (l1-14). An interpretation of the
rest-time data was often attempted through an analogy between
coalescence énd chemical kinetics (1). This analogv was success-
ful in the correlation of the data of some investigators, but
usually was not sufficient,

The light interference technicue has been employed to
observe the change in the lamella thickness with time. In past
studies, the lamella thickness data were éompared wiéh models
of lamella thinning, such as the parallel disc model. Despite
the complexity of the light interference patterns produced by
the lamella, no attempts were made by previous workers (15-25)
to categorize the different patterns,

With the development of a method to clean the interface
efficiently (4), the drop rest-time could be measured as a func-
tion of the interface age from the time éf cleaning. The simul-
taneocus observation of drop rest-times as a function of inter-
face age and of the light interference patterns produced by the
lamella has been done by Hodgson and WOéds (17). These authors
studied the light interference pattefns produced by lamellae of

the toluene/water and anisole/water systems. Four types of
62
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lamella behaviour were observed. These types were dependent
on the interfacial concentration of surfactant adsorbed at the
bulk oil/water interface and on the oil/water system used.

in this chapter, the work of Hodgson and Woods has been
repeated and extended to include two new oil/water systems. A
wider range of the aqueous concentration of sodium lauryl sul-
fate, the surfactant, was used in the study of the toluene/water
system, and drop rest-times and lamella behaviour were observed

for various drop volumes,

2. Experimental Part

The experimental procedures used in this work may be
divided into three parts. These parts are the cleaning of the
coalescence cell, the operation of the cell and the method of
data collection, and the microscope and the interpretation of
the light interference colours and patterns. Each part will
be discussed in turn,

2.1. Cleaning The Coalescence Cell

The apparatus was the same as that emploved by Hodgson
and Woods (17) and Burrill and Woods (27). A photograph of the
equipment is shown in Figure (la), a drawing of the equipment
is shown in Figure (1b), and a detailed drawing of the cell
only is shown in Figure (lc).

All the components of the cell that contacted the oil/
water system were cleaned before the cell was assembled, These

glass and teflon components were first degreased with acetone,
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and were then immersed in fresh chromic acid for 24 hours. After
the components were removed from the chromic acid, they were
rinsed first with 1 micromho distilled water, then with phos-
phoric acid, and finally with 1 micromho distilled water.

The components were then dried in a drying oven at 100°C for
several hours. When the components were dry, thev were ranidly
assembled to seal the cell interior from the surrounding air.

The distilled water was at least triply distilled, once
from alkaline potassium permanganate (except for the toluene/
water study), and the final distillation was done in an all-
quartz still. 7The water had then an electrical conductivity
of about 1 micromho, and was stored in tightly-sealed polyethy-
lene containers until used.

Alt chemicals were Fisher Reagent grade. The sodium
lauryl sulfate surfactant (S.L.S.) was not purified further
because of its extremely high surface activity.v All the oils
were distilled in a packed glass distillation column before
use, and were then saturated with water and stored in stoppered
glass volumetric flésks. 1he physical properties of the four
oil /water systems are given in Table (1).

Aqueous S.L.S, solutions were made by first weigh ing
0.1 gram of S.,L.S. and adding this to one litre of distilled
water, Smaller aqueous concentrations of S.L.S. could then be
made when 1 to 20 ml. volumes of the concentrated soluticn were

pipetted into measured volumes of distilled water.
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A small quantity of the oil being used in the study |
was poured onto the surface of the aqueous surfactant solution
in the cell reservoir.» The contents of the reservoir were then
shaken to saturate the aqueous phase with oil. This 0il remained
in the reservoir during the course of the experiment. Also,
once the cell was filled with the oil and the aqueous S.L.S.
solution, the oil/water system remained in contact for the rest

of the study.

2.2. The Cell Operation and Data Collection

Two uﬁique features of the cell were the interface clean-
ing probe ahd the drop-forming syringe.

The consgtruction of the interface cleaning probe has been
described by Hodgson and Lee (4). To clean the interface, the
cleaning probe was opened for a 2 to 3 minute period, and about
5 ml. of a 50/50 volume mixture of oil and water were forced
out of the cell by hydrostatic pressure.

The comstruction of the drop-forming svringe has been
described by Hodgson and Woods (17). Figure (lc) shows the
essential details of the syringe assembly., To form a drop,
the syringe assembly was raised until the ground-glass tip of
the capillary pierced the interface to a depth of 2 to 3 mm.

By the use of a micrometer attached to the syringe, the volume
of oil withdrawn into the capillary could be measured. The
assembly was then lowered into positioh. A drop was formed

when the o0il was slowly forced out of the capillary. No
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satellite drops were formed when the droplet was detached from
the capillary tip because the oil did not wet the clean glass
capillary.

To obtain data on the drop rest-time as a function of
interface age, the interface was cleaned and drops were released
at fixed intervals and their rest-times were measured. The
interface age was measured from the instant that the probe was
closed. Normally, 10 to 15 seconds elapsed after the probe
was closed before the first drop was forced from the capillary
and allowéd té rise about 1 mm. to the interface, The drop
rest-time was measured ffom the instant of the first appearance
of a light interference pattern in the microscope until the
‘instant that the‘pattern ceased at lamella rupture.

Immediately after the rupture of the lamella, 0il was
again metered into the capillary, énd the interface was then
allowed to remain quiescent for 30 to 45 seconds. The oil was
again forced from the capillary and a new rest-time measurement
was made. This procedure was repeated every minute, if possible,
and was continued until the rest-times showed little further
change as the interface was aged,

Once reproducible rest-time data had been obtained for
a particular oil /water system and for a particular aqueous
concentration of 5,L.5., the cell and the aqueocus solution
reservoir were emptied. I1f the rest-time study was begun with

the smallest S.L.5. concentration, a new, more ccncentrated
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soclution could be added to the cell immediately, without reneat-

ing the cleaning of the cell,

2.3. 7The Microscope and lInterpretation
of the Light Interference Patterns

An Olympus model MR metallurgical microscope was emp-
loved in this work. It was converted to use a 25 watt Galileo
tungsten light source. Normally, in metallurgical use, light
would reflect from an opaque metal specimen and return to the
microscepe. In the present application to oil/water systems,
only about 5% of the light incident on the oil/water interface
was reflected because of the small difference in the refractive
indices of the two liquids. By using oils with approximately
the same refractive index as the glass plate, and bv using a
viscous immersion oil between the plate and the objective of
the microscope, no reflection occurred except at the interface,

Two light rays will be reflected from a lamella because
there are two interfaces. Since one light ray has traversed
the lamella twice, and the rays have the same light source, but
different path lengths, a condition for light interference exists.
1hus, the metallurgical microscope functions as an interference
microscope since the lamella provides the necessarv path dif-
ference, instead of a second mirror as in the usual interference £
microscope. Also, since the light produced bv a tungsten fila-
ment contains the entire spectrum of visible electromagnetic

radiation, the light interference pattern produced by variations

in the lamella thickness Will be coloured. For monochromatic

-
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light, there wculd be only alternately light and dark regions
in the interference pattern.

The drop volume is an important variable in both the
rest-time study and in the use of a microscope. O5mall drops
of volume 0,001 te 0.020 ml. were used because thev are almost
spherical, are of practical industrial interest, can be mea-
sured accuratelv with a micrometer syringe, and provide no
experimental difficulty when the dron forming technique is used.
A force balance between the buovancy force of a drop almost
completely formed and the interfacial tension force vields an
expression for the maximum radius of a drop which can be formed
with this drop-forming technique. For a capillary of radius

/

r', the result is:

3y’ | 173
24pg seeeed(l)

The choice bf drop volume must also be consistent with
the microscope optics. The field of view needed for the micro-
scope is determined by the radius of the lamella and may be
estimated by doing a force balance between the drop buoyancv
force and the lamella pressure, The radius of the lamella is

estimated from the equilibrium model (44) to be:

~ 2 A
R = 2d 3‘); | eeena(2)

Since the lamella is bounded by curved interfaces, as shown in

Figure (2a), the depth of field of the microscope objective must



69

be large enough to permit all the interference fringes produced
by the lamella to be in focus. Also, the distance from the top
surface of the glass plate to the lamella must be less then the
focal length of the microscope objective to permit fine focussing
ad justments of the microscope. This distance was about 1 cm,
for the cell used. To satisfy these various criteria, the
microscope was used with a 10 x objective and 7 x eye-pieces,

Colour ciné 16 mm. photographs were made of the light
interference patterns produced by the lamella. These photo-
graphs contained a permanent record of the change in the light
interference patterns as a function of the elapsed time of the
drop at the interface, and were made for each cil/water system
and for each aqueous concentration of S.L.S. |

1o convert from an interference colour to the lamella
thickness, equation (3) from Lawrence (28) was used. This

equation is:

0y A

re’ -
Vs s Ta ceeees(3)

Lquation (3) expresses an optical path lengthyb¢fﬂ’, in terms

of a fraction of the wavelength, ) . The optical path must be
equal between lamella liquids whose refractive indices are dif-
ferent, but have the same interference colour. The right hand

side of equation (3) mav be interpreted in terms of an inter-

1}

rerenc:

i

colour., Interference colours for white light illumina-

ting a soap film of refractive index 1.40 are given by Lawrence.
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' /
1f 81 is the scap film thickness, 8, the water lamella thick-
ness, and if/a{ equals 1.40 and/ﬁg/ equals 1.33, the following
equation may be used to apply Lawrence's soap film thicknesses

to a water lamella. ithe equation is:

N, RavE

A8 =50

. f L L40
¥ % =13 %

There is no difficulty in the conversion of an interference
colour produced by white light to a lamella thickness because,
for lamella thicknesses up to 8000 A°, the sequence and inten-
sity of light interference colours is irregular and well-known,
However, at thicknesses larger than 8000 A*, onlv red and green
colours appear, To evaluate a lamella thickness greater than
8000 A°, the order of the colour must be known,

Figure (3) shows a typical light interference pattern
for even drainage of the lamella. The slightly black colour
at the edge of the pattern in the third photograph indicates
an.extremely thin local lamella thickness. From the edge of
the pattern to the center, the pattern colours are interpreted
to nroduce a dimple, as is shown below the photogranhs. There
is no reason for the assumption of a regular increase in the
lamella thickness. For example, Hértland (26) has shown cases
of "double dimples'" for large 0.5 ml, volume drops. However,

the assumption of a single form of the dynamic pressure
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distribution in the lamella, such as was done in Chapter (2),
leads to an equation which predicts double dimples for 0.5 ml.
drops, but only a single dimple for a small 0.005 ml. toluene
drop in water. This suggests that the interpretation of the
light interference pattern is correct. Furthermore, the colour
sequences produced by lamellae whose thicknesses are less than
8000 A® clearly indicate that double dimpiing does not occur
in this range of lamella thickness,
To interpret the light interference pattern produced
bv the uneven drainage of a lamella, the line of symmetry must
be defined which divides the pattern into two, mirror-image,
semi-circular halves. This has been done for the six sequential
photographs of the unsymmetrical patterns shown in Figure (4).
At a lamella thickness of about 1000 A°*, there is no
light interference, and the colour of the pattern is white.
With further decreasing lamella thicknesses, the colour becomes
gray and eventuall& becomes black. The thickness of the lamella
when rupture occurs may provide information on the rupture mec-
hanism. If the light intensity of the black colour is measured
using a photocell, equation (4) may be used to calculate the

lamella thickness (29). The equation is:

% = si.ne2 i—g—)

O JO ooo.oo(‘&)

Equation (4) is applicable for measurements made with monochro-

matic light. Since white light appears to behave monochromatically
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at less than 1000 A® thickness, equation (4) was applied to
light intensitv measurements made in this work. The maximum
light intensity, I, waé assumed to occur for a lamella thick-
ness, Y, of 1000 A®. Light intensity measurements were made
from the ciné photographs. These photographs were projected
in a dark room onto a screen that had a small hole. A photo-
sensitive transistor protruded througﬁvthe hole and a short
nlastic tube slid over the sides of the transistor to allow
only light from a very small solid angle to enter the tuhe and
enter the transistor. The current produced by the transistor
was amplified and passed through a resistor. The voltage drop
across the resistor was measured and recorded on a strip chart
recorder.,

A projector speed of 1 to 4 frames per second was used.
When measurements were begun at an amber colour for a lamella
Qf abbut 1600 A® thickness, the light intensity reached a maxi-
mum as lamella thinning progressed at about 1000 A®* thickness,
for a white interference colour. The light intensity then

gradually decreased toward zero. Since 1, I and‘yb are known,

o’
the lamella thickness,\ , at any instant can be calculated from

equation (4),

3. Theoretical lnsight

In this section, the lamella behaviour is shown to be
a function of both the flow of water in the lamella and of the

motion of the bulk interface, and a function of the interfacial
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concentration of surfactant. These two factors will be dis-

cussed in turn.

3.1. Flow in the Lamella

The analysis of the flow of water in the lamella may
be simplified if the two dimensional representation of the
lamella shape shown in Figure (2a) is changed to the shape
shown in Figure (2b). This figure shows that the drop inter-
face has arbitrarily been straightened, and that the vertical
scale is expanded by a factor of one-hundred, relative to the
horizontal scale.

Several terms must be defined. The two possible types
of lamella drainage are shown in Figures (4) and (5). The
symmetricai light interference pattern shown in Figure (5) is
caused by even drainage of the lamella. Even drainage results
when there is no variation in the flow of water at different
angular locations, for each radial distance in the lamella.
Uneven drainage will result in an unsymmetrical light inter-
ference pattérn, as shown in Figure (4). Uneven drainage
results when there is an angular variation in the flow of water
from the lamella, for each radial location.

A surface is defined to exist at the boundary between
a liquid and a gés when the gas is the liquid's vapour. There-
fore, only one component'is at the surface. An interface is
defined to exist at a liquid/liquid boundary. Vlherefore, two

components must be present to form an interface.
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A lamella is defined to exist between two interfaces
that are separated by only a thin layer of one phase. 1In this
work, a lamella is arbitrarily defined to have a thickness of
less than 10 microns, '

The barrier ring is defined as that radial location
where the lamella thickness is a minimum. Therefore, a lamella
is "dimpled" if the barrier ring radius is not zero. This de-
finition impliesthat the thickness of the lamella at the center
is greater than at the barrier ring.

To simplify the discussion, the drop is o0il and the
continuous phase is water. The oil is less dense than the
water, Since the buovancy of the drop forces it against the
bulk interface, a pressure exists in the lamella and water is
forced to flow radially outward. The lamella drainage exerts
an ocutward directed surface shear stress on botﬁ the drop and
bulk interfaces. Pure gas/liquid and liquid/liquid interfaces
cannot oppose a surface shear stress and will therefore move
in ﬁhe direction that the surface shear stress is applied. An
interface which moves is termed "mobile", and one which is
stationary is termed "immobile'". The motion of the interfaces
causes oil molecules immediately ad jacent to the interface to
move also, though less freely because of the viscosity of the

0il., Therefore, a velocity gradient will éxist in the o0il phase,

The magnitude of the surface shear stress, 5, is defined

by the product of the liquid viscosity,/%, and the gradient of
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the radial velocity in the z direction, 4%% . Therefore, S
<

is defined as:

S = - Ju
/ EZ interface 000000(5)

If the viscosities of the o0il and water are unequal, the velo-
city gradients at the interface are also unequal. Figure (2b)
shows typical velocity gradients that must exist for the above

case.

The two boundary conditions on the velocity gradients

may be written:

B.C.1. z = 0
Aol 3V oil - /‘-‘wétter d ¥ water
’ oz z =10 3 5z
and,
B.C.2. z =y
Y 5 ° 5
Mot1 £¥ oil - Auwater é: water
\ e z=y z =y

where v is the velocity of the oil or water, parallel to the
z2=00r z = yvinterface. These boundary conditions are exact,
compared to the approximate form expressed by equation (5),
because the radial velocity, u, is not necessarily parallel to
an interfaée, Howevef, u is approximatelv equal to Vv and is
used in this work since the curvature ot the lamella is small.

An interfacial tension exists in the interface because
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of the force of attraction hetween moleculés, When a surfac-
tant diffuses to the interface, it reduces the interfacial
tension of the pure interface by an amount proportional to its
interfacial concentration., For a pure interface, the inter-
facial tension is constant, regardless of the variation with
radius of the velocity of the interface, 1f the interface now
contains adsorbed surfactant and a surface shearirg stress is
applied on the interface, the interface initially mcoves at dif-
ferent radial velocities at different radial locations because
the radial velocity of.the water flowing from the lamella also
varies with radius, The interfacial concentfation of surfac-
tant mav therefore increasé or decrease at various radial loca-
ticns. Since the interfacial tension varies inversely with the
interfacial concentration of surfactant, fer small interfacial
concentrations, there may now be an interfacial tension gradient
along the interface, This additional force is now applied on
the interface together with the viscous shear férce previously
discussed,

In this discussion, only the drop interface is assumed
tc contain no surfactant., Therefofe, the z-direction gradient
of the radial velocity in the continuous and discontinuous oil
phases will be different. 1If the oil is inviscid, then the
radial velocity U of the bulk interface will he less thar that
for the drop interface, since the bulk interfacial tensicn

gradient resists expansion of the circular interface. This is

shown in Figure (2c¢).
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If both the mass and radial acceleration of the bulk
interface are assumed small, then no inertial force will oppose
the change in the radial velocity q of the interface. Thefe—
fore, for an inviscid oil phase, the surface shear stress caused
by the flow of water from the lamella musgiequal the interfacial

tension gradient in the bulk interface. This is written:

d _ Ju
dr = Muwater Dz

Equation (6) is assumed to be valid even for small changes in
U. 1f the velocity gradient %?% decreases, 7?%— must also

interface eeeeaslB)

decrease, Simce the interfacial concentration of surfactant, r ,
must increase with radial distance because an interfacial ten-

sicn gradient exists, the bulk interface must contract to reduce
d¥ .
dr ?

bulk interface velocity U may be directed inward. If the con-

the surfactant is less widely distributed. Therefore, the

traction is large, there may be no net outflow from regions of
the lamella where U is negative; indeed there may be a net inflow,

The redistribution of the surfactant in the bulk inter-
face may also take place by surface diffusion of surfactant
molecules toward the lamella center, and by the desorption/
adsorption procé;s. These two mechanisms of redistribution are
discussed in Appendix A2 and are assumed unimportant in the
surfactant redistribution_whichvfs discussed in this chapter,

Two other concepts are uséful. These concepts are

considered in the next section, along with a mathematical analysis
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to allow the calculation of the values of the important variables.

3.2. 7The Radial Distribution of Surfactant
Adsorbed in the Bulk Interface

In the previous section, the interfacial concentration
of surfactant was dependent on radial location. 7To analvze
this radial distribution, a modified form of the pressure polv-
nomial dérived in Appendix A2 is used. 7lhis polynomial satis-

- e ‘4 v 2
fies the additional boundary condition, (? % =0, r=R.
gr

The polvncmial is: p = ag + a2r2 + aar4 + a6r6 (7)

The coefficients, a;, are known functions of the center lamella
pressure p_, and hence if Po is calculated from an experimental
profile of relative lamella thickness, the lamella pressure and
its radial gradient may be calculated.

The simplified equation of motion, for cylindrical

coordinates, in the r-direction (3) is:

\2 hY
©% .1 2p
az /’a" ar ooo-oa(s)

This equation applies tc the flow of the water in the lamella.

Equation (8) may be integrated to vield:

¥ )
< =
/LL 5 h -8“% z -oooa.(g)

N

A
where %}E = 0, 2z = 0, for the drop interface. The negative

value of the left-hand-side of equation (9) was defined as the
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shear stress. Equation (9) will be used to describe the sur-
face shear stress acting on the bulk interface.

Since surfactant adsorbed at an interface lowers the
interfacial tension by a degree dependent on‘the interfacial
concentration of surfactant, for very small interfacial concen-
trations, a linear adsorption isotherm is assumed. This equa-

tion i€ written:
= /4 .
X ‘ Xe - kr ......(10)

‘where k’is a constant and [ 1s the total concentration of inter-
facial surfactant molecules. Since the concentration of surfac-
tant molecules in the aqueous phase is small relative to the
interfacial concentration, for a three dimensional interface,

M is approximately equal to the excess interfaéial concentra-
tion of surfactant, as defined by Gibbs (see (40)). When the
surface shear stress is balanced‘by the interfacial tension
gradient in the bulk interface, equation (10) may be differen-
tiated with respect to f and equated to equation (9), written

for z = y. The wresult is:

dy R ) A
T = 3w = 7 5% veena (11)

Values for the pressure gradient obtained from equation (7) may
be substituted into equation (11). If p, is specified for a
particular lamella shape, equation (11)‘may then be integrated

to yield:
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™ - f: = %'F(r) ceseea(12)

i
, & Cif
where F(r) “#jE i (L = 2,4,...14),

&' is the interfacial surfactant concentradon at r = 0, and
the coefficients,ci,are known functions of po. Details are
given in Appendix AZ.

The radial distribution of interfacial surfactant can
be calculated from equation (12) if l: is known, The curve
in Figure (6) shows the variation, in the interfacial tension
with radius, and the curve in Figure (7) shows the corresponding
interfacial distribution of surfactant,.

Figdre (7) shows that the interfacial concentration of
[ exceeds the overall average inter-

? maa(,

tacial concentration of surfactant, Iqt, that has adsorbed at

the undisturbed bulk interface, t minutes after the interface

surfactant at r = K

was cleaned of surfactant, To illustrate this point with a
calculation done on experimental data, Figure (8) shows the
experimentally observed relative lamella thickness profiles
for 10°% gm/1 of S.L.S. + 0.0l N. KC1 for a 0.020 ml. anisole
drop at the bulk interféce, 5 minutes after the interface was
cleaned. At € = 4,05 seconds, the lamella began to drain un-
evenly, but at 8 = 7.45 seconds, the angular variation in the
relative lamella thickness was sufficiently small to allow a
symmetrical lamella to represent the observed lamella thickness

profiles, Figure (9) shows the calculated radial distributions

of the interfacial surfactant concentration for the profiles in
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Figure (8). The profiles in Figure (8) were fitted with the
polynomial described in chapter (2). 1In the calculation of

™ as a function of r, the value f; = () was used for each
profile. The calculation of Fl was_gade with the Ward-Tordai
relationship (36). This latter equation should be reasonably
accurate, far from equilibrium adsorption. Howevef, the unknown
hydrodynamics of interface clea;ing, and the unknown influence
of the drop syringe on the interfacial surfactant concentration
when the syringe punctures the interface may result in a conside-
rable error in the estimation of ,ﬂt. It is possible, therefore,
that F;ax is always greater than r; for all 6, for even
drainage.

If the calculations had been done with M= r; at r = R,
then the interfacial surfactant concentration may become negative
near the lamella center. The interface would be mobile in this
region because no surfactant was present énd there would be lit-
tle radial variation in the lamella pressure. This lack of a
radial pressure gradient would result in relative lamella thick-
ness profiles which could not be described by the pressure poly-
nomial discussed in Chapter (2). Since this is not the case,

the boundary condition r;'w 0 was used, together with its im-

plied conclusion that r

max 1S greater than r; for some of the

'profiles.
1he calculation of the;radial variation in r*is also

dependent upon the accuracy of the linearized forms of the radii



of curvature, as derived in Chapter (2). Calculations for
tcluene /water and anisole/water are given in Appendix A2,

These calculations show that the difference between the more
accurately calculated relative lamella thickness profile and
the preofile calculated from the linearized expression is 1 -

3e at v = R, This difference is too small to affect the con-
clusion that Pmax is greater than {At for some of the profiles
of Figure (8).

The large imbalance in interfacial tension that must
exist in the bulk ;nterface near r = K must necessarily cause
bulk interrace expansion in this region; This expansion would
reduce the difference between Fmax and {4t. ‘Surfactant should

also be lost from the stressed region of the bulk interface at

a rate dependent upon the magnitude of the imbalance, expressed

as ( [ - Pt).

max
The loss of surfactant from the stressed region of the

bulk interface leads to the concept of a minimum number of sur-
factant molecules, SM, needed in the bulk interface to balance
the surface shear stress. This minimum may be calculated if

o

‘ O
bquation (12) may be used to evaluate the sum, The result i

equals zero and if the surface shear stress is known.

v
e

R
sM =3 ™ 27T+« Ar
r=0 r

The value of SM for each of the lamella profiles in Figure (&)

is shown in Figure (10), Since lamella drainage decreases the
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lamella thickness, especially in the region outside the barrier
ring, less surfactant is required in the stressed region of the
bulk interface to balance the surface shear stress, even though
a dimple may form.

Therefore, surfactant is being lost from the stressed
region of the bulk interface, but less surfactant is needed in
the bulk interface to balance the decreasing surface shear
stress. This concept is further discussed in section 4.2.

The effects of the oil/water system physical properties,

drop radius, and relative lamella thickness on the values of

-

max*
in Table (2). 1ln the calculations, the independent variables

SM, and the difference ( fqmax - r;) are summarized

are the drop volume or radius d, the interfacial tension 3/,
the density difference A(’, and the center lamella preésure Po*
The value of the center lamella height, y_ , was constant at

2 x 10°% cm.

The effect of P, On the relative lamella thickness
should first be discussed. Previous work done on the calcula-
tion of relative lamella thickness profiles has shown that, if
Py = %},the barrier ring is at the lamella center, This re-
lative lamella thickness profile approximates the parallel
disc geometry. The lamella thickness slowly increases near
the lamella center, and then increases more rapidly as the
radial distance 1s increased., The barrier ring will occur at

a non-zero radius if Pg is greater than %%. Therefore, the
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anisole/waﬁer rows in Table (2) have two values for P, 4for
each set of the other independent variables, The first entry
of p, in the row for anisole/water is for P, €qual to %?, and
the second entrv is for the arbitrary value Py = %% + 10.
dyne/cmz. lhere is no simple exact relationship to allow tre
calculation of the barrier ring height Yo ©OF the depth of'ﬁhe
dimple Yo = Yer However, an approximate equation may be derived
if the polynomial description of lamella thickness is used.

A polvnomial which will be derived in Chapter (4) may
be used to express Y. as a function of Yo and Pye The first

three terms of this polyncmial may be written as:

- 2 b
- Po\ <2 Py, ¢
Ve T Yo T ""; T T ByWg

where ¢ is the barrier ring radius. The value of the barrier

ring radius may be obtained by differentiating t he above nolv-
(written in r) d

nomial/with respect to r. When E% = 0 for r = ¢, the exdres-

sion for the barrier ring radius may be written

2 D +
ct = zz{wé Po -1
Wpo ( g H)

This expression is approximate only, and it is not very useful,
since p  must be known. By setting Py = %% + 10., and by sub-
stituting for c2 and cé into the expression for Yo it is found

that:

. _50
Yo " Yo T T 9
X Pe
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where Py = %% + 10.

This expression shows that a small drop will be less dimpled
than a large drop, because Po increases as the drop volume
decreases., The value of P, may be used to varv the shape of
the relative lamella thickness profile.

Column two of Table (2) contains the radius R at which
the dynamic lamella pressure falls to zero. The value of K is
calculated from an expression derived for the series tvpe poly-
nomial presented in Appendix A2, The dynamic lamella pressure
is assumed only to have an effect on the interfacial distribu-
tion of adsorbed surfactant at a radius less than R,

Column three contains an arith: matic average for the
surface shear stress which is exerted on the bulk interface.
1his average was not weighted to take into account the chang-
ing area over which the suriace shear stress acts as radius
increases, but attempts to show only that the surface shear
stress for small drops is, in general, larger than for large
drops.

Column four contains the minimum quantity of surfac-
tant required in the bulk interface to balance the surface
shear stress for the particular lamella shape being used in
these calculations. Small drops require less surfactant than
do large drops, despite the higher surface shear stress caused
by small drops.

Column five contazins the maximum interfacial surfactant



concentration, A , which occurs at r = K,
max
Column six contains the average interfacial surfactant

concentration, ™ _, which is required at the bulk interface

c’
for the minimum quantity of surfactant, 5M, to be present.

The data in this column show that the toluene/water svstem
requires the largest rtvif the bulk interface is to he im-
mobile for the particular lamella shape considered, The CA/
water system requires an intermediate interfacial surfactant
concentration, and the anisole/water svstem requires the smal-
lest Pt‘

For the anisole/water system, a small increase in i
of 10 dyne/cm has a smaller effect on rﬂt for small drops thah
the increase does for larger drops. This is because the lamella
thickness is less sensitive to a change in Po for small drops
than for large drops. 4also, for the aniscle/water system, a
slight change in p g (the relative lamella thickness profile)
results in the large drop requiring a smaller interfacial sur-

factant concentration, lﬂt’ than does a small drop, if the

surface shear stress is balanced. Theretore, while the rt for

large drops is larger than the (4t for a small drops for

approximately a parallel disc lamella, a slight change in the
lamella shape of the larger drop is capable of reversing this

dependence of 'ﬂt on drop size. 7There is,therefcre, a weak

_ . , 4 =
dependence ot Tﬁt on drop size. 7The dependence of { ¢ ©n the

relative lamella thickness profile is more important, espnccially
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if large drops are considered.
Column seven contains the value of the driving force
(T

accurately describes the interfacial distribution of adsorbed

max. " ﬁt) that is postulated to exist if the polvnomial

surfactant. If surfactant is lost from the stressed region of
the bulk interface, 0 { r£R, at a rate dependent on the magni-

tude of ( r‘m - r‘t), then surfactant is lost most rapidlv

ax
for the toluene/water system, more slowly lost for the CA/water
system, and finally lost most slowly for the anisole/water sys-
tem. This rating for the ease of loss of surfactant is for
drop volumes of the three systems which give approximately the
same light interference pattern radius. These volumes are
marked with an asterisk in Table (2).

Conclusions reached after a consideration of Table (2)
may be listed as fdllows:
(1) The driving force ( r*max - Pt)’ for the loss of sur-
factant from the stressed region of the bulk interface, is
" smaller for small diops than for large drops. This dependence
is shown by the calculations for the anisole/water system.
(2) There is only a small dependence of the minimum inter-
facial surfactant concentration, rwt, on drop size when com-
pared with a change in system physical properties. The lamel-
lae formed by small drops require a smaller rﬁt than do the
lamellae for large drops, for a parallel disc type lamella
thickness profile, However, a slight change in the lamella

thickness profile for large drops can reverse the dependence
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of Pt on drop size. Therefore, the dependence of bulk inter-
face mobility on drop size cannot be determined because of the
large effect that the lamella thickness profile has on r1t for
large drops.

These conclusions depend upén the accuracy of several
assumpticns made in the calculation of the Table (2) values,
lhe main assumption that was made is that the series type poly-
nomial used in equation (12) describes the lamella pressure
distribution. 7This assumption is considered further in Chapter
(4},

With these concepts of an interfacial tension gradient
balancing the surface shear stress, of the intaffacial concent-
raticn of surfactant exceeding the "quiescent" interfacial sur-
factant fﬂt at r = K, and'of the minimum quantity of surfactant
required in the stfessed region of the bulk interface to set up
the balancing interfacial tension gradient, exnerimental obser-

vaticns of drop rest-times and of the lamella light interference

patterns will now be considered.

4, Presentation and Analvsis of Results

Three aspects of the data are discussed separately.
First, the drop rest-times are interpreted as functions of
the surfactant concentration, interface age, and drop volume.
Secondly, the light interference patterns produced bv the lame-
llae are interpreted to provide the‘1amella:behaviour'aﬁdthen

decomposed into mechanisms. Finally, an interpretation of the
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rest-time data is attempted.

4.1. Drop Rest-times as a Function
of Iaterface Age

Figures (11) to (27) show the drop rest-times that were
observed as a function of the interface age and of drop size,
for all thé oil/water systems, and for various aquecus concent-
rations of S5.L.S. The drops were not aged on the capillary
. for these data. Additional data for a non-ionic surfactant
and for drop aging are given in Appendix Al.

Unly the data for the toluene/water system will be
described in detail here. A summary of the pertinent aspects
of each figure is given in Tables (3a,b) for two semarate

6 and 10-4

aqueous surfactant concentrations 10~ gm/l. of sodium
lauryl sulfate. These Tables will be discussed in detail after
the discussion of the toluene rest-time data has been completed.

Figure (l1) shows the rest-time data for the '"pure"
toluene /water system as a function of interface age, The addi-
tion of KCl to the water was necessary since rest-times usually
became very large after a short period of small rest-times for
the completely pure toluene/water system. These large rest-
times may be caused by double layer repulsion. The data in
Figure (11) show that rest-times were almost zero for inter-
face ages up to four minutes. For smaller drops of volume

0.0025 ml,, this period of short rest-times could be extended

up te an interface age of seven minutes.



a0

At a certain critical interface age, termed Cos the
rest-times shown in Figure (11) become very large. Lamella
drainage was uneven., Also, the large rest-times apnear to be
independent of interface age.

Figure (l12a) shows the rest-time data for 107" gm/1.
of 3.,L.,5. + 0,01 N, KCl in the aqueous phase. ‘lhe rest-time
hehaviour is similar to the data in Figure (11), only t. is
now one minute, The values of the rest-times pass through a

maximum time, equal to about 12 seconds., Rest-times

vmax’
then decrease to values of about eight seconds and do not an-
pear to change further, even for very long interface ages.
The lamella drains evenly for short interface ages and unevenly
at large interiace ages. For each interface age, the net rest-
time, A= ZV‘Zjexcluding the time to form the dimple, 722 is
relatively constant, as shown in Figure (12b). The censtant
value of AT indicates that the maximum in drop rest-time is
caused by a longer time taken to form the lamella dimple at a
small interface age, and that while water is flowing into the
lamella, there is no decrease in thickness at the barrier ring,
Slow, even lamella drainage must therefore begin at approxi-
mately the same lamella thickness each time, The light inter-
ference data support this conclusion,

Figure (13) shows the data obtained for an aqueocus

concentration of 1072 em/l. S.L.S. + 0.01 N. KCl. For these

data, there is no period of short rest-times, hence t, = 0.
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The rest-times begin at a maximum value of T equal to 12

max’
seconds, and decrease until the interface age is about fifteen
minutes. At this interface age, the lamella drainage changes
from even to uneven. No rest-time measurements were made at

long interface ages for this particular concentration of sur-

factant,

4 gm/1.

Figure (L4) presents rest-time data for 10~
S.L.5. + 0,10 N, KC1. Once again, there is no period of very
short fest-times, and only the first drop at a zero interface
age drained completely evenly. All other drops drained unevenly,
with rest-times quickly falling to a constant value of about
five seconds at an interface age greater than five minutes. At
very long interface ages, drainage remained uneven and rest-
times were extremely short at a value of about two seconds.
The rest-times given in Figures (11) to (14) show a trend to-
ward smaller rest-times as the aqueous surfactant concentration
is increased, provided sufficient electrolyvte is present in
the aqueous solution to limit double laver repulsion to very
small lamella thicknesses so that double layer effects do not
interfere with the observations. For a further increase in the
aqueous phase surfactant concentration to 10"3 gm/l. S.L.S.
+ 0.10 N. KC1, Figure (15) rest-times fall rapidly to a con-
stant value and lamella drainage is alwayvs uneven. Rest-times
become constant at one second for t equal to eight minutes, and

there is no change at large interface ages. This suggests that
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adsorption of surfactant rapidly reaches equilibrium near
£t equal to eight minutes,

Little change from the rest-time distribution of Figure
(15) occurs for a further ten-fold increase in the aqueous sur-
factant concentration, provided more electrolyte is added to .
limit double laver répulsion. Kest-times hecome infinitelv
long if double laver repulsion can balance the dron buoyancy
force at lamella thicknesses greater than 1000A°.

For the three other oil/water systems, only aquecus

6 4

and 107" gm/1l. of S.L.S. plus the

nhase concentrations of 10~
necessary eiectrolyte were used; the purpose in the use of
these systems was to study thevdependence of rest-times on
the physical properties of the svstem at the same aqueous phase
surfactant concentrations and at approximately the same inter-
facial concentrations. The data of Figures(11) to (25) were
analyzed using several criteria which are dependent on inter-
face age; the results are shown in Tables (3a) and (3b).

Column two of Tables (3a,b) shows the range of drop
size used for the data presented. Toluene drops of 0.005 ml,
volume produced light interference patterns that filled the
microscope field of view. The patterns were large encugh to
be accurately analvzed when photographs weie taken and magni-
fied. Anisole drops of 0.020 ml., cyclohexanol drops of 0.001

ml,, and the cyclohexare /anisole mixture drops of 0,005 ml

produced patterns of approximately the same size as the 0.005 ml.
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toluene drops. Calculations and data for the light interference
pattern radius are given in Table (4).

For purposes of rest-time prediction, the data may there-
fore be correlated on the basis of the drop volume which produced
the same radius of the light interference patterns, among all
the systems, or correlated on a constant drop volume basis for
three of the svstems,

Column three shows the range of interface ages during
which rest-times were approximately zero. Rest-times were gene-
rally about 0.1 secondsand, in effect, the drop did not rest at
the interface at all,

Column four shows the interface age when the maximum
rest-time, z;ax.’ was observed near the beginning of rest-time
measurements, Kest-times may become longer than iémax. at
larger interface ages, but the data in column four allow the
rest-time distribution to be described more accurately at small
interface ages. Column five shows the type of drainage observed
when rest-times first become greater than 0.1 seconds. A dis-
cussion of the rest-times and draihage patterns data given by
Tables (3a) and (3b) will be given in Section 4.3,

Column six shows whether there was a change in the
drainage pattern at interface ages larger than t., but less
than very long ages, t,.. The rest-time distributions become more

4 gm/l. case. Column seven contains an ave-

complex for the 107
rage of the rest-times that were observed for interfaces several

hours old, and column eight contains an approximate average of
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the observed rest-times for the range of interface age studied.
lhere is little difference in the magnitude of the rest-times
for three of the oil/water svstems. The viscous cvclohexanol/
water svstem has a much higher average rest-time, Since the
change in water viscosity with dissolved cvclohexancl is small,
an increase in water viscosity only partiallyv accounts for the
larger rest-times for this svstem,

One final graphical summary of the data may be made.
All of thé rest-time data in this work were measured as a func-
tion of interface age. The interface age indirectly measures
the interfacial concentration of surfactant, When equilibrium
exists for the adsorbed surfactant, the interface age is very
large. The equilibrium interfacial concentrations of surfactant
may be calculated for the various aqueous S.L.S. concentrations
used, These equilibrium}concentrations are summarized in Table
(5).

It 10'3 gm/l. of S.L.S. in the aqueous phase is choesen
as a reference and if the interface is cleaned, then, for this
aqueous concentration, the interfacial surfactant concentration
will attain a series of values which, at different interface
ages, will correspond to each of the equilibrium interfacial
surfactant concentrations reached for the smaller aqueous phase
concentrations of $.,L.S. Table (5) summarizes these calculated
interface ages. For example, at an interface age of 0.005 win,,

the interfacial surfactant concentraticn for adsorption from an
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aqueous solution containing 10'3 gm/l. of S.L.S. will corres-
pond to the equilibrium interfacial surfactant concentration .

6 gm/l, solution.

that was reached for adsorption from a 10~
Lquilibrium adsorption is reached for t equal to five minutes,
for 1073 gm/1,

The rest-time data for different aqueous phase surfac-
tant concentrations may now be placed on one graph. The data
in Figures (12) to (27) are summarized in Figures (28a-f). The
data of Figure (11) are not included for reasons to be dis-
cussed in sections 4.3-1 and 5.2. No attempt has been made to
locate all the rest-time data accurately with respect to the
abscissa time scale. Only rest-times which were measured for
equilibrium adsorption are located accurately. Therefore, the
slopes of the 7 - t curves are arbitrary between the two points.

The calculations in Table (6) are for the same electro-
lyte concentration that was used for the toluene/water system.
A 0.05 N, KCl. concentration for 10™% gm/l, of S.L.S. was used
for the other oil/water systems, but this change in KCl norma-
lity does not significantly change the times given in Table (6).

Two important points are clarified by this summary.

The first point is that a researcher measuring drop rest-times,
but not employing an interface cleaning probe, should observe
only one drop rest-time if his interface is free of dust and
dirt, and contains only an equilibrium adsorbed quantity of

S.L.S. This rest-time may be found from Figure (28) if the
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researcher’'s eéuilibrium concentration of interfacial surfac-
tant can be related to the interfece age required for the same
interfacial surfactant concentration to adsorb from a 10°3 gm/l.
S.L.S. + 0.10 N, KC1 solution.

lhe second point clarified bv the summarv is the com-
nlexitv of the rest-time data., The toluene/water svystem rest-
times show a change from even to uneven drainage as the inter-
facial surfactant concentration is increased. 7The anisole/water
system rest-times show a trend from uneven to even, and then to
uneven drainage for small drops, and even-uneven-even-uneven
for the large drop., The CA/water system data show the same
even-uneven-even-uneven drainage changes as does the large 0.020
ml. anisole drop.

The complexity of the rest-time data mav be reduced by
a consideration of the lamella behaviour. This will be done in

the next section.

4,2. Light Interference Patterns and Lamella Drainage:

Mechanisms and Hypotheses

The observations of the light interference patterns
produced by thousands of drops under varvying conditions of
interfacial surfactant concentration, drop size, distance of
rise to the interface, and physical properties, added nc new
"drainage tvpes' to those already mentioned by Hodgson and Woods
(17). HhHowever, all the interference patterns could be deccomposed

into five distinct '"mechanisms' for the lamella behaviour, 7These
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mechanisms were: (1) rapid approach of the drop to the inter-
face, (2) dimple formation in the lamella, (3) slow even thin-
ning, (4) uneven thinning, and (5) lamella rupture. The suc-
cess of this approach may be judged by the insight which these
mechanisms yield into the complex behaviour of the lamella and
its bounding interfaces.

Each mechanism is now considered in turn.

4.2.-1 Rapid Approach

In the cell, the drop was nearlv always released within
one to two millimeters of the undeformed bulk interface. OUne
tenth of a second after the release of the drop, the lamella
became thin enough (about 3 microns thick) to yield distinct
light interference patterns. Uften the rapid thinning of the
lamella continued to less than 500 A° where rupture then immedi-
ately occurred. The time during which a light interference pat-‘
tern existed was arbitrarilv chosen as the drop "'rest-time';
for rapid approach to rupture, this rest-time was about 0.1
seconds. 1lf rupture did not occur, the lamella was thick ehough
to yield longer rest—timeé, and the rapid approéch ceased.

This mechanism of rapid approach is the simplest of all
five mechanisms., The drop buoyancy force causes the droplet to
accelerate and rapidiv approach the bulk interface. Near the
interface, a lamella begins to form, and the decreasing thick-
ness of the lamella begins to restrict the flow of liquid from

the lamella. This restriction of flow is magnified if the
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mobility of the bounding interfaces is reduced by a vervy vis-~
cous oil phase, or if the interfacial concentration of adsorbed
surfactant is sufficiently large to permit a significant inter-
facial tension gradient to be set up, 1If an interfacial tension
gradient may be get up, both the drop buovancy forée and the
inertia force which acts on the drop as it decelerates do work
on the bulk interface to set up this gradient, Rv doing work,
the drop's kinetic energy may be dissipated and replaced by éur-
face energy. The drop buoyancy'force is oprosed bv the lamella
oressure which is set up by the restriction of the flow of water
from the lamella because of both the lamella thinness and of the
partial or complete immobility of the bhulk interface,

"The transfer of kinetic energy into the potential sur-
face energv of an interfacial tension gradient is verv rapid

and, if complete, the period of rapid apvroach ceases. The

fluctuated as the drop bounced, This is caused by the nartial
over-expansion of the bulk interface. The over-expansion results
because of the larger average lamella pressure necessary to bal-
ance bhoth the drop buovancy and the initial drop inertia force,
compared to the average lamella pressure necessary to balance
just the drop buoyancy force. 1If the transfer of drop kinetic
energy to the interfacial tension gradient can not be complete
because of insufficient surfactant adsorbed at the interface,
then partial mobility of the bulk interface results, and lamella

thinning continues until rupture.
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4.,2-2 Dimple Formation

After rapid approach, the drop and bulk interfaces are
very close together. Lamella thicknesses then often yield a
black interference pattern. This is about 500 A°* thickness,

A dimple then begins to form, as shown bv the photographs and
~accompanying relative lamella thickness profiles of Figure (3).
Normally, the dimple formed evenly, but sometimes the inflow of
water to form the dimple occurred unevenly as shown in Figure
(3). This point is discussed further in section 4.3-1.

The explanaticn for dimpling is straightforward. A
large interfacial tension gradient, or gradient in the concen-
tration of adsorbed surfactant, exists as shown in Figures (6)
and (7). As discussed in the previous section, the large inter-
facial tension gradient is caused by both the drop buoyancy and
the inertia forces acting on the bulk interface during the rapid
approach mechanism. Once the drop is effectivelv at rest (it
mav still move slowlv upward or downward during lamella thinning)
a large force imbalance exists. The surface shear stress now
acting on the bulk interface may be represented by equation (9),
but the interfacial tension gradient must exceed the surface
shear stress because the drop inertia force that was partially
responsible for setting up this gradient has been dissipated,
There is, therefore,'a large force imbalance which causes the
bulk interface to contract. The contraction of the bulk inter-

face carries adsorbed surfactant inward, from the region of the
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interface near anax. This reduces the interfacial tension
gradient. If the inward bulk interface velocity Uis large,
there is a net inflow of water into the lamella. The lamella
thickness increases, especially at the center. Further addition
of water to the lamella gradually ceases as the interfacial
tension gradient in the bulk interface approaches a balance

with the surface shear stress.

4,2-3 Slow, Lven Thinning

Once dimple formation begins, the minimum lamella thick-
ness at the barrier ring usuallv increases if the rate of‘dimple
formation is rapid. During slow, even thinning, the dimple cen-
ter may or mav not move down. There is a slow contraction of
the bulk interface because there is a decrease in the surface
shear stress with a decrease in the over-all lamella thickness.
Gradual slow, even thinning occurred at the barrier ring until

rupture occurred,

6 am/1. of

To summarize the lamella behaviour for 107
5.L.5., the sequence of events is first, the aprearance of the
rapid approach mechanism. There is approximatel§ the same lame-
lla thickness at all radial locations within the barrier ring.
Rapid anproach continues until the minumum lamella thickness is
1000 - 2000 A*, The dimple formation mechadism then increases
the center lamella thickness, often to 30,000 A®, and the mini-

mum lamella thickness at.the barrier ring increases to about

4000 ~ 6000 A®, Slow even thinning begins and the minimum

B A B 8 & s vemme mm . e e s
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lamella thickness decreases to less than 500 A°., There is lit-
tle change in the center lamella thickness. 7The slow even
thihning mechanism is shown in the last two photographs of
Figure (3). Figure (5) shows the slow even thinning mechanism
for the case when the rapid approach mechanism ceases at verv
large lamella thicknesses. This behaviour is observed for 10‘4
gm/l. of S.L.S.

Hodgson and Woods (17) have derived a simple model to
interpret the slow even thinning at the barrier ring. This
model assumes that lamella drainage only occurs outside the
barrier ring. Since this model accurately describes lamella
drainage at the barrier ring, the slow even:thinning mechanism
is apparently a drainage period during which water is easily
lost from the lamella region outside the barrier ring.

Calculations of the volume of water inside the lamella
have been done for experimental la@ella profiles. These cal-
culations show that there often is no loss of water from the

region inside the barrier ring. This may be the result of the

slow contraction of the bulk interface.

4.2-4 Uneven Drainage

The contents of the dimpled region of the lamella often
flowed preferentially out of one side of the barrier ring. The
overall lamella thickness decreased rapidlv to give almost a
constant lamella thickness with radius, and lamella thinning

became very slow. This mode of uneven drainage continued until
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rupture occurred. ‘the last photogfqph of Figure (5) shows the
beginning of uneven drainage, primarily at one region of the
harrier ring and also the wrinkling of the barrier ring at
several other locations. Rupture occurred immediately aftér
this photograph was made. The photographs in Figure (4) il-
lustrate the more usually observed case of uneven draina-e
during slow, even thimming.

Uneven drain:ge is the most common mode of drainagé
‘behaviour for the range of variables studied in this work, hut
vet is the least undefstood. A postulate on the causes of
uneven drainage will be formulated here, based on the concepts
introduced in Section (3). Since the behaviour of the lamella
outside the barrier ring cannot be observed bhecause the large
lamella thicknesses do not nroduce a light interference pattern,
the ideas on which this postulate is based can onlv be iudged
by how well the postulate can explain the lamella interference
pattern déta within the barrier ring.

When a drop approaches the bulk interface, surtactant
is rapidly swept out of the central‘region of the interface,
An intertacial tension gfadient is set up to balance the sur-
face shear stress exerted on the bulk interface. Figure (9)
shows that the calculated’interfacial concentrations of sur-
tactant,beyond the barrier ring, may exceed the interfacial

concentration of surfactant, Y4 adsorhed in the quiescent

+
-

region of the bulk interface, outside the lamella. By setting
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r; equal to zero in equation (10), [4 at r = R may be cal-

max
culated for specified system physical properties and center
lamella pressure p_ , as in Table (2).

bilation of the quiescent region A of the bulk inter-
face, shown in Figure (7), should occur to reduce the surplus

of surfactant in the region of r There should also be an

max’
increase in desorption and in surface diffusion of the adscrbed
surfactant molecules from the surplus surfactant region.

However, once the lamella has formed, the calculation
of the surface shear stress from curves fitted to the experi-
mental relative lamella thickness profiles has shown that the
quantity of surfactant required in the stressed region of the
bulk interface rapidly decreases as slow even thinning proceeds.
ihe results of such a calculation are given in Figure (10), for
the case when slow even thinmning and‘dimple formation are taking
place sihultaneously. Therefore, the stressed region of the
bulk interface loses surfactant, but this region also requires
less surfactant as slow even thinning proceeds;

At some region during this process, probably at r = R,
the local value of the surface shear stress exceeds the inter-
facial tension esradient set up in the bulk interface. This is
because the bulk interface has lost surfactant from the stressed
region, and now has fewer surfactant molecules than are neces-
sary to balance the surface shear stress evervwhere. The bulk

interface then becomes mobile in this region. The water in the
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lamella in this region now flows outward with less restriction
than for an immobile interface. Tlhe ocutward rate of flow increases
along the radial line cn which mobility first occurred. More
surfactant is swent outward along the bulk interface because the
surfiace shear stress is increased. A large quantity of water
then rapidlv flows through one small region at the barrier ring,
This is uneven drainage, and it continues until the equality
hetween the surface shear stress and the interfacial tension
gradient is again approached. Slow even drainage begins again,
onlyv now the lamella thickness and pressure gradient are much
reduced. |

The data in Figures (8) and (9) may be used to illust-
rate further the uneven drainage concept. Curve A of Figure
(29) shows the minimum quantitv of surfactant that is necessary
in the stressed region of the bulk interface to balance the
lamella surface shear stress for the lamella profiles of Figure
(8). Curve B is a hvpothetical curve, postulated to describe
rhe actual quantity of surfactant in the stressed region of the
bulk interface. At the point of intersecticn ¢ of these two
curves, the bulk interface contains the minimum quantity of sur-
factant necessary to bslance the surface shear stress, and at
an elapsed time of 6> 6c, uneven drainage begins,

Two further points should be noted. Uneven drainire
is a local phenomenon. 1t occurs usuallv at onlv cne locaticn

in the bulk interface, but was sometimes observed to occur at
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two locations, simultaneously., The second point is that uneven
drainage is postulated to begin at r = R, The sudden flow of
water through the bairier ring is a consequence of the mobility
of the bulk interface in the ¢ £ r £ R region. Uneven drainage
may also occur if the r = ¢ region of the bulk interface becomes
mobile. However, there is no reason to suggest that this region
does, in fact, become mobile before any other region of the bulk

interface.

4.2-5 Rupture

Nearly all the light interference patterns observed in
this work developed a black region before rupture occurred.

If rupture occurred and no black region was evident, the reason

for premature rupture was often seen to be a piece of dust.

This was usuaily observed for a newly formed interface. Another
instance when premature rupture occurred is discussed in section
6.6,

Several explanations have been suggested for the cause
of rupture, These explanations require dirt, vibrations, inter-
facial tension gradients caused by macroscopic thermal fluctua-
tions, van der Waals force, the growth of statistical fluctua-
tions in the temperature at an interface, and Brownian motion.
The cleaning probe employed in this work ensured that no dirt
was in the interface. The drop—forhing technique eliminated
macroscopic temperature differences between the drop and bulk

interfaces because the oil for the drop was removed from the
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location of the bulk o0il phase where the lamella was formed.
Lang (39) has found that vibrations have little effect on the
drop rest-times. De Vries (31) has calculated that the scale
of statistical thermal fluctuations is too small to cause rup-
ture. Both MacKav and Mason (21) and Hodgson and Woods (17)
have incorporated van der Waals force into lamella drainaece
models. The latter authors have been able to predict rest-
times within a factor of two of the observed rest-times. The
use of van der Waals force to cause rupture has also been em-
ployed by Vrij, and by Vrij and Overbeek (32, 33) to predict
the lamella thickness at which rupture occurs, Their theore-
tical results compare favourably with experimental measurements
made on the lamella thickness at rupture for soap films and tor
lamellae in oil/water systems. 7Their calculations also assumed
that no double layer repulsion was present to offset the increase
in van der waals force as the lamella thickness decreased.

Light intensity measurements on the thickness of the
lamella at rupture were made on the four systems studied in
this work, and were also made by Platikanov and Manev (23).
Figure (30) shows the results of measurements made in the pre-
sent work. The measured value of the thickness at rupture of
200 to 400 A® agrees with the measurements made bv Platikanov
and Manev for their liquid/liquid systems.

Van der Waals force increases gradually as the lamella

thickness is decreased. However, rupture occurred very rapidly
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in the systems studied. This suggests that van der Waals force
may not be the onlv cause of rupture. This is apparently com-
firmed by the data in Figure (31) where a typical curve of the
lamella thickness as a function of time has been cobtained from
a light intensitv measurement., The theoretical type of lamella
tirickness behaviour as a function of time is also shown in
Figure (31), as predicted from the Hodgson/Woods model. 1If
van der Wwaals force causes rupture, there should be a rapid, but
noticeable decrease in the lamella thickness near rupture.

lhis argument against the involvement of van der Waals
force in rupture is contradicted by the observation that very
black soap fiilms 50 A°® thick can exist for long pericds if
van der Waals force is balanced by double laver repulsion.

Une solution to this anomaly is that the experimental
curve in Figure (31) was taken from a smoothed curve drawn
through slightly fluctuating light intensitv data. An inflec-
tion point in the fluctuating data would not be apparent. 1f
a slight increase in van der Waals “force causes additional
lamella drainage, the bulk interface mav become mebile. ODrain-
age would noe longer be viscous, but rather the drainage rate
would be limited only by the inertia of the water in the lamella.
The curve in Figure (31 ) that tvpified the results of the Hodgson/
Weoods model shows the lamella thickness as a function of time
for viscous flow only., Inertial flow would be much more ranid,
Lamella drainage to zero thickness could then occur in a very

short period.
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Although an exact description of the local lamella
behaviour when rupture occurs would be complicated because
of the influence of the local ingerfacial surfactant concen-
tration and the electrolyte concentration, Vrij and Overbeek
(33) have formulated a simple model which used van der Waals
force to cause rupture in a pure fluid/fluid svstem. Rupture
occurs rapidly once a critical local lamella thickness of 200 to

400 A° is reached,

4,3,  Application of the Drainage Mechanisms and Light

lnterference Observations to an Interpretation
" of the Drop Rest-time Data

The mechahisms describing lamella behaviour have been
discussed without reference to a specific oil/water system,
in this section, the influence of the system phvsical proper-
ties and of the drop radius on these mechanisms will bevdis-
cusseu through an analysis of the drop rest-time data. FLach
oil /water system will be discussed individually., In sectibn
6.1, the effect of the physical properties on the drop rest-

time will be discussed further,

4.3-1 Toluene/Water

Figures (11) to (15) show the rest-time behaviour for
the toluene/water system for increasing quantities of S$.L.S,
in the aqueous bulk phase.

The mobility of the drop and bulk interfaces accounts

for the very small initial drop rest-times for the data in
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Figure>(11). However, even for the ''pure' system, scme intev-
facial contamination is present. This is further illustrated
by the data in Table (7). UWhen the drop's kinetic energy can
be dissipated by setting up an interfacial tension gradient in
the bulk interface, rest-times then become comparativelv long.
This suggests that surfactant impuritiés are present, although
their source and composition are in doubt, Since the critical
interface age, t , was also observedito be about four to five
minutes for 0.U05 ml. toluene dfops in a completely pure sys-~
tem (no sodium lauryl sulfate or KCl electrolyte) the addition
of 0.01 N. KCl., does not seem to be resnonsible for the surfac-
tant impurities. Hickman (34) has given an excellent discussion
of this prcblem for his study of boules. Additional discussion
of this problem will also be given in section 5.1.

Long rest-times in a supposedly pure oil /water system
also suggest that very little surface active impurity is re-
quired in the bulk interface to arrest the rapid lamella thin-
ning mechanism. The characterization cof this impurity by
sodium lauryl sulfate shows tﬁat the aqueous nhase concentra-
tion of impurity should be less than 10-9 molar. This is be-
cause the rest-time data in Figure (11) have a larger t. than
‘do the data of Figure (12a). A large t, is indicative of a
small interfacial surfactant concentration.

If there is a minimum quantity of surfactant in the

interface when the rapid thinning mechanism is arrested, then
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the interfacial concentration of surfactant at the lamella center
should be approximately zero. 5ince the quiescent interfacial
concentration, Vt’ should be very small, the driving force

( Pmax - rt) should be large aﬁd surfactant will be rapidly

lost from the stressed region of the bulk interface,.

Ihe observed light interference patterns of the lamel-
lae showed that once rapid lamella thinning ceased, slow, even
dimpling followed, but uneven drainage also began aimost im-
mediately.

The "pure'" system, containing only electrolyté, may
be.more complex than the explanation suggests. If surfactant
impurity is local only to the region where the drop will reach
the bulk interface, then the rapid approach of the drop teo the
interface may be arrested, but the resultant ( [ - Ft)

max
will be large because r is effectively zero. Therefore, sur-

t

factant may be very rapidly lost from the stressed bulk inter-
face region by both surface diffusion and'py interface expansion.
The discussion given in Section 5.1, .supports this supposition.

Ehen 10'6 gm/l. of S.L.S. wasideliberately added to the
water, a shorter period of instantaneous rest-times was observed,
as shown in Figure (12a). This decrease in the value of t. is
due to a rapid adsorption of surfactant. Rest-times then be-
came long, with dimple formation and‘slow even thinning until

rupture as the sequence of the mechanisms. Even drainage per-

sisted for this surfactant concentration because surfactant is
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rapidly adsorbed aézthe freshly cleaned interface. Lknough
surfactant is adsorbed at the bulk interface so that rupture
occurs before the minimum quantity of surfactant necessary to
support the lamella shear stress is reached, Since the maxi-
mum in rest-times at small interface ages may be eliminated

by subtracting the time required tc form the dimple from the
drop rest-time, dimple formation appears to retard the start
of slow thinning. The initial barrier ring height at which
slow, even thinning begins is not important since lamella thin-
ning is relatively rapid down to thicknesses less than 1500 A°,
Most of the time that the drop is at the interface elapsés with
the minimum lamella thickness at less than 1500 A*., This ex-
plains why the time for slow thinning given in Figure (12b) is
constant,

Uneven drainage occurred at long interface ages. As
the interface ages, the drop is'presumably arrested at larger
and larger lamella thicknesses since more surfactant is in the
interface to allow a larger interfacial tension gradient to be
set up sooner during the rapid anproach of the drop to the inter-
face. Since the surface shear stress is larger at a larger
lamella thickness, as suggested by equation (9) and assuming
%%% is relatively constant, the interfacial tension gradient
set up must be larger than for smaller interface ages. Slow
even lamella thinning occurs rapidly at large lamella thick-

nesses, so a large imbalance between the surface shear stress
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and the interfacial tension gradient in the bulk interface
quickly develops. Dimpling takes place rapidly and since the
driving force for dimpling is very large, dimples are larger
than for small interface ages. According to the postulate on
uneven drainage, the loss of surfactant from the stressed re-
gion of the bulk interface must exceed the amount that can be
lost by the lamella as thinning proceeds. If this imbalance
occurs before lamella rupture, uneven drainage occurs. The
postulate is too qualitative, however, to allow even a rough

quantitative check on this reasoning.

One additional observation for the 10'6 gm/l, S.L.S.
case is that sometimes the dimple formation was uneven. This
is shown by the photographs in Figure (3) for anisole/water,
For this case, the dimple contents seemed to follow an exactly
reverse path to that for uneven drainage. Liquid appeared to
flow through a very small region of the barrier ring and was
immediately distributed throughout the lamella. This formed
the dimple. The observation partially confirms the uneven
drainage postulate. 1f the rapid drainage mechanism occurs
unevenly, an interfacial tension gradient would be developed in
only one regioﬁ of the bulk interface. When the drop is ar-
rested, this uneven interfacial tension gradient causes liquid
inflow, exactly the reverse of uneven drainage. Around the

rest of the lamella periphery, smaller interfacial tension

gradients have been set up because of the preferential flow
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out of one region during the rapid approach of the drop to the
interface. Therefore, when the pressure gradient in the lamella
begins to increase as a result of dimple formation, iiquid is
initallv easilv lost through the majority of the lamella perip-
hery, while an interfacial tension gradieﬁt in this region is
being set up by the expansion of the bulk interface. Licuid
flowing into the lamella is therefofe rapidly and évenly dis-
tributed throughout the lamella. Uneven dimple formation ceases
when the surface shear stress balances the existing interfacial
- tension in this region which caused the uneven formationm,

The data in Figure (13) , for IO'S:gm/l.\of S.L.S.,
show that the inital period of bulk interface mobility is lost
because of the more rapid adsorption of surfactant, Uneven
drainage occurred sooner than for the data in Figure (12a).

Figure (14), for an additional ten-fold increase in
the aqueous phase surfactant concentration shows only one drop
that drained evenly, The remainder of the drops drained unevenly
as the interface aged, A decrease in rest-times with verv large
interface ages, as shown in Figure (14), could be the result of
uneven drainage that was observed to occur at large lamella
thicknessés. The result of this ureven drainage would be a
more rapid slow uneven drainage to rupture than with even drain-
age. |

For the data in Figure (14), the lamella initally seemed

to be draining evenlv at a large lamella thickness without going
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through the dimple formation mechanism. This is a consequence
of the drop being arrested at a very large lamella thickness, and
the bulk interface contracting as the shear stress on it decreases.,
Lamella drainage tends to reduce the lamella thickness, but

this is balanced by fluid inflow caused by the bulk interface
contraction, Thus, the mechanism of dimple formation is occur-
ring simultanecusly with the mechanism of slow even drainage.
This also occurred for the data in Figure (12a), but slow drain-
age for the thin lamella was so much slower than dimple forma-
tion that the dimple thickness increased, Photographs of the
simultaneous occurrence of dimpling and slow even drainage are
given in Figure (5) for the anisocle/water system,

For a further increase in the aqueous phase surfactant
concentrat}on, the data given in Figure (15) show that an equili-
brium interfacial concentration of surfactant is rapidly reached
and rest-times show little tendency to change after an interface
age of 10 minutes. Drainage was completely uneven,

A further ten-fold increase in the aqueous phase sur-
factant concentration showed that the rest-times behaviour
differed litdefrom the behaviour of the rest-time data given
in Figure (15). ‘ .

In this study, suificient electrolyte was added to the
aqueous phase éb limit double laver repulsion to lamella thick-
nesses less than 1U0 A°., When rupture occurs, the two oil/water

interfaces making up the lamella must have come within molecular
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dimensions of one another ard joined at some point. Double
laver repulsion should prevent this if the drop interface also
contains ionic surfactant, However, if the two oil/water inter-
faces become mobile at thicknesses of 200 to 400 A* because of
rapid local lamella drainage caused by the rapidly increasing
van der Waals force, then little surfactant will be present at
the potential rupture site and dcuble layer repulsicn will not
be preseht. If insufficient electrolvte is added to the water
phase, double laver repulsion may equal the van der Waals force
before the 6il/water interfaces can become mobile. This leads

to a gradual stop in lamella thinning with no rupture.

4.3-2 Anisole/Water System

Figures (16) to (18) show the rest-time behaviour ob-

® gm/l. of S.L.S. + 0.0l N.

served for a concentration of 107
KCl for three different sizes of drops., The 0,020 ml. volume
anisole drop produced a lamella with approximately the same
barrier fing radius as did a 0.005 ml. volume toluene drop.

The lamella mechanisms were: rapid approach to a thin lamella,
dimple formation, slow eveﬁ‘drainage, followed by uneven drainage,
and then rupture. At large interface ages, the dimple formation
and slow even drainage mechanisms ;ccurred simultaneously as
shown in Figure (5). Figure (32) shows typical lamella behaviour
for both clean and aged interfaces for the anisole/water svstem,

Figures (16) to (18) may be interpreted to show that -

the bulk interface mobility is a function of drop size. A longer
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period of bulk interface mobility is observed for small drops
than for large drops. 'lhis is not confirmed by the calculations
of rﬁt given in Table (2) because tbg calculations are sensitive
to the lamella shape, for large droés. Also, the effect of drop
inertia on the initial interfacial tension gradient set up in
the bulk interface has not been included in the Table (2) cal-
culations., A simple calculation can show that if the drop poten-
tial energy at the drop syringe is stored as surface energy in
the interfacial tension gradient of the bulk interface, a 0.005
ml. anisole drop must do 1.5 times more work per unit area of
bulk interface than a 0.020 ml. anisole drop. This suggests
that since the interfacial tension gradient will be steeper
than that used in calculating thé values of I*t in Table (2),
small drops may require a larger idt than do large drops.,

While Hodgson and Lee (37) have devised a simplé model
to account for bulk interface mobility as a function of drop
size, their analysis was based on a parallel disc lamella and.
no consideration was given to an accurate description of the
interfacial distribution of adsorbed surfactant. The drop.
inertia should also be considered in the discussion of tbe ef-
fect of drop size on the mobility of the bulk interface.

The data in Figure (18) for 0.020 ml. anisole drops
show that a period of rest-times is observed for which even
drainage occurred. This is also observed for the CA/water

system. 7The occurrence of even-uneven modes of drainage
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behaviour as the bulk interface ages must be a function of the
interfacial concentration of surfactant. ©No quantitative ana-
lysis can be done to account for this behaviout.

Figures (16) to (18) also show that the average drop
rest-time increases with an increase in drop size. A larger
radius of the lamella for larger drops would cause an increase
in the flow path of the lamella water, and also would make the
lamella thinner at 1arger radii, outside the barrier, because
of the smaller curvature of the larger drops.

The rest-times in Figures (19) to (21) for 10-4 gm/L.
of 5.L.5. show a change in lamella behaviour from uneven to
even drainage as the interface aged. Rapid approach seemed
to cease at a large lamella thicknéss, the lamella center thick-
ness decreased very slowly, and the barrier ring thickness de-
creased very rapidlv, with some expansion of the barrier ring
radius. Figure (8) shows the relative lamella thickness profiles
for this behaviour. 7This same lamella behaviour was also ob-
served for the toluene/water system at the same S.L.S. concen-
tration, but uneven drainage always occurred before rupture.

The transformation from uneven to even drainage at small
interface ages is not completely understood. As was previously
discussed in section 4.2 and will be discussed later in sections
4,2-3 and 4.5, the lamella drainage may be rapid enough to allow
the stressed region of the bulk interface to lose surfactant

more rapidly than it can be lost at the r region, This would

max
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allow even drainage to continue until rupture, The solution
to this transformation problem is probablv dependent on the
‘interaction of the rapidity of drainage, the interfacial con-
centration of adsorbed surfactant, the lamella shape, drop
size, and how these variables determine the rate of loss of
surfactaﬁt;

4.3-3 Cyclohexane-Anisole/Water System

(The CA/water system is 0.16 mole fraction cyclohexane
plus 0.84 mole fraction anisole/water.)

Figures (24) to (27) show the rest-time data observed
for two drop sizes for the CA/water svstem., No period of very
short rest-times was observed, This may be due to insufficient
interface cleaning or it may be dependent on the physical pro-
perties of the CA/waterﬁsystem. For the data in Figures (2&)f
and (25) for 10”° gm/l.“S.L.S. + 0.01 N. Kél., the périod of
even drainage is shorter than for the toluene/water system,

As was discussed in section 4.3-1 for toluene, the appearance

of uneven drainage must depend on the interaction of several
variables. Not enough is known about these interactions to

be able to state why one oil/water system drains unevenly while
another oil/water system drains evenly, for the same interfacial
concentration of adsorbed surfactant.

The lamella behaviour for this system for both even
and uneven drainage was the same as for the toluene/water and

6

anisole /water systems, as is shown in Figure (32a) for 107 gm/l,
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of S.L.S5, 7The rest-time data in Figures (26) and (27) for

1@”“

gm/l. of S.L.S5, show the same change from uneven to even
drainage as the interface aged as did the aniscle/water svstem
and the data also show the same persistence of uneven drainage
at small interface ages for an increase in the drop size as did
the aniscle/water system.

The observaticn that rest-times initially decrease very
rapidly and eventually become so small as the interface ages
that the rest-times are almost independent of drop size for
even drainage supports the uneven drainage hypothesis. The
rest-times are about 1.5 sec., 2.0 sec., and 2.5 sec. for 0.005
and 0.020 ml. volume aniscle drops, respectively.

ml U.010 ml

9 °y

it lamella drainage to the runture thickness is possible before
the two curves in Figure (29) intersect, then drainage will be

evetl.,

4,3~4 Cyclohexanol /Water System

Figures (22) and (23) show the rest-time data observed
for the cyclohexanol /water system. 7The lamella behaviour for
this oil/water system is extremely complex, but is the same
for both aquecus surfactant concentrations. For the 1074 gm/1,
S.L.S. case, the initial lamella behaviour changed more rapidly
than for the 107° gm/l, case, but the lamella drained evenly
’longer. The‘sequence of lamella profiles is shown in Figure
(33). 1The lamella drainage is first even for lamella profile

number (1), and the lamella center thins rapidly at (2). The



120

dimple center springs up, as in (3), very rapidly and even
drainage immediately becomes uneven at (4). The lamella drain-
age then becomes even in profile (5), and uneven in profile (6),
ceases a second time, as in profile (7), and drainage is then
slow and even until rupture occurs at profile (8). For the
1074 gm/l. case, the dimple deflates more completely than for

the 10"6

gm/l, case,

The initial period of rapid dimple formation is pro-
bably a result of the large oil viscosity of this system. When
the oil drop first approaches the bulk interface, a very large
surface shear stress is exerted on the bulk interface because
the large cyclohexanol viscosity resists complete bulk inter-
face mobility. However, if the bulk interface does exband
slightly, an interfacial tension gradient is set up, When thé
surface shear stress acting on the bulk interface decreases as
the lamella thickness decreases, the bulk interface contracts
rapidly for a short time because a large imbalance exists be-
tween the surface shear stress and thé interfacial tension
gradient. This rapid bulk interface contraction causes dimp-
ling. |

The immediate occurrence of uneven drainage after dimple
formation cannot be caused by surfactant loss from the bulk

interface because the viscosity of the oil phase is large,

Hartland (38,43) has impiied that uneven drainage is caused by
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circulation of oil inside the drop, for viscous liquid/liquid
systems,

When uneven drainage ocdurs in sequence (4), lamella
drainage is primarily from the site of uneven drainage. The
bulk interface gradually sets up an interfacial tension gra-
dient to balance the surface shear stress at the site of uneven
drainage. Outward flow from the lamella, therefore,must in-
crease at all other points around the lamella peripherv since
the water flowing at the site of uneven drainage experiences
a larger resistance to flow because the mobility of the bulk
interface decreases. ¥

Since the fegion of the lamella periphery diametrica11y
opposite to the first site of uneven drainage has had little
tlow through it, any interfacial tension gradient set up there
is small., The lamella thickness rapidlv decreases at the ini-
tial region of uneven drainage, since water flows more freely
in the region of the lamella where the bulk interface is par-
tially mobile. Uneven drainage now begins on the opposite
side of the lamella,

The same lamella behaviour for the cessation of uneven
drainage is again repeatéd at the second site of uneven drain-
age, but since lamella thicknesses are now small all around the
periphery, about 5000 A®, interfacial tension gradients that
have been set up now.are sufficiently large to pfevent the oc-

currence of uneven drainage a third time. The lamella liquid
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thus oscillates from one side of the lamella to the other for

one or two seconds since the surface shear stress is not large
enough to overcome the existing interfacial tension gradients,
the latter aided by large oil viscosity. Drainage is even and
remains even, ?

At small interface ages, uneven drainage persisted for
longer periods than for aged interfaces, This is pfesumably
because of the difficulty in setting up an interfacial tension
gradient to balance surface shear stress at the site of uneven
drainage, since little surfactant had adsorbed at the bulk
interface.

The criterion of the bulk interface mobility deter-
mining the onset of uneven drainage seems towork well in the
interpretation of the lamella behaviour for this system. How-
ever, the cause of the initial ﬁnéven drainage is unknown.

For this system, the efféct of the interfacial surfac-
tant concentration on drop rest-times is not clear. With 1()’6

gm/1l. S.L.S rest-times became smaller as the interface aged,

®y
but rest-times appeared to remain constant for 10”4 gm/l,, re-

gardless of the interface age, and are larger than for ].O"6 gm/l,

4.4, interpretation of the Hodgson-Woods
Drainage lypes

Hodgson and Woods (17) have given a summary of the
lamella light interference patterns observéd for the toluene/

water and anisole/water systems. The preséht work has extended
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both the aqueous phase concentration of S.L.S. and the number
of svstems studied and has found no new drainage '"types". The
drainage tvpes of Hodgson and Woods will now be decomposed into
the five mechanisms of lamella behaviour already discussed in

this chapter.

Tvpe 1 is simply the rapid approach mechanism, which
is caused by the mobility of the bulk interface. Rapid approach

continues until the lamella ruptures.
4,42 lype 11

Type 11 occurs for 10™° gm/1l. S.L.5. + 0.01 N. KC1.
Rapid approach, dimple formation, and slow even cor uneven drain-

age, followed by lamella rupture are the mechanisms which occur

for Type 1I.

4,4-3 Tlype I11

Type III occurs for a large surfactant concentration.
The rapid approach mechanism ceases at a large lamella thick-
ness, and drainage becomes uneven., Uneven drainage continues
until the lamella ruptures., The 10™% gm/1. S.L.S. + 0.10 N. KCl.

toluene fwater combination characterizes this behaviour,
4,44 Type 1V

Type IV also occurs at a large surfactant concentration,

but rapid approach ceases and simultaneous dimple formation and
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slow even drainage océﬁ; at large lamella thicknesses,

5. Discussion of Hodgson's Experimental Techniques

The rest-time data which have been presented in this
chapter show the large influence that the drop size and the
interface age have on the rest-time distributions. Hodgson's
drop-forming and interface cleaning techniques will therefore

be discussed to determine their influence on the‘fest~time data.

5.1 The lnterface Cleaning Technique

Oﬁce the aqueous surfactant solution was placed in the
reservoir and the coalescence cell was filled, the bulk inter-
face was cleaned approximately twenfy times'before the reser-
voir was refilled. Since the cleaning of the interface is
similar to foam fractionation, the aqueous phase concentratioh
of surfactant should decrease as cleaning re-adsorption, and
cleaning, etc., proceed.

A simple mathematical model mav be formulated to inves-
tigate the effect of interface cleaning on the aqueous phase

concentration ot surfactant.

£

A mass balance on the surfactant in the cell yields:

ac_lﬁ (V) = -naAa-cq
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where ¢ = aqueous phase surfactant concentration, molecules/cm3
N = number of times the interface is cleaned

n = number of molecules/cm2 adsorbed at the interface
before each cleaning

= volume of water removed during each cleaning, cm

. . 2
interfacial area, cm

q
A
‘J; solution volume in cell plus reservoir
KJ‘=¥\€ - Ng, the volume of aqueous surfactant solution

in the cell plus reservoir after N cleanings

- 1f n = Kc for a small change in ¢ and if equilibrium adscrption
is assumed, the above equation is integrated to vyield:

KA
e - Q)Z)'q
“o Vo

If the exponent,%%, is small, interface cleaning will
have little effect on c¢. For 10™° gm/l. S.L.S. + 0.0l N. KCl.,
n is calculated from Davies and Rideal (36) to give K = 1,55

x 1073 cm. Since q is about 2.5 ml. and A is 12.5 cmz.,

Ra 0.00775. The small value of the exponent shows that inter-

q
face cleaning has little influence on the aqueous phase concen-
tration even up to a maximum of 20 cleanings. |

| The extent to which surface active impurities appear
to be removed by this interface cleaning technique is illust-

rated by the data in Table (7). These data show that the oil

or aqueous phase concentration of the unknown impurity is greatly
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reduced because the critical interface age, t., is doubled for
ten interface cleanings. This rapid reduction in the apparent
bulk phase concentration of surface active impurity is contrary
to the results of the calculation just done for S.L.S.

For each determination of the value of t. given in
Table (7), several drops were used. The drop syringe therefore
penetrated the oil /water interface several times between each
interface cleaning. 1f an impurity of some unknown composition
was adsorbed on the side of the syringe, the interface may be
contaminated each time the syringe touched the interface, As
the number of drops formed during the te determinations increased,
the amount of impurity on the syringe should decrease. This
should decrease the interface contamination and should result
in larger t. values. This explanation shows that the impurity
is adsorbed at the bulk interface where it will have the most

influence: precisely in the region where the drop will reach

the bulk surface.

5.2. 7lhe Drop-Forming Technique

The plunging and withdrawing of the capillary tip through
the bulk interface disturbs the already adsorbed surfactant,.
This may be the cause of the saw-tooth effect observed for some
rest-time data, especially evident in the data of Figure (12a).
There is seemingly an optimum time between forming drops for
this technique. Repeatedly forming and releasing a drop im-

mediately after the previous drop coalesces mav not allow
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et

sufficient time for the adsorbed surfactant in the bulk inter-
face to be evenlv distributed for each successive drop. 1f
there is too long a time between drons, especiallv at concen-

4 and 10’3

trations of 10 gm/l. of S.L.S., the trend in rest-
times with interface age is measured only coarsely, and any
vagaries in rest-times will further obscure this trend, For
the data presented in this work, at least one minute elapéed
between the arrival of each drop at the interface.

The interface was therefore. allowed to remain quiescént
for 30 -~ 45 seconds, depending on fhe magnitude of the rest-~
times,

Drops were quickly formed on the syringe. 7Too long a
formation time would allow surfactant to adsorb at the drop
interface, especially with the higher concentrations of sur-
factant used., Since the formation of the drop is rapid, the
oil in the drop may circulate. The rest-time data in this work
are all subject to the influence of this expected circulation,
although its exact influence is unknown. By increasing the drop
formation times at small surfactant concéntrations, no apparent%
effect on rest-times was observed. Thus, drop circulation would
seem to have only a very small influence on lamella drainage.

Once the drop was formed, it was slowly forced oft of
the syringe and allowed to rise the short distance of one to
two mm., to the bulk interface. However, increasing the distance

of rise of the drop to three gr four cm. had no apparent effect

on rest-times, and this is equivalent to 'shooting' the drop at
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the interface.

Finally, the use of the drop-forming technique obviates
the need for close temperature control of the cell and reservoir
contents. Coalescence studies require that no temperature dif-
ference exists between the drop oil phase and the bulk oil phase
because temperature differences will cause both interfacial ten-
sion gradients and thermal,convection currents, Wwhen the drop
oil reservoir is external to the cell, close temperature con-
tol is necessary. However, for Hodgson's drop forming techni-
que, the drop oil is taken from the region of the bulk inter-
face where the eventual coalescence will take place, No tempe-
rature control was used on the cell inthis study., Room temperature
was 17 - 27°C. and was recorded for most of the rest-time data
taken.

5.3. Validity of Data Ubtained by Using the Interface
Cleaning and Drop~Forming Technigues

The validity of the rest-time data obtained by using
the interface cleaning and drop-forming techniques in a coales-
cence study may be questioned. For example, the variability of
the rest-time data among investigators is unknown. The rest-
time versus interface age distributions may be different 1f the
syringe does not puncture the interface continually. The drop-
forming technique may affect the interfacial adsorption of sur-
factant, The extent to which the interface cleaning probe

cleans the interface is unknown.
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Three sets of data are given in Figure (34) to observe
the reproducibility of data among investigators., The data of
Hodgson and Lee (14) were taken for 0.0042 ml. toluene drops in
a toluene/water system with 4 x 1076 gm/1l. S.L.S. + 0.01 N, Kci.
The data of Hodgson and Woods (17) and the data of the present
work were taken on the same apparatus for 0.005 ml. toluene
drops for 3 x 1078 gm/l. S.L.S. + 0.0l N, KC1., 1lhere is a signi-
ficant difference between the two rest-time distriibutions ob-
tained hy different investigators for the same oil/water svstem
for the same apparatus,

Both the data from the present work and the data of
Hodgson and Lee (14) show the observationvofzz Z}ux. of about
11 to 12 seconds, and show a t. of one to two minutes, The
slightly more rapid decrease in rest-times/as the interface aged
for the Hodgson and Lee data may be accounted for‘by more rapid
adsorption of surfactant from the slightlv more concentrated
aqueous solution of S.LfS.

The dataﬂof Hodgson and Woods are radically different
from the data obtained in the present work. The Hodgson and
Woods data have a t, of four minutes, the data do not have the
characteristic maximum in rest-times at a small interface ape,
and the rest-times do not}decrease significantly as the inter-
face ages, 1hebdata of Hodgson and Woods are similar to the
data given in Figure (11) for the "pure'" toluene/water system,
although the latter data show uneven drainage as the mode of

lamella behaviour.
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Reproducibility of data for the same investigator is
good for the two experimental techniques used, as is shown
bv Hodgson and Lee (14). The long tc of four minutes for the
Hodgson and Woods data suggests that the aqueous phase concen-

6 gm/l,, Eagland and

tration of S.L.S. may be less than 10~
Fravks (35) have shown that the solute in aqueous solutions ot
sodium lauryl sulfate underpoes slow hydrolysis to lauryl al-
cohol at a solution/air surface, Lauryl alcohol is more sur-
face active than S.,L,S. and this may account for the tehaviour
of the Hodgson and Woods data if the surfactant solution was
stered for a long period before use, The data from the present
study were for aqueous 5.L.S. solutions less than one week old
and stored in stoppered glass volumetric flasks, FLagland and
Franks do not mention the rate or extent of conversion of the
hyd:olysis reacticn,

In summary, there are signifi%ant differences between
data cbhtained from the same apparatus. There is no conclusive
evidence to account for the differences.

Two effects of the repeated puncturing of the bull
interface have previously been mentioned., The drop-forming
technique may be responsible for the saw-tooth behaviour of
the data in Figure (12a), and may also be the source of inter-
facial contamination suspected in Figure (11) data. 71lhe effect
of interface puncturing on the rest-time distributions cannot

he isolated since no additional studies have been done where
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the interface cleaning technique was used, but where drops
were formed by a non-puncturing method., However, the small
scatter in rest-time data measured for larger concentrations
of 5.L.S., ( >107 gm/l.), indicates that rapid adsorption |
and surface diffusion of surfactant may erase any variations
in the interfacial concentration of surfactant éaused by inter-
face puncture., This erasure of variations in the interfacial
concentration of surfactant also applies to the effect that the
drop syringe movement has on the interfacial adsorption of
S.L.S. from the aquedus phase. Any variation in the gradient
of the aqueous phase concentration of surfactant which exists
at the bulk interface may be quickly erased because of the large
aqueous phase concentration of surfactant,

There is an effect of interface cléaning on rest-time
reproducibility., 7This is attributed to the removal of dirt
and dust particles from the bulk interface. The motion of
these interfécial particles toward the cleaning probe is easily
seen for a freshly formed interface when the interface is ob-
 !served through the microscope while cleaning is in progress.
The entire interface must move toward the cleaning probe at
different rates, and because of the large size of the four cm.
diameter interface and of surface adsorption, the interfacial
surfactant concentration will vary with distance from the probe.
Therefore, the interfacial surfactant concentration will be

near zero only close to the probe. The exact interfaclial
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surfactant concentration at the interface center where the
drop rises cannot be calculated accurately, but is presumed
to be small. This is confirmed by the observation of very
small rest-times, which suggest small interfacial surfactant

6 gm/1. S.L.S. at small interface ages,

concentrations, for 10
Interface cleaning, therefore, is effective in removing

interfacial impurities and does reduce interfacial surfactant
concentrations to small values, R&gt-time data obtained by
using the interface cleaning probe and by using the drop forming
technique'are affected by these techniques, but the data are
free from the influence of macroscopic interfacial impurities
and are therefore more representative of the interfacial sur-

factant concentration that must exist for the particular set

of variables studied.

6. Discussion of Additional Observations

The interpretation of the drop rest-times as a function

of interface age was the primary purpose of this study. How-

ever, several additional observations should be discussed.

6.1. Physical Property Dependence of the
Rest-time Data

In the coalescence literature, rest-time correlations
do not consider the mode of drainage, even or uneven, or inter-
face age, and the correlations use mean rest-times to simplify
the often-wide distribution of rest-times. The observation of

the lamella light interference pattern and the measurement of
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the interface age allow a more meaningful comparison of rest-
time data to be made among oil/water systems. For example,
rest-times for different oil /water systems can be more realis-
tically compared for those; drops that have the same patterns

of lamella drainage and have the same interfacial concentration
of adsorbed surfactant.

The physical property dependence of the Hodgson/Woods
model (17) may be used to correlate selected rest-time data,
This model predicts that drainage rates, hence rest-times, should
be independent of the oil/water system density difference.

" Equation (13a) has been derived from the Hodgson/Woods model

by assuming that if a standard rest-time, 1?;, is known, then
the rest-time for any other oil/water system for the same con-
ditions of lamella drainage and interfacial surfactant concen-

tration can be calculated. The equation is:

O - SV P

P ° dg ‘Xp ‘ eeesss(l3a)
This equation shows that rest-times vary directly with the
square of the drop radius, and inversely with the interfacial
tension. These variables make the flow path narrower if dp
increases and if ‘Xp decreases. Larger rest-times therefore
result. The factor m measures éhe interface mobility, and is
used to take oil viscosity into account, If the drop viscosity
is small, then m is approximately equal to one. 1f the oil drop

viscosity is about 30 c¢p., then m may approach two.
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lable (Sa) shows a comparison between the even drainage
rest-time data and the equation (l3a) rest-times predicted from
equation (l3a) for toluene/water as a standard. The rest-time
data for cvclohexanol /water are for a combination of both_even
and uneven drainage; the particular mode of drainage observed
for that system. .Agreement is reascnable, to within an almost
constant value of + 30% for two of the oil/water systems. Tloo
large a standard rest-time can account for the large percentapge
difference. »

Uneven drainage rest-time data could not be correlated
well with this approach. 7There may be an unaccounted factor
such as the degree of interface mobility during uneven drain-
age which must be considered.

To evaluate the dependence of rest-times on drop dia-
meter, the values in Table (8b) of the index n’ used in the
equation’ T-= Kndn' are given. These values of n’ were obtained
by varying.the drop volume and measuring the dfop rest-time at.
a given interface age of usually 6 - 12 hours. For both even
and uneven drainage, n’ has values between one and three. This
" is in agreement with the Hodgson/Woods model, which uses a
value of n’ of two, but disaprees with the parallel disc model
which uses n’ equal to 5.

An additional comparison may be made. Equation (13b)

was derived from the parallel disc model property dependence.
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This equation is:
T -7 .(g‘z)s. (J.f_.)z L .
P s s ¥p AGS ereees(13b)

The values of rest-times calculated from this equation are given
in Table (8¢c). A comparison with the observed average rest-
time data shows a large, variable, under-estimation of rest-
times, However , the parallel disc model predicts the rest-
time variation with a change in drop size and with a change
in the oil/water system physical property dependence.

The Hodgson/Woods model apd the parallel disc model
bracket the observed rest-time reéults. The former model results

are too large, and the latter model results are too small.

6.2. Drop Sliding and the Location of Uneven Drainage

The bulk interface was kept raiséd at its center to
prevent the lateral motion of the drop, However, the drop
often arrived at the interface off-center, and slid about 0.0Sv
cm, for one or two seconds; until it reached the bulk inter-
face zenith,

Forgthe 10'6

gm/l., S.L.S. case, and especially for toluene
drops, an apparent consequence of sliding was the occurrence of
uneven drainage at the former downstream side of the lamella.
Uneven drainage, however, only occurred when the mode of drain-
age for non-sliding drops was also uneven; the sliding of the

drop, therefore, seemed to uniquely locate the site of uneven

drainage.
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The expected interfacial tension gradient in the bulk
interface, generated by sliding, is shown in Figure (35). 1If
dimpling and slow even drainage are occurring, the former down-
stream side of the bulk interface should contain less surfactant
than does the upstream side, Therefore, the interfacial tension
gradienté set up to balance the surface shear stress will he
unequal in magnitude. Less surfactant must be lost from the
downstream region of the lamella periphery if uneven drainage
is to occur,

For larger aqueous ?hase concentrations of S.L.S., the
effect of drop sliding on the location of uneven drainage was
‘not apparent,

During slow, even drainage for small surfactant concen-
trations and for a partially aged interface, uneven drainage
sometimes occurred simultaneously at approximately opposite
sides of the lamella, 7This was often followed by a reversion
to even drainage at very small lamella thicknesses. Ihié be-
haviour appears to be simply a coincidental océurrence, although

why it never occurred at larger interface ages is not known.

A.3. Rupture

Lamella rupture occurred very rapidly. Tlherefore, an
attempt to use high speéa photography to photograph the light
interference pattern at rupture through the microscope was unsuc-
éessful. Low film velocities were used in the camera because

the level of light intensitv provided by the small 100 watt,
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quartz iodide, tungsten light source was very low,

At a large aqueous phase concentration of S$.L.S, and
a small concentration of eleétrolyte, an all-gray light inter-
ference pattern for uneven drainage often was observed to scal-
lop along the pattern edge. This is illustrated by the drawing
in Figure (36). Within one second after scalloping was obhserved,
the lamella ruptured. The rapid formation of the very black
light interference colour produced in the scalloped region is
similar to the description of the occurrence of black spots in
lamellae examined by Frankel and Mysels (20), and interpreted
by Princen and Mason (40). Scalloping appears to result when
the lamella falls into a free energy minimum. Therefore, some
double layer repulsion must be present at lamella thicknesses
of less than 1000 A°, The occurrence of double laver repulsion
at less than 1000 A° thickness is assumed responsible also for
the very slow lamella drainage observed in the gréy region of

the lamella light interference pattern.

6.4, Surfactant Adsorption Rate

Hickman (34) has also found boule stability to be de-
pendent upon interfacial impurities. In the present work, an
aqueous phase surfactant concentration as low as 10"9 molar
is capable of affecting drop rest-times. Since the drop rest-
time is sensitive to the interfacial surfactant concentration,
then the value of the interface age for rest-times which show

little further change with an increase in interface age can
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indicate when an almost-equilibrium quantity of surfactant has
been adsorbed.

The interface age when this occurs is compared with.an
adsorption time calculated from the Ward/Tordai equation (36)
for equilibrium adsorption. The Ward/Tordai equation is valid
for inital adsorption dnly, but mav be used to calculate an
approximate adsorption time, The results of the calculations
are gpiven in Table (5). The agreement is poor at small aqueous
phase concentrations. This is expected since the time taken
for equilibrium adsorption to occur for a small aqueous phase
- 5,L.S. concentration should be large. Despite their large sen-
sitivity to the interfacial concentration of adsorbed surfactant,
drop rest-timesjare insensitive to the small increments in inter-
facial surfactant concentration that occur over long periods

near equilibrium adsorption.

6.5. The Light Interference Pattern Radius

For even drainage, the barrier ring is very close to
the edge of the light interference pattern. Outside the bar-
rier ring, the lamella thickness increases very rapidlv., Close
observation is necessary to detect three or four additional in-
terference rings, since the rings are faint, and close together.

The observed radius of the light interferencevpattern
mav be compared with the radius of the harrier ring calculated
from two models. These models, rhe parallel disc model and the

equilibrium model, predict the lamella radius at which the
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dynamic‘pressure in the lamella equals zero. The radii pre-
dicted by these models have been purported to predict the bar-
rier ring radius, since these models assume that the dynamic
lamella pressure falls to zero at the barrier ring. It has
been shown both semi-empirically (27) and fheoretically in
Chapter 4 that the dynamic lamella pressure is not equal to
zero at the barrier ring. However, these simple models may
be useful in a coincidental prediction of the barrier ring
radius, even though these models are based on faulty assumptions.
The barrier ring radius is assumed equivalent to the light in-
terference pattern radius.

Table (4) gives the comparison. The parallel disc
model predicts barrier ring radii that are too small, since
it assumes an average lamella pressure of 2&;-. The better
agreement of the equilibrium model with the data is due to
the assumption of an average lamella pressure of %F for this
model.,

The light interference pattern radius was observed
to be independent of the type of lamella drainage. Radii were
measured for both even and uneven drainage, and were used in

obtaining the observed radii given in Table (4).

6.6. Local Depressions in the Lamella

Local depressions in the lamella thickness seemed to
appear infrequently, but more often for an aged or freshly formed

bulk interface. These depressions moved about in the lamella
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as if caught in the flow of water from the lamella, and this
proved useful in the interpretion of the lamella drainage »nat-
terns, Figure (37) shows a drawing of a light interference
pattern for the uneven drainage of a toluene drop at an aged

“5 om/1. of 5.L.S. + 0.0l N. KCL. This draw-

interface, for 10
ing shows that the radius of the depression is large when com-
pared with the radius of the light interference pattern. The
depression was observed to be about 1000 - 2000 A° deep
(0.1 - 0. 2//1 .), and had a radius of about ZU A

The depressions seemed to occur snontdneously,were
often in groups of two or three, and were usuallv observed
along the edge of the interference pattern. Sometimes, the
depressions appeared in the center of the lamella., The de-
pressions often slowly disappeared over a time of two or three
seconds., lheir anpearance in amber, white, or grav coloured
light interference patterns often resulted in immediate rupture.

A local increase in the bulk interfacial tension of the
bulk interface could increase the radius of curvature of the
interface. 7T1his would account for the depression in lamella
thickness. Surface diffusion and bulk interface contraction
could account for the disappearance of the depression, However,
why the phenomenon initially appears is unknown.

6.7. The Effect of a Non-ionic Surfactant and of
Electrolyte Concentration on Drop Kest-times

An ionic surfactant is soluble in polar liquids such
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as water, but essentially insoluble in non-polar oils. A non-
ionic surfactant may be both partially oil and water soluble.
The presence of surfactant in the oil phase can radically alter
the lamella behaviour because adsorption ot surtactant may now
‘occur from the underlying oil phase during lamella drainage (42),
For a water soluble surfactant, adsorption of surfactant fromv
the water lamella is small because the volume of solution in
the lamella is small.

in this work, a water soluble non-ionic surfactant,
2 - (2-ethoxy-ethoxy) ethanol, was also used in concentrations
of 0,05 and 0.50 ml. of surfactant per litre of water, plus
0.01 N. RC1, Lamella behaviour was analogous to the 10"6 and
10~% cases for S.L.S. for toluene/water for both concentrations,
respectively. The electrolyte concentration is important when
an ionic surfactant is used. Double layer repulsion was evident

when 0.01 N, KCl, was used with 10'4

gm/l. S§,L.S., but not when
the electrolyte concentration was 0,05 to 0,10 N, KCl. While
rupture often occurred when double layer repulsion was evident,
drainage for black coloured lamellae was very slow, and rest-

times were large. The addition of a more concentrated KCl

solution resulted in more rapid drainage to rupture.

7. Summary and Conclusions

This chapter presents part of the results of an exten-
sive investigation into the rest-time and lamella behaviour

for oil drops for four oil /water systems. Single oil drops of
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various controllable sizes were released at the bulk oil/water
interface and their rest-times were measured as a function of
the age of the bhulk interface, measured from the time of clean-
ing. ‘ihe simultaneous observation of the light interference
mattern, produced by illumination of the lamella formed between
the drep and bulk interfaces with white light, resulted in the
formulation of five distinct mechanisms for lamella behaviour.
These mechanisms were used to explain the observed 1amella'be~
havicur., Some of the experimentally obtained profiles of the
relative lamella thickness were fitted by a semi-empirical
nolynemial. The interfacial distribution of surfactant cculd
then be calcﬁlated for each profile. An hvpothesis was formu-
lated, based on these calculations, to explain the occurrence
of uneven drainage.

The light interference patterns and the five lamella
behaviour mechanisms were then used to discuss the observed
rest-times which were measured as a function of interface age,

Many conclusions may be reached as a result of this
work. Llhese conclusions are presehted for three sepafate areas;
the conclusioks reached from a consideration of the drop rest-
time results, the conclusion reached from a consideration of
the 1ight'intefference patterns, and the conclusion reached
from a consideration of the experimental techniques used in

this work. 7The conclusions from each area are presented in turn,
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A, For Kest~times

(1) Instantaneous drop rest-times were only observed

for 0 to 10'6

gm/l, of S,L.S, at small interface ages,; for the
toluene/water and anisole/water systems. The other two systems
studied did not exhibit instantaneous rest-times. These in-
stantaneous rest-times are attributed to mobility of both the
drop and bulk interfaces, for small interfacial cdncentrations
of adsorbed surfactant.

(2) The length of time, t_, that the rest-times are
instantaneous as the bulk interface ages, is a function of the
drop size. lhe value of t. was about 3 minutes for a 0.005 ml.
anisole drop, and zero minutes for a 0.010 ml. anisole drop,
for surfactant adsorption from a 10'6 gm/1l. aqueous soluéion
of S.L.S.

(3) A distinct maximum in drop rest-times was observed
for the toluene/water and anisole/water systems. This maximum
occurred soon after drop rest-times ceased being instantaneous,
This maximum was not obsefved for the other two oil /water sys-
tems. For the toluene/water system, for 10-8 gm/1l. of S.L.S.,
the maximum in drop rest-times was removed by subtracting the
time taken to form the dimple, 1?2 from the total drop rest-
time, C . The resulting value of AT , where AT = T- ’Z_‘/,
was constant for all interface ages. This was interpreted to

mean that slow even drainage begins at roughly a ccnstant

lamella thickness each time,
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(4) Drop rest-times usually decreased as the interface
aged,

(5) 1lhe distance of rise of the drop to the interface
and the expected circulation of liquid inside the drop had no
effect on the drop rest-times for the low viscosity oils. The
effect ot tﬁese variables on drop rest-times was not studied
for the viscecus cyclohexanol /water svstem,

(6) Drop rést-times are reproduciblée from apparatus
te apparatus, but are sensitive to small changes in drop size
and are sensitive to the aqueous phase concentration of $.L.S.

(7) Composite figures were drawn to summarize the rest-
times as a function of the interface age. There is a very com-
nlex dependence of the drop rest-time and of lamella behaviour
on the interfacial concentration of surfactant, |

(8) Changes in the oil/water system physical proper-
ties had an éffect on the drop rest-times, but the effect of
each individual physical property on the rest-time could not
be isolated for the four oil/water svstems studied. The effect
of the drop radius on the dron rest-time was easily measured.
The exponent n’ in the equation T= Kn dn’ was found to have a
value between 1 and 3. This is in agreement with the Hodgson/
Woods model which has an n' of 2.

(9) Correlations of the rest-time data as a function
of the oil/water system physical propertiesvcould be made by
emploving simple equations derived from the Hodgson/Woods and

parallel disc models. The Hodgson/Woods model predicts drop
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rest-times to within +30%, and the parallel disc model to
within -70% of the observed data. These correlations are for
only even lamella drainage, and .are compared with the drop rest-
times which were measured for as close as nossible to the same
interfacial concentration of adsorbed surfactant,

B. For the Lamella Behaviour lnterpreted From
Light Interference Patterns

(1) Despite the wide range of oil/water system physi-
cal properties and the wide range of S.L.S. concentration used
in the toluene/water study, no new lamella drainage.patterns
could be added to those already observed by Hodgson and Woods,
for low viscosity oils, | |

(2) The interfacial concentration of adsorbed surfac-
tant has an effect on the tvpe of lamella drainage observed
for individual drops. For the three low oil viscosity systems,
the lamellae either drained evenly (E) or unevenly‘(UE). For
the cyclohexanol /water system, the lamella behaviour observed
| for each drop was independeﬁt of the interfacial concentration
of adsorbed surfactant. The lamella drainage behaviour for this
latter system wés observed to be E-UE—-E,

(3) The interfacial concentration of adsorbed surfac-
tant has an effect on the lamella behaviour. COver the range
of the aquecus phase concentrations studied, the following
lamella behaviour was observed as the interfacial concentration

of adsorbed surfactant increased.
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For taluene/water:
E, UE for 0,005 ml, drops.
For anisole/water:
| UE, E, UE for 0.005 ml. and 0.010 ml. drops.
For CA/water:

E, UE, E, UE for 0,0025 ml. and 0,005 ml. drops.

(4) The observed light interference patterns were de-
composed to yield five distinct mechanisms for the lamella be-
haviour. Each of these mechanisms was interpreted in terms
of the flow of water from the lamella and of the interfacial
movement of the bulk interface. These mechanisms are useful
models onywhich any theoretical description of the lahella :
behaviour can be based. Thése mechanisms were employed to
interpret the rest-time behaviour.

(5) When the observed profiles of relative lamella
thickness for one particular drop were fitted by the polynomial
described in Chapter 2, the radial distribution of the inter-
facial concentration of adsorbed surfactant could be calculated.
The calculations showed that the interfacial concentration of
adsorbed surfactant near the outside edge of the stressed region

of the bulk interface, I exceeded the average interfacial

max?
concentration of adsorbed surfactant at the bulk interface, r‘t’

for some of the profiles.

(6) 1f I-imax t»

the cause of uneven drainage may be postulated. This hypothesis

is greater than I an hypothesis for
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was used to interpret the comﬂlex lamella behaviour observed
for the cyclohexanol /water system, and also was successfully
used to interpret the uneven formation of a dimpléd lamella.

(7) 'the use of the light interference technique allowed
several unique observations to be made on the lamella. Lamella
drainage was observed to be always uneven at an aged interface,
Lécal derressions in lamella thickness were observed, particu-
larly for a freshly formed interface, or for an interface one
or two hours old, The thickness of the lamella at rupture was
estimated to be 200 -~ 400 A, based on light intersity measure-
ments taken from coloured ciné photographs.

However, the light interference technique, was found
unsuitable to measure the thickness of the lamella outside the
barrier ring because the lamella thickness changed very rapidly
as the radial distance from the barrier ring increased.

(&) The barrier ring radius estimated by the equilibrium
médel predicted the radiué of the light interference pattern
reasonably well.

(9) A non-ionic surfactant, 2 - (2-ethoxy-ethoxy)
ethanol was used in place of 5.L.S. and was found to give the
same lamella behaviour for the toluene/water system as did 10"6

and 10™% gm/1l, of S.L.S.

C. For the Experimental Techniques

(1) 71he drop-forming technique may have an influence

on the rest-time data. 7This technique may have contaminated
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the bulk interface when rest-time data were taken for the
"pure" toluene/water system,
(2) The use of the interface cleaning probe has no
effect on the aqueous concentration of surfactant when the

interface is cleaned repeatedly.



Nomenclature

A
1

-

area of coalescence cell oil/water interface, cm?

light intensity of black region of light interference
pattern

light intensity of white region of light interference
pattern

a constant relating interfacial and bulk surfactant concen-
trations at equilibrium adsorption, cm,

a constant used in T = K, dn,

number of times the oil/water interface is cleaned
normality of KCl. electrolyte
radius of lamella at which lamella pressure is zero, cm.

radius at which lamella pressure is zero, calculated
from equilibrium model, cm,

lamella shear stress, dyne/cmz.

minimum number of surfactant nolecules needed to balance
surface shear stress in the bulk interface, 0 r<R.

radial velocity of bulk interface at any radius,cm./sec.

volume of aqueous surfactant solution in the coalescence
cell, ml,

the coefficients in equation (5). See Appendix A2 for
values

the aqueous surfactant concentration, moleculeS/cm3.
the coefficients defined in equation (10). See Appendix A2

drop radius, cm,
149



’
n

150

gravitational constant, 981 cm./secz.

constant defined in equation (8)., Value used is 1.7 x

10-14 dyne-cm,

number of immobile interfaces

equilibrium interfacial concentration of surfactant,

molecules/cmz.

exponent in equation for dependence of rest-time on drop
/
diameter, T = Kdn '

number of light quarter wave-lengths
lamella pressure at any radial distance, dyne/cmz.
center lamella pressure

volume of water withdrawn from the coalescence cell for

each interface cleaning, ml.

any radial distance, cm,

inside radius of capillary of drop syringe, cm.

interface age, min.

critical interface age at which rest-times > 0.1 sec., min.
interface age at which drainage mode changes, min,

radial velocity of water in the lamella, cm./sec.

velocityv vector at any point in the watervlamella, (unless
labelled otherwise), cm./sec.

lamella thickness at any radial distance, cm.
center lamella thickness

any vertical height, cm.
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Greek Symbols

L2
Po
0

o-j-

1O pPR

.

o rﬁ\éz Ft -2

interfacial tension of the pure oil/water system, dyne/cm,
interfacial tension at any radial distance
elapsed time of drop at the interface, sec.
wave-length of light in a vacuum, A°.

refractive index

actual thickness of lamella, cm.

optical path thickness of light in lamella, cm.
oil/water system density difference, gram/ml.
liquid viscosty, poise |
symbol for micron unit

drop restQtime at any interface age, sec.

time taken to form a dimple

equals T - T '/, the time for slow drainage

drop rest-time at an interface aged several hours
predicted drop rest-time |

a standard drop resé;time

interfacial surfactant concentration in the bulk interface
at any radial distance, molecules/cmz.

interfacial surfactant concentration at r = 0, in the bulk
interface

interfacial surfactant concentration at the quiescent bulk
interface, t minutes after cleaning the interface

maximum interfacial surfactant concentration in the bulk
interface, at r = R
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Table 1. Physical Properties 155

b
Y7 ail gm/l, S.L.S.
0il/Water X ],coil zﬁ? refrac-| + normality
- dynes/ P. grams/|tive of KC1
System ' cm, ml, {index

10‘§4of01N.
107;+0,01N,
Toluene /Water 35.0 | 0.59; | 0.133 | 1.497,{1073+0.10N.

1073+0. 10N,

10~%+0.01N.

Anisole/WaFer 20.5 1.32 0.0097 B.SISL 10'4+0.05N.

CA/Water | 10'6+0.01N.
thexane+0.84 m.,f. 10" 7+0,05N,

anisole /Water)
| » 10-%+0.01nN.
Cyclohexanol/ 3.93| 32.8 0.051 | 1.46 -4
pexan L | 107%+0.05N.

# sodium lauryl sulfate

See next page for notes on Table 1.
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Table 1. Notes

1. L. indicates literature value from Handbook of Physics

and Chemistry, at 20°C,

2. All other values are experimentally determined from this

work, at 25°C,

3. The o0il and water were mutually saturated before measure-
ments were made,

4, Water viscosity is assumed to be that of pure water for
all systems except the cyclohexanol/water system, For this
system, the water viscosity was measured to be 0.98 cp. .
The viscosity of pdre water at 25°C. is 0.89 cp. . Viscosity

measurements wre made with an Ostwald viscometer.



Table 2., Effect of 0il/Water Svstem Variables on Intertacial Properties

(1)

(2)

(3) (&) (5) (6) (7)
0il Dro Dro Average (Minimum| [ r r.r
'/ v 1p R dip 2 AG} Po ragius Surface)Quantity m$§§- c max ¢
Water ° u?e adtus dynes/| grams/| dynes/| . ghear : GgMS’L'S'cuxes/
(ml. d tress ,
“ (em.) (em.) cm’ es
| Toluene |
/Water { 0.005,]0.1061 35.0 0,133 330.0 5.02x 1.31 7.94x |1.77x 1.00x 7.7x
1.78x% 2.14 2.23x 3.29x 2.23x 1.07x1,
Anisole 190.0 1n-2 109 o2l 1A 10l
W 0.005 |0.1061 X Sx 1x
[Water 200.0 1.741;3_2 2.30 2.1&39 3.25312 2.2%{12‘ 1'°iz§12
- - 20.5 0.0097 ' N , _
120,0 [*+99% 2| ¢, 535 |L-35%q] 410y, 2.44%, ) 1.66x
0.020,] 0.1682 4 32+ 1e2ax o[ 3056x o 2.11x | 1.43x
130.0 *“1n-2] 0.600 10 10 10 10
CA
] / 3.50x_2 2.05x10 8.8Sx12 5.36x12 3.49x12
Water 0.005* 0.1061 28.9 0.053 270.0 10 1.54 10 10 10 10

* These drop volumes produce the same radius of the

light interference pattern.

A1
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Table 2. Notes

The quantities in columns (1) to (7) were calculated as follows:

Column (1) Po © 3; (or -ﬁl + 10, dynes/cm.z)
Column (2) R = 4Wg (from polynomial pressure model
> ,
TPo of equation (7) )
Column (3) Approximate average shear stress =P, X 2x10~%
. R
R .
Column (4) SM = Z_ F; Zﬁftﬁr (from equation (12) with
r=0 '
| M=0)
Column (5) r;ax is found from equation (12) with r =R
Column (6) VL = SM (This equation expresses an arbitrary

TTRZ value for Pt )

Column (7) This column is obtained by subtracting the

values in column (6) from the values in column (5).



Table 3a.

Summary of Rest-time Data for all Systems, fcr lO‘égm/l. S.L.S.
’ +(,01 N. KCI
(1) (2) (3) __ (4) L5 (6) (7 __ (&)
Kange of f‘Tay(seci) Mode gMode of| Mode ofAverage
Interfage and of @rainageDrainageRest-tim
- P _
ﬁll/ vrop Age Interface |Drain- Changes jat t,, for Rang
Water |Volume 7<1 v ;
; S€C4a0e (min,) | 288 atat t  tor and of Inter
System| (ml.) et g€ imin. t PN £
-t - c (o ace Agd
min, ¢ an Studied
Toluenq/ Uneven
: ,pneven
Anisole/~o'005 0-2 4 15 |{Uneven - =1 10
Water 14 010 0 2 127 |uneven | - Lneven| g
Uneven
0,020, | 0 6 |34 |Even |t,=3 [FTeVeR| 39
Compos-
Cyclo- ite of Compos-
hexanoll/ 0.001} O 3 110 - ite | 70
Water Even ang =
Uneven e 40
Uneven | Uneven
CA/ 0.0025% O 0 6 Even £ = 2 1 2=3 7
Water i Uneven | Uneven;
0.005 0 0 16 | Even £ = 4 T _ 4 | 10 !
§ | ; iom 4 < :

* These drop volumes produce the same radius of the light
interference pattern, '
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Table 3b., Summary of Rest-time Data for all Systems, for IO'Agmjl. S.L.S.
+0,05 N. KCl

(1) (2) (3) (4) (5) (6) (7) (8)
Range 7?max(sec) Mode | Mode off Mode ofAvefageg
0il/ Drop of Inter- d b gf Drai Draina eRest-t:i e
Water {Volume face Age an rainagebrainagelrainag for Range
System|{ (ml.) 1 seciInterface at t. Changes | at t_, of Intef-
O'tc Age (min.) at t to: and [face Ag
min, t Lmax Lx? StudieQ
Toluenef Uneven | Uneven
Water 0.005 0 1 7 Even _ ~ S
, tm— 1 ™ 2
' , Even Uneven
Anisole/ 0.005 0 1 8 Uneven t.= 2 14~ 3 2
Water ' :
1 Even Uneven
0.010 0 0 28 | Uneven £ =4 T~ 8 3
0.020 0 0 31 Uneven Eveg - Uneven 5
m—lz =10
Cyclo- . Composite Composite
' f Even = d
, | 240 P 7 =193 240
hexanol{ 0,001 0 - ( and Uneven = =
Water no
max. )Drainage
c R Even Uneven
A/ | 0.0025; o0 0 4 Uneven: . _ , T~ 1 1
Water m ©
10.005| o 0 6 “VER | Uneven)
49 Uneven = 11| Ge= 2 2

091



Table 4,
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Comparison of Simple Mathematical Models for Barrier

Ring Radius and Observed Light Interference Pattern

Radii
011/ AD 4 d cobs.| ®p.D. | Re.M.
Water |gm/ml, | dyne/ cm cm
System cm, cm. cm.
Toluenel/ 0.10610.021- 0.017]| 0.024
. 0.133 35.0 0.02
later
0,0842| 0,018] 0.011f{ 0,015
Anisole|/ 1 0,168210,022~
hater | 0.0097 | 20.5 0 001221 o.o16] 0.022
| 0.1340 0,029 0.010{ 0.01
- Ca/ 0.1061| 0.020 | o0.012] 0.017
Water { 0.053 28.9 '
0.0842] 0.012 0.008] 0.01}
Cyclo~
hexanoll/ 0.051) 3.93 | 0.0682] 0.014 0.014f 0.019
Water

Rp .= \?2 dZ/Agg Parallel Disc Model
33

R

E.M,

2 dz)égg, Equilibrium Model
3%

These radii are derived in Chapter 4,



Table 5.
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Calculated and Estimated Times for Equilibrium
Adsorption
Me
S.L.S. con-| Time from | Time estin- Equilibrivu
centration the Ward- | ated from Interfacia
(gm/1.) + Tordai Eqn| rest-time Concentratjion.
lelectrolyte (min.) | data(min.) (molecules/cm%)
107%+0.018} 5000 60 3.24x% 1012
107°+0.01N} 430 20 9.31x 1012
13
10™%+0. 05N, 80 10 3.3x 10
(approx.)
10™3+0. 10N 5 5 1.01x 104
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Table 6. Calculated Time to Reach Specified Interfacial

Concentrations of S.L.S.

S.L.S. .
(gm/ml.) e t
+ KC1l Normaligy mole~- [minutes
2
cules/cm’
1078+ 0.01 ~. | 3.24x10'% | 0.005
103+ 0.01 N. | 9.31x1012 | 0.05
1074+ 0.10 N. | 3.3x1013 0.50
1073+ 0.10 N. | 1.0x10%% 5.0 Equilibrium
Adsorption

M- 2 CJE N_ (Ward-Tordai Equation)
m 1000 -
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Notes on Table 6,

The terms used in the Ward-Tordai equation are defined
as follows:

M = interfacial concentration of S.L.S., molecules/cm%

D = diffusion coefficient of S.L.S, in water; valug

6cmg/sec.

:is assumed to be 6x10~
c = aqueous phase concentration of S.L.S., gram-moles/1,

t = time, sec.

N = Avogadro's Number, 6.02x1023 molecules/gram-mole,

The equation may then be written:

M= 1.66x1018c{E
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Table 7. Effect of Interface Cleaning on the Value of te

Pure Toluene /Water System

0.005 ml. toluene drop

Total No. No. of
pf Times the| ¢ Drops used
Interface ¢ in Deter-
bas Cleaned | MiRUteS L ation of t.
1 2 -
2 2% -
3 2% -
4 2% -
5 2% -
6 3 4
7 3 3
8 4% 4
9 4 1
10 b4k 2
11 9 6 0.0025 ml. drops

For the eleventh cleaning, 0.0025 ml. drops were used,



Table 8. Comparison of Predicted and Observed Rest-times

(a) Prediction based on the Hodgéon/WOods model.

166

0il /Water d X’ z? z?
. . dyne/ obs, pred) %
System cm \ ‘
cme sec. | sec. |Gff.
Toluene/
water 0.1051 35.0 8 - -
Anisole/
Water 0.1682 20.5 28 . 34 +22%
CA/ | .,
water 0.0842 28.9 5 6.4 +28%
Cyclohex- i
anol /Water 0.0620 3.93 90 97 +8%

The rest-times were chosen, first, for even drainage,

and then for t= 5 min., if possible., The S.L.S. con-

centration was 10'6gm/1.




Table 8.
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' '
(b) Dependence of rest-time on drop radius,??=-xnd"

0il /Water Diameter n!
System Range
cm, Even Uneven
DPrainageprainage
Anisole/ 5 106]. 1.1-2.4] 1.6-2.5|
ca/ 0.0842-
W - 0.6
| Water 0.1340
| Cyclohex- 0.0457- .
fanol/water 0.0620 1.9 4+ 2.9




Table 8,

(¢) Prediction based on the Parallel Disc model.

68

4

o % AP 7~

(il /Water d ! P (obs. Lpred. % AL ff
om dyne/ | gram/

System ) cm ml.

Ioluene/ 0.1061 35.0 0.133 8 - -

Water

Anisole/ |4 1682| 20.5 | 0.0097 28 17 -39%

Water ’

CA/ 0.0842| 28.9 | 0.053 5 1.5 -70%

Water

Cyclohex- ' 64

anol / 00,0620 3.93 0.051 90 33 - 44

Water




Figure la >hotograph of the Apparatus
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Figure 1bh., Coalescence Apparatus / 170
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‘ e—- 011
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Figure lc. Detailed Drawing of the Coalescence Cell

glass
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Figure 2. Problem Geometry

bulk
interface

~1 amella

drop
interface

(a) Actual Shape

Y
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velocity —7
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(b) Relative Shape and Expected Velocity Distribution
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Figure 2,

(¢) Idealized Velbcity Distribution for Surfactant
in the Bulk Interface

A
Z
M=0
\ . - ulk
\\/\m interface
L |
e drop
— - interfaf/;e
r
//(r‘t: G
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Figure 3. Dimple Formation and Slow Thinning

Anisole /Water (1) Photograph magnification
0.020 ml. anisole drop is approximately 150x,
10"%gm/1. S.L.5.+ 0.01 N. KC1
Interface age 0.3 min, :

Thickness A*x10™2

8 1
&k ©=2,0 sec.
4 L
\}'
i i 1 1 1 i
I 1 L5 v 1 T
0 1 4 3
radius

(Radial distance units are arbitrary.)



Figure 3.

(2)

Thickness A*x. 10

8 = 5,2 sec,

-
-
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Figure 3.

(3)

Thickness A® x 10"3

© = 20,0 sec,
(rupture)

re
-
e

radius
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Figure 4. Uneven Drainage Anisole /Water
0.020 ml, anisole drop
10~%gm/1. S.L.5.+ 0.01 N. Kcl
Interface age 5 min.,
Magnification 125x

(1) (2)

© =4,5 sec, e = 5.5 sec.

Thickness A°® x 10’3

20 +

2
—1
—t
N G o S

radius '

(Arbitrary units)
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Figure 4,

(3) (4)

8 = 6,8 sec, 6 = 9,0 sec,

Thickness A* x 10
20 4+

16




Figure 4,
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(5) (6)
0 = 10.9 sec. 0 = 21.8 sec.
(rupture)
Thickness A® x 10'3
20 |
J
16 |
12 |
81
s,
y ; 4"_"__,._———-—"“\_/
W’p\/'s
i L [ L ] i |
T 1 T T T — = 1
0 1 2 3 4

radius
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Figure 5. Slow Even Thinning

This photograph is for a
different time than the
given profile.

Anisole /Water (1) Magnification 150x
0.020 ml, anisole drop

10~%gm/1. S.L.S.+ 0.05 N. KC1

Interface age 38 min, «3
Thickness A*x 10
20
\/h\\\/'
16+ o= 1.1 sec,
1l
B4
44
O i o o cTee g RAC A

radius
(Arbitrary units)
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Figure 5.

(2)

Thickness A°x 10'3

8 = 2.2 sec,

-
.
N
L o
=
e

1
1

radius
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Figure 5,

(3)

Thickness A°x 10"3

© = 3.0 sec,
(rupture)

radius
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Figure 6, AInterfgcial Tension in the Bulk Interface
as a Function of Radius

dyne/cm,

f

{

{

R
b radius
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Figure 7, Postulated Dependence of the Interfacial
Concentration cf Surfactant as a
Function of Radius

o

Inter- Region A

facial
Concent -
ration of
Adsorbed
Surfactang

C radius
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Figure 8, Lamella Thickness Profiles

16000+

120004

L

1 000G

800QL

5000t

400Q

2004

\\e

Anisole/Water System
anisocle drop volume 0,020 ml,
10~%gm/1. S.L.S.+ 0.0l N. KC1

(At 24,05 sec., uneven
. profiles are approximated
by even, symmetric profiles.)

O = 0.90 seC,

\\\\\\\_,//6 = 1.15 sec.

.8 = 1,65 sec,

e = 2,55 sec,
€ = 3,50 sec.
e = 4,05 sec,

7.45 sec,
= 9,65 sec,
= 13,195 sec,

6%/
|

03005

o to1o TNE 5070 otoTs

radius, cm,
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Figure 9. (Calculated [ as a Function of Radius for the

Lamella Profiles in Figure 8.

= 0,90
9 secC.
14 .
12 1
:1-
10 |
) » 5 min,)
(moleculesi_ t ( tf min,
Cm%)x IO-lE 1.65 séc.
. s 4 }
4
6 4+
4 =
7.45 sec,
2 1
9,65 sec.
T ' 3.15
sec.
° t p——t 5 = ' -t
0 0.005 0.010 0.015 0.020 0.025 0.030

rédius, cm,



Figure 10,

17.54
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10,04
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Minimum Quantity of Surfactant (SM) as a

Function of Time, for the Profiles in Figure 8,
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Figure 11. Drop Rest-time versus Interface Age

for Pure System + 0,01 N, KC1

Toluene /Water

Drop Volume 0,005 mil.

¢ Uneven Drainage

10 |
T

seconds 8 L

t minutes
The interface age, t, was measured from the

instant that cleaning was stopped.



Figure 12(a) Drop Rest-time versus Interface Age

189

Toluene /Water _ O Even Drainage
10'6gm/1. S.L.S.
+0.01 N. KCl (J Uneven Drainage &
T Drop Volume 0,005 ml.
12 4 ) g
10 g
~ 10 % ,
){, ] O 0
seconds \ c C
8 + o “o v 0 < o 5
o
. ra O
C o
4 —
2 +
0 i \ i ) 3 4 3
S S R W RS IS S T ¢ R e L

t minutes
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Figure 12(b) AT versus Interface Age for the

Data in Figuré 12a

8 +
AT
seconds |
b8
4 + X X X X
x
0 } + } } - } } } } +
0 2 6 8 10 12 14 16 18 20
t minutes

' / /
AT is defined as C - T, where T 1s the time

required to form the dimple,



Figure 13, Drop Rest-time versus Interface Age
O Even Drainage
( Uneven Drainage

Toluene /Water

10™gm/1l. S.L.S.
+0.01 N. KC1

Drop Volume 0,005 ml.

i kY i i 1 i
T " 1 1 7

-+

191

-0

—f-'

o 2 4 6 8 10 12 14 16 18
t minutes



_Figure 14. Drop Rest-time versus Interface Age

/0 8 J
seconds 6
4 J

2

L)

- Toluene /Water

10"%gm/1. S.L.S.
Drop Volume 0,005 ml,

O Even Drainage

@ Uneven Drainage

t minutes

192
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Figure 15, Drop Rest-time versus Interface Age

Toluene /Water
10 3gm/1. S.L.S.

+0.10 N. KCl ,
£ Uneven Drainage

10 4

8 4
T 2

seconds 5

T

K,

4 4
24
| O LT N, . %
i i i 1 i i i 1)
0 L 1 + | T 1 ()

}
0 2 4 6 8 10 12 14 16
t minutes
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Figure 16. Drop Rest-time versus Interface Age

Anisole /Water

10-%gm/1. s.L.s.
+0.01 N. KC1

Drop Volume 0,005 ml.

14

12 ]
T ¢¢\

seconds -+ {D

@ Uneven Drainage

o
.

minutes
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Figure 17, Drop Rest-time versus Interface Ase

Anisole /Water
107%em/1. s.L.5.
+0,01 N. KC1

Orop Volume 0,010 ml.
e
@ Uneven Drainage
15 4+
MY
T
20 4
3
15 4 &
@
10 | e
4 ) el
. &
51
, S
0 A e e A e e R e e e
0 2 4 6 B 10 12 14 16 18 20 22 24 O

t minutes
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Figure 18, Drop Rest-time versus Interface Age

Anisole /Water

107%m/1. s.L.S.
+0.01 N, KC1 -

Drop Volume 0.020 ml.

O Even Drainage

@ Uneven Drainage

35

30

25
sec,

20

15

10 +

0

i i b
T T

-
e =

L)
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Figure 19. Drop Rest-time versus Interface Age

Anisole /Water
10"%gm/1. s.L.S.

197

g +0.05N, RC1
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Figure 20, Drop Rest-time versus lInterface Age

!’

Anisole/Water

10™%gm/1. $.L.S.
+0.05 N. KC1

Prop Velume 0,010 ml.

O Even Drainage

168

P @‘
© Uneven Drainage
b
- O\‘\N
I 0 CJ
+ G OO -] )
<

i i i H 4 i { i i i : . | A\,
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Figure 21. Drop Rest-time versus Interface Age

Anisole /Water

10"%gm/1. S.L.S.
+0.05 N KC1

Drop Volume 0,020 ml,

10}

O Even Drainage

¢ Uneven Drainage

0 I ; ! i } 4 4 } } t i )

L

0 2 4 6 8 10 12 14 16 18 20 22 24
~ t minutes



Figure 22, Drop hest-time versus Interface Age

Cyclohexanol /Water
10~%em/1. s.L.5.

+0.01 N. KC1 - & A Composite of Even
Drop Volume 0,001 ml, and Uneven Drainage
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Figure 23, Drop Rest-time versus Interface Age

Cyclohexanol /Water

10" %gm/1. S.L.S.
+0.05 N, KC1

Drop Volume 0,001 ml,

Ca Composite of Fven

201

and Uneven Drainage
280 1
(:y
240 4 © o | ~ G
A O O o
“\
B C
seconds
160 4 C
120 L O ==— Lamella not black
‘at rupture,
80 4
1‘0 -
0 e T — s B s s
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t minutes
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Figure 24, Drop Rest-time versus Interface Age

CA/Water
10~%gm/1. s.L.s.
+0,01 N, KC1
LUrop Velume 0,0025 ml.

C Even Drainage

& Uneven Dr ainage
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Figure 25, Drop Kest-time versus Interface Age

CA/Water
10%em/1. $.L.S.
+0,01 N. KC1

- Drop Volume (0,005 mlt}'Even Drainage

% Uneven Drainage

A
\.

seconds
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8]
6 1
a-_.o >
=
2 4
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Figure 26, Drop Rest-time versus Interface Age

CA/Water
10™%gm/1. S.L.S.
’ +0.05 N. KC1
Drop Volume 0,0025 ml,

O Even Drainage
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Figure 27, Drop Rest-time versus Interface Age

CA/Water

10™%gm/1. S.L.S.
+0.05 N, KC1

Drop Volume 0,005 ml.

-,

O Even Drainage

¢ Uneven Drainage
.fa 6

seconds 5

1 4 o G C C (o)
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Figure 28a, Comnosite Figure of Drdp hest-times

Level |S.L.S.(gm/l.)+Electrolyte

_ 6 ® Even Drainage
A |10 "gm/l, +0.01 N, KC1
B |10™°gm/1. +0.01 N. KCl # Uneven Drainage
¢ |10™*gm/1. +0.10 N. Kcl
D 1n‘3gm/1 +0,10 N_ _KC1 Toluene /Water

Drop Volume 0.005 ml.

14 +

10

sec,

B

-}lfvel not measured.

2 4 Z
-0 } t - t ,
0.0001 0.001 0.01 0.1 1.0 ' 10.0
t minutes

-+

(Logarithmic scale)
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Figure 28b, Composite Figure of Drdp Rest-times

Anisole /Water
Drop Volume 0,005 ml,

¢ Even Drainage
16 1

% Uneven Drainage
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Figure 28c. Compogite Figure of Drop Rest-times

Anisole Water
Drop Velume 0.010 ml.
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Figure 28d, Composite Figure of Drop Rest-times
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‘Figure 28e. Composite Figure of Drop Rest-times

CA/Water
Drop Volume 0.0025 ml.

O Even Drainage
@ Uneven Drainage
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T |
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Figure 28f, Composite Figure of Drop-Rest-times
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Figure 29._The Uneven Drainage Concept Apnplied to
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Figure 30, A Histogram of the Lamella Thickness at Rupture as a Function
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Figure 31. Experimental and Theoretical Behaviour

of a Thin Lamella

600 +
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Figure 32a. Lamella Profiles for Sequential Mechanisms
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Figure 32b. Lamella Profiles for Simultaneous Mechanisms
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Figure 33, Lamella Behaviour for Cyclohexanol/Water System

Approx. 0O sec.

(1)

2 sec,:

(2)

\\\\“//// -3 sec.
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S sec.

(4) -
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Figure 33.(continued)
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10 sec.
- (5)
12 sec.
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\/5 sec,
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Figure 34, Comparison of Drop Rest-time Data for a 0,005 ml. Toluene Drop

3 x 10°%m/1. s.L.5.+ 0,01 N, KC1

' x
18 4
Fig.(9),ref.(14) O Hodgson and Lee(4 x 10'6gm/1.
15 1 Fig.(2),ref.(17) glodgson and Woods.S.L.S. and %
X Present Work 0.0042 ml. x
16 4 v ' drops) %
T 12 %
seconds
10 X
*
8
6
X
4 K
2
0 Pt }—
0 2 4 6 8 10 12 14 16 18 20 22 b

t minutes

61¢
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Figure 35, Drop Sliding and the Interfacial Tension

Gradient in the

Bulk Interface
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Figure 36, Scalloping at the Lamella Edge
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Figure 37, lLocal Depression in the Lamella
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CHAPTER 4
A THEURETICAL PxEDICTION OF THE KATE OF DRALNAGE
OF THE LAMELLA--THE EXPUNENTIAL

MODEL COF LAMELLA PRESSUKRE


http:PRESSU.KE

Abstract

By assuming an infinite series form for the solution
of the simplified equations of motion presented in Part A of
this work, general expressions are derived for the lamella
dynamic pressure distribution and for lamella drainage. From
thege expressions, equations for the profiles of the relative
lamella thickness and for the bulk interfacial distribution
of adsorbed surfactant are also derived.

Solutions of the lamella drainage equation are given,
with and without the coupling of the drainage equation with
the mass balance equation for the surfactant in the bhulk inter-
face,

An exponential model of the dynamic pressure distribu-
tion is derived. This model, along with the parallel disc--
parabolic type._dynamic pressure distribution, serve as limit-
ing cases to the experimental dynamic pressure distribution.
The exponential model also provides equations which are mathe-
matically tractable.

The péor agreement between the solutions of the counled
equations and the e%perimental profiles of the relative lamella
thickness show that the lateral motion of the bulk interface
may be more complex than originally suspected. However, the
sclutions do show the expected qualitative effect of surfactant
surface diffusivity on the change with time of the relative
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lamella thickness profiles.

in part B of this chapter, a simple solution ot the coup-
led equations is derived. The resulting equation may be used
to show the effect of the interfacial concentration of adsorbed
surfactant on the change in the lamella thickness at both the

lamella center and at the barrier ring.



Part A General Thecoretical Analvsis of Lamella Drainage

1. Introduction

Une aim of coalescence studies is the a pricri pre-
diction of drop rest-times for any.comhination of physical
properties and of geometric variables., A semi-empirical met-
hod of predicting drop rest-times by restricting the lamella
behaviour to even drainage has been presented in Chapter (3).

Previous investigators have pnrimarilv concentrated on
the use of simple mathematical models to interpret rest-time
(4) and lamella thinning data (7,13). Normally, the drop inter-
face is considered either mobile or immobile, and the bulk in-
terface is considered laterally rigid, but deformable. Usually
the lamella thickness is assumed constant with radius (5), ‘The
motion of the hulk interface, as influenced bv the balance be-
tween the interfacial tension gradient and the surface shear
stress is also not considered. ‘lhese restricted models only
describe the lamella thinning data over a verv narrow range
and so are inadequate for rest-time nrediction. However, these
models provide insight into the drainage process, and their
compariéon with lamella thinning data measured by the light
interference technique (7, 14, 15) can lead for example to
~information on the mohility conditions of the interfaces,
Reynolds' drainage model, also caljed the narallel

disc model, is emploved frequentlv, MacKay, Charles and Mason
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(6, 7, 10) show that this model is applicable to the descrip-
tion of motion of the minimum lamella thickness, located at

the barrier ring, over only a narrow thickness range. Many
modifications have been made to the parallel disc 'model.
Chappelear (11) evaluated the decrease in drop buovancy force
caused by bulk interface deformation, as did Princen (12).
Hodgson (4) used the parallel disc model, coupled with inter-
face motion caused by drainage, to interpret qualitatively his
experimental rest-time results. Overall, the parallel disc
model is a concise means of describing the barrier ring thick-
ness variation with time, and mav be used to interpret the in-
fluencé of physical property variables on the change in barrier
ring thickness, although over only a narrow range of thickness.
From the dependence of the rate of barrier ring thickness on
physical properties, the variation in drop resF-time with phvsi-
cal prdperties may be evaluated.

Another simple model for lamella drainage analvzes the
slow approach of a solid sphere to a solid, horizontal, nlane
interface (8, 9). Drainage rates predicted from this model are
generally very rapid, since the bulk interfice does not deform.
Figure (1) shows a comparison of this model with other models
and with barrier ring thickness data for a 0.005 ml. toluene
drop in water and for a 0.020 ml. anisole drop in water. This
solid sphere model is not useful in rest-time prediction because

drainage rates are much more ranid than observed experimentally.
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Frankel and Mysels (2) derived a simple model to des-
cribe both barrier ring thickness and lamella center thickness
changes with time., 71his model is based on the same restrictive
assumptions as the parallel disc model, Platikanov (3) has
used this model to describe the time change in lamella thick-
ness at the center and at the barrier ring for thin liquid
films trapped hetween a gas/liquid and solid/liquid interface,
Again, this model was found to be useful over only a narrow
range., ‘‘he curves in tigure (1) show that the model coincides
with the parallel disc model over the thickness range considered,

The most useful model for rest-time prediction is the
liodgson/Woods model (13). 'This model neglects lamella drainage
from inéide the barrier ring, and considers the region cutside
the barrier ring to be described bv an infinitely long cvlinder
over a horizontal flat plate. Drainage is only from the lamella
recion outside the barrier ring; and is caused bv the approach
of the cvlinder to the plate. Drop rest-times for the toluene/
water system have been predicted to within a factor of two for
even drainage, and lamella drainage at the barrier ring is well
described, as shown in Figure (1). This model has some theore-
tical basis, as will be shown in this chaptef bv analvsis of the
general drainage equation for liquid/liquid systems.

| Hartland (1, 17) has attempted to scolve the more com-
plex problem of describing the change in the entire lamella

shape with time for a rigid snhere at a deformable liquid/liquid
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interface. Several restrictive assumptions are made, however,
and Hartland does not treat the more realistic problem of a
deformable drop at a deformable liquid/liquid interface. As-
sumptions such as a constant bulk interface shape outside the
barrier ring and zero dynamic pressure at the harrier ring have
been shown by Burrill and WQOds (15) to be invalid. Hartland's
assumption of é spherical cap on the dimple center is an un-
necessary anproximation, as shown in Appendix A2.

The present work is the first to consider the problem
of lamella thinning for the liquid/liquid case. 1his intro-
duction has stressed rest-time prediction as the criterion to
evaluate a mathematical approach,but a fundamental understanding
of the fluid mechanics of flow in the lamella must first be
gained. Etquations which attempt to analyze this flow and the
ensuing lamella behaviour will now be considered.

The pressure distribution being studied in this work
is for a limiting case., The most realistic representaticn of
the dynamic pressure distribution in the lamella requires that
the pressure distribution be presented by a polynomial. Lxcent
for the prediction of a few phenomena such as barrier ring
radius, this polynomial approach vields equations that are ex-
tremely complex mathematically. However, two approximations .
for the »ressure distribution are possible: a parabolic dis-
tribution and an exponential distribution. These form the two

different limiting cases of the polvnomial representation. This
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chapter will describe the development and analysis of the ex-
ponential form ot the pressure distributicn., The parabolic form
corresponds to the parallel disc approximation of the rela-

¢

tive shapes of the intertaces,
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2. Basic Equations

A solution of the simplified equations of motion has
been assumed. A simple exponential expression results for the
lamella dynamic pressure distribution. This expression is
then used to determine bulk interface surfactant distribution

and relative lamella thickness.

2.1, Egquation for Lamella Drainage

A detailed consideration is given to the form of the
stream function which satisfies the equations of motion. The
form of the stream«fqnction suggests‘the correct form of the
pressure distribution. This permits the final form of the
stream function to be determined.

2.1-1 The Equations of Motion of the Water
in the Lamella

Based on the assumptions of:
(1) Pseudo steady state
(2) Axisymmetry
(3) Incompressible creeping flow
the equaﬁions of motion
and the continuity equation, as given in cylindrical co-ordinates
by Bird, Stewart and Lightfoog (16), become :
dp _ %4 1 du u 9 %y
ET R P R mh A v

1
/L or dr ' f.....(l)



r-—— —-—=-=-
1 0p _'9% N -1" +,c52w
p 0z 0 ror! o2’ eeen (@)

o)
Se+ge gy -0 eeen(3)

By employing the stream function in cvlindrical co-ordinates,

the velocities may be expressed as:

1 oY 1 oY
“u = ¥z v =TT ar eesssalba,b)
and assuming 62 L,jl_ 62
or r Or 622
the equations (1 - 3) become
19p . 103Y 1 9% .1 0%
M or rérzdz ?drbz r dz5 sesses(5)

6ré ’ cerees(6)

Taking thederivatives of équations (5) and (6) with respect to
z and r, respectively, and subtracting the resulting two equa-
tions, yields the final expression as:

é“;lf 2 94Y 2 43y _ |
028 | 32022 T r droz? 0 eenea(T)

z r Z

1S

Figure (2) shows the geometry of the problem. The vertical
scale in this figure is expanded one hundred-fold relative to

the horizontal scale.



2.1-2 The Form of the Stream Function

To satisfy all the boundary conditions to be considered
later, the velocity in the z-direction, w, must be a function
of both r and z. By assuming different forms for w (r, z),
such as an infinite series, different forms of the stream func-
tion result. A form for ¥ is sought which satisfies all the

nroblem boundary conditions.

Assume:
pev)
1 9 r Ow | _ i
i=0 oaoova(s)
where 1 = 0, 2, 4,,... .

lhe reason for only even values of i being used is discussed

in Appendix A2,

2.1-3 An Aoproximate Form for V{

1f only the first term in the right hand side of equa-

tion (8) is considered, then equation (8) becomes:
1 Q r Ow -
T or( %E)“i (2)

This equation is inﬁegrated to yield:

w =_.Ff Sz} r2 +b
A

where one integration constant has been set equal to zero, since
w is finite at r = 0,

- By using the stream function relationship, equation (4b),.
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W’is found to be:

Wir,z) = - £(z) r* - b(z) r* + c(2)
16 2 "‘.Qﬂ(g)

Equation (9) is substituted into equation (7) to yield:
-3 r2 £ + f? £
16 “zzzz 2 zz 2 ‘zz

1; b -2 bzz + 2 bzz

*tCozzz T 0 ‘ | eeosas(10)

The bouhdary conditions summarized in Table (1) may now be
considered. Boundary condition (2b) results from application
of L'Hopital's Rule to equation (4a) at r = 0,

Equation (9) will only satisfy B.C. (2a) if ¢, = O.
Therefore ¢ is constant and may arbitfarily be set equal to
zero. In equation (10), the coefficients of the like powers
in r must be zero if equation (9) is to be a solution,

Then:
.fzzzz =0 ceseeallla)

’

28, * Dpppy = 0 ' eeeess(llb)

These equations are iﬁtegrated to yield:

t.3 2 ; -
flz) = 22 + B2 4z d eosersll2a)

5 /. 4 +. 3 7.2 ! ./
b(z) = -2a’'z” -2b'2% + e'2° + gz"+hz+j

24 6

coo.oo(le)
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Substitution ot equation (1l2a,b) into equation (9) and the

application of the boundary conditions (1 - 3) indicates:
¢c = h = 0 for B.C. (1)

B.C. (2) is satisfied

and d = i = 0 for B.C. (3). Therefore, the solution tor

Y may be written:

4 ¢ 3 1.2
(r,z) = az” + bz
Y (x.z |2+ 5

-
16
-r2 -23125 -Zb’za +e'z3 + '22
i 120 24 6 2 |

If one more term in the infinite series of equation (8) is con-

veseaa(13)

sidered, then equation (8) becomes:

1 d ('r dw

2

£ oF St = f (z) +q(z) r

where q (z) = £,(2)
1he resultant form ot %’is:

LP (r,z) = b [ a'2d + p2?
A

veeesa{14)
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where the primed comstants of equation (14) are_  ir general,
different in value from the primed constants of equation (l:i..
1f more terms in the infinite series of equation (8) are re-
tained, then longer expressions for Vu(r,z) result,

An examination of the magnitudes of the coefficients
in equations (13) and (14), as given in Abpendix A2, shows
that only terms ih 22 and z3 predominate, therefore, equation

(l4) is reduced to:

Y(r,z) # -e® [ al 23 + p'2? | P (9'23 + g%gz
56|78 ) 15 \7% »
-r2 m'23'+ 1’22
? . Q&O!‘&(ls)

Since anvappfoximate form for V)(r,z) is now known, the lamellas

pressure distribution can be evaluated.

2.1-4 Lamella Pressure Distribution

Another approximation can be made. Equation (5) can

be represented by:

%

dp .1
—8% 7? LI/ZZZ noonanil'}

1
If two more terms in the infinite series for V’in equation (8)

are taken and equation (16) 1is evaluated, the result is:

' 9
1 kT - e'r3 - a’rs -5 r7 - 1r° o ,,.
,ZZ'%% i i6 9% 288 840 veresa(17)

If this equation is ihtegrated,’and P = p,when r = 0, the
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result is:

2 4 6 8- 10
a; T anr d,Y a,r aeY
_p_-_.._.p,__o_—’. 1 + 2 .o 3 + 4 + S 4 P
Yoy 4 64 576 2304 6400 eeeess(18)

where the individual constantsin (17) are represented by the
array of constants a; . This is the form of polynomial pressure
distribution described in Appendix A2, The ay for an infinite

series were found to be:
a, = P,/

al = -4 /L—g'rg—-o) a_o

3
e = - ALK
83 96 { —-Wé—-o) ao

Ili.-n a 4 :
a, = 96 k-—ﬁ—é— a,
3 T Wg o)

The a; are substituted into equation (18) and if:

X = (}%g;éo } r? = Ar?
g



2 3 4
. B = - X _ X X
then: ,a, ao 1 X + 2—.'— 3-[- + ZT
, H H H

- seoe

This series is simply e”%. Therefore, the lamella pressure

distribution is:
p = pO e 000000(19)

Figure (3a) shows a typical estimation of p as a function of r
for a 0.005 ml, toluene drop in water, with Py = 350 dynes/cmz.,
based on Equation (19). For comparison purposes, the calculated
polynomial and parabolic type pressure distributions are also

given for the same center lamella pressure,

2.1-5 The Lamella Drainage Equation and the

Stream Function

For an infinite series type solution for ?j(r,z), the

form of the stream function can be approximated as:

K} - 2
Vj(r,z) 2 . % F(r) | % G(r)

.....0(20)
dince,
_ 2
Ldp._2)pyre "
por
equation (16) is used to find:
- Ar?
-2>\pore _ -1 F(r)
S r
_ Y .2 -Ar2 :
F(r) ~v r e 000000(21)
where ‘?m 2>‘po .



condition (4a) is used in equation (20), the result is:
2 i -
-% F(r) - y G(xr) =0

G(r) = - % F(r)
and similarly, if boundary condition (4b) is used:
G(r) = - y F(r)

The stream function for toth cases is therefore:

Yoo (5o

m ..0'.'(22)

where m is the number of immobile interfaces. Lquation (22)
does not satisfy equation (7) because of the two approximations
that have been made,

To find the z-direction velocity w of one interface

relative to the other, w at z = y is required.

g 1 oY% . . - )
Since w = "2 f§;~ , equation (22) is used to yield:

| 23 -Arl ) L2
wl _ Et‘)_g - 'E]:ﬁ y P e r (—Z(B—m)y +2(3-m) )\r y-3r o:i )

ereeea(23)
This equation describes the change in relative lamella shape with
time. A much simpler derivation is given in Appendix A2. Hefore
equation (23) can be used,‘however, an expreésion must be found
~ for the relative lamella shape, y, as a function of the lamella

pressure,
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2.1-6 Relative Lamella Shape

The interface geometry is shown in Figure (4). By
using the same approximations for the radii of curvature as
in a previous paper (15), a force balance may be made at any
radial distance r. If p is the dynamic lamella pressure at any

‘radius and if hydrostatic pressure is neglected, then:

) .
dk 1 dk :
p = ...K -+ —— —
(5:5 r dr ) seeses(24a)
and
2
23 d“h 1 dh
d (drz r dr) eeosee(24b)
Since h = k - y, then:
dh _ dk _ dy
dr dr dr
and d’h - d?k _ a2
drz dr2 de ‘

If these expressions for the derivatives of h are substituted
into equation (24b) and the result is equated to equation (24a),

the result is:

: 2 2
X(dk + .].'.-(-1-}5) =°..Z. +l (d _,__]:_Si_!)
Z;E " rdr d 2 ;:¥ rd ceeesa(25)

Since the L.H.S. of equation (25) is equal to -p, then:

d%u &v _ 2 _ _2 v
r dr d X . '......(26)
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Equation (26) expresses the relative lamella thickness as a

function of lamella pressure for a liquid drop at a deformable
liquid/liquid interface, subject to the simplifying assumption
of (%%)2 much less than unity. If equation (19) is substituted
into equation (26) and the result is integrated twice, the de-

sired expression results:

4 L

] L v 2 p 224 3.6

i

The boundary conditions: y is finite at r = 0 and y = Y, at

r = 0 were used to evaluate the two integration constants,

2.2. Bulk Interface Mass Balance

"Equation (23) was derived by assuming that: the bulk
intertace velocity was zero. However, as discussed in Chapter
(3), this cannot be the case for a liquid/liquid interface,
even one which contain adsorbed surfactant. As lamella drain-
age proceeds, the shear stress that the flowing lamella liquid
exerts on the bulk interface will change with the change in
lamella shape. 1I1f it is assumed that the bulk interface has
the adsorbed surfactant distributed such that the bulk inter-
face interfacial tension gradient everywhere balances the sur-
face shear stress exerted on the bulk interface, then any change
in the surface shear stress must be accompanied by a redistri-
bution of surfactant in the bulk interface. This redistfibu—

tion of surfactant is caused by surface diffusion, bulk interface
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movement, and by adsorption /desorption of surfactant,

Hodgson (4) has previously derived an expression for
the surfactant mass balance, but the mass balance is presented
here for completeness,

The geometry is given in Figure (5). The interface sur-
factant concentration at radius r is (4, U is surface velocity,
and (I% is the surface diffusion coefficient of the surfactant,
A surfactant mass balance on the glemental ring of Figure (5)
has the following components: |

‘Surfactant into the ring = 2][[r ( Ul"- "Ds &F‘
Or

Surfactant out of the ring = 2 T(r +£%)((IJ +%¥% A )

) Al )

Or Or Or 2
Surfactant accumulation = 2Mr Ar %%g

The resultant equation is:

ya . Feu ., U oo(a“* ;L)J
dr r

+
Or r s brz or o6
......(28)

Equation (28) neglects the adsorption/desorption of surfactant
during the short time thedrop is at the bulk interface. 'lhis
will be discussed in a later section.

An expression is now needed to couple equation (28)
with the flow of water in the lamella, This coupling equation

will result when the bulk interface interfacial tension ¢radient
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is equated to the surface shear stress exerted on the bulk

interface by the flowing lamella liquid,

Therefore:
oY = sghear stress = - L¢~é——
or VA .
Since: d )
u 1 !
Sz ‘:? \‘Fzz = M
z =0 m
and, '
1 dp . -F(r)
/4; 61’ - T
then: 5% 3
= Y .€er
af m ar ' o.oaos(zg)

For very small interfacial concentrations of surfactant, a
linear interfacial concentration--interfacial tension isotherm

is assumed. The isotherm is:
7/
X = YO ”k[-“ g 001000(30)

where Xo is the interfacial tension of the pure system and
' ; - .
k 1is a constant. The final form of the coupling equation

results by substituting equation (30) into (29) to yield:

o _ _ .y &p
Or mk! Or ' ceeesa(31)

Since boundary condition (1b) in Table (1) is now u = U

at z = (0, equation (23) must be modified. The stream func-

’

tion must be of the form:

. 3 2 :
¥ (r,2) = T%T F(r) —%T GKr) -2z H(r)
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and since H(r) = -rUand G(r) = -y F(r), the lamella drainage

expression for a mobile drop interface becomes:

03000.(328)
1f the drop interface is immobile H(r) = -r U , but now B.C.

(4a) requires:
~y% F(r) -y G(xr) +r U =0

Therefore, the lamella drainage expression for an immobile drop

interface becomes:

) 2 ..Arz 2 \
dy _ e -y Y A r° -r O v QU -y U - U ¢
-;g-yf’ (%% 2:“5%) F5r T T "2“75'35

cens.,(32b)
Equations (28), (31) and (32) mav now be solved simultaneously
te yield the change in lamella shape with time, These equations
should describe the behaviour of the lamella for axisymmetric

drainage, subject to the assumptions made,

2.3. Bulk Interface Surfactant Distribution

The distribution of surfactant in the bulk interface
can be calculated from equation (31). If f%% and y are sub-

stituted into equation (31), the result is:

N L2
T _ Bue” Ar 3

» + br5 + cr7,+... )
Or "% m ‘

( y,r + ar
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where a=(—é—-%9)-—2]~'-
oo Po . N2

IRy 2.7]

-Po . A

The values of a, b,' and ¢ were evaluated from equation (27).
By integrating over r and letting M— r‘t as r —» o  the

result is:

r-r

t

2

. (»yo- azﬁar )e-hrz
mk!/ \ 2 A 2 A 2\

il

3 - Nr?
;P‘-SC " ees e
* 'mk'( p Xz )

+ ‘e nnooon(33)

Equation (33) is an infinite series whose terms are each infinite
series., This equation is too awkward to use to find I as a function
of r but may be used to find r'at r = 0. The first series in

equation (33) may be written as:

2
-‘;7 ¢ . f%+.ff% toos + -———-—-——cn(n-l)l + eee
| \ X PN 2 3" |
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n-1
Since €h = Ps . 'X ', the series at r = ¢ becomes:
T2NY (n—-l)(n-lf!

-Bu . _Po 1 1,1 ™t |
railie R (ERE L ERRE - SN

which also equals:

-Iﬁlj‘bpo +[é/4' pp 1"" 1+1 -~ eseoe )

mk’ 4 X2y mk 4Xe ¥ 273
The bracketed series is shown in Appendix A2 to converge and
equal In (1+j) with j = 1, If the values of ? and’A are ex-

pressed in terms of system physical propertiés, the result is:

Py 0.346Wg Wg
r = 0 mk’ Tka 6 2’ka/d .00.'0(34)

The probable distribution of interfacial surfactant, as dis-
cussed in Chapter (3), is compared with the approach‘given in
this chapter in Figure (6). Equation (34) is expected to under-
estimate r; because of the difference between the actual dis-
tribution of interfacial surfactant and the theoretical distri-

bution,

3. Solution of the Equations

Two cases may be solved, In the first case, the drop
may approach a deformable liquid/liquid interface which is late-
rally rigid. Therefore, the boundary condition on the bulk
interface is that U is zero. For the second case, the bulk

interface is allowed to move when the surface shear stress
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exerted on it changes. For this case, the lamella thinning
equation is coupled with the bulk interface mass balance, and
the two equations are solved simultaneously. DBoth cases are

considered in turn. Program listings are given in Appendix AZ.

3.1. A Laterally Rigid Bulk Interface

tEquation (23) was solved numerically on a C.D.C. 6400
digital computer. ‘The starting relative lamella thickness
profile was calculated from equation (27) by specifying Py
and Yo for a given set of physical properties., An experimental
lamella profile was not used as a starting shape because the
nressure distribution used in equation (23) will not describe
the experimental lamella pressure distribution, as shown by
the comparison given in Figure (3a).

A finite difference formula, using central differences
and correct ﬁo the second order, was used to estimate %}%.

The maximum radial distance over which the problem was solved
was arbitrarily specified by calculating R for a three term,
series type, pressure polynomial, This value of R is an esti-
mate of the radius where the lamella pressure is zero. The

formula for K was:

Convergent, stable solutions were obtained by dividing

the maximum radial distance, specified by R, into N equal-sized



248

4

intervals (N = 200) and by using a time interval of 10~ seconds.

1f the physical properties in the program were changed to cal-
culate solutions for a new oil /water system, the radial distance
increments may become large enough to give an unstable result.
This instability is caused by R becoming too large, hence R?
was often reduced to 50-75% of the value given in the above
equation. At the last point in the radial array, point N+1,
the slope %?% was estimated bv using a Taylor series expansion
about the second last point, N, The physical properties of
the four oil/water systems studied are given in Table (2).

While only a viscous oil would produce an almost late-
rally-rigid bulk interface, solutions were found for all four
of the oil/water systems studied., This was done because the
motion of the bulk interface may be very slight,

Two sets of results are given in Figures (7a,b) for
the toluene/water system for m =i1 and m = 2, respectively.
One set of results for the anisole/water system is given in
Figure (7¢) for m = 1, and one set is given in Figure (7d) for
m = 2 for the cyclohexanol /water system, All the solutions
show a deflation of the dimple in the lamella, 1f;the dron
interface is assumed immobile, m = 2, the rate of deflaticn
decreases. This situation of dimple deflation has only been
observed experimentally in this work for the cyclohexanol/
water system. However, a comparison of Figure (7d) with the

observed deflation shown in Figure (llc) shows that deflation

is much slower than predicted by the theory presented in this
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chapter,

3.2, Liquid Drop Apprqaching a Mobile
Bulk Interface

Equations (28), (31) and (32) were solved numerically
when the bulk interface was partially mobile, The method of
solution was the same as previous, except that an iterative
loop entered the program. Since the initial surface velocity
distribution U is not known, it is first assumed everywhere
zero. The distribution of the interfacial surfactant concent-
ration is calculated using equations (31) and (34), for the
initial lamella shape. The change in lamella shape is calcu-~
lated over the first time interval A€, and the change in the
interfacial surfactant distribution is calculated, assuming
that the interfacial surfactant concentration at the N+l point
remains constant. Equation (28) may then be used to estimate
the surface velocity U. These values for U are used in re-
evaluating the change in lamella shape in equation (32). 7This
process continued until the successive change in é%% at r = 0
was less than 1% of the previous value. Convergence was rapid,
with less than six iterations being required.

A difficulty was encountered in the selection of a
value for '12’ the surface diffusion coefficient of sodium
lauryl sulfate, Sakata and Berg (18) measured <¢% for myris~
tic acid monolayers at an air /water interface and found d%

4

values of 10~ t:olO"5 cmg/sec., dependent on the interfacial
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concentration of surfactant, These authors' experimental con-

[y

ditions are different from those in this work,; however, Lﬁé

5

values of 10“3 tol0” cmz/sec. will be used to characterize

the sodium lauryl sulfate.

A difficulty was encountered at the dimple center,

ol

r = 0. The surfactant mass balance yields Y. = 0

L r =
because U and _g%_ are both zero at r = 0. This problem was

artifically solved by assuming oy
- 7 . ar
oU _ Ur =4

= T a liq robe i § s the dim-
T A » The lamella liquid probably forces the dim

ple center up as inward flow occurs, and as surfactant flows

# 0 at r = 0. Therefore,

into the r 0 region by surface diffusion. The lamella light

I

interference pattern for small interface ages often showed the
barrier ring and lamella center to have the same thickness;
the maximum thickness then occurred approximately half way
between them. At larger interface ages, this behaviour was

not observed since dimple formation was rapid,

Figures (8a, b, ¢, d) show typical calculated lamella
behaviour for the anisole/water system for various 5£é values
and interfacial surfactant concentrations. The interfacial
surfactant concentrétiop at r -» ®© is denoted by r;, and

;
was chosen so that r; was not negative.

Figures (9) and (10) show the calculated radial dis-
tfibution of the interfacial surfactant concentration and the
bulk interface radial velocity, respectively, for the anisole/

water system, for the initial lamella shape given in Figure (8).
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There is a maximum in the velocity of contraction of the bulk

interface for the curve in Figure (10).

4, Discussion

The assumptions needed to derive the necessary equa-
tions will be discussed first. Then the results of the solu-

tions of the equations will be examined.

4,1. Discussion of Assumntions

The assumptions used to simplifyv the equations of motion,

and the assumptions used in deriving the final equations are

discussed separately.

4.1-1 Assumptions in the Solution of the
Equations of Motion

The pseudo-steady state assumption eliminates the time
dependence of the velocities. For example, this assumption
is valid if the time acceleration term, %%% , has a magni-
tude much less than the viscous terms in the equation of motion
for the r-direction, bince the' analytical solution for the
lamella velocities does not contain time, the pseudo-steady
state assumption can only be checked by doing calculations on
the data produced by the problem solution. The results of cal-
culations given in Apéendix A2 show that the magnitude of ratio
of the time acceleration term to the viscous term, €§—§ .

z

is approximately 10°6, and for the z-direction, this ratio is

about 10”%. Since these ratios are much less than unity, the
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pseudo-steady state assumption is valid.

Imcompressible creeping flow may be asbuned when the
lamella fluid is incompressible (1n this case, water) and
when the ratio of the convective acceleration terms to the
viscous terms is small. The results of calculations of Ap-

pendix A2 show that:

u gu
N ( or +“62) -_._3__2.0(104 -7
_— - 0(10™%)
r V YA 0(10%)
ary:
and
. Qw , dw |
Nxs - Pk‘*zﬁf’ + WS ) . 00107% 0(10™7)
z 32w 0(10%)
Y

The results of calculations in Appendix A2 also show that:

2
--—z-g LU 'il-""b"% = o010~
r
and )
0 “w 3
- 0(107)
oz
and also:
ézu 1 Jdu v
— t = == - = 0(107)
or r r ;i‘
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therefore,

e

2
r-direction viscous terms /“ 9’y
Yy

. . g 0%
z-direction viscous terms =% /u-?;gf

A final assumption used in deriving the lamella shape

is that li? is much less than iiR. By using the above order
oz ar - g ‘

of magnitudes, it is found that:

op _ 3
2 = 0010%)
and
D _ 1
42 = oa1oh

The inequality of pressure gradients is also valid.

The axisymmetyy assumption is not restrictive since
flow is only in the r and z directions.

In the formulation of the problem, as depicted by
Figure (2), the curvature of the lamella was assumed to have
no effect on the lamella drainage. To check this assumption,
a more accurate representation of the problem geometry is
given in Figure (13).

By making the lamella liquid follow a curved path, the
upper bulk interface must have a force exerted on it by the
flowing lamella liquid. In Appendix A2, it is shown that the
dynamic pressure exerted on the upper bulk interface because
of centrifugal force is 0 (10"9) dyne/cmz. This is insigni-

ficant relative to the lamella pressure of the order 102 dynes/cmz.



Therefore, lamella curvature is neglected.

When the equations are solved, an initial lamella shape
is calculated from equation (27). This shape is valid if the
slopes of the bounding interfaces are approximately less than
or equal tc 0.1, 1t is shown in Chapter (2) that this approxi-
mation is valid for the bulk interface for a toluene drop in
water and is approximately valid for a large part of the radius
of the drop interface. This is further confirmed by calcuia-
tions given in Appendix A2, |
4,1-2 Assumptions in the Surfactant Mass Balance

Equation and the Remaining Assumptions Used
in the Lamella Behaviour Solution

In formulating the problem, the bulk interface was as-
sumed to contract or expand to allow the interfacial tension
gradient to balance the shear stfess exerted on it by the flow-
ing lamella liquid. However, the bulk interface motion will
also be opposed by the viscosity of the discontinuous phase
liquid, Therefore, the assumption that the bulk interface
moves unencumbered by the underiying liquid is not walid, but
is used to simplify the problem, since the equations of motion
would have to be solved in both the drop and bulk liquids to
allow the bulk interface motion and drop interface motion
to be determined, The solutions given in this chapter are for
ideal cases only of either zero or infinitely large discon-

tinuous phase viscosities.
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No adsorption or desorption of surfactant from the bulk
interface is assumed to occur while lamella thinning is occur-
ing. The results of calculations which are sumﬁarized in Table
(3) show that for a sodium lauryl sulfate concentration less
than 1073 gm/l. in the aqueous phase, the initial adsorption

time for 1012

molecules/cmz. at a clean interface is greater
than one second, 1f there is a radial variation in the inter-
facial concentration of adsorbed surfactant of approximately

5 x 1012 2

molecules/cm®. and if the problem solution time is
less than one second, then the radial gradient in the inter-~
facial concentration of surfactant will be unaltered by adsorp-
tion. However, for the 1073 gm/1. case, adsorption of surfac-
tant should be considered,

The final assumption is that a linear relationship
exists between the interfacial tension and the interfacial
éurfactant concentration, I". From Davies and Rideal (19),
Langmuir's adsorption equation is written as:

ro_ 8
. (1+¢’ /a)
where ?iand a are constants and ¢’ is the aqueous phase sur-
factant concentration. If ¢’ is small, r ¥ @’c’. From the
Gibbs adsorption isotherm, the equalitv is written:

KT d ¢ i
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. . : ’
PO -(1—-?5:.’ = ?R"r
dC ooooo.(BS)
Since the lett hand side of equation (35) equals a constant,
the linear adsorption isotherm assumed in this work should

be valid for small continuous phase surfactant concentrations

of the order of 10"9 molar.

4,2, bDiscussion of Solutions

The results given in Figures (7a-c) for the toluene/
water and anisole/water systems show that lamella drainage
leads to dimple deflation. Experimentally, these two oil/water
systems did not show dimple deflation. Figures (lla,b) show
the lamella behaviour observed for the anisole/water system

6 and 10'4 gm/l. ot S.L,S., respectively. In Chapter

for 10~
(3), mechanisms were formulated to account for the observed
lamella behaviour, Nearly all of these mechanisms were based
on the concept of a bulk interface which moved to balance a
change in the surface shear stress., Therefore, the calculated
solutions in Figures (7a-c) should not agree with the experi-
mentally observed lamella behaviour,

The time taken to solve equation (23) on a C€.D.C, 6400
digital computer was five minutes for a pfoblem solution time
of 0.5 seconds. The problem solution time of 0.5 seconds was

sufficiently long to show that dimple deflation did occur, but

did not require an unreasonably large amount of computer time.
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When the motion of the drop interface is restricted
by setting m = 2, the deflation of the dimple is reduced be-
cause the lamella drainage rate is reduced.

Equation (23) was also solved for the cyclohexanol/
water system, The results of the sclution are given in Figure
(7d). When these results are compared with the experimental
results shown in Figure (llc) for this oil/water system, the
lamella behaviour is observed to be predicted qualitatively,
but the rate of drainage for the predicted lamella behaviour
is too large. There is no apparent explanation for this dis-
crepancy. However, a slow contraction of the bulk interface
may take place and therefore restrict lamella drainage for the
experimental data,

Figures (8a-d) for the anisole/water system show very
complex lamella behaviour. For Figures (8a) and (&b) the en-
tire lamella thickness, from the lamella center to radii out-
side the barrier ring, increased and then the lamella center
began to decrease with the barrier ring thickness still increas-
ing. When the surface diffusion coefficient is increased,
the interfacial tension gradient is more easily reduced, com-
pared with the case when only bulk interfacial contraction
takes place. Therefore, the profiles in Figure (8b) show that
the lamella thickness at r = 0 increases less than the nrofile
-in Figure (8a), and also decreases more rapidly. The profiles

i 1 . 3 a\ 2
in Figure (8c) show that a further increase in Jé results in
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no increase in the center lamella thickness, and the barrier
ring thickness (r % 0.014 cm.) decreases. The dimple deflates
very rapidly.

When the interfacial surfactant concentration is iﬁ-
creased, there is little interfacial contraction required to
balance continually the-surface shear stress. Therefore, the
profiles in Figure (8d) show slow, steady dimple deflation,

None of these results agree quantitatively with the
experimentally determined lamella profiles, as shown by the
various profiles in Chapter (3), and in this chapter in Figures
(1la-c). There are obvious differences between the observed
and calculated results. There was no barrier ring expansion
for the calculated data, rapid thinning of the lamella at the
barrier ring was slow for the calculated profiles, and the
thinning at the lamella center for the calculated resuits was
very rapid.

These differences may be caused by having to choose a
reference point for the interfacial surfactant concentration,
The reference point for the interfacial concentration of sur-
-factant was chosen at the N+1 point for the results of the
solutions given in Figure (8), A reférence point for the in-
terfacial surfactant concentration is necessary to initiate
the solution. The algorithm for the solution is given in
Figure (14). This algd}ithm shows that the equations to be

solved must be uncoupled to initiate the program. The
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distribution of | as a function of r is calculated for the
initial lamella thickness profile, and must be recalculated
for the newly calculated lamella thickness profile, A® seconds
later., o calculatg the new distribution of r'requires that
some value of Tiremain constant. This allows J%% tc be cal-
culated as a function of r, and therefore lfmay be calculated
as a function of r. The cﬁoice of a reference point at the
N+l point results in the t}i all being negative because the
slope of the r distribution decreases at mnearly all radial
locations, Consequently, the U at the barrier ring may be
very large and negative. This causes a decrease in the rate
of lamella thinning at the barrier ring. Lamella drainage at
the barrier ring is slower than would be predicted by the paral-
lel disc model. 1t was observed experimentally that the lamella
thickness may increase at all radial locations inside the bar-
rier ring. This is illustrated by the data in Figure (lla),.
If the reference point for the interfacial surfactant concen-
tration is chosen at the barrier ring, dimple deflation is
very rapid, since, relative to the barrier ring, the radial
nrofile of the interfacial surfactant concentraticon becomes
steeper between the lamella center and the barrier ring radius,
located at r = c.

vince the choice of a reference point was arbitrary

and since the solutions are strongly dependent on this point,

no further solutions were run on the computer, As mentioned
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in Chapter (3), there is probably a loss of surfactant from
the stressed bulk interface region. This should be considered
before the interfacial movement can be accurately described.

Neither the parallel disc -« parabolic type - pressure
distribution nor the exponential tvpe presented in this chap-
ter describe the lamella pressure distribution accurately.
Both expressions are boundaries on the realistic pressure dis-
tribution, as represented by the polynomial pressure distribu-
tion of Figuye (3a). Therefore, any sclutions given using the
exponential ﬁype pressure distribution reflect the lack of
accuracy that this pressure distribution has, relative to the
realistic pressure distribution, |

4,3. Physical Property Dependence of
Lamella Drainage

Lach term in equation (23) may be analyzed to determine

its’physical‘property dependence. Three terms may be defined:

5 2
_ 2(3-m) B 3 - Ar
L, =-" '{;Y‘*,

,1,2{ S L2 B 23 A

2
~ 2 -~ Ar
o3 oy y e
1y, =-g Py
1f the radius is small, then equation (23) depends only on T,

Since: 2
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and if Py ¥ %% , then:
2(3-m) . 2 I ¥% .3
T, - - 203 .2 oy
ém M d°Wg

_ £3-m) ¥ 2 y3
2m Y dS Ae g
lhis is the same parameter dependence as the parallel disc

model.
At the barrier ring, T| and T, are both significant,
An exnression for the barrier ring radius, c, may be derived
from equation (27) by differentiating this equation with res-
ay

pect to r and by setting 3r = 0 for r = c. For the first three

terms of equaticn (27), the result is:

2 2ng<39__1_)
Trpo2 § 4 eeeea(36)
1f EE -1 - kK and = 3 where K is a constant
¥ ~ d d Po ™ 4 > )

this expression may be written:

my ‘ eevsesl(37)

where 0 $K<1 for all cases of dimpling observed. lherefore,

;. - 2(3-m) .2 T¥? . T . 2Kdwg Y
2 6bm Wt 4% Wg dWg my

with the exponential dependence neglected. This equation be-

comes:
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T = K(s"m) : Xz ys
- )
m Ad ,Ae g
Again, the lamella drainage rate at the barrier ring shows
the parallel disc parameter dependence.
The third term, TB’ only becomes important relative
to T, and T, outside the barrier ring. 1f the slope of the

lamella profile is expressed by %, and if r £ ¢, then:

with the exponential dependence neglected, and:

T, =- % ’2{732

~om //»d

Term 'I'3 has the same parameter dependence as does the Hodgson/
Woods model. Term T3 becomes increasingly important as the
radius outsidebthe barrier ring increases, and 4, as shown
by the Hodgson/Woods model, the rate of lamella thinning is
rapid. These parameter dependencies provide insight into the
reason for barrier ring expansion., At the barrier ring, the
drainage rate is controlled by the parallel disc type para-
meter dependence. An incremental distance outside the barrier
ring, the drainage rate is more rapid because of the increased
radius and lamella thickness, and also because of the Hodgson/
Woods type dependence of term T4. An equation based on this

argument is derived in Section A2.11 to describe barrier ring

expansion.



4.4, Radial Distribution of Surfactant Adsorbed
in the Bulk Interface

In Chapter (3), the pressure polynomial given in‘Chap~
ter (2) was used to calculate the radial distribution of sur-
factant adsorbed at the bulk interface. For example, Figure
(9) of Chapter (3) shows the interfacial surfactant concent-
ration distribution for € = 1,15 seconds for the relative
lamella thickness profile given in Figure (8) of Chapter (3).
The radial concentration distribution showed r; exceeded FL
at large radii. 7The surfactant distfibution has been calculated
in this chapter for the profile at 8 = 1.15 sec. in Figure ( 8)
of Chépter (3), for the exponential type model. The results
are given in Figure (12).

Two curves for the interfacial distribution of surfac-
tant were calculated for the relative lamella thickness pro-
file. The first curve is for p_ = 131.6 dyne/cmz.; the same
center lamella pressure as used for the polynomial. However,'
the exponential type pressure distriﬁution does not give the
same lamella profile as does the series type polynomial. This
is shown in Figure (3b). A second surfactant distribution was
calculated for Py = 150.0 dyne/cmz. This latter pressure pro-
duces a lamella profile approximately the same as that for the
profile at 8 = 1.15 sec. in Figure (8) of Chapter (3).

The curves in Figure (12) show that the interfacial sur-

factant concentrations rise more steeply for the exponential
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tvpe model than for the polynomial model, 7This is expected
since the pressure gradient, hence the surface shear stress,
is larger for the exponential model at small radii. The cur-
ves in Figure (12) for the exponential model were calculated
by assuming FO = (), The values of [4t required to yield the

12

) 2
T = 0 condition were 3 to 4 x 10 molecules/cm®, These

o
values of ‘ﬂt are much larger than the calculated rt for ad-
sorption at an interface 5 minutes old, for 1()"6 gm/l, S.L.S,.

+ U.0LN, KC1.

Ihefefore, these calculations show that the necessary
I at lafge vadii may exceed the f*t adsorbed at the quiescent
region of the bulk interface. This imbalance between the re-
quired raand the actual ‘4t is in agreement with previous cal-
culations based on the polynomial model nresented in Chapter (2).

The polynomial in Chapter (2) was employved in Chapter (3) to

formulate a postulate on the cause of uneven drainage,

5. Conclusions

Lamella drainage has been analyzed completely from
fundamentals. Nﬁmerical solutions for cases when the bulk
interface is laterally rigid show that the lamella thickness
decreases most rapidly at the lamella center, 7This leads to
dimple deflation., Drainage is more rapid for a mobile drop
interface than if the interface is immobile.

Trial solutions for the case when the bulk interface

movement depends on the change in surface shear stress are
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given and are shown to be very complex. The effect of increa-
sing the surface diffusion coefficient is to reduce bulk inter-
face contraction and therefore to increase lamella drainage.
Similarly, an increase in the interfacial concentration of ad-
sorbed surfactant causes less bulk interface contraction and
therefore more rapid lamella drainage.

The theoretical analysis also yields an expression for
the dynamic pressure distribution in the lamella. This ex-
pression shows an exponential decay of dynamic pressure in the
lamella and is seen to be an upper bound on the actual dynamic
pressure distribution of the 1;mella, as described by the pres-
sure polynomial., The usefulness.of this exponential expres-
sion is limited, however, becausé of the boundary condition
p~—>0 as r —>» ®,

The lack of agreemént between the observed and predicted
lamella behaviour suggests that the bulk interface movement is
more complicated than expected. Based on the arguments of Chap-
ter (3), and the results of this chapter, one factor for the
complex interface movement could be the loss of surfactant from

the stressed region of the bulk interface.



Part B Parallel Disc Analysis

1. Introduction

An anaiysis, analogous to that done in Part A, may be
made for parallel disc geometry. The resulting equations
vield a simple model for lamella drainage. T1his model des-
cribes the 1aterai motion of the bulk interface and can be
used to calculate the local rate of drainage at any radius in

the lamella.

2. Dberivation of Equations

For the parallel disc model, the lamella thickness
remains constant with radius. This model approximates a dim-
pled lamella because the change in lamella thickness with radius
is small, Therefore, in an approximate mathematical analysis,
the local lamella thickness, y, may be assumed independent of
radius, even for a dimpled lamella,

A mass balance may be made over an elemental volume
for the water in the lamella. The resultant expression is
equation (3) in section (A2,1). This expression may be re-
written with %%% equal to zero and, if the interface is mobile,
for m equal to one.

The equation is:

3 2 : :
Oy . (9%, 1 _g_g) -a QU -hU
L) 3}} ( r or r coessa(38)
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In this expression, the local lamella thickness, y, has been
replaced by the lamella thickness at the barrier ring, h, since
y is constant and must equal h., In equation (38), the depen-
dence of %}% on radius is included implicitly in the pressure
terms, and in the interfacial velocity .,

A mass balance over an elemental area for the surfac-
tant adsorbed at the bulk interface has beén made in Chapter
(4). From equation (28) of Chapter (4), with the diffusivity,
dD equal to zero, the mass balance for the adsorbed surfac-

s’
tant is:

"ol _ Ul |
o5 IL?E? * E%%LZ *’lééL ceenea(39)

To couple the bulk and interfacial phases, a linear
adsorption isotherm is assumed, and equation (5) of Chapter (3)

for the surface shear stress may be employed. These equations

are: i
. / ‘ '
- ¥, -«T veeee.(40a)
and -hdp
S 22
. vesess(40D)

where S is the surface shear stress exerted by the lamella
liquid on the bulk interface, and y has been replaced by h
in equation (40b).

1he pressure distribution for the parallel disc model

has been derived in section (A2,10). The equation for this
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distribution is:
2F . (R%-r?)
ITRi

Therefore, the radial pressure gradients may be written:

2

r eeoees(blb)

......(41&)

where € =
- T

F is the drop buoyancy force and R is the radius at which the
lamella pressure is zero.

If the interfacial tension gradient in the bulk inter-
face is equated to the surface shear stress, given in equation

(40b), the result is:

i

k Or' = he:r oaaooo(az)

~Equation (42) may be integrated with respect to r. The result

is:
P . r ,he (FxD
o w eeees(43)

where the boundary condition M= r; at r = R was used. The

interfacial concentrétion ot adsorbed surfactant in the bulk

interface t minutes atter the interface was cleaned is f‘t.
Equations (42) and (43) are approximations, since the

gradient f;%;- must depend upon y and not h, Since it has
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been assumed that y is approximately equalto h, then h is re-
placed by v in equation (43) and the time derivative is found.

The result is:

K)P 2 € (rZ_RZ) _é__z ) .
d ’ of veoesolbb)

56 2k
These expressions forlq, g: , and {3%— may be substituted
into equation (39) to yield:
a(r)

P R SNSRI e
2k ( Pt + QJ;/(rZ—RZ)’) oy

€ (R°~-1r%) 2 k r
b(r) ‘
/—"" e g i N
/ ,
b2 her, e, he (2% \U
€ (R°=r%) k’ r 2k’r
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This equation may be re-written:

U .9
a(r)—é-;:' + b(r) U ""‘5’% coeoes(45)

where the functions a(r) and b(r) are defined as shown. When
the pressure derivatives given in equations (4la,b) are sub-
stituted into equation (38), the result is:

-hdU _hU -2eh> _ Ay
r ¥ %/L Y]

. 30 v - Oy
co(r) L5+ dn) U +g(x) =3 veeene(46)

or,



where c(r) = -h, (independent of radius)
, __h
d(r) = - 2 ;
‘ 2€h
glr) = -
3/(,4,

Equations (45) and (46) are equated to yield a first order

linear ordinary differential equation. The result is:

oU
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s+ PU = Q ' cevess(47)

it

where p

Equation (47) may be solved using an integrating factor.

factor is defined as:

F’ exp ( SP df )

2
- r efr

il

h €

rd
2k l‘*t

where f =

h € r2+k’ | .
/
k Vtr

2,3
= L0 (Ard

J
%p;k r;
The solution of (47) may be written:

2 2
r efr U = ﬂfr efr Q dr

This
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2,2 2.2 2 r.h 2
’K*LS/ZLJ"Q'%;” 3ﬁt )efr+c1
To find C,, let U be zero at the lamella center,
Then: €R2h2 + 2K’ r;h
C =
1 3 %

The final solution for U'may be written:

c L2
(e R%h? + 2K’ M h) (1-e~£77)
> B/Ar
[ hzr
3/1- -00090(48)

U = _

4

The application of L'Hopital's rule to equation (48) will show
that tTapproacheé zero as r approaches zero., Since [fis known,

equation (48) may be substituted into equation (38) to yield:

dy . ¢ 3 (e™M-2)
) 3;? ~
. e2r2pb4enh
/
3uk r‘t ceeees(G9)
2
where n o= - ZF r
K%K \"t

‘The solution to eqﬁation (49) describes the change in lamella
thickness with time, This model will be called the coupled
model., While the coupléd model has been derived»by assuming
that the lamella pressure distribution is given by the para-

bolic pressure distribution predicted from the parallel disc
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model | the coupled model and the parallel disc mcdel are er-
tirely different. The coupled model does not require a paral-
lel disc lamella, and it includes the effect of'the contraction
of the bulk interface.

Equation (49) contains the factor k/ r £ This is the
intrrfacial tension lowering which cccurs when the interfacial
concentration at the bulk interface is (ﬂt.

Two additional equations mayv he obtained from equation
(49). 1If there is no adsorbed surfactant, then k"ﬁt is zero,
znuﬁ&he barrier ring, v is equal to h. Equation (49) then he-

come s

dh _ _ 4en’
-a‘é 3}1,{, 00.0..(5(-))

e

1f equation (49) is evaluated at the lamella center, the follow-

ing equation vresults:

dy, = 2en’ & 2r2n*

. st
d e 3 Ipkt Ty veeva.(51)

where y is equal to Yo when r is equal to zero,

The second term in equation (51) does neot hecome infin-
itely large as k'rtapproaches zero, because h also apprcaches
zero, Therefore, if k’r; is zero, there is no surfactant at
the hulk interface, and only the rapid drainage mechanism will
be ohserved, There will be no slow, even drainage.

Equation (ﬂ» expresses the maximum possible rate of.

lamella thinning at the bharrier ring., This maximum rate cccurs
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if there is no contraction of the bulk interface to reduce
lamella drainage. This maximum rate is also twice the drainage
rate predicted by the parallel disc model, for a mobile drop

interface,
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3. Solution of the Egquations

Since equations (44), (50) and (51) are strongly de-
pendent on R, several values for R should be used in the solu-
~tion of these equations. The parabolic pressure distribution
- predicted by the parallel disc model has been used to derive
equations (49), (50) and (51). Howeﬁér, the average lamella
pressure may still be specified. Two values for this average
pressure may be used. If the center lamella pressure is Pos
the average lamella pressure will be ;Q for a parabolic pres-
sure distribution., Then, a force balance between the lamella
pressure and the drop buoyancy force results in the following

equation for Rzz

P 2

7? TR = Wg

R2 - 24
ITpO

This result for R2

will be called the approximate model.

If the equilibrium model (11) is used, the lamella
pressure is assumed constant at the value Pgs the center
lamella pressure. Therefore, a force balance, done as before,

yields:

2

This result for R” will be called the equilibrum model. In

Chapter (3), the value of R predicted by the equilibrum model
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agreed with the observed radius of the barrier ring, measured
from light interference patterns. Since the lamella pressure
has been shewn in Chapter (2) to be not equal to zero at the
barrier ring, the equilibrium model may express a lower linmit
on the value of R, The approximate model is arbitrarilv used
to express an upper limit on R,

Equation (50) for the maximum rate of thinning at the
barrier ring was solved for both values of K, The value of N
in these models for R was chosen as %%, since this pressure has
been shown previously in Chapter (3) to result in a narallel
disc lamella,

Equation (49) was solved at the barrier ring, with the
values k' r; = 0.001 and 0.01 dyne/cm., for the value of R
predicted by the equilibrium model, for the toluene /water and
anisole/water svstems. Approximate values of the barrier ring
radius were assumed for both systems,

The results for these six solutions for the rate of
thinning at the barrier ring are shown in Figure (15a,b).
Typical lamella thinning data are also given for both oil/
water systems. These thinning data are not strongly depen-
dent on the interface age, as shown by the anisole/water data,
I'he interfacial tension lowering, k'[dt, is 0.01 and 0.1 dyne/
cm., approximately, for 107% and 1074 gm/l., of S.L.S., respec-
tively.

Equation (49) was solved numericallv for the entire
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lamella., The results are given in Figure (16) for a 0,005 ml,
toluene drop in water, for k’{*t = 0,001 dyne/cm. Figures (17)
and (18) show the calculated velocity distribution in the bulk
interface, and the calculated distribution of surfactant adsor-
bed at the bulk interface, respectively, for the initial lamella
profile in Figure (16). For the results in Figure (18), ‘4t is
small, and nearly all the calculated values of U are negative,
Since this is not valid, the values of [" have been ad justed to
give FO = 0, This difficulty is discussed further in the next
section., | |
Equation (51) for the rate of lamella drainage at the
lamella center was solved for ' F; = 0,001 and 0.01 dyne/cm.,
for various initial lamella thicknesses of 2 x 1072 to 1 x 102

cm. Some of the results are given in Figure (19).

4, Discussion of the Solutions

A comparison of the results of the coupled model with
the data in Figure (15) shows that the coupled model predicts
drainage rates which are too small. A comparison of the coup;
led results and the parallel disc model results given in Figure
(1) shows that the coupled model of equation (49) predicts a
drainage rate slower than does the parallel disc model, iff{r‘t
is not zero. The assumption has been made that the motion of
surfactant into the cehtral region of the lamella occurs only
by contraction of the bulk interface, for the coupled model.

However, surface diffusion of surfactant will also occur and
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will reduce the interfacial tension gradient of the bulk inter-
face. Consequently, a slight expansion of the bulk interface
in the region of the barrier ringvmay occur if surface diffusion
is significant in the redistribution ot surfactant. This slight
expansion of the bulk interface should allow more rapid thin-
ning at the barrier ring.

| Further work has not been done on the refinement of the
coupled model, for several reasons. The coupled model is based
cn the parabolictgressure distribution predictéd by the parallel
disc model. This pressure distribution inaccurately describes
the realistic pressure distribution. Also, the simplicity of
the coupled model result,as represented by equation (49), would
“be removed if terms were included in the derivation of equation
(49) to account for surface diffusion. A differential equation
results which cannot be solved analytically, 'Therefore, the
attempt to increase the accuracy of the model restricts its
simplicity, A simple model to describe barriér ring drainage
for all values of the interfacial surfactant concentration is
still required. |

The results given in Figure (15) show that a change in

the value of R strongly influences the lamella drainage, 'the
effect of X on the drainage prediction may be more significant
than the effect of surface diffusion. The pressure gradient in
the lamella is very steep for a small valuc of R, Therefore,

drainage of the lamella is rapid,
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The results of the numerical solution of equation (49)
are given in Figure (16)., These results show that the dimpling
of the lamella also causes the thickness of the lamella to in-
crease at the barrier ring. The results in Figure (16) agree
‘well with the lamella behaviour shown in Figure (lla) for an
anisole drop. Figure (17) shows the radial velocity distribu-
tion in the bulk interface for thé initial lamella profile in
Figure (16). This form of the distribution of U with radius
agrees with the results of calculations for U from the more
comnlex analysis of Part A, However, the magnitude of the values
ot Uin Figure (17) are a féctor'of ten smaller than those re-
sults in Figure (10). This may be partially due to the thick
lamella which was employed in tﬁe calculation ot the results in
Figure (10). |

The distribution of F as a function of radius is given
in Figure (18) for the initial lamella shape in Figure (16).
ihe values of V were adjusted to give r; = (), since equation
(43) vields negative values for I when k’rL = 0,001 dvne/cm.
Therefore, the results in Figure (16) are not experimentally
valid, but they are still mathematically valid. These results
are presented to show that a small interfacial concentration of
surfactant can cause lamella dimpling.

The solution of equation (51) for the eftect of an in-
crease in the interfacial concentrétion ot surtractant on the

motion ot the lamella center is shown by the results in Figure
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(19). For ten-fold increase in kqi to 0.01 dyne/ém., there is

a large decrease in the extent ot lamella dimpling. A large
-
Ves
the bulk interface to contract at a slower rate than with a

interfacial concentration ot adsorbed surtactant, permits

smaller r because less movement is required to transfer sur-

£
factant inward in order to maintain the balance between the
interfacial tension gradient and the surface shear stress. How-
ever, this reasoning‘doés net account for the less rapid thin-
‘ing predicted at thé barrier ring, for this large k’r; value,
The initial starting heights of the lamella center and of the
tarrier vring height also have an effect on the extent of dimp-
ling. A small increase in the starting heights from 2000 A® to
4000 A* results.in more rapid dimpling, The contraction of the
bulk interface will be more rapid for an increase in the start-
ing heights because the drainage of the lamella will be rapid.
iherefore, the surface shear stress exerted on the bulk interface
will change rapidiy. The bulk interface must also contract
rapidly to maintain the balance between the surface shear stress
and the iﬁterfacial tension pradient, Since the contraction of
the bulk interface has been shown to cause dimpling, a rapid
contraction of the bulk interface should cause rapid dimpling.
Une final calculation may be made from this model. If
visceous flow in the lamella only occurs when the bulk interface
contains sufficient surfactant to balance the surface- shear
‘stress, then equation (14) may be used to calculate the center

lamella thickness, Yoo when slow even drainage begins,
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If r; equals zero, the result is:
2k’ I,
G | cereea(52)

The value of fﬂt may be calculated from the Ward/Tordai equation
used in Chépter (3). For 10% gmn/l. of S.L.S., for a 0.005 ml.
- toluene drop in water, equation (52) was used to calculate y_.
‘The results are giQen in Table (A2.3).

These results show that the height, Yos increases as
the interface is aged becausse—the-bulk interface is aged be-
cause the bulk interface contains more adsorbed surfactant and,
therefore, can balance a larger surface shear stress. A larger
surface shear stress will occur for an increase in the lamella
thickness, Experimental observations of the light interference
patterns have shown that rapid drainage of the lamella apparently
ceased at lamella thicknesses of zero to 2000 A*, for 10~6 gm/1.
of S.L.S5, This lamella thickness at the cessation of rapid
drainage increased slowly as the interface aged. A large effect
of the interface age on the lamella thickness at which rapid
drainage ceased was only observed at interface ages less than

five minutes, for 1078 gm/l. of S.L.S.

5. Conclusions

A simple model has been derived which accounts for the
contraction of the bulk interface during lamella drainage. The
contraction of the bulk interface causes diﬁpling of the lamella

and decreases the rate of lamella drainage at the barrier ring.


http:contracti.on

281

An increase in the interfacial concentra%iCn of surfactant
causes a.decrease in the rate of lamella dimpling, because of
a decrease in the rate‘%ﬁlcontraction of the bulk interface
near the lamella center, ‘An increase in the initial height
at which dimpling begins, results in more rapid dimpling be-
cause the bulk interface contracts more rapidly. |

This model was’derived by using the concepts of lamella
and bulk interface behaviour which were given in Chapter (3)
and expressed mathematically in Part A of Chapter (4). From
the reasonable agreement of the results of the coupled model
with experimental obse;vation, the concepts used in its deriva-

tion are substantiated.
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Nomenclature

il

constant defined by equation (37)

number of radigl increments used in finite difference
solution :
radius at which p = cm,
gas constant

absclute temperature

bulk interface radial velocity, cm./sec.

drop welght, grams,

PO//u,

barrier ring radius, cm.

aqueous bulk phase concentration of surfactant
drop radius, cm,

2

gravitational constant, cm./sec,

height of drop interface above an arbitrary horizontal
reference line

height of bulk interface above an arbitrary horizental
reference line

constant defined in equation (30). Value is approx.
l.4 x 10'14 dyne-cm, for 5,L.S,

number of immobile interfaces
dynamic lamella pressure at any radial location, dyne/cm|
pat r=20

any radial location, cm.,

282
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time, sec.

radial velocity, cm./sec,
vertical velocity, cm,/sec.
dimensionless distance, r?

height of drop interface relative to the hulk interface,

cm,
y at r = 0

any vertical location, cm,

stream function

interfacial concentration of surfactant at any radial

location, molecules/cmg

r'at r = 0‘

P at r —» 00 for time t

-

surface diffusion coefficient of surfactant, cmf/spc.
2)p,

/u,

a constant

3.1416

AR
A 0

Wg
interfacial tension, dyne/cm.
interfacial tension for the pure oil/water system
density, gram/ml,
oil/water system density difference
absolute viscosity, gram/cm?«sec.

time, sec.
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Table 1, Problem Boundary Conditions

Boundary
Velocity Independent | Stream Condition
Variable Function Number
u =0 z =0 KP;= 0 la
u=1Uu z =0 - 1b
u=0 r=0 ¥ =0 2a
Vo= 0 2b

)
H
o
N
i
o

boo | s
u =0 z =y 4’4? =0 4a

=y
ou_ z =y ‘P,zLa—o 4b
: z L=y

z = y locates the drop interface

z = 0 locates the bulk interface
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0il /Water System

Parameters | Toluene/ Anisole/ Cyclohéxm CA/

Water Water anol /Water | Water
AQ 0.133 0.0097 0.051 0.053
¥ 35.0 20,5 3.93 28,9
f&%(cp.)' 0.59, 1.32, 32.8 0,850
brop Volume 0.005 0.020 0.001 0.005
d 0.1061 0.1682 0.062 0.1061
P, 360.0 150,0 75.0 300.0

o 1.5x 1074 1.5x 107%| 1.5x 107% 1.5x 107"
m 1 1 2 1

See notes on Table 2,
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Notes on Table 2,

1. All dimensions are in c.g.s., units,

2. /“a is oil viscosity.

3. The water viscosity is 0.894 cp, ,

4, Mixture CA is 0.84 mole fraction anisole and 0.16 mole
fraction cyclohexane,

5. Lvsignifies a literature value from the Handbcok of
Physics and Chemistry, at 20°C ,

6. -All other values in the table were measured exper-
imentally in this work, at ZS’C .

7. The oil and water were mutually saturated before

physical preperties were measured,
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Table 3. Calculation of the Time Required to Adsorb

1012 Molecules/cm% of S.L.S.

gram/litre x time

of S.L.S. (minutes)
108 9 500
107> 10 5
1074 11 5x 1072
1073 12 sx 1074

The Ward/Tordal equation employed for this

calculation is written:

e= L (1012 )2
60\ 5.78x 10%
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Tahle 4, Calculation of the Center Lamella Thickness

at. the Beginning of Slow, Even Drainage

10

gm/l. S.L.L30+()QE")I NQ}‘:(:I

0,005 ml. toluene drop

| k’r; Calculated Oﬁserved
;inutes dynes /cm, Yo » & Yo » AT
0 0 | 0 0
5 0,0017 13,900 1000
" 10 0.0024 19,600 vIUOO
15 00,0029 23,700 1600
20 0.0034 27,800 1600
25 0.0038 31,100 - 1600

sample Calculation of kirt (Ward/Tordai enuation)

(1 = 5,78x 10? tx60

11 molecules/cm%

S U= 1.,0x 10
kK =1,7x 10714 dyne-cm, /molecule

o kT: = 1.7x 1073 dyne /cm,
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Figure la. Comparison of the Lamella Thinning Models with Typical Data

for Rarrier Rine Thinning - Toluene/Water

Drop Volume 0,005 ml,

10 | v ho = 1x 10'4cm. for

9 : all models except the

Frankel and Mysels Model

Thickness|
-3

A’x 10

Parallel Disc, m = 2

Parallel Disc
and Frankel /Mysels model

ad

o
o Modified Hodgson/Woods
Hodgson /Woods C g model, m =1

, m=1

1 | i Kigid Sphere/ Plane Interface

model
n model, m

16¢

0 0.4 n,8 1.2 1.6 2
8 Elapsed Time (sec.)
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10%gm/1. $.L.5.40.05 N.KC1

x ¢t = 11 min,
= 18 min,
= 26 min,

O
t

Parallel Disc, m = 2

Modified Hodgson/Woods
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Equations Used to Calculate the Curves in Figure (1)

R = ¢ 28p¢g (Based on the parallel disc model)
3%

1. Parallel Disc Model
oY= 1652 (e-¢)
hZ b1 2
d A?g/um

2
h, h
m = 1, one immobile interface

m = 2, two immobile interfaces

2, Rigid Sphere/ Plane Interface Model

h
1n(_ﬁg_)= ZdAj?g(e-eo)

Z

3. Frankel /Mysel s Model
%
h = [0.060 m? dsAgg/.b\
e
4, Hodgson/Woods Model
( 1 1)= - yCe-a)
ho h G/Ldz

This model contains the following assumptions:

1, One immobile interface.
2, Radius of cylinder is d .

3. Lamella pressure at the barrier ring

is ¥

———_————s—-

d -
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5. Modified Hodgson/Woods Model

( 1_ 1\, -¥Ce-8)
h h 12/4.d2

(o]

This modification of the model contains:
1, One interface is immobile.
2. Radius of cylinder is d.
3. Lamella pressure at the barrier'ring

is lL .
2d

Calculation Details for Figure lb.

1, Parallel Disc Model:
=O(J
ho |
6 =20
2, Rigid Sphere/Plane Interface Model:

= - -4
hy, = 3x 10 "cm,

6 =0 |
3. Hodgson/Woods (and Modified) Model:
- -4
h0 = 33 10 "cem.,
e =20

(0]



Figure 2, Problem Geometry
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2=y drop
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Figure 3a, Calculated lLamella Pressure Distributions for Three Models

Polynomial R2

I
I3
&

o

Exponential
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Figure 3a. Pressure Models

.1, Parabolic ( Parallel Disc Model)

SOREY

where R? = 2 Wg

g

2. Polynomial ( Series Type, in Appendix A2)

P=p, -3 po(_’_)z +3 Po(-fY“ po(_fY
R R/ R
| where Rz = 4 Wg
nme,
3. Exponential )
P =p,e - Ar

where A = I Po
We
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Figure 3b. Calculated Relative Lamella Shapes for the

Three Pressure Models in Figure (3a)

~ 0.005 ml. toluene drop

5000 ub : Exponential Mqgdel

4000 |
Lamella
lhickness

A’ '
3000 |
Parabolic
Distribution
2000 4
1000 L

[ }
T

i
¥ T ¥

o 1 2 3 4 S5 6 71 8
r (cm, x 103)

(Vo 2% W
ot
()5 &
Pt
i
o
A ]
-t
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Figure 4. Interface Geometry

Lamella

Bulk
Interface

- o
/7> ‘ - \
‘ Drop
: ' Interface
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tigure 5, Bulk Interface Geometry
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Figure 6. Comparison Between the Expected Interfacial

Distribution of Surfactant and the

Distribution Predicted by Equation (33)

"\ ’v
N\
\
r T
molecules/ —
cmz Expected —

radius, cm,



Figure 7a. Lamella Thinning for the Bulk Interface
Laterally Rigid | '

Toluene/Water
Drop Volume 0.005 mi,
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147

13

12

lLamella 11 ¢t

Thicknfjs 0.35
A'x 10710 -
0.50
/

9

8T

7—1
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1 { L i i 1 1 i
¥ T T 3 L { ] i ¥ ¥
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' radius, cm. x 103
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8 4

Figure 7b,
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“Lamella Thinning for the Bulk Iéterface

Laterally Rigid

Toluene /Water
Drop Volume 0,005 ml,
m= 2

-

-

radius, cm. x 103
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Figure 7c, Lamella Thinning for the Bulk Interface

Laterally Rigid

Anisole /Water
Drop Volume 0.020 ml,
m = 1

11

Lamella |

Thicknesd

A® x 10771

5
7 B
b
t + + ¢ —+ 4 + t + t t T S
0 1 2 3 4 5 6 7 8 g 10 11 12 13
radius, om. x 107
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Figure

7d, Lamella Thinning for theABulk Intertace

Laterally Rigid

Cyclohexanol /Water
Drop Volume 0,001 ml,
m =2

305

0

e

4 3 3 3 3 'y
L) L T ¥ T ¥

2 3 4 5 b 7 8 9 10

‘radius, cm. X 10°
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Figure 8a. Calculated Lamella Thinning

Anisole/Water
Drop Volume 0,020 ml.
17 + . v dg = 1.0x 107> cm%/ sec.

fk = 5,0x 1012 mol,/cmg

16 1
L5
L4 7
13
[.amel la
Thicknesp

' x1073 4

10

3 4 i L
L ' ! ¥ 1 !

ader
-

0 1 2 3 4 5 6 7 8 9 10 11 12 13

e

radius, cm, X 103
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‘Figure 8b, Calculated Lamella Thinning

Anisole /Water
Drop Volume 0.020 ml,
¢% = 1,0x lO“Acm%/sec.

FL = 5.0x lolzmol./cm%

17 4

16 4

Lamella

10 +Thickness
A'X 10-3 ' \--..___.../
9 4 6 = 0 sec.
8 ~
7 4
6 o+
i i ) i ] 3 i i i 4 1 1 i
L A4 b LA 1 L] | ] ¥ ! 11 1] k] A T

radius, cm, x 103
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Figure 8c, (Calculated Lamella Thinning

Anisole /Water
Drop Volume 0,020 ml.
L = 1,0 X'10"3cm%/sec.

S
M, = 5.0 x 10*%mol , /cm?

e = 0 sec,

154

14

13-

124

114

0,20

10+
Lamella
Thickness
A'x 1073

1

9+

0.40

i
]

! i s I i 3
v T ¥

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1—-

radius, cm, x 103
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Figure 8d. Calculated Lamella Thinning

Anisole /Water
Drop Volume 0,020 ml.

/™ : -5 2
N 1.0 x 10 “cm), /sec,

+" = 5,0 x 1013

f)
e mol. fem'

15 + 8 = ( sec.

14

13 1

12 1

11 4
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0 -4
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e
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R
7 =
6 L
L ) 1 Iy i 4 1 J i i i 3 i 4
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Figure 9. Radial Distribution of Surfactant

in the Bulk Interface

Anisole /Water

brop Volume 0,020 ml,

2 ;
Ft = 5,0 x 101“mol./cmz

6 = (O sec,

!n 1

-12

i | 4
L

=

0O 4 & 12 16 20 24 28 32 36 R
radius, cm. x 10
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Figure 10, Radial Velocity of the Bulk Interface

During Lamella Thinning

Anisole /Water
Drop Volume 0,020 ml.

f; = 5,0 x 1012mol./cmg
-4.04 | 8 = 0,010 sec.
-3.0+4
u
S0ex 107
sec,
‘-2.0-'
-1,0-4
0 ) —— e SUE S
0 4 8 12 16 20 24 28 32 36 40

radius, cm, x 103



Figure 1lla. Obéerved Dimpling and Slow, Even Thinning

12
11

10

Lamella

Thickness

At x 1073
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Anisole /Water

Drop Volume 0,020 ml,
10~8gm/1.5.L.5.+0.01 N.K(1
Interface Age t = 2 min,

Uneven Drainage
begins for this
profile at G>10,0 sec,

4
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“-‘-—-\\‘» (//
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Figure 11b. Observed Dimpling and Simultaneous

1 ‘ Slow, Even Thinning
© = 0,25 sec, Anisole /Water
T Drop Volume 0,020 ml,
10"%gm/1. S.L.5.+0.05 K.KC1
T _ ’ Interface Age t = 11 min,

lL.amella
. Thickness
At x 1073 Rupture

ocgurs

radius, em, x 103



Figure 1llc, Chserved Slow, Even Thinning

Lamella’
Thickneg
A*x 1071

dupture’

ocgurs

Cvclohexarcl fliater

Drop Volume (.001 m1,
10™%gm/1. S.L.5.+0.05 N.KC1
Interface Age t = 0 min,

"1t

. : N :
T LA Y B

b o

radius, ¢m, x 10
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Figure 12, Comnarison of Surfactant Concentration

in the Bulk Interface, for Two Models:

15 7T

Anisole/Water
Drop Volume 0,020 ml,
14 1 Py = 131,56 dyne/cmg
y, = 1.53 x 0~%em.
13 T =
m =1 4.62 x 1012
Exponential Model 12
12 (1) P, = 131.6 dyne/cmg' 3.44 x 10
no | (2) p, = 150.0 dyne/c_m? (1)
P
TﬁiﬁCUIii xw10‘11
cm?,-w . I;: > t = 5 min. —_
9 T |
8 g
7 7 Dressure
Polynomial
6 7 (Chapter 2)
X = 4,68
5 + '
& T
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Figure 13, Re-description of Problem Geometry

Toluene /Water
Drop Volume 0,005 ml,

Lamella thickness is
/ approximately 1/20
of the thickness
of this line.

Toluene 01l
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Figure 14, Algorithm for the Solution of the Coupled Equations
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Figure 13a. Compariscn of the Courled Model with Barrier xing Thinning Data

Tcluene /Yater
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S ~ -
' po ’
8 -1 . : ho =

Lrop Velume 0.005 ml,
{ See next page for description of

numbered curves.)
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d
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T
4
F

.

é
1
U Joh 0,8 1

Al - e
€ Flapsed Time, sec.
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Notes on Figure 15a.

Curve

Curve

Curve

Lurve

(L)

(2)

(3)

(4)

3
'S

Calculated from equation (50).

kT, = 0
R =2 Wg
ﬂ'po

Approximate model

Calculated from equation (50).

krt - Q
RS = W
'-—'g-n_ .

Equilibrium model
Calculated from equation (49).

krk = 0,01 dyne/cm,
R = W g

lrpb
¢ = 00,0175 cm.

Calculated from equation (49).

lkf. = 0,001 dyne/cm,

R2 = W
ﬁ'po
¢ = 0,0175 cm.
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Figure 15b. Comparison of the Coupled Model with

Barrier Ring Thinning Data

26 1 Anisole /Water
Drop Volume 0,020 ml.
1 (See next page for
24 description of the
29 numbered curves,)
Py = %L = 120 .1 dyne/cmg
20 4 ho = 3,0 x 10”4cm.
18 |
h
°x 1073
16 T
14 4
12 +
10 T
8§ 4
5 4
4l C ¢ — (3
* X
2 4 ]
0o X
®
0 gy — ey ; :
0 0.2 0.4 0,6 0.8 1,0 1.4 1.8 2.2

© Elapsed Time, sec,
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Notes on Figure 15b,

Curve (1) : kf‘t =0.001 dyne/cm,
R =2Wg
Tp,
| ¢ = 0,020 cm,
Curve (2) : 'kr;: = 0,01 dyne/c:m.~
R =2ug
mp,
» ¢ =0,020 cm,
Curve (3) : kf"t = 0,001 dyne/cm,
R? = W ¢
f15:
¢ = 0.020 cm,
Curve (4) : k(. = 0.01 dyne/cm.
R? = w g |
L2

c = 0,020 cm.

All curves calculated from equation (49).
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Figure 16, Relative Lamella Thickness Profiles

Predicted from the Coupled Model

- Toluene /Water
Drop Volume 0.005 ml.
kri = 0,001 dyne/cm.

R”Z = 2wy

TP,
Calculated from
equation (49).

10 T

1.55 sec.
8 4

l.amella
Thicknesp
A*x 1073

~

=
= 8

0 ~+ t
0 0.005 0.010 0.015 0.020
radius, cm, '
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Figure 17, Bulk Interface Velocity versus Radius

for the Initial Lamella  Prefile in

- Figure (16)

4
T

Tolueﬁe/water

Drop Volume 0,005 ml,

kl, = 0.001 dyne/cm,

Calculated from
equation (48).

i 4

L)
0.005

0.010

radius, cm.

0.015 0.020
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Figure 18. Interfacial Concentration of Surfactant

versus Radius, for the Initial Lamella

Profile in Figure (16)

Toluene /Water

Drop Volume 0,005 ml.
kf& = 0.001 dyne/cm,
5 T Calculated from

equation (43).

4 4

r

molecules % 10-11

cm,
3 4+
2 +
1 4
0 + : — i +
0 0.005 0,010 0.015 0.020 0.025

radius, cm,

This curve is adjusted upward, as noted in chapter 4, part B.
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Figure 19. The Effect of Initial Lamella Thickness and of

Interfacial Surfactant Concentration on the

Motion of the Lamella Center

Toluene /Water
Drop Volume 0,005 ml.
R =2 W g

Tp,

Calculated from
equation (51),

8 -
Thickness
A' x 1073
6 ’4
R = 0.01
4
j@ ri == (), 001
{.‘ 7 /
Ry = 0.0t
9 ST =0.01
¢] ~= i + {

0

1.6

-+

L i
T T 1

0.4 0.8 1.2 2.0

Elapsed Time, sec.



CHAPTER 5, CONCLUSICNS AND FUTUKL WORK



Conclusions

Detailed conclusions are given in the conclusion sec-
tions of Chapter (2), (3), and (4). General ccnclusions, and
the contributions of this work are:

(1) A simple, semi-empirical polynomial has been used to derive
a general equation to calculate the profiles of the relative
lamella thickness. This general equation is useful in the fit~
ting of experimentally measured lamella profiles which were
obtained over a wide range of drop size and oil/water system
physical properties for both this work and for data presented

in the literature. 7The original semi-empirical polynomial may
then be used to calculate the dynamic pressure distribution in
the lamella, the surface shear stress that the'flowing lamella
liquid exerts on the bulk interface, the interfacial tension
gradiént that exists in the bulk interface because cof the sur-
face shear stress exerted on it, and the radial gradient of the
interfacial concentration of surfactant adsorbed at the bulk
interface.

(2) All the light interference patterns produced by the lamellae
of four oil/water systéms could be simplified into five distinct

mechanisms for the lamella behaviour. These mechanisms are:

rapid approach
dimple formation
slow even drainage
uneven drainage
lamella rupture

v~ W~
.
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Lach mechanism has been described and analyzed in detail. In
particular, the use of the polyncmial equation discussed in
contribution No. 1 results in the formulation of a useful hv-
pothesis to interpret the uneven drainage mechanism, 7This
hypothesis is based on the results of calculations which have.
shown that the interfacial concentration of surfactant adsorbed
at the bulk interface in the stressed region of the lamella may
exceed the average interfacial concentration ¢f surfactant ad-

sorbed in the unstressed region of the bulk interface,.

3.a) The simultaneocus observation of drop rest-times and of
light interference patterns hés been extended to include four
different oil/water systems. ‘lhe oils used were toluene, ani-
sole, cyclohexancl, and a cyclohexane-anisole mixture, Une

surfactant, sodium lauryl sulfate, with an aqueocus phase con-

-6 1077, 1074

b4 ’ ’

centration 0, 10 10'3, and 1072 grams/l., has

been used in the study of rest-time and lamella behaviour for

6 and 1074

the toluene/water system. Concentrations of 107
grams/l. were employed in the studies of the other three. oil/
water systems, For the three low viscosity oils, no new drain-
age types could be added to those already observed by Hodgson
and Woods. However, the lamella behéviour for the cyclohexancl/
water system was unique and may serve as a "fifth" drainage
Cype.

The changes in the lamella behaviour for increases in

the interfacial concentration of S,L.S. resulted in a complex
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distribution of drop rest-times with increasing interface age.
These rest-time data have been qualitatively summarized in simple
graphs of rest-time as a function of interface age, for the ran-
ges of the bulk concentration of S.L.S. used.

3.b) A simple method has been devised to predict drop rest-
times. The method employs a staﬁdard rest-time and uses the
physical property dependence of lamella thinning models such

as the Hodgson/Woods model and the parallel disc model to pre-
dict the drép rest-time for even drainage for the same inter-
facial concentration of adsorbed surfactant for any oil/water
system, This analysis also shows that thé effect of the oil/
water system physical properties on drop rest-times cannot yet
be accurately specified because the different physical property
dependencies of the Hodgson/Woods model and the parallel disc
model both give reasonably accurate estimates of drop rest-
times.

4,) An experimental method has been modified to allow the
measurement of the apparent thickness of the lamella when the
rupturé mechanism occurs. Despite the several assumptions which
are necessary, the light intensity of the gray-black region of
the light interference pattern was measured from light inter-
ference data recorded on colour cin€ film. The lamella thick-
ness at rupture was 200 - 400 A° for the 48 measurements

made. These values agree with measurements made by other investi-

gators who employed more sophisticated versions of this technique,.
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5. A theoretical consideration of lamella drainage has been
made, This analysis solves a simplified form of the equations
of motion, written in terms of‘the stream function. A simple
exponential form of the dynamic pressure distribution in the
lamella results, and allows a concise expression for the local
rate of lamella thinning to be derived. This latter expression
is solved with and without coupling of the motion of the hulk
interface. The lateral motion of adsorbed surfactant molecules
in the bulk interface has been taken into account by the con-
sideration of both surface diffusion and of the bulk interface
motion!vhich results when the surface shear stress exerted on
the bulk interface, changes with time. The lack of agreement
between the observed lamella behaviour and the predicted be-
haviour suggests that the motion of the bulk interface has not
been adequately described, particularly in the region of the
lamella outside the barrier ring. The motion of the bulk inter-
face in this region is expected to he complicated by expansion,
as outlined in the discussion of the uneven drainage hypothesis,
This expansion has not been taken into account in the mathe-
matical analysis.

A simplified form of the mathematical analysis has been
made by using the parallel disc model. A simple model results,
This model shows that lamella drainage at the barrier ring and
at the lamella center 1s a function of the interfacial concen-

tration of adsorbed surfactant. This model seems more successful
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than the complex analysis in the prediction of observed lamella
behaviour.

A model has also been derived to account for barrier
ring expansion. This model is based on the parallel disc model,
and while it is only partially successful in accurately des-~
cribing the observed barrier ring expansion over the entire
range of lamella thickness, the model does allow an understand-
ing of why barrier ring expansion occufs.

A final contribution of the theoretical analysis is
that the analysis shows that lamella drainage is not a simple
function of the oil/water system physical properties, and that
the dependence of drainage on physical properties changes with
the radial location in the lamella. The analysis shows how the
physical property dependence of the Hodgson/Woods model arises,
and shows that the rate of drainage at the barrier ring has the

same physical property dependence as the parallel disc mondel,



Future Work

The problem of rest-time prediction in an industrial
liquid/liquid system cannot be solved unless the degree of
contamination of the industrial system is known. Since this
information is likely to be difficult to obtain, any further
work in coalescence studies will be of value only in the under-
standing that the work provides of problems caused by the exis-
tence of lamella drainage. Problems caused by the existence of
foaming, and of stable emulsions, for example, are characterized
by lamella drainage, or the lack of it, and by rupture. Further
studies of the coalescence process therefore will be valuable
if they can determine the effect of such variables as tempera-
ture, solid interfacial impurities, surfactant tvpe, and sur-
rounding droplets on the lamella drainage and lamella thickness
at rupture.,

More specifically, the following work is also suggested:

(1) The effect of the physical property variables such
as the liquid/liquid system density difference, the interfacial
tension, and discontinuous phase viscosity on the lamella drain~
age should be further investigated. The two oils, ethoxybenzene
(phenetole), and propoxybenzene are part of the alkyl-phenyl-
ether series and may be useful in a physical property study,
especially since these two ofi/water systems are expected to
have a large change'in interfacial tension for a small change

333
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in density difference.

(2) Further mathematical modelling of lamella drainage
should be done in order to specify further the effect of the
0il /water system variables and of the interfacial concentration
of adsorbed surfactant on lamella drainage.,

(3) 1t may be worthwhile to continue the work of Vrij
and Overbeek on the prediction of the apparent lamella thickness
at rupture. This may be done bv employing an inertial flow
model for lamella drainage at rupture, instead of a viscous flow
model. The use of an inertial flow model therefore dictates
that the mobility of the interfaces must be taken into account,
Mathematical modelling in this area would provide a bridge be-
tween lamella drainage and lamella rupture,

(4) The possibility of in situ measurements of the
apparent lamella thickness at rupture would be valuable in al-
lowving a cdnfirmation of any results to come from modelling of
the rupture process. The in situ measurements would require a

new optical arrangement to be fabricated, similar to that em-

ploved by M. van den Temple, J. Coll. Sci, 13 125-133 (1958),
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APPENDIX Al. ADDITIONAL DATA



Appendix Al

Additional data on drop rest-times and on lamella thick-
ness are presented in this appendix. These data show the effect
of surfactant type, of interface cleaning, of drop aging, and of
a large oil viscosity on either drop rest-times or lamella dréin-
age. A comparision between the light interference technique and

the light intensity technique is also given.

Al.1. A Change in Surfactant Type

A non-ionic liquid surfactant, 2(2-ethoxy-ethoxy)-ethanol ,
abbreviated to 2-EEE, was also employed in this work.

The 2-EEE surfactant was water soluble, but it may be
also partially soluble in the toluene phase because of its non-
ionic nature, Lamella behaviour for the two aqueous phase con-
centrations may be compared with S,.L.S. behaviour as follows:

0.05 ml, of 2-EEE + 0.01 N, KCl. gave the same lamella be-

haviour as 10'6

gm/l, S.L,S. + 0.01 N, KC1,

Rest-time data measured for these two surfactant con-
centrations for the toluene/water system are given in Tables
(Al.1) and (Al,2).

For 0.50 ml/1. of this surfactant, local lamella de-
pressions were present in some lamellae, especially for an aged

interface. These depressions were observed only when a drop

was at the interface., Lamella thicknesses were about 1000 A°
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Table Al.l Drop Rest~time Data for a Non-ionic

Toluene /Water

Surfactant

0.05 ml. of 2-(2 ethoxy-ethoxy)ethanol/1,

+ 0,01 N,KC1

Drop Volume 0.005 ml.

t C Drain-
(min.) | (sec.) age
0 12.0 E
1 10.1 E
2 9.3 | E
3 8.5 E
4 6.5 E
5 9.0 E
6 4.4 E
7 6,2 E
8 7.8 F
9 3.7 E
10 3.7 E
11 5.7 E
12 6.1 E
13 4.8 E
14 5.4 E
15 10.7 E-sUF
16 5.1 E
17 10.0 E ~pUE
18 12.0 E—UE

Drop Volume 0,0025 ml,

P
t C Drain-
(min,) (sec.) age
0 8.8 F
1 7.5 F
2 7.6 E
3 5,6 ¥
4 4,0 F
5 4.1 F
6 8.2 Foanl]F
7 6.9 F-sUE

E = dimple formation
— slow even drainage
- TUupture
E-3UE = dimple formation
~» slow even drainage
-» uneven drainage
—» rupture
Drop not aged on the syringe,
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Table Al.2 Drop Rest-time Data for a Non-ionic

Surfactant

Toluene /Water
0.50 ml, of 2-(2 ethoxy-ethoxy)ethanol/1,
+ 0.01 N,KC1

Drop Volume 0.005 ml. Drop Volume 0.0025 ml.

t T t T

(min,) (sec.) (min.) (sec.)
0 39.7 0 22.4
1% 11.7 1 15.0
2 12,2 2 11.6
3 17.5 3 10.8
4 11.2 4 7.3
5 7.4 5 8.9
6 10.5 6 8,3
7 9.9 7 6.1
8 9.8 8 9.9
9 7.6 9 9.0

10 11.6 10 4.9

18 hours 4.4
" 2.5
" 5.8
' 4.4
" 6.4 Lamella drainage is uneven
for the data in both tables.

Drop not aged on the syringe.
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before these depressions were observed. Their width was esti-
mated atlQ/u. for this surfactant., When the interface was

cleaned, these depressions were seldom observed,

Al.2. The Effect of Interface Cleaning on
Drop Rest-Times

Three consecuative sets of rest-time data for 0.020 ml.
anisole drops for 10"'6 gm/l, S,L.S. + 0,01 N. KCl, are presented
to illustrate the effect of interface cleaning on drop rest-
times. 7The data in Table (Al.3-c) are also given in Figure (18)
of Chapter 3 and are representative of the effect on drop rest-

times of S.L.S. at a 1()'6

gm/l. concentration, 0.020 ml. volume
drops, for this oil /water system. Local lamella depréssions
appear in some interference patterns, Rest-times for the oc-
currence of this phenomenon are marked with an asterisk, and
are not included in Figure (18) of Chapter 3, The presence of
depressions was seldom observed, and therefore the rest-times
- measured for the occurrence ot depressions were not representa-
tive of the eftect of only the S.L.S. bulk interface concentra-
tion. |

The data in Table (Al.3) show that succéssive interface
cleaning allows the interfacial concentration of surfactant to

be reduced, since even drainage appears after the second and

third cleaning,
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Table Al.3 Effect of Interface Cleaning cn Rest-times

Anisocle /Water
107%gm/1. s.L.5. + 0.01 N.KCL
Drop Volume 0,020 ml,

(a) (b) (c)
Clﬁaqing No, 1 Cleaning No, 2 Cleaning No, 3 ..
; ~ |
t,min.é T sec. Drainagé t,min, L sec. Drainagel t,min. zysecl-mrgiﬂﬁgf
0 | 46.6 |E-sUE | 0 30,0 | E 0 29.2 | F
2 § 29.0 A 2 23.0 E 2 25.3 ¢ L
3% 1 24,0 3% 14.8 E-—=UE 3k 31,9 | E-slE
5 23.9 4% 9,6% 1 s 17.9% A
6% R 4% 5% 18.1 6% 33.5 |
7% 19.8 7 27.5 8 24.8
9 8,6% 9 23.8 9% 11.5% |
10 10.9 10% 28.0 | E-sUE | 10% 25.4
11 22.9 12% 13.6 |
12 16.56 14 17.3 |
13 14.5(dust) 15% 12.9% |
14 13,8% 16% 22.0 |
15 20.5 | E-sUE 17% | lé.4 |
18+ | 18,1 | ¥
19% | 15.7 %E-»UE
i . A

rest-time was affected by dust, dirt, or local lamella

depression.
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Al.3 The Effects ot Surfactant Concentration
and of Drop Aging on Dron Rest-Times

A small change in the aqueous concentfation cf S.L.o.
should allow the effect ot a more rapid surtactant adscrption
on drop rest-times to be observed. The effect of aging the
drop interface for 100 seconds while the drop was on the capil-
lary tip has alsc been studied. Rest-time data for these twc
variables are given in Table (Al.4),

These data show that a slight increase in the aquecus
concentraticn of S.L.S. has reduced the value of Ceo This is
caused by a more rapid adsorption for a larger ccncentration
of $5.L.S. The interface mobility is reduced. The drop rest-
times are also smaller for an increase in concentration of S,L.S.
This is caused by a decrease in the time, 't/, taken to form the
dimple,

The aging of the drop interface also increased the time
taken to form the dimple., Dreop rest-times for an aged drop are
therefore larger than for an unaged drop interface, A small
interfacial tension gradient should be set up in the drop inter-
face during the rapid approach of the drop to the interface.
The contraction of the drop interface should add additional
water to the lamella dimple. 7T1he rate of addition of water
should be faster than for an unaged drop interface. However,
the total time taken to form the dimple may or may not be less

than for an unaged drop interface,
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Table Al.4 Effect of the Aqueous Phase S.L.S. Concentration

and of Drop Aging on Rest-time and Dimple

Toluene /Water Formation Time
3 x 10"%gm/1. 5.L.5.+0,01 N.KCL
Drop Volume 0,005 ml.

(L)
Drop not aged Drop aged 100 sec,
P -~ . -~/
t,min, ésec, L sec, t,min, (sec. | Csec.
0 1.3 1.3 0 0.7 0.7
1 10.5 6.5 2% 13.4 4,3
2 12.3 - 4% 11.2 2.7
3 9.6 5.2 6% 9.4 2.6
4 9.2 3.5 8% 10.4 2,2
5 10,2 2.5 10% 11.8 2,3
6 - 8,8 - 12% 8.9 2.0
7 9.9 1.9 14% 8.4 1.7
8 8.7 1.6 16% 8,4 1.4
9% 9.1 1.5 18% 6.6 1.1
10 7.1 1.05] 207 7.1 1.0
11 7.8 1.0g 22% 6.9 1.0
12 - - 243 6.8 <1.0
13 8.3 1,2 26% 4,8 <1,0
14 5.7 1.0 28% 6.4 <1l.0
15 5.6 <1.0
16 5.4 "
17 5.6 "
18 5.8 '
20 4,2 "
21 5.7 "

1. Drainage is even for all drops,

2, ‘@Iis the time taken to form the dimple. 1t was
measured from tﬁe instant that the drop reached
the interface until the instant that the lamella

reached its maximum thickness at the center,
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Table Al.4 (continued)

Toluene /Water

1 x 10~%m/1. S.L.S.+ 0.01 N.KC1

Drop Volume 0.005 mi.

(2)

Drop aged 100 sec.

L/

secC,
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Drop not aged

I3
sec,

T
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t,min,
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Drainage is even for all drops.
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Al.4 A Comparison of the Light Interference

and Light Intensity Techniques

The data in Figure (Al.l) show the change in barvier
ring thickness as a function of the elapsed time, 6, for two
different drop sizes. Below 1000 A®, the lamella thickness
was measured using the light intensity meter described in Ap-
pendix A.3. Despite some degree of subjectivity inherent in
the measurement of lamella thickness from white light interfe-
rence colours, and the use of the white light intensity as a
measure of the lamella thickness, there is a smooth transition
between the measurements produced by the techniques.

Al.5. Lamella Thickness Data for the
Cvclohexanol /Water System

Lamella thickness data for the cyclohexanol/water sys-

tem forv10"4

gm/l., $.L.S. + 0.05 N. KC1. for a 0,001 ml. drop
are given in Figure (Al.2). The lamella behaviour during the
first 60 seconds of elapsed time of the drop at the bulk inter-
face is complex. However, after an elapsed time of 60 seconds,
the lamella center thickness decreased linearly with time from
15000 A* to about 5000 A°, The barrier ring thickness decreased
from 4000 A* until rupture occurred at less than 1000 A°,

| There is a linear decrease in the center lamella thick-
ness with an increase in time for the data in Figure (Al.2).

This is contrary to the model proposed by Frankel and Mvsels,

The prediction of lamella thickness from this model is shown
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Figure Al.1 Barrier Ring Thickness versus Elapsed Time

Toluene /Water

0.05 ml. 2-EEE/1. +0.01 N.KCl

X 0.005 ml. drop

¢ 0.0025 ml. drop

4060

-t

3000 4

Thickness
Al

2000 4

1000 4

0 ‘ 1 2 3 4 5
© Elapsed Time, seconds
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Figure Al,2 Dimple Center and Barrier Ring Heights for

i Cyclohexanol /Water - Even Drainage
7 | 10™*gm/1,5.L.S.+0.05 N.KCl
Drop Volume 0,001 ml,
0 t = 30 sec,
1 X t =6 min.
a ® t =11 min.
1 O t »oc
® Frankel/Mysels Model
+ y = 4.2x107%
o p*:
T Value of constant was
Dimple
1 Center adJustedito yield
Yoo 15000 A"
+ 6°= 60 sec,
Thickness (u)
4 A'x 10.‘3
T ®
o
T Barrier
e R
0 40 80 120 160 200

e Elapsed;Time, seconds
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in the figure; There is also a reproducibility of data, regard-
less of the bulk interface age. This large viscosity of the
cyclohexanol phase appears to dominate the motion of the bulk
interface. For less viscous oils, the bulk interface concent-
ration of surfactant controls the motion of the bulk interface.
The dimple center may move upward to a maximum height which
depends upon the interfacial motion of the bulk interface.

The profiles of lamella thickness for cyclohexanol /water
given in Figure (llc) of Chapter (4) show that only one side of
the barrier ring becomes thin. The remainder of the barrier
ring height decreases more slowly. The black interference colour
extended over an angle of about 30°, while the colour over the
remaining 330° was amber or white, The colour in the black re-
gion becomes very intense shortly before rupture, and the lamella
thickness in this region decreased very rapidly when the lamella
thickness was less than 1000 A*. This is shown in Figure (Al.2).
There is no apparent explanation for this type of uneven drain-
age behaviour.

The slowness of the lamella behaviour for the cyclohexanol/
water system may be shown relative to the other low viscosity oil/
water systems used. The data in Figure (Al.2) may be comparedv
"with that data given for toluene/water in Figure (Al.3). The
lamella behaviour for the toluene/water system occurs an order
of magnitude faster than the lamella behaviour of the cyclohex-

anol /water system,
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.Figure Al,3 Dimple Center and Barrier Ring Heights for

Toluene /Water- Even Drainage‘

107%m/1. S.L.S. +001 N. KCl
Drop Volume 0.005 ml.
Interface Age t = 11 min,

Dimple Center

10 T
) 4

6
Thickne;L
A* x 10:§

Barrier Ring

0 1 2 3 4 5 6 7 8 9 10
e

Elapsed Time, seconds



APPENDIX A2,

AUDITI1ONAL DERIVALIONS AND CALCULATIONS



Anpendix A2

This appendix will give additional details on the deri-
vation of the equations given in Chapter (4). Approximations
which were made in Chapter (4) will also be discussed, aund
equations for the parallel disc model and for the expansion of

the barrier ring will be derived.

A2.1 An AlternateDerivation of the Lamella
Drainage Equation

The detailed derivation of the lamella thinning equation
in Chapter (4) was necessary to show how the exnression for
lamella pressure was produced. The derivation is long and the
assumptions made are obscured, This section will consider a
much simpler derivation,

The equations of motion may be simplified by the fol-
lowing assumptions:

(1) Only flow in the r-direction is significantly large.

(Figure (2) of Chapter 4 gives the geometry for this derivation.)

2) 2 (12 (ru)) « 2%
Odr \'r Or dz¢

(3) Pseudo-steady state
(4) Creeping flow

(5) Axisymmetry

The application of these assumptions to the equations of motion

350
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leads to the following result:

19p . %
Y Or d 22

This equation may be integrated twice with respect to z to

vield:

U = 21 op 22 + az+b

e OF

The application of boundary conditions:

B.C. 1 B.C. 2

u = 0

u
. - o {%E = 0, z=y, m=1
u = 0, z=vyv, m= 2

gives:

u =

- Z/L’L onouos(]-)

1 _QE(ZZ-Z. YZ)
or m

This equation may be substituted into the continuitv equation,

which may be written:

du . u . Ow _
>rFT ¥tz -0 e (2)

The continuity equation is integrated with respect to z to give
the final result:

50 2 ey
m/Lc r | m/u r r

; 3-m) 1 Op ¥
6@/» r oOr eneee o(3)
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ihis expression is the same as that derived inChapter (4),

2
where the derivatives of p were evaluated from p = poe-?\r

1f equation (26) of Chapter (4) is used:

A i (._@..z.z+_1_.9..z-2.)
r d seeaaalt)

2 Orz

then equation (3) becomes:

Oy . Gm 3(_X a"z_l_i:»% <
06 em,uy( 2(6r+rar r?

1 oy 2 ¥(23%,19% 1 9y
+2m/u ary( ( 3+rc)r‘2 2 or
Oy
Or

2
+$_3_-_n_uzy3(-_?f.(_1.%_§+;;z.g.§-;%

ém 4 2
4

There is a difficulty with the apparent indeterminacy of equation
(5) at r = 0, Hartland has derived a similar equation for a drop
at a flat plate (17), and he has assumed that a spherical cap
exists at r = 0, This is not necessary since equation (5) is
determinate at r = 0. To show this, the boundaryv conditions

on v at r = () are considered first.

B.C. 1 y#0
B.C. 2 %-g =0
2 r=20
B.C. 3 —Q—% # 0
Or
3
B.C. &4 o7y _ 0

33
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Three groups of terms cause difficulty:

‘ 3 4
Group (1) = i —-a-§ = —é——% at r = 0
r Or Or

The application of L'Hopital's Rule shows that Group one may be

evaluated.,
2
1 9 1 9
Group (2) = = -——% - LY = 9
r 0rf 2 Qdr

2
Since-g—-% 4 0 at r =0,

r

This group of terms may be written:

. 2 |
(2) = (_g._g-.l _g_f).._)l(gi%_f)zv)

I ]

r r r érz

as r ~> 0, With L'Hopital's Rule, these terms become

3. 3
-g-ﬁ--f-;g -0 = (2).

Group two may also be evaluated.

--a—-:-ji'_z -——-%az +——2--§—X = ?

Group (3) . = Sr ';"2‘ dx r3 or

I

L T [

___6_:_’% *—g"i% as r —y 0

or T

The next two terms can be written as before:
. c)avv 2 ( 32 1 o
(3) = =% - —F - ==X
Or 2 el r Or

Q4 _1 53\1 - 631!
E—% r ( ()1‘3 (’)1'3)

Rl
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_ 0% [_oby 543/)

PP (ar‘* dr?
4

- .g__%

Therefore equation (5) may be written at the lamella center

'

as follows:

dy . _G-m ¥ 30"
08 bm 4 -B—r-Z ceeasslB)

A2.2 Infinite Series Form of the Stream Function

Equation (8) of Chapter (4) used an infinite series tc
exrress the velocity derivative. An infinite series is neces-
sary to satisfy all the boundary conditions, and is written ex-
plicitly in terms of r so that equation (8) may be integrated.
A final difficulty is in the values of the index i to use in
the series,

If i equals one, then:

1 Q. ( ?%?% ) = f(z) + g(z2) rA'

r or

This expression may be integrated and the stream function fcund

to he:
g 5 4 2

“’(r,z) = %5 g(z) - %3 £(z) - %T h(z) + ¢

d ¢’

oz

. / \
function of r, ¢ must be a constant, This censtant may be set

/.
= { and since ¢’ is not a

Since -%%; = 0 when r = 0, then

arbitrarily to zero., The above exnression for W:may be substituted
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into the equation:

%Jzzzz + 2 l7‘}1:'1':52 - Z\+rzz =0
r
to give: .

r 8 _3 2 .3
“ 738222z ~F T By tTT T By,

4 2

r 2 X =
18 £u222 - F £z = T Przzz 0

Since r is not zero, then:

Br22z ~ O
822 =0
fr222 = O
2fzz * boazs * O

The derivative g,, may be integrated tc give:
gz) = pz + g
The boundary conditions are:

\sz = 0 ’ 4 = 0’ _'.o P = 0

Ye

Therefore, g(z) must be zero and there can be no odd power of

i
<

r in the original infinite series. Therefore, i =0, 2, 4,...

A2.3, Order of Magnitude Analysis of the Complete
Stream Function Expression

For equation (13) in Chapter (4),uthe coefficients a’
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and e’ may be evaluated by using the boundary conditions on

pressure. Since the following approximation may be written:

op . 1
2 r LPzzz ceeess(9a)

1
then,

i r 3
er a r
%‘% -5 - 1% RS

ol

?:IH

Equation (9b) represents a three term pressure polynomial whose

coefficients are:
) 64p0 p g P,

where
R2 - Mg
M Po
The boundary condition on q)(r,z) is: ?; = 0,z =y
or q)zz == 0’ z e y‘

Equation (9a)'may be solved for ¥ . The application of the
above boundary conditions gives an expression which may be scl-
ved for the quantity b in equation (13) of Chapter (4). Uhen
y is expressed in terms of an infinite series and is substitu-
ted into equation (13) and the coefficients of like powers of

r are summed, an infinite number of equations results, The
second equation of this infinite number, for the coefficients

of r2, may be solved for b’. The results are:

o(a’) »>o(b’) = 0o(e")
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and O(a’zs) % O(b’zz)
5 ! 4
2a’ z (Zb 4 )
0(“"1"20"‘) OO\

oo} et

1herefore, the stream function has. the approximate form:

. 4 /7.3 /.2
- X a z b z
tira ¢ “""16( 5t T2 )
2

then,

Sz
" Only terms in 23 and z2 are significant,

A2.4., The Convergence of 1In (1 + j)

Thomas (1960) has shown on page 807 of his text that
the logarithmic series is:
j2 3 4
In (1 + §) = j..-2-+%-~1—+...
This equation becomes the series in Chapter (4) when j = 1.
An alternating series converges conditionally even when the
all-nositive series diverges, but the following conditions must
be valid:
(1) The series is alternating
(2) The n-th term tends to zero as n increases
(3) Each term is numerically less than the one before
it. Therefore the series for ln (2) converges
conditionally and the series in Chapter (4) has

the value 1n (2) = 0.693,
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A2,5 Details of Solution Assumptions

Velocity derivatives in the r-direction will be first
shown to be small relative to the velocity derivatives in the
z-direction. Then, the pseudo-steady state and creeping flow

assumptions will be considered.

. : .3 2
If, W¥(r,z) = - %; F(r) +557 y F(r)

then,
_ 1 oY 22 F, __F
T Tz T T Hy
and,
T Or ~ 7% rdr ° rdr 2r Or
Since, )
F = 2 e")\r
and, 2
_ 27 p, 2 - M Po
(3 MWg Wg
Then,
A= 0(1072)
wg = 0(1071)
- -2
Pob = 0(107%)
r = 0(107%)
y = z = 0(107%
A 0(10%)
9y . 0(107%)

o
"



g - 0(107)
&£ = o@10)
Therefore,
u = 0(10-3)
w = 0(107°)
The derivative %%% may be approximated by %, and
Sty w
by .
32 r?
Then
32w 1 dw -1
——5 t = = 0(10™ %)
or r Or
since
d % 3
-3 = 0(107)
Oz
Then,
.1,_§. rQw <‘<_Q_2.‘!.
r r or 522

Similarly, for the velocity in the r-direction

=

oz

“« 9 "'_"(
r

d
o2
d
0

i

19; (ru)) = o(1oh)
0(10 °)

0 (rw) ¢

= )

b

359
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The creeping flow assumption is valid if the Reynolds
Number, which is the ratio of inertia terms to the viscous
terms in the equation of motion, is much less than one.

For the z-direction,

; W, o OwW -6 ’
Nep (’("%‘E “’Tz') _ g(gig)z - oa0-7)

d%w
Y
and for the r-direction,
du du
N (’(“"5’:? M "E) 0(107%) -7
RE_ = — = = 0(107")
r 9%y 0(10°)
+ oz

Convective acceleration terms may therefore be neglected.
The pseudo-steady state assumption requires that the
time acceleration term be small relative to the viscous terms.

For the r-direction velocity,

_22 O0F Oy _ zzFézy
- 2rm ©6 Or 2rm 90 or
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1f these equations are used, and the values of parameters

are found from the program solutions, it is found that:

apo _ 2
56 - 0(10%)
A\ ) 3
LA = @10
56 (107)
-1 8
Se 9(10 )
OF _ 4
50 0(10™)
D% .6
deor 0(107)
oy _ -4
Y 0(10™%)
a2y -1
—5—6—%1: = 0(1077)
o _ -1
ﬁgﬁ = 0(107%)
then,
Qu -3
f 5 0(10™"7)
and so,
€ 56 _ owod . 0(10-5)
1 bzu 0(107)
/ ()Zz

For the velocity in the z-direction,

Pl - o2y

08"

= 0(1073)
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then: p dw 0(10-3 .
26 (10~ -
= - 0(10
3% ool (1075
Fe

The creeping flow assumption therefore appears to be valid.

The assumption of the arbitrary straightening of the
lamella should be discussed. This assumption is valid if the
curvature of the lamella is small relative to the lamella height,
To show that the curvature has little effect on the solution,
the difference must be small between the dynamic pressure that
the lamella liquid exerts on the upper surface of the lamella
when the lamella liquid is being comstrained to follow a cur-
ved path and the dynamic pressure that exists when the lamella
is not curved. Re-stated, the assumption requires that the
increment in the dynamic pressure exerted on the upper lamella
surface because of centrifugal force acting on the flowing
lamella liquid must be negligible relative to the existing
lamella pressure when the lamella is straight.

The centrifugal force per unit area may be written:

Pk, T ™

R

where m* is mass per unit area in the lamella,u is radial velo-

city in lamella and ﬁlis the radius of curvature of the lamella.

-Jt , the constant b will be large for small ﬁ'

g

and therefore measures the curvature. To find m*, the foliowing

1f b is equal to

approximation must be made,
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lamella volume

= lamella area x average height

or: VL = ALh
C = density of lamella liquid
*. 3t = .Y. =z
cem ? A : ?11
- 2
pC,F, = ‘fbh u

For the drops used in this study:

0 - 0109
b = 0(10)
h = 0(10™%)
and since nbh = 0(10~3)
- oy = -3
and, u = 0(1077)
then, Pepl = o(10~%) dyne

cm,

The dynamic lamella pressure is of the order of 102, There-
fore, the lamella may be arbitrarily straightened without sig-
nificantly changing the fluid mechanical behavicur of the lemells,

A2.6 The Simplification of the Radii of
Curvature Exnressions

The linearized equations for the radii of curvature
of the bullk and dro» interfaces must be shown to hold at large
lamella radii. This section will derive a simple ex»ression

that may be solved to allow a comparison between this more
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accurate expression for the relative lamella thickness and the
linearized expression used throughout this work.

The radii of curvature for the drop interface are:

and

1 dr
| PRYVAR
p dh
2 ri 1+ g%
where h is the height of the drop interface above the horizontal
reference axis, as shown in Figure (3 ) of Chapter (2). The |
height of the bulk interface, k, may be similarly defined and
employed to express the radii of curvature of the bulk inter-
face at any radial location r.
When a force balance is performed at any radial loca-

tion r in the lamella,

= _2..1.+x(_4.9:’;;+__1__gg>
d Hl dr” H2r dr

- -X(l d212<+ 1 gl_l_g)
.."’.(1)

where
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Since h =k - vy, and'%é <<'1, as shown in Chapter (2) for the

toluene /water system for a 0.005 ml. tcluene drop,lthen:

2 9
dh d a’h d
s Sy and | + 4-
dr dr dr? dr¥ )

These approximations become more accurate as the radial distance

outside the barrier ring is increased, because g% —> 0 and

gﬂ’-'awo
dr 9
Before the substitution for dh and d’h is made in terms
dr drz
of y, the accurate forms,
dh o gk dy d’h _ d’k 42
dr dr r dr” dr” dr”

are used and are substituted into the numerators of equation (1)

to yield:
2
2% X( 1 d°k 1 d )
D R i ] o — —
d H, dr’ H.r dr
1 2
2
- x(.J; d7y , L. Qx)
‘Hl dr Hzr dr
2
-y (_l.___zdk+__1_él_<>
K1 dr K2r dr
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Therefore:
2
¥ _1.+..1.)dk S U _.1..).1. %)
H " K ) 4.2 Hy Kofr dr

. _2Y ) (.1..9_2.;+ sl.x)
d H; dr azr dr cernee(2)

Equation (2) is an exact force balance, but the equa-
tion is difficult to use in this form. As was done in Chapter
(2), the left-hand-side of equation (2) may be set equal to

-2 p. This is an approximation.

Then:
1 a2 1 dy 2 2
PRy +-——-———l - - = ..-X-B
H]- dr Hz d d .."ﬂ(3)

wher e Hy and H, may be approximated by:
2\ 3/2
d
Hy *(,1”(3}3\).)

2 *(1““(3%\2\%

Equation (3) is a more accurate form of the force bal-

H

ance than was used in Chapter (2). 7The effect of the H, and
HZ factors on the relative lamella shape calcplated from equa-
tion (3) may be evaluated by employing the following steps:
(1.) The factors H) and H, are assumed to be unity.
The value of y is calculated as a function of r for an arbit-
rarily specified polynomial distribution of the lamella pres-

sure, p.
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(2.) The factors H; and H, are evaluated and y is again
determined as a function of r.

- (3.) Step (2) is repeated until the convergence of the
relative lamella shape is achieved. These calculations were
made for the toluene/water and anisole/water systems for an
arbitrary distribution of the lamella pressure. The results
are shown in Tables (A2.1,2).

The calculations were started at the barrier ring, since
at less than this radius, the value g% much less than 1 is ex-
pected, The data in the tables show that the percentage change
in the lamella height at R is 1 - 3% for both systems.‘ No fur-
ther calculations have been done, since this small change in
the relative lamella shape when a more accurate form of the
force balance is used should not alter the conclusion that
rmax.>'rL for some of the lamella profiles shown in Figure
(8) of Chapter (3).

Also, an approximation was used for the L.H.S. of
equation (2). Since the use of Hy and H2 in equation (3) does
not significantly alter the relative lamella shape, the use
of H; and H, in the L.H.S. of equation (2) should not radically
alter the percentage change in relative lamella shape when com-
pared with the shape calculated from the linearized equations,
Both K, and K, approach unity as r approaches R. These factors

will not affect the calculations adversely,



Table A2,1

368

Effect of Linerization of the kadii of Curvature

Expressions on the Calculated Relative Lamella

Thickness Profiles

Toluene /Water

Drop Volume 0,005 ml,

Radius Linearized First Converged
cm. Kesults Iteration| Result
A’ A’ A°

0 15,500 15,500 15,500
0.0069 15,154 15,154 15,154
0.0104 15,658 15,656 15,656
0.0202 32,959 32,953 32,953
0.0302 106,773 107,019 | 107,021
0.0400 277,719 280,799 280,869
0.0489 532,208 546,174 546,913

<~-Rarrier King

% Change is

2.76%

Convergence was reached at the fourth iteration.

p,= 339.88 dyne/cm%

P =Py - 3 Po¥

2

¥ + 10.
=
4

+ 3 p,r - P,or

4 6
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<«-Barrier Ring

% Change is

0.74%

Table A2,2 Effect of Linearization of the Radii of Curvature
Expressiohs on the Calculatéd Relative Lamella
Thickness Profiles

Aniscle/Water
Drop Volume 0,020 ml.
Radius - |Linearized First Converged
cm. Results, A° Iteration Results
. A", A°
0 15,500 15,500 15,500
0.009Y 14,341 14,341 14,341
0.0150 16,308 16,307 16,307
0.0201 25,194 25,192 25,192
0,0300 78,919 79,015 79,016
0.0351 133,434 133,845 133,847
0,0424 245,979 247,78k 247,807
1. Convergence was reached at the third iteration.
2. p,= 131.88 dyne/cm., = _g_'+ 10.
3. The same form of pressure distribution as

used

in the calculation of the results in Table AZ.1l

was used for this calculation,
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A2.7 The Pressure Polvnomial Work

The work in Chapter (2) on the application of the pres-
sure polynomial to the description of dimple shapes is reason-
ably complete. This section will compare the calculations of
dimple shapes given in Chapter (2) from the semi-empirical poly-
nomial pressure model with the shapes calculated from the theo-
retical exponential pressure model, derived in Chapter (4).

A comparison of the prediction of these models relative
to the same experimental lamella shape used in the polynomial
work of Chapter (2) is given in Figures (A2.1),(2' and (31.

The most distinctive difference among these figures is in thé
location of the barrier ring. The exponentialvpressure model
predicts narrow barrier ring radii. This is because the ex-
perimental lamella pressure does not decay as rapidly as the
exponential model predicts.

This comparison also suggests an important conclusion.
The theor& derived in Chapter (4) is not adequate to describe
exnerimental lamella shapes., This may be caused by the limita-
tion of the assumptions used. The assumptions simplified the
problem to permit the analytical treatment, but there is a loss
of accuracy.

A final conclusion that may be made is that the semi-
empirical polynomial pressure model should still be used if
an accurate description of the lamella shape and pressure is

desired.
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Figure A2,1 Observed Kelative Lamella Thickness Profile

11

10T
g -+
g8 T
7 -4

Lamella T

Thicknesd

Toluene /Water

Drop Volume 0,005 ml,

107 %gm/1. 5.L.5.+ 0.01 N.KCl
Interface Age t = 16 min,
Flapsed Time © = 8,7 sec,

(Rupture occurs )

Atx 10737
. 4
5 4
. +
1 4+
0 —t : : + -+
0 0.005 0.010 0.015 0.020 0,025

radius, cm,
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Figure A2.2 Semi-Empirical Prediction of the Relative

Lamella Thickness Profile

Toluene /Water
¥= 32,9 dyne /cm.
11 - AP= 0.133 gm/ml.
DProp Volume 0.005 ml,
10+ (Data in this figure are
g 4 from Table 2, Chapter 2)
2
= 332, dyne/cm’
2 1 Ps : yne/cm
7 4
Lamella |
Thicknesg
A x 10#?
4 <+
3 4
, 1
1 +
Q t % + % :
0 0,005 0.010 0.015 0.020 0,025

Radius, cm,
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Figure A2.,3 Exponential Model Prediction of the

11 J

10 -

Lamella

Thickness4

A® x 1073
S-‘

Relative Lamella Thickness Profile

i

Toluene /Water

X = 36, dyne/cm,

Ap= 0,133 gm/ml.

Drop Volume 0,005 ml,
Calculated from equation

(27), Chapter 4)

Py = 389.3 dyne/cm%

p_ = 409,3 dyne/cm?

o]

s
T

0.005

0.010

Radius, cm.

i 4
1 ¥

0,015 0.020 0.025
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A2.8 The Series Tyne Pressure Polynomial

The pressure polvnomial »roved to be extremely valuable
because the lamella shape, the lamella pressure, and the inter-
facial distribution of adsorbed surfactant could be predicted
as functions of the radius. An analytical form is known for
the lamella pressure, but the use of the polynomial is the only
means by which an analytical method can be used to calculate
the interfacial distribution of adsorbed surfactant, This will
be outlined in section A2.9.

The a; in equation (18) of Chapter 4 can be evaluated
from the polynomial expression for the pressure distribution.
To illustrate how the a; of equation (18) in Chapter 4 were
found, the coefficients are determined when equation (18) is

truncated after five terms. Equation (18) becomes:

2 4 6 8
Y a,r asr anr a,r
B 4 39.+ 1 + 2 + 3 + 4
/‘L /" 4 64 576 2304 ‘--0000(7)

Sufficient boundary conditions are chosen so that the a; can

be found in terms of a radius R, The value of R is defined as
that radius at which the lamella pressure is zero. For equation
(7), the boundary conditions on pressure hay be written:

p = 0 o2 0
Py

3
LR - _é_g = 0 .
or or


http:polynomi.al
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A fifth boundary condition is that the lamella pressure must

halance the drop huoyancy force. The equation is:

<R

2T rpdr = Wg
O ."”.(8)

For the first four boundary conditjons, the four resultant

equations from equation (7) are solved simultaneously to yield:

. =16 a

r2

384 a
a 2 - """"Z'R ro—
~2304 a,

R

il

2304 a
&

i

a,

and the fifth boundary condition then yields:

R2 - 5> Wg
ALTT 39
P
where ag = L .
A

7/
1f more terms are used in equation (7), more houndary

conditions on the pressure derivatives at R are used, Table
(A3.3) shows the results when a various number of terms in
equation (7) are used.

Clearly R? approaches infinity as an infinite numbher
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Number ot Unknown aigand Their Value
Coefficient
2 3 4 5
a; -8 ap - 12 ag -16 a =20 ag
R2 R2 R2 R§
a, - 64 a, 192 ag 384 a 640 a
R; Ri Ri Ri
a., ~576 a, -2304 a -5760 ag
RO r? RO
a, 2304 a 11520 a
RH R8
as ~6400 ao
R
Valug of 3Wg 4 W g SWg 6 Weg
R
#Tay M a, Allay g
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of terms are taken. To find the values of the a; as an infinite
number of terms are taken, general expressions are needed for a,
in terms of the number of unknowns. If n is the number of un-

knovms, then:

-4n%o
a
1v R
and since, R? = (n+l)__Wg
AT 39
2
a, = —zén_ [ alldg
1 (n+1) We
Since, n —3 oo
4T 8
Then, a —> =4 ( Wz a
For the second unknown,
a
&*
and so, : 2‘ ,aTT a, 2 a,
a, —> 3 7

And for the third term,

a. = -9% n(n-1)(n-2) (.A*7Tao> 3 ag
3 (n+1)3 Wg

3
4T ag)” ag

Similarly for a, and ag:

\4
T 3\ a8,
84 ——p 96 (-—Wé—*}



377

More values of a; may be found if more terms are used in the
polynomial expression for p - This method shows how the ay

in equation (18) of Chanter (4) may be evaluated.

A2.9 The berivation of an Exnression for the Interfacial
Distribution of Adsorbed Surfactant

The product of the series polynomial expression for the

radial pressure gradient and the series expression for the re-
or
series are obtained from the following expressions:

as a function eof r. These

lative lamella thickness defines

P = 3+ azrz + al’r4 + aor6
and y = ¥, t b2r2 +‘b4r4 + b6r6 + bSr8
where: ay = center lamella pressure
a, = -3a
R2
a, = +3a,
Ri
a
-_0
a -
6 g8
R2 = 4Wg

Imag
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and Yo = center lamella height

o
Eay

i
o JN TN
e )

o

% T e

The interfacial gradient of adsorbed surfactant mav be
written for a mobile drop interface as in equation (11) of Chap-

ter (3):

kKO y2p
or or

where r is the interfacial concentration of adsorbed surfactant
at any radial distance r, and k’ is a constant used in the iso-

therm for interfacial tension, This isotherm is:
¥ = ¥y -T

1If y and 312 are found from the olynomials then equa-
a r p 3

tion (1) is written:

dp _ 3 5 13
Y?;% = CpFf Fog,rT b CerT 4+ ... €T ceeean(2)

where the c; must be found from a term-bv-term multiplication

of the polynomials,



379

Equation (2) may be integrated with respect to r to

yield: 1
2 4 4
rzr__z_(°2r+°4"'+ __;.g,__.)
Ok’ 2 4 14 eeena(3)
where the boundary condition M= TB at r = 0 has been used

to evaluate the integration constant,
The interfacial distribution of adsorbed surfactant may

be calculated from e quation (3),

A2.10 The Parallel Disc Model

A derivation of the parallel disc model is presented
in this thesis for the sake of completeness. 7The derivation
closely follows the derivation given by Hodgson (1965).
1f all the simplifying assumptions discussed in Chanter
(4) are valid, the equations of motion may be written as:
p Oy L dp
79 Or

Z

ereeea(1)

This equation may be integrated twice with respect toc z. 1If
the bulk and drop interfaces are both immobile, the resulting

equation is:

w = (2% - hz) dp
2.1 or

4
”’

1)
nase»o(&i-r‘i '

If only the drop interface is mobile, the result is:

u = (22 - hzz Op i
Z/L dr -....,(z‘h)

The volume flux across any perpendicular plane may now



380

be evaluated at any radius r. The equation for this flux is:

h

Q iy 2N r u dz
0

where Q is the volume of water which passes through the verti-
cal plane located at r = r

h is lamella thickness,
This equation may be solved when either eqbation (2a) or (2b)

1s used. For both cases, the result is:

2 3
(3-m)* T'r dp h
- e T e e

where m is the number of immobile interfaces,

q =

A mass balance for the water in the lamella may now be
made on a ring of elemental volume. oince the following equa-
lity must hold: |

mass into the ring - mass out = the change in mass in the ring

The following partial differential equation results:

(3-m)2(62%+l_6_2) - oh
1%u 0T r Or 00

Before equation (4) can be solved, the pressure gradients must

crensa(d)

be evaluated. 7To find an expression for the pressure in the
lamella, the continuity equation is written in terms of velocity.

This equation is:

a /
%}; + = constant = W

Ric
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This equation may be integrated with respect te r to yield:
I R
W= g crrean(5)

where the boundary condition: u is finite at r equal to zero
has been used to evaluate the integration constant.
1f equation (5) is equated to either equation (2a) or (2bh),

the result is:

00 -
Or Kzr !lqloa('ﬂ‘)
Equation (6) may be integrated to yield:
K
- Z 2 .2
p = 7 (r-RY) | veeenal(7)
where the boundary condition: p = 0 at r = K has been used,

Since the pressure force in the lamella must balance the drop

weight, equation (8) may be written as:

R
2Tr pdr = Wg
0 cernaa(8)

1f equation (7) is substitured into equation (8) and the result

is integrated, it is found that:

"

K, = - 4N
z MK

'J:

Therefore: o
62 = _ & Wz r
or TR
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and 62% - ’_ZL__W_%

The partial differential equation, equation (4), may be written

in final form as:
oh _ _ 2(3-m)ZWg h3
d6 3/u7Ta“ veeena(9)

If the average lamella pressure for the parallel disc is %gi’

a force balance may be made to find R.

Since: 2
: 2% TR ,

then: , 2
: R = d 2 Aﬂ g ‘
x '.a:ta‘(lo)

When equation (10} is substituted into equation (9) and the re-
sult is integrated with respect to r, the integrated form of the

parallel disc model is:

( 11 ) 4 (3-m)? Y %(0-8y)
h, b d/aAP g , seeaas(11)

A2.11 Barrier Ring Expansion

An expression for the expansion of the barrier ring
radius is derived as a function of barrier ring height in this
section, The derivation of the equation provides insight into
the mechanism responsible for barrier ring expansion.

To begin the analysis, in section (A2.10), an expression
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for the rate of lamella drainage at the barrier ring is of the

form: (from equation 9 of A2,10)

_c)hc e o d
-S-g- Cc po.';.(l)
where h, is the barrier ring height, 8 is time, and where ¥
is a constant to be defined later. Equation (1) corresponds
to the parallel disc model,

Outside the barrier ring, the rate of lamella drainage

may he written as:

%’3‘ = -’mh3-eh2-%-’:: veeeeo(2)

Equation (2) is equation (3) of section (A2.1) of this appendix,
simplified by the assumption of a parabolic tvpe pressure dis-
tribution, but with the assumption that the lamella thiclness
is no longer constant with radius outside the bharrier ring. The
narameter ? is a constant to be defined later, and h is the
thickness of the lamella at any radius outside the barrier ring.
Since the slope of the lamella shape must be evaluated
in equation (2), the shape of the lamella must be found, Irom
equation (27) of Chapter (4), the lamella thickness mav be writ-

ten as:

+ar4+,,,

toar 2

o g
it

hgy

where h = hO
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and a,, a,, are constants,

At the barrier ring, h = he when r = ¢, therefore:
_ 2 . . 4
hc = ho +a ¢ +.82 C * wen»
Therefore:
_ ) 2 2 4 4
h = h, + al(r -c%) + az(r “C )+ e

If r is written as c+4A, and the third term in the above equa-

tion is included, then:

2 3 _ 2 82 3
h # hc+2cAa1+4c-Aa2+4c Aa2+?cA an

This equation defines the shape of the lamella outside the bar-

rier ring. Also, from the above equation, the slope may be

written:
)
%2 = 2c (a; + 2c”a, + 4clin,)
since, A = 1 - c.

Figure AZ2.,4 shows the geometry for the problem’iﬁ the upper
graph, |

The mechanism for the expansion of the barrier ring
may be postulated as follows. All the factors in equations
(1) and (2) are positive, therefore, all lamella thicknesses.
outside the barrier ring are decreasing at a greater rate than
at the bharrier ring. Therefore it is possible that at a poiﬁt
close to and outside of the barrier ring, the lamella thickness

may equal the barrier ring thickness., This postulate is shown
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Figure A2,.4 Lamella Geometry for the Derivation of an

Expression for Barrier Ring Fxpansion

radius

equation (2)

equation (1)

0 © Elapsed Time
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graphically in the second graph in Figure AZ.4,

Based on this postulate the following equation may be

written:a 2 2
h I d"h, & 3
he + 3§ 06 =h, - c=.  + 80 ap
c a6 > r -]
or, in the following form:
1 a“hc 9
- 3 A
69 = L
dhc gh »
ag '--d.é‘ Q’Q‘..(A)

Frcm equations (1} and (2), the denominator of equation (4)

may be written as:

dh.  dn
c _ 2
IE I - ?hcg—g

l)
since h® apnroximately equals h.”
32

then ecquation (4)

may be written as: ) d'h
c 2
232 &
r

a8 = ?b?

: h_ "~ "h
o 20 4

- Qr

Since A is equal toc the chanse in the harrier ring radius, Qc,

in time A O, and Ac is a*ﬂrmum}t'ely zero, then,

b H
Ac _, dc _ Ph
20 dg =
2 @»h

fe
C

The differential equation which describes the expansion of the

A

barrier ring, therefore may be written:
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de  _ Ay 2 '
5 ~z0 0’ e ()

The value of ? must now be defined, Equation (3) of

section A2.1 is the partial differential equation which mav be

used to define P as:
P = 7;&: {%% for a mobile drop interface.

In section A2,10, an expression was derived for f%% for the naral-
lel disc model. This pressure gradient may be used. It was found

that:

where € = é—ké
A ' . €r
Therefore, @ = 5o

Since r % ¢, equation (5) may be written as:

1l dc e hc2
-E-d—g = Z/M 5‘0"5(6)

Similarly, o may be obtained from the parallel disc model,

derived in section A2,10. The value of & is:

o = __§_EEZ for a mobile drop interface.
%/;TTR v
Equation (1) may be integrated to vield:
| 1 1 -
( ;_7 - ;T—ﬁ ) = 2 X (9—60)
¢ o RN
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where h = h
6 = 9

1f equation (7) is solved for hc2 and the result is substituted
into equation (A), and the ecuation is integrated, the following

expression results:
2

hc doe :
47“_1n (“3_)=: o
‘e s 2 2&h, “0+ (-2 h_ 2 6)
o o o vreees(8)
where c = c
6 = Bo
if 90 £ 0 when hc == hc , equation (8) may be integrated to
O .
yield:
44 In| ¢ _ 1 1In(2ah 2 4 +1)
snle) - & &

Since:

2o8 = hl:f'"hlz

c <,
Then: 4 h
c
A4 In [ c ) - 1 1In o )
» S o & hc
This equation may be re-written in final form as:
'E
b \F¥u
< :;(-co
CO ’R; l.ﬂ"'ﬁ(g)
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Equation (9) may be further simplified if the exponent is eva-
luated for specific cases, Three cases may be distinguished:

(1) Both drop and bulk interfaces are immobile, then:
[
X = =
/u,
This results simply by using m = 2 in equation (9) of section

A2.10.

(2) The drop interface is mobile, then:

m = 1
and
- 2€
X = '3-/-22

(3) For the coupled model of Part B of Chapter (4),

equation (49) of that chapter may be simplified by letting
kl r’t—""’; On

&
Al

For this case, Po%

—
=

N A

For these three cases, the exponent on equation (9)

becomes: _ _
Case (1), g Sv/u, = 3/4 ( (3 = .2_;1. %JIZ:
. for an immobile drop interface)
Case (2), — = 3 /8
aoyu.
Case (3), € = 3716

ey
Equation (9) has been solved for the values of the ex-

ponents given in all the above cases, The results are given in
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Figure (A2.5) and thev may be compared with a line for aniscle/
water which was measured experimentally. This line describes
the locus of the barrier ring radius for a 0,020 ml. anisole
drop.

An exponent of 3/4 for equation (9) results in a nre-
dicted curve which deviates from the expermental curve. An
exponent of 3/lp obtained from the coupled model for i’ iqt
equal to zero, and used to evaluate equation (9),resu1ts in a
predicted curve for barrier ring expansion which closelv des-
cribes the observed expansion at large lamella thicknesses, A
curve, calculated from equation (9) for an exnonent of 1/4 is
alsc shown in Fieure (A2.5).

The close agreement hbetween the results ot this =im>le
model tor barrier ring expansion and the experimental data sup-

ports the mechanism for barrier ring expansion that has been

proposed.
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Program Listings ftor Solution of Equations

in Chapter (4):

(1) Solution of Equation (23)
(2) Solution of Equations (28) (31) and (32a)

(3) Solution of Equation (49)
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PROGRAM TO WUMERTCALLY EVALUATE TrEk
CHANGE IN DIMPLE SHAPE wITH TIME 393

FRuUM SULUTIUN OF THE tGQUATIUNS OF #OTIUN

B T e aata sk o o L b R ke 2 2B S A o e S o e e
5YA430L DEFINITIONS— ALL PARANMETERS ARE IN CeGeSe UNITS

R=-RADIAL OISTANCE ARRAY

Y=UIWPLE HETIGHT ARRAY

YTEMP=TEMPORARY STORAGE FOR NEW Y VALUES

VIS=VISCOSITY OF TI'HE CONTINUOUS FHASE

SIG-SYSTEM INTERFACIAL TENSIUN (NU SURFACTANT

BUUY=-SYSTEM DENSITY DIFFERcNCE

GRAV-GRAVITATIGNAL CONSTANT

RAD=UROP RADIUS

VOL=UROP VOLUME

WGE=NET DROP WEIGHT

PI=-CONSTANT

PU~CENTER UIMPLE PRESSURE

YU=CENTER ULIMPLE HEIGHT

XLAVMsLETAs~PARAMETERS

R2=-A CONVENIENT DEFINITIUN OF POINT WHERE PRLSSURE IS APFRUXe ZLKU
K oKK 3N oNN o N2 s =COUNTERS

T-TI1ME

CDELT-TIME INCREMENT

DELR=-DISTANCE INCREMENT

DYURSDZ2YURZ»=5LUPE OF TrE olMPLe ANU URKALIENT OF THE SLUPL
EXP=CUMPUTER LIBKARY SUBKOJTINE NAME For EXPUNCNT AL FuncT Tun

i o T e L ot e L O gL

DIMENSTION R{E2UL) oY (20L1»YTEMP(2U1)
DEFINE PARAMETERS

ANISOLE-WATER SYSTEM

VIS=,00894
51G=20a5
BUOY =8 CUYY
RAL=.1682
VOL=eu20
GRAV=981,
WG=VOL*Z2LUQY®GRAV
Pi=341416

K=1

MOBILTITY CRITERION

M=2s TWO IMMOBILE INTERFACES
M=1lys ONE IMMOOILE INTERFACE
M=1]

RPO=15u,.

YO=1le5E~U4

XLAM=P[*#PQ/WG
BETA=2 o ¥XLAMXPQO/VIS
R2=Fa#%WG/ (PI*PO)

N=200
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[

-

(NN

)

[

10

11

3ue

13
14

12

NN=N+1
NZ2=N/2

T=0
DELT=le0E-uU4
KK=100

CALCULATE RADIUSL ARRAY

UELR=SQRT(RZ)/FLOATIN!
R(l)=U

DO 10 J=1sN
R{J+1}1=R({J)+DELR
CONTINUE

CALCULATE INITIAL SHAPE

FACT1={1e/RAD~PU/SIG)/2e

FACT2=PO/(2e*XLAM*S]G!

Y{1)=YO

DO 11 J=2sNN

X=XLAM* (RJ)#3%2)

YUJ)=YO+FACTIH (RIS ¥¥2VHFACT2H (XHH2 /4 o=X* K3/ 1B e +X¥H4 /96, )
CONTINUE

DO 302 J=29N2s2

J1=J+N2

PRINT 201sR{J)aY(J)I)sR(JLI»Y(J]
CONT INUE :

PRINT 202
MOW PROCEED TO A NEW SHAPE
CONTINUE

GO 12 J=1sNN ;

IF(JeLEL1)IGO TO 13

[F(JeGEe {N+11))GO TC 15
DYDR=(Y(J+L) =Y (J=1) )Y /7 {DELR#*2 ¢

GO TO 14 '

CONT INUE

U2YDRZ2=(Y(NN)=2e#Y (NI+Y(N~111/(DELR#%2
DYDR=(Y{NN)=Y(N=1))/(2+%¥DELR)
CYUR=LYDR+D2ZYDR2¥DELR

cOT0 14

DYDR=U

CONTINUE

ARGU=XLAM# (R(J)I*%2)
FACT3=(Y(JI#%2)%BETA/LEXP{ARGU ) #FLOAT (1]
FACTG==Y{J) %24/ (3e*FLOAT (M)
FACTS=ARGU*Y (J)%¥2¢ /(3 #FLOAT (M)
FACTE==R{J)*¥DYDR/ 2.
DYDT=FACT3*(FACT4+FACTS+FACTS!

YTEMRP (=Y (J)+DYDT*#DELT

CONTINUE

CO 301 J=1eNN
YiJi=sYTeEMP(J)

394
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201

160

2yl

N
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s

2u2

EXVIY;

CONT INUE

RECALCULATE CENTRE PRESSURE AND PARAMETERS

D2YUR2=2e#(Y{2)=Y (1} )}/ (DELR*#®2])
PO={(1./RADI-D2YDR2)*516G
XLAM=PI*¥PO/WG
RETA=2 o "XLAM®PO/VIS

T=T+DELT
IF(TeGTeeB!GO TC 300
K=K+1

[F(KaGTeKKIGU TO 100
GO TO 1C1

PRINTOUT

CONT INUE
PRINT 20CsT
FORMAT(10Xs6H TIME=9FTetts///)

DO 132 J=2sN2s2

J1=Jd+N2

PRINT 201sR{J) oY (I sRIJLI Y (UL}
FORMAT(4{10XsE1345))

CONTINUE

PRINT 203 9RINN)sY (NN)
FORMAT(46Xs2(10XeE1345))

PRINT 202
FORMAT(1H1)

K=1

GO TO 101

CONT INUE

STOP

END
6400 END RECORD
640U END FILE
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PROGRAM TO SGLVE TWO COUPLED NON=LINEAR PeUebte NUMERICALLY
FOR THE CHANGE IN DIMPLE SHAPE WwITH TIME 396

B R P S b L L o o e S ok e o ok o 0 JE AR RSP o R A

~ARRAY DEFINITIONS

R=-RADIAL DISTANCE ARRAY

Y-UIMPLE HEIGHT ARRAY

U=SURFACE VELOCITY

DUDR=-GRAUIENT OF SURFACE VELOCITY

CYuT-CHANGE IN ulMPLE SHAPL

PYSTOR=TEMRPORARY STORAGE OF THE CHANGE IN LIMPLE SHAPL
GAM=5eAshAe SURFACE CONCoN

GAMT=TEMPORARY STORAGE OF SeAeAe SURFACE CONCoN
YTEMP~-TEMPORARY STORAGE OF DIMPLE SHAPE

DGOT~CHANGE IN SeAsAe SURFACZE CONCsH

DDGDT= CHANGE IN SeAesAs SURFACE CONCoN DUE TO SURFACE DIFFUSTIUN

SYMBOL DUEFINITIONS= ALL FARAMETERS ARE I CeGeSe UNITSH
Vis=-VISCOSITY OF THE CONTINUOUS PHASE

H516=-8YSTEM INTERFACIAL TENSION (NU SURFACTANT/

BUQY=SYSTEM DENSITY DIFFLReNCE

GRAV=-GRAVITATIONAL CONSTANT

RAD-DROP RADIUS

VOL-~-DROP vOLUME

WG—MET DRCP WEIGHT

PLI-CONSTANT

PO~CENTER DIMPLE PRESSURL

YO-CEMTER ULIMPLE HEIGHT

XLAMsBETA=PARAMETERS

R2=A CONVENIENT DEFINITICN OF POINT WHERE PRESSURE IS APPRUX. ZiIkO
KK aNsNNe N2+ ~COUNTERS

T-T1AC

DELT-TIME INCREMENT

DELR-UISTANCE INCREMENT '
UYURSD2YURZ29=SLUPE OF Thi LIMPLE ANU ORAUIENT OF THe SLOPE
EXP=COMPUTER LIGRARY SUsKROUTINE NAML FOR EXPONENTIAL FULO o
DS~SURFACE DIFFUSION COEFFICIENT

GAME=AVERAGE SeAeAe SURFACE CONCoN AT THE 57minT CONSIDERED
- IN THIS PROBLEM

XK~ CONVERSION FACTOR It it vineAR TSOTHERM

TOL- A TOLERANCL Lot Iw CONVERGENCE COF A LOGP

NCOUNT~ A . TUNTeR

fmmK- mAALMUM ALLOWABLE VALUE OF nCOUNT

T T an o o T R O e R o o L IR b S

DIMENSION RE201)1sY(201)1sU{2017sDUDR(2Z2ULIsDYSTOR(2017sDYLT(201)
DIMENSION GAM{201) sGAMT (201

JIMENSTION YTEMP(201),DGDT (201

DIMENSION DLGDT(201)

ANISOLE-WATER SYSTEM
DEFINE PARAMETERS

DELT=1e0E~04
DS=1.0F=05
GAME=5e0£+12
XK=1elbF=14
VIS=.00894

51G=20U65
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3uz

HLUOY=0U9T
VOL=ze 020
RAD=41682
GRAV=981,
WO=VOL*BUQY*GRAY
Pl=3.1416
K=1

KK=10u
TOL=eul
NCOUNT=1
MAX=10
MN=200
NN=M+1
N2=N/2

T=u

PU=15U.
YO=1a0E~C4
XLAM=RPI*PO /WG

BETA=2 « ¥XLAM*¥PO/VIS

MOGBILITY CRITERION
M=2 TWO ITMMOBILE INTERFACES
INTERFACE

¥=1sORE IMNMOBILE
=1

R2=34 #WG/ (PI*¥PO)
RP=R2/7e

CALCULATE THE RADIUS ARRAY

LELR=5QRT(R2) /FLOAT(N

Pil)=u

TG 10 J=1eN
RIJ+1Y=R(JI+DELR
CONT INUE

CALCULATE THE INITIAL

FACTL=(1e/RAD=PO/S1IGI /2
FACTZ2=PO/ (2 ¥XLAM®STGH

Y{1)=YQ
O 11 J=2hN
XEXLAM¥(R{J)I#%2)

YU =YO+FACTI#*(REOJI*¥2IHFACT2R(X¥H 2/ ha~X¥HT/ 1B et X¥¥L /960

CONTINUE

PRINT 2G4sR(1)sY(1)
FORMAT(2(10XsE1345))

DO 252 JU=29N2s2
JI=J+N2Z

PRINT 2CLsR(J)sY(J)sR{IJII oY (UL
FORMATUL4 (10X sE1345))

CUNTINUE

PRINT 202

397



242 FORMAT(1HL)
| 398

¢

< CEFINE THE INITIAL SURFACTANT DISTRIBUTION

()

TERML==PO*Y (1)
TERM2= 4 346%0G*PO/ (PI*STG
TERM3==WG/ (24 ¥P[¥RAD)

TERM4=( TERMI+TERM2+TERM3 } /XK
CAMO=CAME+TERMY

~
™

IF{GAMQeOGTeU GO TO 107
PRINT 205,GAMO _

205 FORMAT(10X»24H SURFACE CONCoN NEGATIVE.E13.5)
GO TO 104 :

L]

1vT CONTINUE

GAMU1)=GAMO
LGLRO=0
G 16 J=ZsNN
X=XLAMBELIR(J)HHZ)
FACTOR=RETA®VIS/XK
DGOR=FACTOR*Y (J)*R(JI/EXP (X!
5L0PE={DGDRO+DGDRI /2.
GAM(J)=GAMJ=-1)+S5LOPE*DELR
LGDRO=DGOR

L6 CONTINUL

PRINT 204 sR(1)eGAM(1)
DO 109 J=24N2s2
J1=J+N2
PRINT 201sR{J)sGAM(I) oR(JIL) »GAM(JIL)

1u9 CONTINUE
PRINT 203 eRINN) sGAMINNI
PRINT 202

C ASSUME SURFACE VELQCITY 1S FVERYWHERE ZFRO

~CALCULATE CHANGE IN SHAPE
~-SET SURFACE VELOCITY TO TO ZERQ AT T=(

e

YT

DO 12 J=1sNN

utJisu

DUDR(UJY=0O
12 CONTINUE

~

1us CONTINUE

CALCULATE THE CHANGE IN olMPLE SHAPE

aVate

DO 23 J=1.NN

~~

IF(JeLES1IGO TO 17
IF{JeGESNNIGG TO 18
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14

L7

19

23

20

21

DYDR=(Y(J+L =Y (J~1) )/ (DELR*24
FACTT7==Y{JI*U(J)/R(J)

GO TO 19

CONTINUE

P“Y”R"“(Y(NN)—L.*Y(N)+Y(R 1V (DFLR#%2)
DYDR=(Y(NN)=Y(N=11)/(2%0ELR)

UYUR DYDR+D2YDR2%DELR

FACT7==Y(JI*U(J)/R{J)

GO TO 19

LYDRR=0

FACT7==-Y{J}I*DUDR(J)

CONT IRNUE

X=XLAMB(R(J)#*#2)
FﬂfTB-(Y(J)**?)%RFTA/(EXP(X)*FLUAT(M))
FACTa4==Y{J) %2,/ (3« *FLOAT(VI))
FACTS=X%Y(JIU2 e/ (B e#FLOAT(MI)
FACTE==R(JI*DYDR/ 2.

CFACTE=~-Y {JI*DUDR(J)

DYLT (I =FACT 3% (FACT4+FACTS5+FACTS)
DYDT{UI=DYDT(JI+FACT7+FACTY
CONTINUE

KMNCWING THE INITIAL SURFACTANT SURFACE DISTRIBUTIONS,

CALCULATE VALUES FOR THE SURFACE VELOCITY
USING THE SURFACTANT MASS oALANCE EWUATION

CALCULATE NEW SUQi ACE DISTRIBUTION OF SURFACTA
AND THEN THE REGUIRED SURFACE VELOCITIES
~USE GAM((NN) AS A REFERENCE

Lo 29U J=1laNN
YTEMP(J) =Y (J)+DYDT (J)#0ELT
CONT INUE

CALCULATE OQUTSIDE SUOPE FIRSTY

SXLAME(R{NN)*®2) .
GTF“O‘HETA*VIC*YTFMP(NN)*?(NN)/(EXP(X’*XK’
tNuSL =DGTEMO
LBOUT (NN =0
GAMT (RN =GAM(NN)

PO 21 J=1sN

JM=NN-

X=XLAME LR (JM)#%2)
DOTEMP=0ETAXVISHY TEMP (UM (UM / (EXP (X)) 3#XK)
GAMT (UMI=GAMT (UM+1 )= (DGTEMP+DGTEMO/*DELR/ 2
DGTEMO=DGTEMP

UGLT UM = (GAMT (UM ) =GAM (I Y JLELT

CONT INUL

MODIFY THE CALCULATICON OF SURFACTANT TIME CHANGE
BY CONSIDERING SURFACE UIFFUSION

CONST=RBETARVIS /XK

LO 24 J=1sNMNN
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26

29

24

IF({JsLE1)GO TO 25

IF(J«GESNNICO TO 26 400
CYDR=(Y(J+11=Y(J=1))/(DELR®*2.)

GO TO 27

CUNT INUE
D2YDR2=(Y(NNI=2e#Y (N)+Y (N=11)/(DELR* %2
DYLR=(Y{NNI=Y(N=11)/{2e%ULLRI
DYDR=DYDR+U2YDR2*DELR

GO TO 27

DYDR=0

CONTINUE

X=XLAMM(R(J)##2)
L2GDRE=CONST*(R{JIHDYDR+AY (U =2 ¥ XLAMBY (JI ¥ (ROJI*%21) /L XP (X!

IF(JeGT«1)G0O TO 28
LGDOR=D2GLR2
FACT9=DGDR

GO 1O 29

CONT INUE
SOUR=CONST®Y (J)®R(J) 7EXP (X
FACTY=LGLUR/R(J)

COMTINUE
DDGDT(J) =DS* (D2GDR2+FACT 9!
BELT () =DGOT () =DRGEDT (U}
COMT INUE

KNOWING THE SURFACTANT CHARGE wWwITH RAvIUS AN TlMis
NOwW CALCULATE NEW VALUES FOR SURFACE VELOCITIES

DUDR(1)==DGLT(1) /(2 %¥GAM( L}
U2r=U(11+DUDR(1) *¥DELR

LG 22 J=2sN
DGDR=(GAM(J+1)1=~GAM(JI=1) )/ (VELR#2.)
TERMIU=U(JI#DGDR
TERMLI=U(J)I*¥GAM(J)Y/R(J)

DULR ()= (=DGOT (I -TERMIO=-TERMLL I /GAM(J!

UCJd+1)=U0J)1+DUDR(J)*#DELR
CONT INUE

TERM1U=U(NNI*ENDSLO
TERMII=U(NNI*GAMINNI /R (NN
DUDRINN) = (=TERMLO~TERM11}/GAMINN)

NOwW CHECK FOR RECALCULATION OF THE CHANGE IN SHAPE
WITH NEW SURFACE VELOCITY COMPONENTS
-STORE LAST DYDT VALUES

[F{T«GT0IGO TO 102
IFINCOUNTSGTL11GC TO 102
DG 13 J=1sNN
DYSTOR(CJI=DYDT (U]

CONT INUE

MCOUNT=2
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GO 1O 100

CONTINUE

CONVER=ABS ({DYDT (NNI=DYSTOR(NN? 1 /UYDT (NN}
VALUE=DYSTOR{NN)

IFICONVERGLESTOLIGO TO 101

NCOUNT=NCOUNT+1

DO 14 J=1sNN
PYSTOR(S)Y=DYDT(J)
CONT INUE

IFINCOUNTWLEMAX)IGO TO 100
PRINT 103,CONVERSVALUE sDYDT (1)

FORMAT(100Xs15H NO CONVERGENCE»3E1345)
GC TO 104

CALCULATE THE NEW SHAPE AND CHECK FOR PRINTOUT

LS

COMT [NUE :

PO 15 J=14NN

YOI =Y (U +DYDT (U *DELT
GAMUJY=GAMT (J)

COMT INUE

RECALCULATE CENTRE PRESSURLE AND PARAMETERS

D2YDR2=2e# (Y (2)=Y (1) }/(DELR®*2]
PO=(1+/RAD=D2YDR2VY®SIG
XLAM=RT %P0 /WG
PETA=2 ¢ *XLAMXPO/VIS

T=T+DELT
IF(TeGTea5/G0 TO 104
K=K+1

IF(eGT4KKIGO TO 105
NCOUNT=1

GO TO 148

CONT INUE

PRINT 20G06T

FORMAT (10X s6H TIME=sFTebs/// 1
PRINT 204.R(1)sY(1)

DO 176 J=24N2s2

J1=J+N2

PRINT 201sR(J)sY(J)oRIJII oY (J1)
CONT INUE

PRINT 203 9R(INN)sY (NN)
FORMAT(46X92(10X9E1345) )

PRINT 202

K=1

401
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402
lu4 CONTINUE

STOP
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RATE OF FILY THINNING AND UINMPLE FORM
GIVER DY COUPLEY MOLEL=PARALLEL 515C

~ARRAY UEFINITIONS

R=RADIAL DISTANCE  ARRAY
Y—LiMELLA THICKMESS ARRAY
=SURFACE VELOCITY ARRA

bhrv-uRAVLTLTIONAL CC'bTH&T
VOL=-0RCP VULUKME

RAL=DROP RADIUS
STO=-INTERFACTAL TENSIOHN
WG=DROP BUCYANCY FORCE
VIS‘LNTFR VISCOCITY

XK= CONSTANT

XET-INTERFACTIAL TERSION LOWERIMG
KoK o KMo KNN=-CUUMTERS

“HUMBER OF RALDIAL InTERVALS
T-TIME

DELT=TIME INTERVAL

PO-CENTER LAVELLA PRESSURLE
YO=CENTER LAMELLA HEIGHT
RE~RALIUS wWHE~-E P=0
CELR=RADIAL DISTANCE INCREMENT

CIMENSTON ROIOLYsY(10L)
DIMENSICON UlLlal)

CALCULATE CONSTANTS
TOLUE ’::/L’A/T!‘,

Ull)=Lo.
GRAV=981
VOL=e 05
1J0Y=4133
RAC=a21U61
5IG=325.
PI-J.lhlﬁ
=VUL*EUOY #OGRAV
K=l
KK=50
KN=17
CNN=
VIQ—.““094
Xe=lebE=14
XKT=eu]
T=Ua
belT=leUE~03

PC=1eUSRSTG/RAD
M1

MRz A ]

NZ2=N/2
YO=5eUE~U5

ATION
pMve Ll
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CONT INUE

R2=2 4 #5G/ P I*¥PO)
RE=5GRTIR2)

Dh=PR PR

CTAzG e % WG/ (PI#R4G)

=2 ¥ETA/(3e#VIS)
EE(ETAX%S2 1 %RZ/ (34 %VISKXKT
(=2 o #WG/ (P IFRGXXKT)
IF(TeGTa0e GO TO 20

CALCULATE RADIUS ARRAY
DELR=RE/ {2« #FLOAT (M)
R{1)=0

DO 1y JdsleiN
REJ+1)=R{JI+UELR

COMT INUE

CALCULATE THE INITIAL SHAPE

CON1=1e/(2e%¥RAD)=PC/(2e%S10G)
CONZ2=PO/{Be¥5+GH#R2)

Y{1)=Y0 '

DO 11 J=2sNN

RZ2=R{J)#*2

Y(J)=YO+CONLIHR22+CON2H(REL*#2)

CUONT INUE
LOCATE THE PARRIER RING

CONT INUE

DO 12 J=1eN
LFIY(J+1)eGTaY(JIIGO TC 13
CONT INUE

CONT INUE
TF{JeLFe1IGO TO 14
[F(JeGESNNIGO TO 14
GO TU 15

CONT INUE
PRINT 100ed

FORMATUIIOX s 11H MINIMUM J=e151

GO TO 260

CALCULATE CH[\,NGEJ\‘T THE BARRIER RING

CONT INUE
KJ=J
STOREH=Y (KJ)

CALCULATE THE SURFACE VELOCITY LISTRIGJTICN

FACT1=FTA%R2#(STORFH**2)
FACT2=2 e #XKT#STOREH
FACT3=3e#V10

FACT4=ETAR (STOREH®%2)
FACTH=STOREH*ETA/ (24 #XKT

404
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28

16

17

{500 23 M=2 s NN

FACT6=1e /EXPIFACTE#(R(M)*%2))
FACTT7=1e=FACTS
Ulz-=FACTT®#(FACTL+FACT 21/ (FACT3*R M/
U2=FACT4¥R (M) /FACT?3

UlMy=ul1+02

CUnNT INUE

IF(TeLE«0IGO TO 26
GO 1O 27

CCNT INUE

LO 28 J=2,sN2

J1=J+N2

PRINT 1u3sR{J)aY LI eRIJLI oY (IL)

PRIMT 104sRINN) s Y (NN)
CONT ITRUE

CC=Cot{R(KJIH%2

FUNCL=EXP Y (RJII#CCH

FUNCZ2=FUNC1~2%
SHDT=A#FUNC2¥ (Y (K J) %3 ) 4P FUNCI®{Y(KJ I *#4)
Y{RJI=Y(RII+OHDT#LELT

CALCULATE CHANGES AT KEMAINING PCGINTS

XH2=STOREH##3

Ariae=STOREH®®4

DO 16 J=1,MN

[F{JeFQeXJIGN TO 16
CC=C#{R(J)%%2)
FURNCL=EXP(CCHY (J))
FUNCZ=FUNCl=2.
LHUT=ARFUNCZ ¥R XHB+URFURNCLE XS
YOS =Y (J)+UHDT*OELT

CONT I NUE '

T=T+OELT

K=+

IF(XaGTaKKIGO TO 17
GO TO 18

PRINTOUT
CONTINUE
KNN=KNN+1
=]

IF(KNNeGE«KNIGG TO 25
GO TO 18

~

CONT INUE
KNM=0
KN=14

PRINT 10:€+PC
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24

18
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GRNAT(L1UXs1uH PRESSURE=sE L3459/ /71
PRINT 1ulsT

FORMATI{/ /910X s6H TiME=sb13eb9/ /!
FORMATUG(IUXsEL1Zeb )

FORMAT (46X 92 1CXsE13e5))

FORMAT (1H1)

DU 24 J=2 902

J1=J+N2

PRINT 103eR(JYsY({J)eREJLIeY (UL
CONTINUE '

PRINT 106G sR{INNY oY (NN)
PRINT 105

CONT INUE ,
GO TG 21
CONT I NUE

STOP
END

406
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A3 Experimental Detail

More experimental detail is given in this appendix
to aid the understanding of the experimental techniques used

in this work,

A3.1 Finding Lamella Thickness from the
Light Interference Colour

An equation is derived to relate the lamella thick-
ness to the observed light interference colour. This deriva-
tion shows the theory required to understand the mechanics of

light interference, The photographic aspects are then detailed.

A3,1-1 Theory of Light Interference
Consider Figure(A3.ﬂ. What colour of light will an

observer at X see when white light is reflected off a lamella
of thickness d? 7To answer this question, reference is made to
a derivation given by Vasicek, (1960). When light reaches a
surface where there is a change in refractive index in going
from medium 1 to medium 2, a fraction of the incident light,
AB, is reflected along the path BC. This fraction for normally
incident light reflected is given by Fresnel's Law:

. . (nl-nz>§
where n;, n, are the refractive indices of media 1 and 2,
réspectively, the remainder of the light follows path BD to

the second surface where a fraction of this light is reflected

along DE to the first surface. Some light is reflected back

408
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into the lamella, but the majority continues along path EF,
An observer at X will see a mixture of light made up of rays
BC and EF, Since light ray EF has traversed the lamella twice,
we expect rays BP and EF to either constructively or destruc-
tively interfere with each other.

The geomeﬁrical‘path difference is given by BD + DE
- BP = 1M + ME - BP., A problem arises, however, since the
velocity of light in medium 1 is different from that in medium
2. The time to travel LM + ME in medium 2 is

M + ME

v, seconds

and to travel BP in medium 1 is

BP
—— seconds
v _

1

where v, v, are the velocities of light in media

1 and 2, respectively. 1If the wave length of one segment of
the light spectrum is Aoin a vacuum, and velocity is v, ,
we know that since -:-3-5- = frequency, then ‘/\& must be smaller
than 7\6 since v, < v,, and the frequency remains constant,
independent of the medium,

Now then, light in medium 2 will travel a distance:

(LM + ME) /v, |
_ M + ME
) 2]v2 = -——-——-—7‘2 wavelength

and in medium 1, will traverse:

BP/A' wavelength
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since,

<
<

_ o - 0
Ty T
1 AL 2 A2

therefore, light in medium 2 will traverse:

n
-2 (WM + ME) of a wavelength
Ao

and in medium 1:

n
—L (BP) of a wavelength
Ao

The difference in wavelengths travelled between the rays at

P and E is therefore:

2 (w+ME) - n, B
Ao L o
or
n
2 BP
: (LM + ME) - =—
AL Ny
Now, since BP
sin(i) = Th
and sin(r) = %%
and since the ratio sin(i) _ BP
sin(r) ME

is also the ratio of refractive indices as given by Snell's

Law of Refraction:

sin(i) _ T2 _ o

sin(r) EI_ T /21
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Then: BP _ EZ = A
ME ny 21
1 [BP -BP )
and so: = (LM + ME) "Z=&= = = == (LM)
A1 (ME) A M M
By trigonometry, LM = 2d cos (r), so the difference in wave-
length at P and E is just
2d M2
= == cos (r)
ANl M ,

When light reflects off a surface because of a change in
refractive index between two media separated by that surface,
there is a change in phase of one-half wavelength, This is
true only if the light will pass into a more optically dense
medium (larger refractive index). Thefefore, the rays at P

and E will be different in phase by the phase change gl and

by the path difference. The light intensity is a maximum for
the observer at X when the phase change is just balanced by the

difference in path across the lamella., This condition is then:

2d ™2 1
5\—17 -!-II cos (r) = 5

and since the maximum also occurs for an even number of half

wave-lengths k :
| eeeo(l)

This derivation yields a working equation which can be used to

calculate d if all other parameters are known.



If cos (r) = 1.0 and j = k + 1, then equation (1)

.{IA- d = “J—zr}“"

becomes: ')

eeea(2)

A maximum in intensitv occurs at X for j =1, 3, 5.... and a
minimum for j = 2, 4, 6.... . 7o calculate the expected inter-
ference colour for lamella thickness d, consider first the
table of wavelengths for different segments of the visible
light spectrum, Table (A3.1).

For a soap film in air:
\ Cheerver

n$ 1.0 \ 1?, air
. b K
‘w‘%; ?/
V7 soan film
nr, :% 1 - 40 \’I £
air

By employing equation (2), a table of maxima and
minima for various wavelengths may be censtructed. Results
are summarized in Table(AB—Z} This table shows that for a
soap film thickness of 715-1250 é', the five components of
white light all run through their maximum in intensitv. While
theoretically the lamella should take on each individual colcur,
experiments indicate that only white light is observed. 1In the
range 1430-1970 ﬁb, violet, blue, and green run through their
minimum., At ¢ = 2140 ¢ , yellow is at a minimum, but viclet is
at a maximum, so the lamella appears violet in coleur. This

is observcd. Again, it is not apparent what colour the lamella

o
should appear, in the range 1430-197U A . Experimentally, the



Light Wave-Length versus Colour

Table A3.1
Wave-~Length in'vacuum,>5 A’
Colour
Range Nominal Value

Violet 4000 to 4300 4000
Blue 4300 to 4900 | 4500
Green 4900 to 5700 SSOQ
Yellow 5700 to 6050 A000
Red 6050 to 8000 7000

414



Table A3,2 Maxima and Minima for Various Wave-Lengths

J= odd, maximum
3 Ne

1.40x 4

o
i

j=- even, minimux

soap film thickness for a maximum or

minimum

Violet Elue Green Yellow Red
N 4000 A® 4500 A°* 5500 A°® 6000 A° 7000 A"
A A A® A' A
1 715 820 a980 1070 1250
2 1430 1600 1970 2140 28010
3 2140 2420 2950 3210 3756
4 2860 3220 3930 4290 500
5 3580 4020 4910 5350 5250
6 4300 4830 5890 6430 7560
7 5000 5640 870 7500 8750
/1-21 = 1,40
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lamells appears a yellow-red colour, and then a violet-red.
However, when j = 3, the colours seen should be, in increasing
order of thickness: violet, blue, green, yellow,.and red,
This is observed, and makes up the "second order" of interfe-
rence colours, 7The third order should be blue, green, vellow,
and red, for j = 5. These calculations may be continued to
produce a table of lamella interference colour versus lamella
thickness. A table for a water lamella (n2 = 1,33) surrounded
by o0il (nl = 1.50) may be calculated from the table given by
Lawrence (1929) on page 137 bv noting n1A1 = AO’ and so equa-
tion (2) is written:

n, d = j%}L
For the same j-fl (same interference colour),

1.40 d; = 1.33 d,

So the values of d2 in Table (A3-3)are calculated from Lawrence's

XL;&Q. The first four orders show many
1.33

variations in interference colour which appear to be washed

soap film thickness by

out as the lamella thickness increases. Eventually, at large

lamella thicknesses, the red and green colours predominate,

A3.1-2 Photographic Details

A Bolex 16 mm. movie camera with electric motor was
used with Kodak Ektachrome EF colour film to record the changing
light interference patterns. lllumination was with a 30 watt

Galileo light source adapted to the Olympus Model MR Metallurgical



Table A3.3
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Interference Colour Versus Water Lamella lhickness

Colour

Thickness(A®)

Colour

Thickness (A*)

1st order

hlack
white
amber

magenta
nd order

violet
blue
areen
vellow

. orange
crimson

3rd order

nurple
hlue
blue
emerald
green
vellow
green
carmine
bluish

red

100
1000
1580
2120

2280
2640
3050
3400
3660
3910

4170
4330
4500
4900

5300

5700
6090

4th order

grass green

p
green
yellow
green
carmine

5th order

green
pink

6th order

-

green
pink

Jth order

green
pink

Bth order

e e

green
nink

6290
5680
7180

7850

83208860
G400 -G48

10,500-11,000
11,600-12,100

12,750-13,000
13,850.14 400

15006
15800
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Microscope. No lens was used on the camera. The camera was
positioned over the‘empty vertical tube of the microscope and
only the 10X microscope objective lens was used to focus the
interference pattern on the film, Camera speeds of 16-32
pictures per second (p.p.s.) were adequate to capture the
rapidly changing interference pattern.

A Hycam high speed 16mm. movie camera was also used
to record the rapid approach of the drop to the interface for
one set of experimental conditions. Wwhen a 100 watt quartz
iodide projector bulb was used as the 1ight saurce, frame rates
of 300 p.p.s. could be used with Kodak kktachrome EF.

vFilm was analvzed using a Kodak 16 mm. Analyzer pro-
jector. VWhen projected at a lens-to-screen distance of 88
inches, a photograph of a graduated 1 mm..scale gave a magni-
fication of 625X. This was sufficientlv large to enable ac-
curate measurements of lamella shape to be made,

Bolex camera frame rates were checked by photegraph-
ing an electric Cenco timer. Kesults are summarized in Table

(AB-&) Data given in Chapter 4 for change in lamella shape
with tine are corrected for this difference in nominal frame

rates.

A3.2 Light Intensitv Measurements

By employing the relationshi» of relative light in-
tensity to lamella thickness given in Chanter 3, the colour
movies could be used with a light intensitv meter to measure

the lamella thickness at rupture. 7The schematic diagram for



Table A3,4

Bolex Camera Calibration

Nominal Measured
Camera Speed | Camera Speed
Pps pus
16 -
24 20
32 28

.f'; 1 G
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Figure A3.2 Schematic Diagram for the Light Intensity

Meter
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such a meter is given in Figure (A3-2).

A small (2mm. dia.) phototransistor was used with a
current amplifying transistor to drive a microammeter or an
A.V.0. meter on the ammeter scale. To record meter output, a
small resistor was used in place of the A.V.0. meter, and the
voltage dro§ across the resistor measured using a Honeywell
strip chart recorder.

A small hole was placed in a white Bristol-board
screen and the phototransistor put through the hole from be-
hind the screen. A 5 mm. long black plastic tube was placed
around the phototransistor so that only light normal tc the
screen veached the phototransistor. By projecting the film
at about 1-4 p.p.s. in a completely dark room at a lens to
screen distance of about 100 inches, the recorder pen traced
out the voltage reading versus time. A typical trace is shown
in Figure (A3-3).

The maximum voltage is taken as proportional to‘lo.
This intensity is assumed to be produced by white light given
off at the lamella thickness of 1000 A , Knowing the voltage
at rupture, equation {4) in Chapter 3 is used to calculate
lamella thickness at rupture. For the sample data given in
Figure (A3-3), rupture occurs at about 330 A . Curves of mini-
mum lamella thickness versus elapsed time of the drop at the
interface may also be obtained right down to rupture, Much of
the time the drop is at the interface, the minimum lamella

thickness is lessthan 1000 K) and thicknesses cannot be accurately
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Figure A3.3
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determined by any means other than light intensity measurements.
Une major difficulty ensues with this technique.
Previcusly, investigators have mounted a photo-multiplier tube
directly in the light interference equipment and taken in situ
measurements in the black region. These workers appeared to
work, however, with lamellae whose entireithickness was in the
bléck region. For the present work, the black region extended
over a width of less than 204, and even when magnified 10X
by the microscope objective; this region is far too small to
be used with a 2 mm. diameter phototransiétor. Thus the inter-
ference colour must be recorded on film. The difficulty is in
not being able to accurately reproduce on a screen the light
intensity.produced by the lamella in the coalescence cell. For
example, there is obviously a limit to the "blackness' of the
dve on a clear celluloid film base, and just by increasing the
projector bulb voltage, the black region on the film can be
made translucent. Part of the answer lies in photographiﬁg a
black object and requiring the light intensity meter to register
- zero current. A developed strip of unexposed colour film dup-
licated this condition of zero light and the meter did not
register current. Therefore, for the experimental conditions
used in this work, film translucence isn't a problem. Another
.part of the problem is that the light intensity produced by
the lamella in the coalescence cell is not just due to lamella
thickness, but also due to reflected light from the cell com-

ponents. This is background light., Background light could not
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be measured, because one of the prime causes of reflected
light is the drop itself.

Therefore, the extent to which the light intensity
method used in this work is capable of accurately determining
lamella thickness at rupture depends upon seemingly unmeasur-
able factors. The influence of these factors must still be
determined before the results of the light intensity methcd
used in this work can be accepted,

One final point concerns the linearity of the light
intensity meter. Ohm's Law holds for voltage drop generated
by a current passing through a constant resistance, so it is
assumed that the voltage-current relaticonship is linear.
However, as the light intensity falling on the phototransistor
1s increased, a linear relationship must be proven between
phototransistor current and light intensity,

A simple approach was taken to this problem., In
photography, for film exposure times greater than approximately
0.001 second, the reciprocity law holds. This léw says that
the product of light intensity and film exposure time must be
'a constant, once a reference exposure is established. For
‘example, halving the exposure time means light intensity must
by doubled to still achieve prdper exposure of the light-
sensitive film emulsion.

Based on this line of argument, an Asahi Pentax
- Spotmeter was used to calibrate the light intensity meter.

Results are given in Figure(A3-Q. The abscissa shows the
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Figure A3.4 Light Intensity Meter Calibration

Calibration was made using
fluorescent room light.
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The light intensity at this point is one, All other
intensities are relative to this noint,



multiple increase in light intensity based on an arbitrary
reference of the minimum intensity observed. This calibration
is linear, i.e.:

current = k x Intensity

where k is a constant ,
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A4. Physical Property Determination

The two most important physical properties, as they
affect coalescence, were measured and are compared with the
literature values, where possible, in Tables (A4-I, 2). Since
literature temperatures and the temperature at which the pro-
perties were measured in this work (25°C) are different, no
conclusions on the agreement can be made.

For the sake of completeness, the data in Tables (A4-
I, 2) are accompanied by the procedures used in their deter-

mination,

A4.1 Density Difference

Although the standard 1 or 2 ml. pycknometer bottle
may yield specific gravities with a reasonable degree of ac-
curacy, subtraction of two densities obtained for an oil and
water, for example, yields a small difference with a large
error. Therefore, standard glass 50 ml. volumetric flasks
with ground glass stoppers were used to increase the magni-
tude of the weight difference hetween an o0il and water, and
hence decrease the relative error.

The procedure for obtaining the desired density
difference is straight-forward. A flask is weighed empty,
and weighed completely full of either Qater or the oil used.
The weights of each liquid for the same volume may then be
divided to give a specific gravity, Bv knowing the liquid
temperature (25°C tO.S‘C) and the density of water at 25°C,

the density of the oil for the same volume may be calculated

428
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Table A4.1 Experimentally Determined Density Differences

25° C,
0il/water A Approx. % Literature
System gram/ml . Error Error Values

Toluene /Water | 0.136 *0.001 | *o.7 0.13320°F
Anisole /Water | 0.0097 *Yo.0002 | *2.0 0.0064520°C
Cyclohexanol/ |

Water 0.051 f0.0004 | *o.8 -
CA/Water 0.053 *0.0004 | To.s _




Notes on Table A4.,1

1.) CA is 0,84 mole fraction anisole and 0,16 m.f, cyclohexane,

2.) ‘the oil and ﬁhe water are mutually saturated.

3.) The experimental error is determined from two separate
weighings, This error is apnroximate onlv,

4,) The literature value for the anisole/water system is from
the International Critical Tables, at the superscripted
temperature indicated,

5.) The value for the toluene/water system is found by taking
the difference of nure densities at 20°C., as riven hv the

Handbook of Physics and Chemistry.
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Tahle A4.,2 Exnerimentallyv betermined Interfacial Tensions

25° C.
Uil fWater 7{ Apnrox, A Literature
System dyne/cm, | Error Error Values
+ . 25°C
Toluene Mater 35.0 - 0.5 - 1.6 36,1
Anisole/Water| 20.5 1.3 T 6.5 |25.82%07C
Cyclohexanol/ ‘ , o
Water 3.93 o009 | fT2s [3.9216-2¢
. ¥ +
(/A/“vrater 28.9 - 0-72 - 205 i

1.) 1he oil and water are mutually saturated.

2.) The literature values were measured at the superscripted
temperature indicated., Values are from the International
Critical lables.

3.) For this work, the surface tension of pure water in air
at 25°C was =71.13 % 0,92 dynes/cm, The air was not

saturated with water vapour,
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from the specific gravity. This entire procedure was repeated
once more and the resulting density di fference was averaged
with the first to yield the value given in Table({A4-1). The
experimental error in Table (A4-I) is the difference between
the two density difference measurements, and is only an appro-

ximate measure of the experimental error.

A4.2 Interfacial Teunsion

Figure(A4-1) shows the apparatus used to measure
interfacial tension. It is based on the design used by Hodgson
(1966).

The principle upon which the apparatus is based is
very simple. When the net weight of liquid in a dron formed
on the end of a smooth ground-glass capillary tip exceeds the
surface tension force holding the drop to the tip, the drop

separates from the tip at the point of minimum cross-sectional
area, The volume of the drop may be easily measured, and if
the liquid/liquid system density difference is known, the sur-
face tension may be calculated. This method is called the
drop-volume approach.

The steps involved in an interfacial tension measure-
ment are:

1.) Fill the glass apparatus with water (since water will wet
the clean glass capillary tip in preference to oil), and fill
the flask partially full of oil. When the flask is wedged on
the rubber stopper, the capillary tip should be submerged in
the oil.



Figure A4.1
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2.) Water is forced into the capillary by the syringe to form
the first dron. This drop is slowlv forced off the tip.
3.) There are two ways of proceeding from this point. If the
"residual water" shown in Figure {A4-1) is sucked back into the
capillary so that oil wets the capillary tip, then the volume
of each drop when it falls offthe tip may be determined.
Another method is to assume that the volume of the "residual
water? on the tip remains constant. This was the method used.
1his latter method was necessary since small oil drops often
would remain on the tip when the residual water was sucked back
intc the capillary and a new drop formed. When a new drop is
formed, the oil drops prevent the water from wetting the tip
and may interfere with the drop weight/interfaﬁial tensidn‘
force balance,
4.) To calculate the surface tension, several measurements are
made of the drop volume and an average taken. 71he surface ten-
sion is calculated for both the mean volume and the volume
falling farthest from the mean. This defines the experimental
error as employed in this appendix.

The following equation is used to calculate the

interfacial tension once drop weight is known:

¥

Y . _u
2 rflr )
(V 1/3
T

where f v 1/3fs @ correction factor presented by W. . Harkins

(1952).



Wg

is drop buoyancy force
is capillary tip fadious
is interfacial tension

is drop volume
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