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CHAPTERI 

FOAMS, FREE LIQUID FILMS 
AND PLATEAU BORDERS 

INTRODUCTION 

Foams are generally divided into so-called "dilute foams", in which the 
gas bubbles retain their identity and are present as spheres, and 
"concentrated foams", in which the shape of a gas bubble is strongly 
distorted from spherical to polyhèdral, by adjacent bubbles (1). 

In this thesis, attention is focused on concentrated (polyhedral) foams. 
Here the gas bubbles are separated by thin liquid films (called "free liquid 
films"), which are limited and mutually connected by small liquid canals, 
the so-called Plateau borders. 

The scientific study of foams and of free liquid films dates back to R 
Boyle (1660); in a historica! review compiled by Mysels and collaborators 
in 1959 (2), 324 references are mentioned. We will not repeat and update 
this review exhaustively; nevertheless, some particulars must be 
mentioned in order to set the scene for the research described in the 
present thesis. 
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Foams and free liquid films are essentially unstable. This is clearly 
seen, when one tries to form a foam or a free liquid film from pure liquida. 
However, dissolved substances may impart to foams and films a certain 
metastable resistance towards collapse. Especially surface active agents 
(e.g. soaps) are effective in this respect. In many cases foams are a 
nuisance rather than a desired phenomenon; in these cases the instability 
of a foam is less of a problem than their (limited) stability. Foam is, 
however, employed intentionally with the following objectives: 

a. Reduction of overall specifi.c mass, e.g. in foamed concrete, with the 
aim of reducing the necessary amount or strength of supporting 
materials; 

b. Inhibition of gas convection: in fire extinction, and for reduction of 
heat transfer; 

c. Separation of mixtures of solid particles by selective adhesion to foam 
bubbles, through the hydrophobic (or hydrophilic) character of their 
surf ace. This is the essence of the unit operation, flotation, in chemical 
engineering. 

It wil1 be noticed, that many cases, in which foam is encountered, we 
are dealing with systems in which the foam contains solid particles as 
well as liquid (e.g., foamed concrete, flotation). In other cases, e.g. in 
foams formed from emulsions, we are dealing with the presence of liquid 
droplets dispersed in another liquid. This is not such a far-fetched 
situation as may seem at first view: many emulsifying agents, necessary 
to impart a certain stability to an emulsion, are also stabilizers for foam. 
Thus in the handling of emulsions, e.g. in liquid/liquid extraction or in 
emulsion polymerization, foam may readily be formed. 

In spite of foam having long been investigated, there are still unsolved 
problems, even in foams formed from homogeneous solutions. This applies 
even more to foams, in which disperse phases are present. 

Much work bas been devoted to the study of separate films, in order to 
obtain insight in· the behaviour of one important type of constituent of 
foam. The wish for surveyability of the system led many investigators to 
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study films free from influen<:es by gravity. Because of the relevance of 

gravity to drainage and formation of liquid films and foams, however, the 

present investigation is devoted to foams and films in a gravity field. 

THREE IMPORTANT ASPECTS OF FILM AND FOAM STABILITY 

A foam, even if stabilized by a surfactant, should finally disappear 

being a metastable system, because the liquid films in it break down. In 
this breaking down of a film, two processes can be distinguished, while a 
third one is exclusively connected with foam behaviour: 

a. Drainage 

Drainage can be described as the gradual withdrawal of liquid from 
the film under the influence of gravity. Distinction should be made 
between drainage from films between rigid and mobile surfaces. 

When the film surfaces are rigid, the flow of liquid between them 
under the influence of gravity can be calculated through (2): 

pg 
v = ~ (y2 - &fy) 

v 21'1 
[I-l] 

with: vv = vertical velocity; 
y = distance in a direction perpendicular to film surfaces, starting 

from the mid film plane; 

&f = film thickness; 
p = specific mass of liquid in the film; 

g = acceleration due to gravity; 
T'1 = viscosity. 

With the total volume transported downward through one horizontal 
section being given by: 

Jyf 
~ = v dy -yf v 

[I-2] 

with Yf half the film thickness (= lh&f), and 
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(~) -(a~) at z az t 
[I-3] 

we find for the thinning rate of the film at one particular height z: 

(~) = - pg&;(~) 
at z 4n az t 

[I-4] 

Two efîects, however, limit the applicability ofthis equation: 

1. The liquid in the film is not only subject to a pressure gradient in 
vertical direction, hut a1so in the direction towards the most 

nearby Plateau border. The hydrostatic equilibrium. pressure is thought 
to exist (see, however, Ch. Il ofthis thesis), the pressure gradient towards 

the most nearby Plateau border may be considerable. 

2. Many foams and films do not have completely rigid surfaces. Films 

with mobile surfaces drain much faster than predicted by eqn. [I-4]. 
This is ascribed to a process called marginal regeneration: in a liquid 
stretched between two Plateau borders, which have due to the 
hydrostatic equilibrium pressure at the level concerned curved 
surfaces (see fig. I-1), a thickness fluctuation is thought to originate 
(2), which leads to a force difference acting on the planes at A and B, 
even if the pressure difference between film and borders is not affected. 

A 
B 

Fig. I-1~ Ffactuation arizing in a film stretched between two Plateau borders (PB 1, 

PB 2 ). Top view of a horizontal cross section through an imaginary vertical 

film with borders. 
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This force difference on A and B causes the fluctuation to move in the 
direction of the thicker surface. This leads to consumption of thick film 

in PB 1 , and generation of thin film at PB 2• The net effect is the 

exchange of a thick film element against a thin film element with 

about equal surface area. 

A quantitative elaboration of this model and a comparison with 
experiments will be föund in Ch. III of this thesis. 

Drainage of films with rigid surfaces leads to films with a parabolic 

dependance of thickness with height (fig. 1-2). The point, at which the 

parabolic profile starts, does, however, coincide with the suspension point 
A of the film, only in the first stages of drainage. In the later stages, at 
the top a "black" film (AB) is generated. The thickness of this film is so 
small, that light rays reflected from the back and front surface, 

respectively, show no interference colours. 

Frame 

Rigid I 
film 10mm 

Bulk liquid 

Fig. I-2. Profile expectedfor afilm, by drainage, if the film has a rigid surface (1). 

Horizontal distances exaggerated with respect to vertical distances. 
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With mobile surfaces, a bell shaped profile is found. Examples of this 
will be met in Ch. llI. 

b. Rupture 

Rupture of films is thought to be connected with surf ace waves in the 
film (3-7). As long as the films are thick, they have a pronounced stability 
against rupture, because every rupture process would he accompanied by 
flows in a direction of decreasing surface tension. Near an originating 
hole the surface is stretched, has therefore a smaller surface excess of 
surfactant, and consequently a higher surface tension than other surface 
elements of a film. Growth of such a potential hole would imply a flow 
from near this hole, towards film regions with a lower surf ace tension. 

However, when two surfaces are close together, waves originating on 
one surface are accompanied by waves on the other. Two different types 
of waves appear to he stable (3): 

1. The waves in the two surfaces are antisymmetrical ("bending" mode); 
they are not accompanied by changes in film thickness and cannot 
lead to rupture; 

2. The waves in the two surfaces are symmetrical ("squeezing" mode). 
Such waves are accompanied by changes in film thickness, and may 
lead to film rupture through exponential growth of a thin region, once 
the latter becomes thinner than a certain critical thickness. 

This mechnism will be referred to in Chapter IV of this thesis. 

c. DisprQportionation 

A third aspect, called disproportionation (1), needs to he mentioned, 
which, however, only plays a role in foam stability, and not in film 

stability, because it concerns the pressure inside foam bubbles (However, 
in another meaning of the word, it is also of importance in the case of 
liquid films (3)): 

According to the La place equation: 

6 I 



(
1 1 ) 2y 

Ap = y - + - = -
L R1 R2 r 

[I-5] 

with ApL the pressure difference across a curved surface, y the surface 
tension, R1 and R2 the principal radii of curvature in a point on the curved 
surface, which are equal in case of a spherical surface, and r the radius of 
this sphere. The Laplace pressure difference between the inside and 
outside of a small soap bubble is larger than that of a large bubble. So the 
pressure in the smaller one of two adjacent bubbles in a foam is larger 

than that in the larger one. Transport of air by diffusion through the 
separating liquid film will be in the direction of the larger bubble. In this 
way, large bubbles will grow at the expense of small bubbles. This 
diffusion-controlled mechanism plays a role in a dilute foam, when 
bubbles are merely spherical, hut then the separating foam films are 
relatively thick. At later stages, when these films have drained, they also · 
have become more or less plane, hut because of their small thick.ness only 
a small pressure difference is necessary to obtain appreciable 
diffusion-controlled transport of air towards the larger bubble. 

However, this mechanism is left out of consideration in the further 
discussion. 

FORCE BALANCE AT THE BORPERIFILM TRANSITION 

In Chapter II use will be made of a balance of pressure and surface 
tension forces at the border/film transition. Although this has been 
employed several times (8-11), a review of the most relevant points will be 
presented here for convenience. 

a. Foams, in which the interaction between the surf aces can be ueglected. 

This is the case for relatively thick films (Sf ~ 50 run). There exists a 
pressure difference between Plateau borders and the surrounding 
atmosphere: 

[l-6] 
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with Pb the pressure in the border, Pa the pressure in the surrounding 
atmosphere, Yb the surface tension in the border and R1 and R2 the 
principal radii of curvature of the border surface. In this thesis, the liquid 
films studied separately (i.e. not in foams) are surrounded by Plateau 

borders, in which one of the radii of curvature is very large: the liquid 
films are found in a straight-legged frame, see chapters II and III. Thus: 

pb " p - !b. a r 
[I-7] 

In the film itself, however, the surfaces are not curved. Thus: 

[I-8] 

The pressure difference between border and film leads to a difference in 
pressure forces on a plane at the border/film transition (shaded area in 

fig. I-3). The pressure force exerted by the border on this plane is: 

1 
1 
1 
1 
1 
1 

! 
1 
1 
1 

Plateau ! b 
border , 

/' 
" ", 

,-' 

1 
1 
1 
1 

1 
1 
l 
1 
1 

/ , 1 
",'* \ ,,' \., ,, 

Film 

Fig. I-3. Plane at the Plateau border/film transition. 
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wbile that exerted by the film is: 

[l-10] 

This difference is, however, aecounted for by a difference in surface 
tension forces: 

[I-11] 

Thus, the force balance, per unit length in vertical direction, becomes: 

[I-12] 

This enables us to calculate: 

[I-13] 

from the film thickness óf and the radius of curvature r of the adjacent 
Plateau border. 

With increasing height, the radius of curvature decreases (if in the 
border realisation of hydrostatic equilibrium is assumed). This, together 
with [I-13], will lead to a surface tension increasing with height in the 
film. In addition, a horizontal section through the film at greater height 
must support a larger weight of film, than a horizontal section at a lower 
height. This also leads to a surface tension increasing with hèight in the 
film. 

This is illustrated in fig. I-4, where a film, again with horizontal 
distances exaggerated, is shown. All the weight of the liquid below the 
horizontal section ABCD must be supported by the surface tension along 
the lines AB and CD (12). This requires a surface tension increasing with 
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Black 
film 

Bulk liquid 

Coloured 
film 

Fig. I-4. Film with lines AB and CD supporti11g the weight of the film be low plane 

ABCD (Plateau borders are omitted). 

height. A Marangoni flow in upward direction, however, is not generated, 
because the surface tension gradient is exactly balanced by the increasing 
weight of the film. This effect is absent in the Plateau border, because 
there the increasing weight of the border, with increasing height at a 
certain time, can be taken into account by a decreasing radius of 
curvature. 

The differences between the surface tensions in border and film, 
encountered in the present thesis, remain, however, small (up to 0.7 % of 
the built surface tension value, see Ch. Il). 
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b. Films, in which the interaction between the surfäces can no longer be 
neglected. 

With films of thiclmess ::i 50 run, the interaction between the surf aces 
can no longer be neglected. This leads to a contact angle ef between 
border and film (9). The attraction energy, VA• per unit surface between 
two film surfaces separated by a distance Gf• caused by London-Van der 
Waals forces (13,14), amounts to: 

Af 
v =---

A 12ir&2 
f 

[I-14] 

where A is the Ham.aker constant and f is a correction factor in order to 
account for the retardation effect (14); this effect is caused by the time 
necessary for propagation of the electromagnetic waves between the 
surfaces and thus becomes smaller with increasing film· thickness. f is 

tabulated in (14) as a function of p.= 2irSf/).., where ).. is the wavelength 
connected with the motion of electrons in the atom.s and is assumed to be 
of the order of 1000 A. For film thicknesses larger than about 200 nm f 

can be approximated by (14): 

[I-15] 

This makes v A inversely proportional to the third power of the film 

thickness: 

AÀ 
VA=- 0.49 --

1211'2&1 
f 

[I-16] 

For &f < 200 nm, this leads to a pressure increase in the film equal to: 

A (2f df) =-- ---
61.Gl p dp 

[l-17] 

From the tabulated values off (p) in (14), it follows, that df / dp « 2f /p, and 
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we will omit this term. For larger thicknesses: 

AÀ 
PA= 0.1225 -

ir2&4 
f 

where [I-15] bas been substituted into [I-14] before differentiation. 

[l-18] 

The repulsive pressure due to charges on the film surfaces and their 
counter-ions (ü an ionogenic surfactant is used (15,16)), is given by 
(17,18): 

PR = - 2nkT (cosh u - 1) [I-19] 

where n is the electrolyte concentration (in molecules/m3), k the 
Boltzmann constant, T the absolute temperature and u is. the potential 
midway between the surf aces, given by: 

u = 8 exp(-%ie&f) [I-20] 

where ~ is the Debye-Hückel parameter, which is a function of the 
electrolyte concentration. Furthermore, it has been assumed in eqn. 
[I-20], that tgh(z 0e01!'0 /4kT) = 1, where z 0 is the valence of the ions in the 
liquid, e0 the elementary charge and lf'o the surface potential; Thus, the 
force balance, per unit length in vertical direction, requires (cf. [I-12]): 

[I-21] 

In this relation, primed quantities refer to values in the absence of 
interaction. We introduce, analogous to [I-13]: 

[I-22] 

and we obtain: 

[I-23] 

According to Gibbs' definition of surface tension (19,20): 
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(aG) y= -
aw T,p,ni 

[I-24] 

where G is the Gibbs free energy and w is the surface area. The term 
Y.(pA+PR)óf sbould be included in the surface tension of the film (9): 

[I-25] 

These eqns. will be used in Ch. II to calculate the attractive and 
repulsive forces and the contact angle ef between the film and the 
Plateau border, mentioned in Tab Ie II-i. 

EAR.LIER WQRK ON THE SUBJECT TREATED IN THIS THESIS 

Although we do not intend to review exhaustively all investigations up 
to the present, relating to foam stability, some of the papers of particular 
significance to our work must be mentioned. 

Much previous work has been devoted to films, which are not subject 
toa hydrostatic pressure gradient (though there may be a suction from 
the border). This method was introby Scheludko and collaborators 
(21-23). A circular, plane-parallel, horizontal film is generated in the 
centre of a double-concave drop of liquid, and studied by microscopy. 
From the interference pattern in the border, the contact angle 0f is 
calculated (8,21-26). In principle, from the data also the radius of 
curvature of the Plateau border surface, and consequently the hydrostatic 
pressure, might have been calculated (see Ch. II, Appendix). However, 
this appears not to have been done. 

In interpreting drainage rates in these experiments (23), it is 
supposed, that the drainage is determined by the Reynolds relation 
between the flow rate, the radius of the circular film, and the pressure 
dift'erence between film and border. However, then the influence of 
marginal regeneration, which at least for vertical films with mobile 
surfaces, is the predominant · factor · (2), is neglected. The Reynolds 
relation mentioned leads to lifetimes of the film at given film radius, 
which are contradicted by experiments (27-29). This led to the hypothesis, 
that in drainage, surf ace waves are determining factors as much as in the 
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case of film rupture ( 4-7). 

Perhaps because of the difficulties in interpreting drainage rates 
observed by this method, most authors employing it focus attention on 
measurements of "equilibrium films" (thus called, because here drainage 
has come to a standstill, since a balance of forces is reached between 
hydrostatic pressure, London-Van der Waals attraction and electrostatic 
repulsion (10,11,30-33)). Interesting results are then obtained, both on 
the value of the Hamaker constant operative in the systems studied 
(10,11,31,32), its description by the Landau-Lifshitz theory (34), and the 
behaviour of attractive forces with distance (8). 

However, the drainage of vertical films, and the role of marginal 
regeneration in this drainage, remained unsolved. This is the more to be 
regretted, because the foams and thin liquid films met in practical 
situations are always subject to a pressure gradient due to gravity. 
Frank.el in ref. (2) already had derived an equation for it, which, however, 
was (as far as the present author knows) never compared with 
experiments. Prins & Van Voorst Vader (35) were interested in the 
limiting surf ace dilatational modulus, just permitting marginal 
regeneration according to Mysels' mechanism; this mechanism (see fig. 
I-1) is counteracted by surface tension differences generated by the 
compression of one part of the Plateau border, and expansion of the other. 
In the special case of films stabilized by a mixture of sodium dodecyl 
sulphate and n-dodecanol, they found good agreement between the 
experimentally measured modulus at the onset of marginal regeneration, 
at the transition of a rigid to a mobile film, on the one hand, and 
theoretica! predictions on the other. 

Yertical free liqyid films 

Because in this thesis the investigation of vertical free liquid films 
occupys an important space, a brief summary of the work done on this 
subject over the last three decades will be given below, without having 
the pretention of being complete. The same rough division as made below 
for vertical films can be made for horizontal films, and the latter will 

therefore be left; out of consideration as much as possible. Some relevant 
aspects on these horizo~tal films have been mentioned previously. 

14 I 



Vertical free liquid films have been studied recently for a large variety 

of reasons, hut these investigations can be roughly divided into three 
main subjects: a. equilibrium films; b. the mechanism of film rupture; and 
c. liquid flow in film and Plateau border. 

a. Equilibrium films 

Equilibrium or black films, the result of attracting Van der Waals 
forces counterbalancing electric double layer repulsion and steric 
hindrance, have been an important topic of investigation, because they 
can be used to confirm e:xisting theories concerning colloidal stability (13). 

Before the very thin black films were reached, however, thicker coloured 
films were studied: 

Soon aft.er the publication of Mysels' book on soap films (2), several 
attempts were undertaken to verify Frankel's law for film formation, in 
which the film thickness is related to the rate of pull-out from the liquid. 
This is a special case of Frankel's equation for film drawn out from a 
Plateau border during marginal regeneration (Ch. III, eqn. [Ill-2]). 
Mysels & Cox (36) found good agreement with experimental results in the 
case of relatively fast film formation (4 µmis - 4 mm/s), when film 
thickness did not reach values smaller than 100 nm. These speeds, 
however, are still very slow compared with the bulk liquid descent ra te of 
about 30 mm/s applied in our experiments (Ch. III). Lyklema (37), being 
interested in thicknesses below 100 nm, measured thicknesses at film 
speeds down to 260 nm/s. He also found good agreement with Frankel's 
law down to about 110 nm for mobile films and down to about 80 nm for 
rigid films; below these thicknesses Van der Waals forces. start to 
compress the film, while electrostatic repulsion is not important yet, 
because of the ionic strength (= 0.1 M) used, which reduces the double 
layer thickness. 

Experiments with an improved set-up (38) gave results for rigid films, 
which again agreed well with Frankel's law for films thicker than 80-100 
nm, while mobile films showed complications below a rate of pullout of 11 
µmis, ascribed to the welt, formed between black and coloured film (2,39). 
For their measurements they used a window of very thin wire (12.5 µm. 

diameter) stretched in a glass frame in order to reduce margin(l). 
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regeneration and thus the rate ofthinning. 

Lyltlema & Mysels (40) created black rigid and mobile films from 
sodium dodecyl and tetradecyl sulfate, either with or without dodecyl and 
tetradecyl alcohol, respectively, at different ionic strengths, at frame 
velocities between 0.5 and 2 µmis; at these velocities, film thick.ness 
appears to be independent of this velocity, as observed earlier (37,38). 
They found good qualitative agreement between experiment and the 
existing theories of Van der Waals attraction and electric double layer 
repulsion. Jones et al. ( 41) investigated the stability and other properties 
of the second or common black film about 440 nm thick from sodium 
dodecyl sulfate solutions in the presence ofNaCI and several additives. 

Duyvis and Overbeek (30,42) studied the existence of two types of 
equilibrium films, now called common· and Newton black film, drawn 
horizontally from nonionic surfactant solutions at low electrolyte 
concentrations, and demonstrated in a large vertical film, that these two 
types are in equilibrium with each other. The two types of black film 
occur, because of two minima in the free energy vs. thick.ness curve: at 
the lowest thickness (common) steric hindrance counteracts Van der 
Waals attraction, while at larger thickness (Newton) electric repulsion, 
Van der Waals attraction and hydrostatic pressure are in equilibrium. 

Clunie et al. (43) used new techniques, including X-ray scattering at 
small angles (20 < 5°), radiotracer determination and film conductance, 
for the study of the structure of black films of cationic surfactant 
solutions; they obtained good agreement between the results, evidencing 
a sandwich structure of two surfactant monolayers enclosing an aqueous 
core. Later, thicknesses of black films formed by a nonionic surfactant 
solution were used to calculate Hamaker's constant for the calculation of 
the Van der Waals attraction (44). In these experiments, the glass frame 
containing the film was totally withdrawn from the surfactant solution. 
Ingram ( 45) studied the effect of salt addition on the film thickness of the 
common and Newton black film, stabilized with a nonionic and a 
cationic/anionic (C10 +c10-) surfactant in the presence of inorganic 

electrolyte. The abrupt transition between the two film types was 
ascribed to a specific ion adsorption effect. 
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The effect of rapid temperature changes of the surrounding 
atmosphere on the thickness of an equilibrium film was studied by Prins 
& Van den Tempel (46), after preliminary experiments by Jones et al. 
(41). The resulting large decrease in film thickness is ascribed to 
evaporation and not to film expansion or contraction. 

Addition of increasing amounts of urea or sucrose to an anionic 
surfactant solution increased the equilibrium film thickness and made 
the ion specificity disappear (47): due to accumulation of the organic 
substances in the Stern Layer of the surfactant monolayers, counterions 
are desorbed, as a result of which the double layer becomes more diffuse 
and the repulsion increases. 

Ellipsometry as well as reflectometcy were applied to a Newton black 
film by Den Engelsen & Frens ( 48) to investigate the composition of this 
film. A three-layer model, as proposed by Duyvis (29), was favoured over 
a one-layer model and the refractive indices of the film core and surface 
layers were determined, that for the surface being higher than that for 
the core. 

Yamanaka (49) found for SDS as well as several nonionics, that the 
rate of growth of black film was proportional to the excess film tension lly 

= 2y·yf, where y is the surface tension of the solution and Yf the film 
tension (44), over a wide range of electrolyte concentrations; lly acted as 
the driving force for the growth of black films, so the reciprocal of the 
slope was thought to be a viscosity parameter. He also studied the 
relationship between the properties of the black film, the surface tension 
y and the foam stability (50). Foam stability was found to be mainly 
determined by the rate of film thinning. 

Donners (33) measured the light scattering ratio as a function of film 
thickness of a CTAB-solution. 

A logica! continuation of the studies on black films is the measurement 
of the contact angle 0f between the black film and (lower) Plateau border, 
which appears due to the existence of interaction forces between the film 

surfaces and corresponds to a change in surface tension of the black film. 

This has already been predicted to exist in a (horizontal) liquid film 
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(51,52), and the contact angle has first been observed and measured fora 
small bubble on the surface of a surfactant solution (9,53). The first 
measurement of a contact angle for a vertical film in contact with the 
bulk was reported by Princen (54). He made use of the fact, that the 
prism-like top of the double meniscus deflects a horizontal light beam 
downward at a certain angle. However, observed fringes in the measured 
intensity profile could not be satisfactorily explained by simple 
geometrical opties. This was done two years later (55), making use of the 
curvature of the border (which, however, was not explicitly calculated) 
and of a Fourier analysis. An elaboration of this short communication 
showed, that contact angles larger than 2° can be most conveniently 
determined from the angular positions of the difi'raction maxi.ma and 
minima, while smaller angles are more readily derived from the ratio of 
the intensities at the first maxi.mum and the deep minimum preceding it 
(56). 

In the mean time, Prins (57) demonstrated a si.mple technique for 
contact angle measurement, based on the Wilhelmy plate technique for 
measuring surface tensions: instead of a metal plate, a soap film in a 
glass frame can be used to measure the surface tension. When the black 
film reaches the lower Plateau border, a sudden drop in the force exerted 
on the frame is measured. From this decrease the contact angle can be 
calculated. This method has been used by Yamanaka (49) to measure the 
excess surface tension Ay. 

However, Princen's method is more commonly used, e.g. by Mysels & 

Buchanan (58), who successfully applied the small angle technique to 
films drawn from anionic surfactant solutions in the presence of added 
electrolytes. Agterof (59) measured very small contact angles (7-33') of 
SDS-solutions containing 1 M glycerol to prevent evaporation. He also 
combined contact angle measurements with thickness measurements for 
black films drawn from SDS- and CTAB-solutions in the presence of 
various counterion concentrations and 1 M glycerol; interaction free 
energies calculated from both experiments were compared. Results from 
the thickness measurements were in good agreement with the 
DLVO-theory, when a surface potential of 128 mV was assumed, 
independent of electrolyte concentration; contact angle experi.ments 
yielded reasonable agreement only at higher concentrations, while at 
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lower concentrations deviations were considerable. 

De Feijter & Vrij (32) used the method for large angles in the case of 

SDS-solutions above the c.m.c., while for solutions below the c.m.c. 
Scheludko's expansion method for a microscopie horizontal film (8,24) was 
used, because of the lack of stability of large vertical films. The absolute 
value of the interaction free energy, which was calculated from these 
contact angles, was found to increase with increasing salt concentration 
and with decreasing temperature. From the latter variation the 

interaction entropy and interaction energy were calculated. Other results 
were interpreted in terms of a thermodynamic analysis published at the 
same time (31). 

b. Mechanism of film rupture 

The mechanism of film rupture has been studied, because film lifetime 
is a very important factor in foam stability. In all the experiments 
mentioned in this thesis the most important cause of film bursting, 
namely evaporation, is eliminated. 

De Vries (1,60) studied spontaneous film rupture, taking place in the 
thinnest part of the film, as well as film rupture induced by an electric 
discharge, with a high speed camera; from the photographs the rate of 
hole expansion in the ruptured lamella was calculated. He theoretically 
calculated the activation energy necessary to induce a hole in a film of 
certain thickness, by means of the surface area increase. He discussed 
several mechanisms of film rupture, ic. of unstable films from 
low-molecular solutions, surface tension depression and induced and 
spontaneous temperature fluctuations in the liquid (1,61). 

Mysels and co-workers investigated the bursting of soap films in a 
series of four publications: McEntee & Mysels (62) took high speed flash 
photographs of bursting films, initiated by a perforating spark, in 
reflected light, and measured the rim . velocity dependence on film 
thickness and composition for mobile and rigid films. These velocities are 
close to those required by conservation of momentum in the absence of an 
aureole; however, such an aureole of thickened film bas been found to 
spread ahead of the narrow rim surrounding the growing hole. Several. 
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aspects of the results mentioned above ( 62) are theoretically considered 

and treated hydrodynamically by Frankel & Mysels (63). Mysels & 

Stikeleather (64) introduced a photographic technique for the study of 

spontaneous bursting of soap films, based on a triggering . of the 

submicrosecond flash photocamera by the burst itself. The proces of 
spontaneous bursting appears to be similar to initiated bursting, although 

the former always originates at the border. Frens et al. (65) measured the 

profile of the aureole, which privided the basis for an interpretation in 

terms of surface tension changes accompanying the contraction of the 

film. Under the condition of a bursting film, the surface tension of a film 

drawn from an SDS..solution dropped from 38 to 14 mN/m. 

Surface waves 

Scheludko (66) was the first to propose a mechanism for film rupture, 

in whlch a deformation grows spontaneously, during which process the 
increase in free energy, caused by the increase in surface area, is more 

than compensated by the gain in Van der Waals energy due to 
disproportionation. The latter is caused by the tendency of molecules to 

be driven from the thinner to thicker parts of the film, because of the 
excess attractive Van der Waals forces in the thicker part. A critica} 

thickness could be derived from the wavelength of this surface 

deformation through the condition ofthermodynamic instability. Vrij (67) 

further developed this theory and tested it ·by the data obtained with 

microscopie, horizontal films, published by Scheludko and his 
collaborators (14,21,22,66,68). Vrij & Overbeek (3) took the interaction 

forces into account in this mechanism. Light scattering from the "rough" 

film surface is proposed as a powerful tool for investigating these 

molecular interactions. 

Felderhof (69) derived the dispersion equations for two types of 

fluctuations in a film, the squeezing mode and the bending mode, for an 

inviscid fluid. 

Lucassen et al. (70) analyzed the different modes of vibration in a thin 

liquid film in terms of symmetrie and anti-symmetrie modes. De 

symmetrie or squeezing mode receives special attention, because it 
involves thickness fluctuations (71): if a very small fluctuation is 
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accompanied by a decrease in free energy (65), it will grow and may lead 
to film rupture. Joosten et al. (72) were the first to test the theory of 
surface waves on a vertical free liquid film through laser beat 
spectroscopy and found good qualitative agreement. Joosten (73) was the 
first to observe the bending mode by means of dynamic light scattering, 
from which data the film tension could be determined to amount to about 
twice the surface tension of the bulk solution. Experiments on the 
squeezing mode showed some quantitative discrepancies, which, however, 
could be explained. From these experiments it follows, that the ratio of 
surface tension and viscosity in the film equals that of the bulk solution. 
Combination of these results leads to the conclusion, that the viscosities 
are also equal. 

Sharma and Ruckenstein went deeper info the subject of surf ace 
waves theoretically to predict film lifetimes (4), to introduce a new 
mechanism for film thinning, involving the enhancement of Reynold's 
velocity by thickness fluctuation (5), to predict the thinning velocity, 
critica! thickness of rupture and· lifetimes of tangentially immobile foam 
and emulsion films (6), and to study the effects of surfactants and surface 
waves on the thinning velocity (7). 

c. Liqu.id flow in film and Plateau border 

Actual flow in vertical films and Plateau borders, which means the 
behaviour of coloured films, has rarely been studied. 

Flow properties of thick films were studied by Miles et al. (74), who 
designed an apparatus, in which films could be formed without enlarging 
the total surface area. They discovered the difference between rigid and 
mobile films and measured the transition temperature between the two 
film types. 

Mysels et al. (2) have measured the profile of a rigid film, the descent 
constant for a mobile film and its dependence on the frame width, besides 
some experiments on the black film. A few years later, Mysels et al. (75) 
were the first to measure the elasticity of mobile and rigid films with 
essentially the same apparatus later used by Mysels & Cox (36). In order 
to measure film elasticity, the thickness of a stationary vertical film in a 
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frame was recorded, while the total surface area of film and bulk liquid 
was increased and decreased by withdrawing another film-carrying frame 
from the solution, respectively lowering it in the solution (cf. (74)). 
Simultaneously, surface tension was measured with a dynamometer, 
from which the film under observation was suspended. Elasticity of a 
rigid film was found to be ten times higher than of a mobile film. 
Purification by foaming was investigated by Razouk. & Mysels (76), who 
measured its effect on surface tension, Marangoni effect and film 
elasticity. 

Film stretching was also applied by Roberts et al. (77), by moving the 
upper horizontal glass harrier, after the film had been totally withdrawn 
from the solution. Film lifetime was increased by a factor 4 and film 
thinning was considerably retarded, when 5 µl of a liquid crystalline 
phase, containing water, sodium. caprylate and decanol, was placed on the 
movable bar. Experiments with a foam showed, that this film-stabilizing 
substance was concentrated in the Plateau borders, which might have 
been concluded from the film photographs as well, since the black film 
appeared only in the centre of the film. 

Koczó & Rácz (78) studied flow in a single Plateau border between 
three films in a tripod frame. Liquid could be flown through this border 
and the film from a tube in contact with the border. The shape of the 
border and the cross-sectional area, determined by measuring the 
electrical resistance, were measured as a function of the flow rate. It was 
found, that the border dimensions and the flow rate at a given pressure 
drop were predominantly determined by the mobility of the surfaces. 

In most of the investigations mentioned above, which dealt with film 
thickness determination, measurement of light reflectance was applied to 
do so. An exception is formed by Clunie et al. (43), who used X-ray 
scattering and radiotracer measurements, with which they were able to 
determine the total thickness of the film and the thickness of the 
surfactant monolayers; thus, they calculated the aqueous core thickness. 

Highfield et al. (79) used critica! reflection of neutrons to measure 
directly the thickness of the aqueous core of a vertical soap film, which 
was suspended in a 4-legged frame, thus only the top Plateau border 
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being adjacent to a glass wall. 

Von Wandruszka & Winefordner {80) introduced a new technique, for 
which they dissolved the laser dye Rhodamine B in several surfactant 
solutions. The dye molecules are known to accumulate in the film 
surfaees, which leads to fluoreseenee, indueed by laser light illumination, 
exhibiting interferenee. Polarization measurements showed, that in some 
surfaetant monolayers the dye molecules have a very specifi.e anisotropic 
orientation. Formulae are given for the film thiekness at eonstruetive 
interferenee fringes of known order for two different orientations of the 
film with regard to the excitation and fluorescence beams. 

On reviewing this extensive number of investigations, it is strilring, 
that three items have only insufficiently been investigated: 
a. The local pressure in a Plateau border near a vertical free liquid film; 

b. The mechanism of marginal regeneration; 
e. The influenee of solid partieles on film and foam stability. 
All three subjeets, however, are of paramount importanee in practical 
situations involving foams: the first two determine the drainage, while 
many foams contain dispersed phases. In the present thesis material has 
been collected on these subjects, in the special case of 0.02 M CTAB 

solutions. 
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CH.APTERII 

PROFILE OF THE PLATEAU BORDER 

INA VERTICAL FREE LIQUID FILM 

ABSTRACT 

Profiles of the Plateau border at a vertical film in a 0.02 M CTAB 
solution are measured by optical interference, in the part of the border 
near the film, at two heights above the bulk liquid surface. 

The Laplace pressure in the border, calculated from these profiles, 
appears to be lower than the hydrostatic equilibrium pressure at a height 
close to the bulk liquid meniscus (6.2 mm); at a greater altitude (11.3 mm) 
the pressures are equal. An upward flow in the border close to the film is 
observed, while a downward flow takes place in the periphery of the 
border. Both effects can be explained by Marangoni flows. 

INTBODUCTION 

In the course of an investigation on the stability of foams in 
suspensions we came across the problem., that for mobile films the first 
stages of foam history, viz. the drainage, are not completely understood, 
in spite of the fundamental work by Mysels and collaborators on this 
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subject (1). These authors found that in a film drawn vertically in a foam, 
drainage to the Plateau border predominates over the vertical drainage 
directly to the bulk liquid. They started from the following assumptions: 

a. In the Plateau border, the pressure is equal to, or slightly larger than, 
the hydrostatic equilibrium pressure at the height concerned; 

b. If a film is drawn from a border, the surface tension in the film must 
surpass that in the border. 

On the basis of these assumptions, Mysels c.s. predicted a dip in film 
thickness just before the junction with the border. This, however, was not 
found experimentally in mobile films. In addition, a limit was derived for 
the thickness of the film, which can be drawn out of a border with energy 
supplied by the falling in of film of a given thickness; hut this prediction 
was contrad.icted by experiments. 

Later studies of film thinning concentrated in most cases on contact 
angles at the transition film/Plateau border (2-17), and on the influence of 
surface waves on film drainage (18-23). Thus the paradoxes mentioned in 
the previous paragraph remained, to the knowledge of the present 
authors, unsolved. This lack of understanding of mobile film behaviour is 
the more to be regretted, since many foams formed either intentionally or 
unintentionally, consist of mobile films. 

We therefore thought it profitable to learn more about pressure and 
flows in Plateau borders, by extending the optical interference method 
developed by Scheludko c.s. (2-5) and Haydon c.s. (9,10) for measuring 
contact angles in horizontal films, to vertical films, and to larger 
distances from the film into the Plateau border. 

EXPERIMENT AL 

Materials 

CTAB (Qetyl.irimethyl!llllllloniumhromide): mt Sigma Chemica! Co. 
The surface tension vs. concentration graph had a distinct break near the 
c.m.c. (= 9•10" 4 M (24)) without a minimum; no further purification was 
applied. All experiments refer to 0.02 M CTAB solutions at 25°0. In this 
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solution, the surface tension measured by the Wilhelmy plate method at 

25°0, was 37 mN/m. In this concentration range, there is only a slight 

concentration dependence. A 0.25 M solution at 25°0 (supersaturated) 

had a surface tension of 33 mN/m.. 

Glass: ~ Louwers Glass (Hapert, The Netherlands), consisting of 

spherical particles with diameter <: 10 µm. The sample was divided into 

fractions with narrower size distributions, by sedimentation in deionized 
water. Particle size distributions were measured with a Coulter Counter; 
standard deviations varied from 0.2 µm for the fraction with the smallest 
particles ( < 1 µm) to 2. 7 µm for the one with the largest (> 5 µm). Before 

fractionation by sedimentation the density of the glass particles was 
determined with a Quantachrome Stereopylmometer to be 2.4 7 g/cm 3• 

Water employed in the Plateau border experiments: twice distilled. 

APparatus 

A film was drawn in a. vertical glass frame, which was held at fi.xed 
position. The frame consisted of a 2 mm thick, 10x21 mm glass plate with 

a rectangular, 4xl0 mm indentation at one of the short ends; the two legs 

thus formed had rectangular cross sections. The observation point was 
fixed at 1.2 mm below the upper edge of the window; its height above the 
bulk liquid could be varied by changing the amount ()f sample in the glass 
vessel below the frame. 

This height was determined by measuring the conductance of the 
liquid between two platinum. wire ends connected parallel to and 4 mm in 
front of the frame legs (fig. II-1), which hung in the liquid. Care was 
taken not to create a film between the two wires or between a wire and a 
frame leg. The conductance of a 0.02 M CTAB-solution varied linearly 
with the depth in the liquid of the two wires, and thus with the 

measuring height, by an amount of 42.94 µmho/mm. 

For the calibration line the height of the bulk liquid meniscus with 
respect to the observation height was changed manually and measured 
with a kathetometer. Because the bulk liquid surface in the small glass 
vessel, inner diameter 16.5 mm, containing the surfactant solution, was 
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Fig. II-1. Schematic representation of the two wire ends, via an insulator block 

attached to the glass frame, used /or obtaining the depth in the liquid 

through resistance measurements. 

disturbed by the frame legs and the wire ends, we measured the height of 
the bulk liquid in a larger, external beaker, connected with the sample 
vessel by a very thin, sample filled hose. 

Before an experiment the frame was surrounded by the sample vessel. 
Frame and glass vessel were contained in a double-walled stainless steel 
chamber of 30 mm inner diameter. Samples were left in this closed 
sample chamber at 25°C for several hours before experiments. A film was 
drawn by lowering the vessel pneumatically in less than 1 sec. at the 
start of an experiment. 

The films were observed through a Leitz Metalloplan microscope 
placed on its backside in order to permit direct observation of a vertical 
film without intervention of mirrors. A 10 mm working distance, 20x 
objective with a num.erical aperture of 0.4 was inserted in the sample 
chamber, and together with a 12.5x ocular resulted in a 250x 
magnification. 
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As light source a 50 W super pressure mercury lamp (Osram HBO 50 
W) was used; the principal wavelengths of the light (in vacuo) were 440 
and 554 nm. The microscope images of the transition region between film 
and Plateau border were photographed at predeterm.ined times by a 
Minolta X-700 camera equipped with Autowinder and Multi-Function 
Back. We used. Agfacolor 1000 ASA films. These photographs were 
converted into half film thickness vs. distance graphs, with Fizeau's · 
formulas for plane parallel films ( correction of curvature not necessary: 
see Appendix): distances were measured between the blue or, with the 
use of a 546 nm interference filter, black lines. In both cases these are 
subsequent interference orders of the 554 nm wavelength's minima. 

The interference order p was determined by comparison of the 
photographs of one series starting from the last ones, on which the 
Plateau border adjoins the black film: the first blue or black line is of 
order p = 1, the second of order p = 2, etc. For these lines the local Plateau 
border thickness &f is then calculated from the wavelength À = 554 nm in 
air and the index of refraction n = 1.3342 (25) according to Fizeau's 
equation of interference minima (26,27): 

lII-11 

The calibration scale for the horizontal distance was determined with an 
object micrometer. The origin in this distance was taken arbitrarily, hut 
remained fi:xed during a series of experiments with one film. 

For experiments with glass particles a magnetic stirrer was used to 
keep these particles in suspension; during an experiment stirring was 
ceased in order to m.inimize vibrations. Movements of the glass particles 
in the Plateau border were recorded with a Sony video camera and 
recorder. 

The contact angle of the sample solution at the glass frame Elg was 
measured by photographing a droplet of the surfactant solution on the 
glass surface in a closed chamber and manually fitting a circle section to 
the droplet surface on the photograph near its base. To match the 
conditions during an experiment, the hydrophobic monolayer of CTAB on 
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the glass was not removed, and the receding contact angle was 
determined ·by sucking away part of the liquid in the droplet after its 

deposition on the glass plate. 

Surface tension measurements were performed with a Krüss Digital
Tensiometer KlOT, using a Wilhelmy plate. 

RE$ULTS 

A typical series of experimental data is shown in fig. II-2. In this 

graph, the film is at the left side, and one frame leg is off the right side at 
a distance of about 460 µm. In this figure the Plateau border profiles at 
times t = 169 and 192 s start from a black film, while the thickness at the 

utmost left points of the curves at t = 31, 49 and 109 sis calculated for p = 
1 and at t = 7 s for p = 4 [II-1], as determined from the photographs. The 

experiments are restricted to the part of the Plateau border near the film, 
since the optical arrangement did not permit collection of light rays 
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Fig. II-2. Profiles of the film-near region of the vertical Plateau border in a vertical 

free llquid film, drawn out of a 0.02 M CTAB-solution as a function of 

time t after film formation (Horizontal cross section). The x-axis, in the 

direction away from the film, is the symmetry axis of the profiles; Yb·axis 

perpendicular to the film, Yb = 0 in the mid of the film, origin otherwise 

arbitrarily. 
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reflected in the region of the Plateau border near the frame (see 

Appendix). Here typical marginal regeneration phenomena are observed 
analogous to those reported by Mysels c.s. (1,28). The turbulences 

gradually decrease in time and marginal regeneration is practically 

finished, when a black film is formed. 

The obvious feature of fig. II-2 is the contraction of the Plateau border 
toward the leg of the frame (or, put differently, of the film to ex.pand) with 

increasing time. No dip in film thickness, at the transition to the border, 
is seen, in agreement with Mysels' observations (1). 

We have developed two methods for analyzing the data for surface 

curvature at the moment each set of data was obtained; the first one 
permits to detect changes in radius of curvature of the Plateau border in 
a horizontal section, hut requires smoothing of data. The second one 
starts from the assumption of a constant radius of curvature in a 
horizontal section in that part of the border, in which measurements are 
possible; hut no smoothing of data is required. 

First method. of calculating the radius of curvature of a horizontal section 
through the border 

If we want to check whether the radius of curvature changes along the 
measured profile ·of the transition region between film and Plateau 
border, we must be able to calculate these radii at any arbitrary .point P 

on the curve. For this, the relation for the radius of curvature 

[II-2] 

is applied to the experimental data. The first and second derivatives have 
to be obtained from the experimental data. 

Taking first and second derivativ~ of adjoining points causes large 

instabilities even when the scattering of the measured points is only 
small Therefore a smoothed curve through these points is calculated by 
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performing a polynomial fit of maximum power 2 in each point µsing all 
points. Deviations of the measured points from the fitted curve were 
within the measuring error. On this fitted curve 105 points at the most 
are taken for calculating the radii of curvature. 

Through linear interpolation a limited number of equidistant points is 
obtained for calculating the first and second derivatives using Lagrange's 
five-point interpolation formulas (29). The radii of curvature are 
calculated for different numbers ofinterpolated points. 

As a test for this calculation we calculated the radius of curvature for 
a) points of a geometrical circle ofradius 500 µm, and b) the curve derived 
from the interference pattern calculated for such a circle by the. method 
described in the Appendix, in which the influence of the border curvature 
is taken into account. The results are shown in fig. II-3. Except for the 
first and last points of the curve, where numeric instability still causes 
large deviations, the radii of curvature for both curves are fairly constant. 
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Fig. /l-3. Radii of curvature r, calculated according to the first method, •/or a 

circular profile (•) and D /or a profile, calculated according to the 

computed intetference pattern /or this circular profile (O). 5 to 10 

interpolated values /or double numeric differentiation. Also drawn are the 

two pro.files of fig. 11-11, together with the smoothed curve of the proper 

circle ( • ). See Appendix. 
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The profile derived sub b) has a slightly smaller radius (488.0 :1: 2.3 µm) 

than the profile from the geometrical ei.rele (500.3 :1: 2.2 µm). This can be 
seen in fig. II-3, because one profile has a slightly larger radius than the 
other. These radii as well as those for the experimental data, are 
calculated as the mean of the radii for 5 to 15 interpolated points, 
omitting extreme values on the edges, which results in about 100 out of 
110 values. The fact, that the radius of the derived curve deviates 12.3 µm 

or 2.5 % from the circle radius, is somewhat surprising, since the 
deviation in the x-values of the profiles amounts to only about 1 %. 

It indicates that small deviations in the x-values have a large effect on 
the radius of curvature. Furthermore, both radius curves show a slightly 
ascending tendency, which is ascribed to the method of calculation. We 
conclude, that for curves smoothed by the described procedure this 
method works reasonably well. 

A typical example is shown in fig. II-4 for experimental data. The 
smoothed curve follows the measured points quite well. The radii of 
curvature calculated _from these smoothed curves are always constant 
with a standard deviation of 2.5 µmat the most. The radius increases 
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Fig. 11-4. Measured (•) and smoothed (•} Plateau border profile and calculated 

local radii of curvature r (O). z = 6.2 mm; t = 192 s; 5to10 interpolated 

values [or double numeric dijferentiation. See First M ethod. 
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slightly with the distance from the füm, as already described for the 
circle; this is taken into account in the standard deviation. 

In fig. Il-5 the results of all the calculations according to the first 
method are plotted as a function of time from film formation for three 
experiments, two at a height of 6.2 ± 0.1 mm and one at a height of 11.3 ± 

0.1 mm above the meniscus. In case of the 11.3 mm altitude the frame 
legs, having a length of 10 mm, are completely above the built liquid 
surface, but connected with it by a 1.3 mm high meniscus. This is clearly 
less than the maximum meniscus height, which for this aqueous solution 
with surface tension y = 37 mN/m and glass contact angle eg= 10° (see 
below) amounts to 3.87 mm (30,31), i.e. when the large glass plate is 
horizontal and above the level of liquid. It is also less than the meniscus 
height for this solution against a vertical glass plate, which amounts to 
2.50 mm (1,30,31). 

Also shown are two dashed lines representing the radii at the heights 
concerned according to hydrostatic equilibrium, when the Laplace 
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Fig. II-5. Calculated radii of curvature r vs. time t after film formation /or 2 

measuring heights (•,Il>: 6.2 mm; o: 11.3 mm). Also drawn are the (time 

independent) radii of curvature /or these heights, when the Laplace 

pressure equals the hydrostatic equilibrium pressure according to eqn. 

[ll-J]. 

36 II 



pressure equals the hydrostatic pressure: 

(1 1) y 
Apgz = y - + - = -

R1 R2 r 
[II-3] 

where Ap is the difference in density between the solution and the 
surrounding air, g is the gravity acceleration, z is the height of the 
observation point above the bulk liquid meniscus, y is the surface tension 

of the bulk solution (37 mN/m) and R1 and R2 are the principal radii of 
curvature (see Discussion, part b); if one of these radii becomes infinite, 

then the other radius approaches r, the Plateau border radius at 
hydrostatic equilibrium. We see, that the experimental radii do not show 
a distinct trend with time; except for two points at the height of 6.2 mm, 

the values cluster around a level. For the height of 6.2 mm this level 

amounts to 434 ± 11 µm., for the 11.3 mm height the values oscillate 
around an average value of 297 ± 12 µm., being less well defined than the 
former level. 

Except for one value at shorter times of 6.2 mm height, all 
experimental radii are smaller than the radius for hydrostatic 
equilibrium at this height. For the high observation point range of 11.3 

mm the calculated hydrostatic radius equals the level of the experimental 
points. 

Second method of ana]yzin&" horizontal section data for surface curvature 

This is based on the result of the first method, that the surface 
curvature is constant over the interval measured. Compared with the 

first method, it has the advantage that smoothing of experimental data, 
which might introduce systematic errors, is avoided. It is based on the 
assumptions that at a certain height above the bulk liquid meniscus, 
pressure and surface tension are constant (hut not necessarily equal to 
the hydrostatic equilibrium pressure at that height, and the surface 
tension of the bulk solution, respectively). 

In addition it is assumed that the surface curvature agrees with the 
Laplace equation: 
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[II-4] 

with ~PL as the pressure difference according to the Laplace equation and 
again 

1 1 1 
[Il-5] 

This equation implies, that only one of the radii of curvature of the 
surface of the Plateau border is important for determining the pressure. 

Deviations from the Laplace equation are improbable, because they 
imply a disturbance of force equilibrium, which would result in 
accelerated motion of the surfaces concerned to be expected, especially 
because of the pronounced mobility of the surface. 

The surface curvature at the observation heights concemed is found 
from the experimental data as follows: 

We calculate a Yb (x)-curve (with x = distance in horizontal direction 

away from the film into the border; Yb = half thickness of the Plateau 
border) starting from the experimental point lying farthest away from the 

film, (i.e. most border-inwards). We assume a slope dyb/dx at that point 
and a value for the surface curvature 1/ r, and calculate Yb (x) numerically 
by a large number of step calculations: 

[ll-6] 

[Il-7] 

[Il-8] 

Equation [Il-6] is derived from equation [II-2]. 

In the calculations, a step value dx = 0.03 µm was taken, much smaller 
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than the distance between experimental points. The initia! slope 

(dyb/dx)k=i• and the curvature l/r were then fi.tted by a least squares 
method. Alternatively, only the initia! slope was fitted while the 
curvature was assumed to be consistent with the hydrostatic equilibrium 
pressure and the surface tension of the bulk solution. 

fig. II-6 compares the deviations from experimental values for a curve 
calculated with both surface eurvature and initia! slope fitted, with those 
for a curve calculated with only initial slope fitted. It is seen, that not 
only are the deviations in the latter case larger than in the former (which 
is to be expected, since there is one parameter only fitted in the latter 
case), but that there are systematic deviations of the curve calculated 
with only slope fitted, from the experimental data: the calculated values 
are in this case systematically too low near the film, and too high at the 
other end of the border. 

The deviations are consistent with a radius of cttrvature smaller for 
the experimental points, than for the values calculated on the basis of p = 
Phydrostatic equilibrium and Y = Ybulk solution· The radii of eurvature 
as calculated according to this second method, both slope and curvature 
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Fig.11-6. Deviations from experimental valu.es Ay bfor a curve, calculated with 

both swface curvature and initia/ slope fitted (•), and with only initia! 

slope fitted (O). z = 6.2 m11i; t = 192 s. See Second Method. 
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being fitted, are roughly the same as those as a result of method 1, as 

expected. 

Theory permits also to calculate the half film thickness {yf = Y.&f) and 
the pressure in the film from the experiments, as follows: 

Starting from the last (i.e. most border-near) experimental value of the 

half border thickness Yb• the Plateau border surface is extrapolated on the 
assumption of a constant pressure (equal to the optimum fit value for the 
border surface) until (cf. [l-23]) 

piyb 1 - cos0 - = 0 [11-9] 
y 

Here, 0 = arctan(dyb/dx), Pi is the pressure due to interaction between 
the film surfaces, and y is the bulk surface tension. This requirement is 

based on the equality of pressure force and surface tension force, both per 
unit length in vertical direction along the film, at a point shortly before 
the border/film transition. 

In the absence of significant interaction between the surfaces, the 
contact angle at the border/film transition (Elf) is zero and (cf. [I-13]) 

[ll-10] 

where now Pf = Pa= atmospheric pressure; [1-8] 

Pb = Pa - Yb/r. [l-7] 

The values for Yf thus calculated were larger than Yb• in agreement with 
Mysels' observations, but did not differ more than 0. 7 % from the bulk 
y-value. 

In using eqn. [II-9] during the extrapolation, the interaction pressure 

in the film is calculated as: 

[ll-11] 

with PA and PR the Van der Waals attractive and double layer repulsive 
pressures, resp., mentioned in Ch. 1 (eqns. [l-14]-[1-20]). The main 
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Table II-i: Pressures in the film and film contact angles. [CTAB] = 0.02 M; fl'ame 

width = 4 mm; height above bulk 6.2 mm. 

t Yf PA PR tgE>f 
(s) (µm) (Pa) (Pa) 

7 0.4001 0.0002 0 0.44•10-4 

31 0.0969 0.0685 -0.000846 5.48•10-4 

49 0.0681 0.377 -0.235 7.05•10-4 

109 0.1075 

169 0.0203 

192 0.0209 

difficulty in applying these equations is the uncertainty both in the 
Hamaker constant and in the osmotically active surfactant concentration. 
Above the c.m.c. the surfactant concentration weighed in can not be 
assumed to be osmotically active as single ions. In addition, the liquid in 
the film may have a lower surfactant concentration than that weighed in 
due to the pronounced surface excess of the surfactant combined with the 
large surfàce/volume ratio in the film. On the other hand, if we take the 
c.m.c. as active electrolyte concentration, then in the cases of small film 
thicknesses no value can be found on extrapolating the experimental 
Yf-values, for the distance x, at which eqn. [II-9] is obeyed, unless values 
for the Hamaker constant greatly exceeding l • 10-1 ' J (32) are assumed. 

In view of these uncertainties, we took the c.m.c. (24) as the value for 
the aetive eleetrolyte concentration (Table II-i}. In those cases, where eqn. 
[Il-9] did not reach zero, no tgE>f can be calculated on the assumptions 
mentioned. The rrvalue mentioned in table II-i then is the value 
calculated from the best fitted Yf(x)-curve through the experimental 
data, for the x-value, at which the film starts. 

Flow visualization 

Flow visualization in the border was efîected by the addition of glass 
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particles. Clearly two distinct regions could be discerned: in the region 

near the film, an upward flow was observed, while near the frame a 
downward flow was seen. In between, the glass particles showed only 
little movement, in most cases circulating movements ( downwards when 
more near the frame, upwards when more near the film). These tlows 
fade away in the long run, approximately simultaneously with the 
marginal regeneration phenomena. 

IDSCUSSION 

According to fig. II-5 the radius of curvature of the vertical Plateau 
border close to the bulk liquid meniscus is smaller than the radius 
calculated on the basis of hydrostatic equilibrium, while this discrepancy 
vanishes at greater heights. This means that at the lower height 

investigated the local underpressure in relation with the outside pressure 
is larger than one would expect from hydrostatic equilibrium pressure. 
Since this is quite unexpected (1), we must check, whether this result is 
really a physical phenomenon. For this, three questions need to be 
answered carefully: 

a. Is the radius of curyature constant at a certain height? 

The experiments show, that the radius of curvature of the Plateau 
border close to the transition region between film and border varies only 
slightly over the first 30 ::1: 10 µm. in horizontal direction. The total 
distance film/glass frame, i.e. the breadth of the Plateau border, at the 
heights concerned was taken from separate photographs of the glass 
frame with film as a whole. The Plateau border was found to be 460 :1:: 25 
µm. in width at the height of 6.2 mm above the bulk meniscus and about 
300 µm. at 11.3 mm. This means, that we have established, that the radius 
is constant over 6, resp. 10 % of the Plateau border width. 

The contact angle with the glass eg was separately measured to be 10°. 
If we assume a constant radius of curvature in the horizontal plane, then 
with the aid of this contact angle 0

8 
and the experimental radii of 

curvature in the transition region r the width of the Plateau border xb is 
calculated according to: 
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Fig. ll-7. Macroscopie drawing of the glass frame with the liquid film suspended in 

it. Because of the curved Plateau borders, the film deviates substantially 

from a rectangle. P .B. = Plateau border; L =Bulk liquid meniscus. See 

the tel.t for the remaining symbols. 

[ll-12] 

As a result we found xb = 427 ::1: 11 µm. för the height of 6.2 mm and xb = 
292 ;1: 12 µm. för the 11.3 mm altitude. These values appear to be lower 
than the directly measured widths mentioned above, hut the differences 
are within the standard deviations. We conclude, that the radius of 
curvature may slightly increase in the direction toward the frame; 
however, this increase should be small. 

b. Is the radius of curvature in vertical direction large enoush to neslect 
its reciprocal ya.lue? 

Until now we have neglected other than horizontal curvatures. The 
macroscopie photographs, however, show, that in a film in a glass frame 
as small as used in our experiments vertical curvatures may be 
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significant; e.g. the actual thin film in the rectangular frame is not really 
rectangular, hut its periphery shows an appreciable curvature because of 
a meniscus between the two frame legs and a decreasing Plateau border 
width in upward direction, as illustrated in fig. II-7. The meniscus 
between the legs, i.e. the transition between the film and the bottom 
Plateau border (H in fig. ll-7), is pulled up about 2.5 mm by the film, 
compared with the situation in absence of the film (Kin fig. II-7}. This 
fluid bridge shows strong vertical curvatures not only in a plane parallel 
to the film, but also in a plane perpendicular to it. 

Let us consider a pending drop or a bowl with a vertically oriented 
axis of rotation. Twice the mean surface curvature J at a certain point 
P(rp,zp) on the outer, resp. inner surface of these objects is defined as 
(31): 

[ll-13] 

where R1 is the meridional (pertaining to the plane through the axis of an 
object with rotational symmetry and a point P on its surface) radius of 
curvature and R2 is the azimuthal (pertaining to the plane through P 

norm.al to the surface and to the meridian) radius of curvature; the circles 
with these radii osculating to the surface at P lie in these planes. So R1 

can be derived from the equation describing the meridional circle by 
double differentiation: 

R = 
1 

[ll-14] 

and R2, being the distance between P and the rotation axis 
perpendicularly to the tangent· plane, can be calculated by: 

[ll-15] 
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Fig. ll-8. Schematic representation of the Plateau border, built up of cylinder 

segments with radius rp and Jieight dz. 

In these equations the z-axis is . the rotation rocis and the r-rocis runs 
horizontally, perpendicularly to the z-rocis; rp is the horizontal distance 
from P to the z-rocis. 

Application of these equations to our Plateau border is restricted to 

the first quadrant of the ground plane (= xy-plane; r 2 = x2+y2) and is 
justified only if a vertical rotation rocis is present. However, the measured 
horizontal radius of curvature decreases with increasing height z, while 
dz/ dr remains positive. This means that the centre of the circles 
describing the border gradually moves towards the border on ascending 
along the z-rocis, which destroys the symmetry. If, however, we consider 
only small increases in height (dz), we may regard the border as rotation 

symmetrical and we may apply the above equations to height fractions dz. 
In this way the Plateau border surface can be regarded as being built up 
by cylinder segments in the first quadrant of height dz, each one with its 
rocis shifted along the bisector of the x- and y-axis towards the border in 
such a way, that it leans slightly over its lower neighbour (fig. II-8). 

The question is, whether the meridional curvature of the Plateau 
border 1/R1 is sufficiently strong at greater heights above the bulk liquid 
meniscus .for J to differ considerably from the azimuthal curvature 1/R2• 

The macroscopie photographs tell us, that the strongest curvature of the 
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periphery appears just above the meniscus, although this is not one of the 
principal radii of curvature: the radius of this curvature is in the order of 
1 mm (H in fig. II-7), while at larger altitude the radius increases very 
rapidly. At the heights concerned the meridional curvature is negligible 
and J approaches the azimuthal curvature 1/R2, which in turn approaches 
the measured horizontal curvature 1/rp for dz/dr approaching infinity. 

c. Does the surface tension in the Plateau border differ trom the bulk 
liqyid value? 

Another possibility is, that the deviation of the experimental radii of 
curvature from the theoretical ones at hydrostatic equilibrium at the 
height of 6.2 mm is caused by a strong decrease in surf ace tension, which 
e.g. might be effected by evaporation. This is highly improbable for three 
reasons: 

a) the solution was left in the metal vessel long enough to saturate the 
environment; 

b) the bulk liquid's surface tension in a 0.02 M CTAB solution was 
measured to be 37 mN/m, while for a supersaturated solution of 0.25 
M CTAB the surface tension did not reach a lower value than 33 
mN/m. This decrease is not sharp enough, since for the experimental 
radii to agree with hydrostatic equilibrium the surface tension should 
be 26.4 mN/m [Il-3); 

c) this mechanism does not explain, why the difference between the 
radius observed experimentally, and that agreeing with the 
hydrostatic equilibrium value vanishes at greater height. 

On the other hand, both the anomalous radius of curvature of the 
border at low heights, and the complex flow patterns can be explained by 
a systematic variation of surface tension in the border in the direction: 

y < YA < YB < Yc = Yn = YE = YF [11-16] 

(för the meaning of the letters A, B, c, etc., see fig. II-7). 

46 II 



~sed mechanism for flows and radii of curvature observed in the 
b.m:dfil;:. 

The simultaneity of the gradual vanishing of the flows in the border 
and the marginal regeneration suggests a connection between both 
phenomena: 

In the film. there exists a surface tension gradient in vertical direction 
(Ch. I), because the weight of liquid in the film up to a certain level B 

must be supported by the surface tension along BG (fig. II-7, cf. fig. 1-4) 
(33). 

During film. drainage there is an exchange of film volume elements 

with accompanying surfaces against Plateau border volume elements, in 
the process of marginal regeneration (1). A film volume element, after 
being exchanged with a border volume element, will occupy a position 
with a slightly larger thickness compared with its original film thickness, 
and consequently its surface in the border is smaller than in its original 
position. Part of the surface of the original film volume element has 

migrated to the bulk, when arriving in the border. This locally causes a 
surfactant concentration higher than the surrounding border bulk, while 

the surface tension at that instant is not changed compared with the film 
surface tension. Diffusion of surfactant molecules to the surface will lower 
this surface tension, until complete equilibrium has been established. In 
addition, the surfactant concentration at the surface may change because 
of expansion or contraction of the surface during the film/border element 
exchange. In view of the incompressibility of the liquid this also involves 
transport of water from the surface to the bulk. However, if molecular 
transport is assumed to be slow compared with the marginal regeneration 
exchange, then the new border element is expected to retain its original 
surface tension (ie. that of the film at the height concerned), and thus to 
have a larger surface tension than the surrounding border. 

Thus, marginal regeneration leads toa surface tension gradient YA < 

YB < Yc along the transition region film/border, if equal amounts of 
surface exchange would take place at all heights. However, drainage is 
less pronounced for thinner films than for thicker ones (1, 34). This effect 
reduces the surface tension gradient expected; it is assumed here, that 
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the latter is not quite suppressed. 

This surface tension gradient causes a Marangoni flow. Initially, 

surface tension differences may be levelled off by horizontal flow (e.g" at 
level B in :fig. II-7, by a flow from E to B). However, this will lead to a 

slightly increased surface tension at this level (compared with the surface 

tension of the bulk solution), because at E there is only a :finite amount of 

liquid available for surface renewal. 

At A, however, bulk liquid can be sucked up, and the amount of liquid 
available för surface renewal is much larger. This increases the driving 

force for a flow from A to c, viz. the surface tension difference between A 

and c, and makes the upward flow from A to c self-reinforcing. This 

self-reinforcement Iets the flow along the border/film transition establish 

itself rather than flow in horizontal direction. A similar 

self-reinforcement is assumed in the establishment of for Marangoni 
instabilities due to temperature gradients (35). 

The Marangoni flow becomes stationary, when it is counteracted 

suffi.ciently by a pressure gradient and viscous drag. The latter is not veey 

pronounced (see later), and the pressure gradient corresponds with the 

Plateau border at C being too bulky, at A being too thin (as observed 

experimentally). The excess liquid at cis levelled off horizontally to D, and 

removed downward along E and F to the bulk liquid. This flow is then no 

more a Marangoni flow. Thus the experimentally observed flow pattern 

can be accounted for. 

Liquid moving from c through D to E and F entrains a surface with a 

relatively large surface tension. This explains the absence of horizontal 

flow, e.g. from E to B, once the vertical upward flow from A to C has been 

established: The excess pressure at E (compared with the hydrostatic 

equilibrium pressure), which is shown by the downward flow there, can 

not level off the too low pressure at B, which is evidenced by the radius of 

curvature, because a flow from E to B would be an anti-Marangoni one. 

Thus, at F a surface tension difference with the bulk liquid is 

generated, which counteracts (hut not completely suppresses) the 

transport of liquid from the border to the bulk liquid. This is evidenced by 
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the gradual thinning of the border (fig. II-2). 

The horizontal surface tension. differences, between e.g. E and B, 

should be only small in view of the observed constancy of the radius of 
curvature both in the direct observation range (fig. II-4), and calculáted 

from contact angle and total breadth of the Plateau border. 

At first view, this process might seem unlikely, because of a large 
hydrodynamic resistance expected for the flow bulk + A + B + c + D + E 

+ F + bulk, especially, since the thinness of the border would make 
contributions to the hydrodynamic resistance pronounced, which are 

connected with velocity differences in the direction perpendicular to the 
midfilm plane. However, both front and back surfaces of the border are 
expected to have the same velocity. Consequently, there is no velocity 

gradient in the direction concerned. All hydrodynamic resistance 
experienced by this flow is then connected with the border/film transition, 

the upward/downward flow transition, and the border/glass frame 
boundary. Nevertheless, the hydrodynamic resistance of the observed 
flows is expected to be larger than that experienced by horizontal flows 
such as E + B. The reason for the establishment of the experimentally 
observed flows (in preference to horizontal flows) therefore should be in 

the larger driving force of the bulk + A + B + c + D + E + F + bulk flows 
rather than in their low resistance. This larger driving force is generated 
by their self•reinforcing character. 

This mechanism is a tentative one, since the most important 
hypothesis, on which it is based, viz. the surface tension differences in the 
Plateau border, can not be checked independently. However, it can 
account for the experimental data. 

CONCLUSIONS 

In a foam film drawn from a surfactant solution by means of a glass 
frame with square legs, there exists a lower pressure than the hydrostatic 
equilibrium one, shortly above the bulk meniscus. At larger heights (1<1 10 
mm) above the meniscus, the hydrostatic equilibrium pressure is 
observed. 
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The phenomena may be explained by a Marangoni flow caused by 
surface tension gradients in the border induced by surface tension 
differences in the film. 

SUMMARY 

The measured deviation of the local pressure in the vertical Plateau 
border from hydrostatic equilibrium pressure near the film base, which 
vanishes at higher altitude, indicates an extra suction in the lower part of 
the border. Flows in opposite directions in the border, are observed: an 
upward flow near the transition region with the film, a downward 0.ow at 
some distance from the film. Both effects are explained by flows due to 

surf ace tension gradients. 

ACKNOWLEDGEMENT 

We wish to express our gratitude to A. Prins, J.Th.G. Overbeek, K.J. 
Mysels and A.K. Chesters for their valuable discussions. We also wish to 
thank J.A. Poulis för his fruitful discussion about the subject treated in 
the Appendix. 

APPENDIX 

Interference pattern of light reflected from front and back surfaces of a · 
Plateau border viewed in a m.icroscope. 

Consider the microscope to be focused in the front surface of the film 
(to be distinguished from the front surface of the Plateau border, see fig. 
II-9a). The image seen in the microscope then corresponds to a real object 
as far as the füm is concerned; in the Plateau border the object is a 
virtual one. Thus, in the image of a point like A (fig. II-9b) a number of 
rays such as GFEDC (reflected at the back surface of the border) and HDC 

(reflected at the front surface) are combined, which do not really pass 
throughA. 

For shortness' sake, rays reflected at the front surface are indicated as 
"primary" rays, and rays reflected at the back surface are called 
"secondary" rays. A minimum light intensity will be observed apparently 
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Fig. II-9a. Example of two rays reflected and refracted by a circular Plateau border, 

whereby the rays leaving the condensed phase coincide. 
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Fig. Il-9b. Detail of fig. II-9a showing the construction of points A and J on the 

focusing plane. 
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coming from a point A in the focusing plane, when the majority of rays 
like HD and GFED interfere destructively at D. 

The fact, that interference is observed, implies, that primary and 
secondary rays, having the same phase, when being generated at the light 
source, are within one coherence length, when interfering at D. This in 
turn implies, that they would have the same phase, when arriving at the 
focussing plane, when the border would be absent; differences in 
geometrical path length between light source and focussing plane are 
partially compensated by differences in lengths of paths through various 
media (air, different types of glass) such as to make the optica! paths 
lengths, in terms of wavelengths, equal. 

The phase difference between a primary and a secondary ray, 
interfering at a point like D (fig. II-9a), can then be calculated for a 
cylindrical Plateau border with radius r, as follows: 

a) Consider a secondary ray (DC), leaving the border while making an 
angle 't 2 with the normal to the focussing plane. It makes an angle 't = 

't 2 -o:. 3 with the normal to the front surface of the border at D (where a.3 

= arctg(dy3 /dx); y 3 = r-l(r 2-x2) in the coordinate system described in 
fig. II-9a). 
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This secondary ray has traversed the Plateau border, after having 
been reflected at the back surface, along ·line ED. Line ED makes an 
angle ~2 = arcsin(sin't/n) with the normal to the front surface, and an 
angle u 2 = f) 2 +a. 3 with the normal to the focusing plane .. 

Thus, once point A and angle 't 2 being chosen, line AC is fuced and the 
coordinates of its intersection point D with the Plateau front surface 
can be calculated. With the angles mentioned in the preceding 
paragraph, line DE is known, and the coordinates of its intersection 
point E with the Plateau back surface (y 2 = -r-&f+l(r2-x2 )) can be 
calculated; and also the angle, which line DE makes with the normal to 
the Plateau back surface (u2 -o:.2' with a.2 • arctg(dy 2 /dx) at E, « 2 < 0). 

Then the angle, which the secondary ray makes, before reflection at 
the back surface, with the normal to the back surface at E is u1 
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-u2-1-« 2• Thus, the angle, which FE makes with the normal to the 
focussing plane, is known (-u2+2a:2), and therefore also the coordinates 
of point F, where the secondary ray enters the Plateau border. Then 

also the angle between the normal to the front surface at F and the 
nonnal to the focussing plane, is known (a:1 = arctg(dy1 /dx) at F); the 
angle, which the secondary ray makes with the normal to the front 
surface, then is 13 = u 1 -1-« 2-a.1 , the angle, which it makes with the 
norinal to the front surface, before it enters the border, is arcsin(n 

sin~), and therefore the angle, which it makes with the nonnal to the 
focusing plane, will be: 

[II-17] 

b) The course of the primary ray is calculated straightforwardly from the 
condition, that it must, aft.er reflection at point D, coincide with the 
secondary ray considered. Thus, its angle with the normal to the 
focusing plane aft.er reflection is 't 21 and its angle with the norm.al to 
the focusing plane before reflection is -'t 2+2a;3• 

c) Let the phase, which the secondary ray GF would have, when arriving 
in the absence of liquid, at point I in the focusing plane be ; 0• lts 
phase when arriving at F, 

+2F = +o - (FI} 2v/À [II-18] 

Therefore, its phase when arriving at D, 

+20 = +o - (FI) 2V/À + (FE + ED) 2'!rn/À [II-19] 

Similarly, the phase of the primary ray when arriving at Dis: 

+10 = +o - (DJ) 2V/À [II-20] 

which becomes after reflection: 

+1D = +o - (DJ) 2V/À - Y.v [II-21.] 

The phase difference between the rays is: 
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At = +2D - +1n = {DJ - FI + n (FE + ED)} 21f/À + ~ [II-22] 

The coordinates of the points I and J can be calculated from the 
coordinates ofD and F, and the angles i:2 and&. With these coordinates 
and those of point E, ~ can be calculated for any ray which appears to 
originate at point A, and makes an angle i: 2 with the normal to the 
focussing plane. 

d) The intensity of the light emerging at a time t at point D, making an 
angle i: 2 with the normal to the focussing plane, is then given by: 

Int = {A1 sin(Kct) + A2 sin(Kct - A+))Z [II-23] 

A 1 and A 2 are the amplitudes of the electric field vector for the primary 
and secondary ray, respectively; K = 211/>.., cis the velocity of light in 
vacuo. The average intensity reflected over one period from point D in 
the direction concerned is obtained by summing eq. [Il-23] for various 
values (usually 100) of t (t0 < t < t 0 + T), and the total intensity 
appearing to originate from point A is obtained by snmming the values 
of the intensity thus obtained for different values of i: 2 • 

The summations were performed by means of a program 
(INSIDE.PAS) written in Pascal, which can be run on any IBM 
compatible PC. In the calculations A1 and A2 have been taken to be equal. 
Any additional intensity due to e.g., the primary ray being more 
pronounced then the secondary one, would be superimposed on the 
interference pattern, but does not shift the latter's minima. 

In the calculations, the restrictions were imposed that both incoming 
and outgoing primary and secondary rays had to be within the numerical 
aperture (N.A.) of the objective employed. 

The result of such a calculation is shown in fig. II-10 for a Plateau 
border radius of 500 µm and a film thickness of 0.1 µm; the step size 
amounts 0.05 µm, which means, that after each calculation the 
observation point D moves 0.05 µm in the x-direction. This theoretical 
interference pattern shows several discontinuities due to the fact, that for 
each point a summation is performed for 50 different values of i:21 which 
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Fig. II-10. Computed interference patternfor the transitionfrom afilm, &f = 0.1 µm, 

to a circular Plateau border with r = 500 µm. x = 0 at the start of the 

border. The computation is performed for 50 rays in a 2-dimensional 

cone of light, transmitted by an objective with N.A. = 0.4. The stepwise 

decreasing number of angles is due to the increasing number of emitted 

rays, which do not reach the objective after reflectionlrefraction on going 

to the steeper part of the border. 

obey the condition 

't2 ~ arcsin(N.A.) [Il-24] 

where N.A is the numerical aperture of the objective used, i.c. N.A = 0.4. 
Also the angles -'t 2+2a.3 and & of the primary and secondary, resp., 
incoming rays must satisfy this condition. If one of them does not, there 
will be no interference, and the other ray will be added to the background 
light; if they both do not, then the outcoming ray with the 't 2 concerned 
cannot originate from any ray coming out of the objective. In both cases 
the outcoming ray is omitted in the summation. 

On going to the steeper part of the Plateau border surface (the positive 
x-direction in fig. II-10) less and less rays will participate in the 
summation. Since the number of rays is limited (50), each time an 
outcoming ray is omitted, the intensity of the interference light decreases 
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abruptly. In fig. II-10, the steps in the number of rays used in the 
calculation correspond to the discontinuities in the interference curve. 
Although an integration over the angles, if possible, would make these 
discontinuities disappear and thus would result in a more accurate 
interference pattern, this would not change the locations of the minima. 

After determination of the x-values of the minima, these data are 
treated the same way as experimental data, which means, that every 
x-value is provided with the proper thickness. These thicknesses are 
obtained by employing Fizeau's equation of interference minima [ll-1] for 
which a plane parallel film is assumed. The order of interference is 
determined by the film thickness: the thickness for the first interference 
minimum should be calculated for the smallest p, for which &b is larger 
than the film thickness. 

In this case, p = 1 and ~ = 0.20775 µm. The other thicknesses are 
calculated with successive p-values. Also, the original circular Plateau 
border profile, for which the interference pattern is computed, is 
calculated according to the proper circle equation with the thicknesses of 
the interference minima: 

[ll-25] 

where xc is the x-value for the circle, Yb and Yf are the halfthicknesses of 
the Plateau border, resp. the film, measured from the film's parallel 
symmetry plane, and ris the radius of the circular Plateau border. 

fig. ll-11 shows a plot of this circular profile (closed circles) and the 
profile, according to the calculated interference pattern (open circles). It 
is clear, that the deviation of the latter from the circle is only small: it 
varies from 0.09 µm for the first minimum to 0.39 µm for the 25th 
minimum, or in percentages, from 1.2 to 0.7 %. Considering the accuracy, 
with which the minima are measured on the photographs, this deviation 
is negligibly small To see, what effect this deviation bas on the radius of 
curvature, the reader is referred to METHOD 1 in the results. 

We realize, that this is only a 2-dimensional analysis, while in reality 
we are dealing with a 3-dimensional cone of light. However, rays out of 
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Fig. II-11. Profiles of a circular Plateau border(•, &f = 0.1 µm; r = 500 µm) and a 

border, ca/culated according to the interference pattern in fig. 11-10 (O); 

•: smoothed curve, computed for the circular .profile. The utmost left 

point is only calculated for the circle, but is not derived /rom the 

interference .pattern. 

the horizontal plane and reflected/refracted by a circular Plateau border, 
upon refraction encounter an ellipsoidal border, which makes a 
computation rather complicated. Furtherm.ore, 3-dimensional calculations 
for a wedge shaped border were oompared with analogous 2-dimensional 
ones, showing no large deviations. Therefore, the assumption, that for 
detennination of the local thickness of a Plateau border, measured 
interferometrically with a microscope with conical illumination, the 
surfaces are considered plane parallel, m.ay be applied; in other words, 
Fizeau's equations for maxima and minima are valid and fig. II-3 does not 
need to be oorrected. 
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CBAPTERIII 

MARGINAL REGENEBATIQN OF 
AMOBILE VERTICAL FREE LIQUID FILM 

ABSTRACT 

Marginal regeneration is the main thinning mechanism of a mobile 
vertical free liquid film, whereby thicker film regions, including the 
surfaces, are sucked in by the Plateau border, in exchange of thinner 
regions in an immediately adjacent section. lts hydrodynamic theory is 
c<;>nfirmed by calculations performed on profiles of films, drawn from a 
0.02 M CTAB solution, where the net flow out of the film is described as a 
result of a surface flow combined with a bulk flow caused by a pressure 
gradient. 

INTRODUCTION 

Although vertical free liquid films have been investigated for a long 
time already (for an extended bibliography of early investigations, see ref. 
(1)), the principles of their drainage still are not fully understood. 
Drainage has been studied extensively in the case of horizontal films 
(2-4); however, investigations of vertical films.were focused on Frankel's 
law for film formation (1,5-8), black films (9-21), bursting (22-25), film 
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contact angles (26-31) and surface waves (32-42), the last subject being 
treated mainly theoretically. Only few papers dealt with actual flow in 
free films (10,43-45) and Plateau borders (46), but the physics of the main 
drainage mechanism for mobile films, viz. marginal regeneration (1,7), 
remained unsolved. Recently, several new techniques for the 
measurement of film thickness were developped (45,47). 

During marginal regeneration thicker parts of a film are withdrawn 
into the adjacent Plateau border and replaced by thinner parts generated 
from the same Plateau border at neighbouring spots (1), while the total 
surface area of the film does not change significantly. This exchange of 
thinner against thicker film parts results in an effective drainage of the 
film. Gravity influences these phenomena, because the thinner film 
elements formed by the niarginal regeneration move to that part of the 
film, where thicknesses match; in a horizontal film there is no systematic 
variation of film thickness along the border, whereas such a systematic 
variation is present in a vertical film. Thus, vertical films are expected to 
show a drainage behaviour basically different from that found for 
horizontal films. 

Frankel (1) derived an equation for describing the marginal 
regeneration, but to the knowledge of the present author this equation 
has never been experimentally verified in a quantitative sense. It will be 
seen, that a starting point for a quantitative elaboration of this theory is 
the pressure in the Plateau border at a certain height. It was shown in a 
previous paper ( 48, Ch. Il), that this is equal to the hydrostatic 
equilibrium pressure at a height of 11 mm above the meniscus, while it is 
lower at smaller heights. Calculations in the present paper are restricted 
to heights equal to or larger than 10 mm, where the hydrostatic 
equilibrium pressure is assumed in the border. 

EXPERIMENTAL 

Materials 

CTAB (= Qetyltrimethyl!\Illllloniumhromide): m; Sigma Chemica! Co. 
The surface tension vs. concentration graph had a distinct break near the 
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c.m.c. (= 9• 10·4 M (49)) without a minimum; no further puri:fication was 

applied. 

Twice distilled water was used to make the surfactant solutions. 

Apparatu.s 

Single free liquid foam films suspended in a glass frame were studied 
with a Fizeau interferometer constructed analogously to the apparatus 
used by Mysels (1). 

The glass frame consisted of an upper bar with a 40 mm long leg at 
either end; the glass was 2 mm thick. Cross sections of the legs and upper 
bar were either rectangular (2x5 mm) or sharp·angled by cutting the 
frame's inner sides at one side under an angle of 45°. Of the latter type 
frames with different distances between the legs were available, 
producing 107.7, 30.0, 30.1, 45.0 and 15.3 mm wide films, while the frame 
with rectangular legs had a width of 30.1 mm (measured between the 
inner sides of the legs). 

The sample solution was contained .in a glass beaker under the frame 
with 58 mm height and 56 mm inner diameter; only for the 107. 7 mm 
frame a beaker with 47 mm inner height and 124 mm inner diameter was 
used. 

Beaker and frame were positioned in a double walled metal chamber 
with 188 mm inner height and 133 mm inner diameter, which was closed 
airtightly by a P.V.C. lid. The frame was attached to a rod through the 
centre of this lid. This rod was supplied with a hall joint in the lid, by 
means of which the frame could be positioned properly (i.e. perpendicular 
to the light beam of the Fizeau interferometer). The beaker was placed on 
a platform, which was also thermostatted. 

Before an experiment .the beaker was filled up to the edge with the 
sample solution and after closing the chamber with the lid, to which the 
frame is attached, the system was left for at least 4 hours to allow the 
interior of the chamber to obtain the saturated water vapour pressure at 
the temperature concerned, i.e. 25°C. 
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A liquid film was created by first raising the platform with the beaker 
pneumatically, such as to immerse the glass frame in the sample solution, 

and then lowering the platform within 1 second, leaving the lower ends of 

the frame in the solution. In this way a film was drawn, suspended 
between the 3 frame sides and the bulk. liquid. 

The liquid film was observed with a home built Fizeau interferometer: 
it consists of a 25 cm long metal tube (diameter 40 mm) with a low 

pressure mercury vapour lamp (Mazda) at one end and a 25 cm focal 
distance lens at the other. The latter end is inserted horizontally into a 

hole in the vessel in such a way, that the frame containing the soap film 
is perpendicularly illuminated by the parallel light beam. This light is 

reflected from the film back into the tube and via a semi-reflecting mirror 
into a side tube, at an angle of 73° with the main tube, containing the 
ocular, to which a Minolta X-700 photo camera is connected. This camera 
is equipped with the standard 50 mm object lens, a Tokina conversion 
lens and a close-up lens (no. 1), an Autowinder and a program.mable data 
back, all Minolta except for the converter. We used either 400 ASA 
Kodacolor or 1000 ASA Agfacolor films. 

The lifetimes of foam films were measured visually with a stopwatch. 

For an experiment the interference pattern of a whole film was 
photographed at several times: the first photograph was taken at the 
moment the beaker reached its lowest point after film formation ( t = 0). 
We usually started with 6 exposures, taken at 6 s intervals, after which 
the intervals were elongated more and more up to 1 min" if the foam film 
was still intact. This interval elongation was applied, because drainage of 
the film takes place at a decreasing speed. The time, at which a certain 
photograph was taken, was imprinted on it by the Multi-Function Back. 

The light source emitted bluish green light, with wavelengths 440 nm· 
(violet blue) and 554 nm (yellowish green) predominating. These colours 

are recognized in the interference pattern reflected by the foam film. This 
interference pattern consisted of many, closely spaced, horizontal lines, 
which, however, did not extend quite up to the sides of the film. There the 
regular film thickness vs. height pattern is disturbed by marginal 
regeneration. Between new film elements introduced in the film by 
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marginal regeneration the film thickness was generally found to be 
thicker than far away from the border at the same height. 

The interference lines became broader in time and moved downwards, 
when the film became thinner approaching a plane parallel film, whereas 
turbulences at the periphery of the film decreased. Because of the 
difference in wavelength the green lines outnumbered the blue lines. At 
certain thicknesses the minima of the two wavelengths nearly coincided 
resulting in a dark line. Together with the appearance of the black film at 
very small thickness, this phenomenon is used to determine the order of 
interference of all the lines observed and thus the film thickness at 
various heights above the bulk meniscus. 
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Profiles of vertical liquid films in 0.02 M CTAB solution. Frame 

width, 30,l mm, recta11gular frame legs. Figures close to the curves 

are timesfromfilmformatlon ins. 
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RESULTS 

A typical series of profiles of one experiment is shown in fig. 111-1 for a 

film in a 30.1 mm frame, which had legs with rectangular cross sections. 

Compared with the coordinate axis for the height the ordinate axis for the 

thickness is scaled up by a factor of about 2450. We clearly notice a bell 

shape for the early profiles, which more and more approaches a wedge 

shaped film. Marginal regeneration was observed at the bottom of the 

film and along the frame legs, turbulent at first, hut gradually 

decreasing. The film, in its lower parts, is seen to deviate from the 

parabolic shape expected for rigid films, in accordance with Mysels' 
observations (1). 

These authors studied long-living films lasting for days, although 

thickness measurements were performed up to 2500 s, while our films 

never lived longer than 250 s. Mysels (50) suggested, that the glass frame 

becomes de-wetted more easily in case of a cationic, strongly adsorbed 

surfactant than in an anionic one, because of the finite contact angle (10° 

( 48, Ch. Il)). Mysels et al. used a 0. 7% (- 0.02 M) solution of "Santomerse 

No. 1", which consisted of mixed sodium alkyl benzene sulfonates 

(predominantly monododecyl) containing 60% Na2S04, to produce mobile 

films 10 cm high. This difference makes it difficult to treat our data in the 

same way as they did to calculate the descent constant. lndeed, they 

stated, that the agreement of a semi-logarithmic relation of height with 

time for a certain thickness, on which their descent constants are based, 
is best for relatively quiescent films, in which turbulence is moderate. 

For our films, however, we found in an important respect the same as 
has been observed by Mysels c.s. (1) for films formed from 

SodiumDodecylBenzeneSulfonate + Na 2SO 4 solutions: the thinning rate 
at given values of film thickness and height is in good approximation 

inversely proportional to the frame width (fig. 111-2). Here the thinning 

rate ( v t) is defined as the velocity of film surface movement in the 

direction perpendicular to the film midplane (see below). Thus, hcirizontal 

drainage to the Plateau border predominates over vertical drainage to the 

bulk liquid. 

In order to verify another aspect of the theories mentioned in (1), 
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Fig. Ill·2. 
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Thinning rate v t (in direction perpe11dicular to film surface) vs. 

reciprocalframe width l/b. Sharp-angledframe legs. Height: 10 mm. 

Film thickness: Il>: 0.5 µm; •: 1 µm; •: 2 µm. 

namely Frankel's hydrodynamic theory of marginal regeneration, we 
treated our data in the following way: from our profiles we linearly 
interpolated ·film thicknesses at certain heights above the bulk liquid 
meniscus for the times, at which the photographs were taken. Through 
the reciprocal half film thickness vs. time curves at constant height, a 
smoothed curve is calculated by performing a polynomial fit of maximum 
power 4 through the points. A typical result is shown in fig. III-3. (The 
reciprocal half thickness versus time curves were close to straight lines 
and therefore easier to handle in the smoothing procedure than half 
thickness versus time curves). 

For the many points of the smoothed curve (usually between 70 and 
90, compared to 16 at most for experimental data points), the thickness is 
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Typical reciprocal film thickness y f vs. time t curves, employed for 

numerical differentiation. Rectangular frame legs. 

recovered and the thinning velocity v t is calculated by computing the first 
derivative using Lagrange's five-point interpolation formulas (51). A 
double-logarithmic plot of the thinning velocity v t versus film thickness 
usually shows a fairly straight line deviating mostly at lower thicknesses. 

Fig.111-4. 
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Calculation of power law index n (eqn. [111-1]) from experimental 

data. Same experiment as shown in fig. 111-3. 
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Table IIJ-i: Values of exponent in power law Q = k6 fn (eqn. [/II-IJ), derived from experimental data, 

/or a sliarp-angled frame. 

Frame width 107.7 mm 45.0 Jllll 30.1 111111 30.0 111111 15.3 mm 

Beight (111111) n 

30 1.85 1.82 1. 71 1.83 1.65 1.6 1.5 1.3 1.7 1.70 1.85 2.00 
20 1.95 1.88 1.80 1.82 1.74 1.7 1.54 1.81 2.1 1.80 1.98 2.06 
10 2.08 2.3 2.13 2.08 1.85 1.99 1.70 1.90 2.1 1.95 2.08 2.00 

Ave rage 2.0 2.0 1.9 1.9 1. 7 1.7 1.6 1.7 2.0 1.8 2.0 2.0 
Stand. Dev. 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.3 0.2 0.1 0.1 o.o 

Tot.average 1.9 :!: 0.2 



table 1//-ii: Values of exponent in power law Q = k6 fn (eqn. [11/-1]), derived 

from experimental data,for a rectangular frame (width 30.1 mm) 

Height (mm) B 

30 2.32 2.2 2.28 2.02 
20 2.24 2.3 2.23 2.12 
10 2.43 2.36 2.33 2.19 

Ave rage 2.3 2.3 2.3 2.1 
Stand. Dev. 0.1 0.1 0.1 0.1 

Tot.average 2.3 ::!: 0.1 

In fig. III-4 an example is shown of such a plot. Thus, for a particular film 
thickness &f, the drainage rate Q agrees reasonably with the equation 

[III-1] 

where k is a constant with dimension m 3 - 0 /s. From the slope of such 
curves, the exponent n can be calculated. 

The results are summarized in table III-i for sharp-angled and in table 
III-ii for rectangular frame types. Calculations were performed for three 
heights above the bulk liquid meniscus; a mean n-value for each frame is 
also given. We notice a clear decrease in n with increasing height for 

frame legs with sharp-angled cross sections, which is absent in case of the 
frame with legs with rectangular cross sections. Furthennore the frame 
width seems to have little or no influence on n: the mean n-value for all 

the frame widths with sharp-angled legs amounts to 1.9 ± 0.2, while for 
the frame with legs with rectangular cross sections it amounts to 2.3 ± 0.1. 

DISCUSSION 

The form of the frame legs appears to have an influence on the value 
of n in eq. [III-1]. Fig. ill-5 shows, that for sharp-angled frame legs at 
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the half film thickness Yf at a height of 10 nunfor frames, respectively 

with sharp-angled and with rectangular legs. 

large film thickness the thinning velocity v t is smaller than for 

rectangular frame legs at the same thickness, while at small thicknesses 
the ieverse holds true. A possible explanation is that the pressure 

gradient in the Plateau border is different for sharp-angled frame legs 
and for rectangular frame legs: deviations from the hydrostatic 
equilibrium pressure at a certain height are shown by measurements of 
the Plateau border surface curvature (48, Ch. Il). These pressure 

differences have been ascribed to Marangoni flows in the border at the 
border/film transition and it is probable, that these flows depend on the 

frame leg angle, because of its influence on the shape of the Plateau 

border and consequently of the surface to volume ratio at a certain height. 

The following calculations refer to rectangular frame legs at 10 mm 
height above the bulk liquid, where in the border far from the border/film 
transition, hydrostatic equilibrium may be assumed, in agreement with 

the data reported in (48, Ch. II). 

In drainage caused by marginal regeneration, in the border/film 
boundary inflow regions alternate with outflow regions (1). We propose 

the following mechanism: 
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Small fluctuations in film thickness, e.g. induced by surface waves in 
vertical direction, are self-reinforcing. At a stationary border, with 
neither inflow into nor outflow from the film, a certain film thickness and 
border shape are mutually connected. A local smaller film thickness, with 
an unchanged border shape at some distance from the border/film 
transition, leads to inflow into the film, entailing a lower surface tension 
at this "primary inflow" spot compared with the surface tension in the 
surrounding film. The new film element therefore expands, the material 
being supplemented by further inflow from the border; in addition it rises 
because of hydrostatic forces. It · pushes aaide adjacent film elements, 
enlarging in first instance their thickness. Such slightly larger 
thicknesses in between new film elements have indeed been observed {see 
Experimental). This leads to outflow from these slightly thicker film 
elements into the border, which in turn facilitates entrance of new film 
elements from the border into the film at the primary inflow spot. 

This mechanism can be quantified by an equation originally proposed 
by Franke! (1): 

2y3 dp 
Q = 2v y + :.:.h -

s b 3n dx 
[IlI-21 

where Q == the volume flow out of or into the film, per unit length (the 
latter taken in the z-direction, see fig. IlI-6) 

x == distance in the direction from some arbitrary point in the 
Plateau border, in the film direction 

Yb = halfthickness of Plateau border 
v 8 = surface velocity in the border, parallel to the surface 
n = viscosity 
p = pressure 

The first term corresponds to the flow within the border per unit 
length, if the flow in the border would be independent of y. The second 
term in [!Il-2] expresses the flow caused by the pressure gradient dp/dx. 

For the latter, Frankel substituted the Laplace pressure: 
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y d2y 
ApL = - ~ y =--:.:b. 

r dx 2 
[III-3] 
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Fig.111-6. Parameters i11 the theoretica/ description of flow by marginal 

regeneration (eqn. [lll-2] - [III-16]). 

with Ap the pressure difference between the Plateau border and 
environment, y the surface tension and r the radius of curvature, which is 
given by: 

r == [III-4] 

Franke! arrived at eqn. [III-3] by assuming ldyb/dxl << 1 in eqn. [lll-4]. 
For the pressure gradient, he arrived at: 

dp - d3yb 
dx - y dx.3 

[III-5] 

which involves the approximations, that y is independent of x (i.e. y = 

Ybulk liquid). 

For stationary films, Q and v 8 were assumed by Frankel to be 

independent of x; thus: 
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In this theory the surface tension is assumed to be constant. In view of 
our previous results this is improbable (48, Ch. II) and can be true only as 
a first approximation. However, no distinct horizontal transport causing 
such y-differences was found. Apparently, these surface tension 
differences are compensated by pressure differences. In the analysis to 
follow, y again will be assum.ed to be constant as well as the pressure, as a 
first approximation to a presum.ably much more complex situation. 

We avoided the restriction, that ldyb/dxl << 1, and obtained the 
relation: 

d•yb = ~ v 
dx3 2.yy~ s 

dy (d2y )2 
i:- ~· 5 [1 + (~)2]t 

[ (
dy )2]2 dx 1 

+ 'i:f [IIl-7] 

Equation [IIl-71 can be used for checking, whether the mechanism 
proposed agrees with the experimental dependency of thinning velocity 

on &f, as follows: 

1. At some point (x0,y0) in the Plateau border (fig. III-6), the influence of 

the outflow of liquid from the film will have (practically) died away. 

We take x0 = 0. The value of Yo is one of the parameters, which have to 
bechosen. 
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At this point, dyb/dx and d2yb/dx2 have values, which are independent 
of Q. Fo:r d 2yb/ dx 2 at this point, we take the value corresponding to the 
hydrostatic equilibrium curvature at the height concerned: 

(~) = pgz [l + (~)2 ]f 
dx x=o Y dx x=o 

[III-8] 

where p is the density, g is the gravitational accelaration and z is the 
height above the bulk liquid meniscus; the results mentioned below 
are for a height oflO mm. 

We first determine the profile of the Plateau border for Q = 0: 

assume a step dx (e.g. 0.01 µm) and a value for (dy/dx)x=o (which must 
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be smaller than 0 in the situation chosen, see fig. ID-6). Then 

(d2y/dx2 )x=o is known, which gives (d 3y/dx 3 )x=o aceording to eqn. 
[III-7]. We proceed by calculating the situation at x = dx: 

[III-9] 

(~) = (~) + (~) dx 
dx x=dx dx x=o dx2 x=dx 

[III-10] 

[III-11] 

This is repeated until dyb/dx = O; the value of Yb at this point is 

indicated by Ymin· The initia! value of (dyb/dx)x=o is then adjusted 

until Ymin = Yf = Y.&f. 

2. Next we calculate the border profile for Q > 0 (i.e. where there is inflow 
from the border into the film). This will lead to a smaller value of the 

film thickness ( óf-2.lly in) at those points. It may come as a surprise, 
that positive values· of Q and v s lead to a smaller film thickness. This is 
a consequence of eqn. [III-7]: for Q = 0, vs = 0 (eqn. [III-6]), therefore 

d3yb/dx3 is smaller than zero, according to eqn. [III-7], while d2yb/dx2 

is larger than zero. A positive value for vs in eqn. [III-7] increases the 

absolute value of d3yb/dx3 (because 6f-2Yb < 0). It therefore decreases 
d2yb/dx2 (eqn. [III-9]), which means a less increasing dyb/dx, and thus 
leads to smaller y-values at given x-values, resulting finally in a 
smaller film thickness. 

Assume a value for llyin (e.g. 0.1 or 0.01 µm), and adjust v 8 in eqn. 

[lll-6] such to make Ymin = Y.&f-llYin· This gives a value for Qpos• the 
inflow rate (per unit length in the z-direction) at those points of the 
border/film boundary. 

3. We finally calculate the border profile for Q < 0, ie. for points at the 
border/film boundary, where there is outflow from the film into the 

border. Here there is a local increase in the film thickness Y.&t+lly0 ut• 

where llYout is connected with llyin• e.g. by the conditions: 
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[111-12] 

dzout and dzin are fractions of unit lengths in the z-direction, in which 
outflow or inflow occurs. Application of eqns. [IJI-12] is equivalent to 
the assumption, that marginal regeneration is caused by thickness 
fl.uctuations in the film, in which there is no net flow in the 
x-direction; once formed, these thickness fluctuations persist although 
they cause movements in the x-direction (liquid flow out of, or into the 
film). This persistence of thickness fluctuations is suggested by the 
interference colours of the film (see also ref. 7), which show near the 
film/Plateau border transition regions of lower thickness alternating 
with regions of larger thickness than the normal thickness at a certain 
height; the latter remain for some time. 

The assumption underlying eqns. [III-12] implies, that the 
necessary adjustments of the adjoining Plateau border are 
accompanied by net liquid transport in the z-dlrection. (ûtherwise, 
Jydx should have been assumed to be constant instead of relations 
[III-12].) The assumption underlying eqns. [III-12] can, however, 
easily be defended, because in the Plateau border there is a 
pronounced transport in the z-direction ( 48, Ch. II). 

On a reasonable assumption for dzoutfdzin• e.g. taken to be 1, 
àyout can then be found and a value for Qneg• the outflow rate (pèr unit 
length in the z-direction) in outflow regions of the border/film 
houndary. 

The net outflow rate can then be found by: 

[III-13] 

If we neglect the vertical drainage, as proposed by Mysels et al. (1), 
conversion of the net outflow rate to the surface velocity vt in the 
direction perpendicular to the median plane of the film, as calculated 
from the experimental film profiles, is performed by: 
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[IIl-14] 

where b is the total width of the glass frame, and the factor 2 for the 
two surf aces is compensated by the factor % for the half frame width, 
from which the draining liquid originates. 

This gives the outflow of liquid for various film thicknesses with 

parameters Ay 0 (= y 0-Y.&f), Ay in and dzoutldzin• It appears that variations 
in dzout/dzin do not greatly influence the results. The value of Ayin 

determines the absolute value of the net liquid flow, but does not 
influence the dependence of the liquid flow on film thickness. The latter 
is, however, distinctly influenced by Ay0 : n in equation [III-1], derived 
from the logarithmic thinning rate vs. logarithmic film thickness curves 
by differentiation, at a given film thiclmess decreases with increasing Ay 0 • 

The data, on which these conclusions are based, have been calculated 
on the assumptions: 

[III-15] 

[IIl-16] 

i.e. with an exponentially decaying surface velocity and volume drainage 
rate decaying with the sa.me constant a.; v8 ,f is the surface velocity at the 
border/film transition, Qf the volume flow at this point. This was thought 
to be more realistic than Frankel's assumption, that v s and Q are 
constant. In the context of the present paper, this comes down to the 
assumption, that v s and Q are independent of x for 0 < x < Xmin (where 
Xmin is the x-value at the border/film transition), but suddenly drop to 
zero at x = 0. The decay constant a. was calculated on the assumption, that 

v8 = v 6 ,f/12,000 atx = 0. 

This leads to: 
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[III-17] 

instead of eq. [ill-7]. This can be derived directly by introducing eqns. 
[III-15] and [IIl-16] into eqn. [111-2]. It was found, that the assumption of a 
constant v 8 (according to Frankel's original view) leads to similar values of 
the exponent n as the exponential decay assumed here, although /J.y 0 has to 
be chosen at larger values on the assumption of exponentionally decaying 
v 8 and Q, in order to lead to n-values agreeing with those calculated from 
the experimental data. Fig. III-7 shows the exponent n as a function of the 
film thickness for various values of t:.y 0 and t:.y in· The values for n are 
derived from the double-logarithmic plots of the thinning ra te v t as a 

c 

Fig.III-7. 
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Power law index (n-) values (eqn. [Ill·l]) calculated by theory as a 
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function of film thick.ness by differentiation. The experimental results are 

well described with 6 µm. < t:.y 0 < 12 µm. for the rectangular frame, while for 
the sharp-angled frames a t:.y 0 larger than 12 µm. has to be assumed. The 

calculated values of n do not strongly depend on ày in als long as t:.y in is 
' taken to be independent of film thickness (fig. III-7). On the other hand, 

the assumption of a thick.ness fluctuation, which is proportional to film 

thick.ness (e.g. Ayin = 0.1•6f) leads to n-values which are substantially 
larger <~ 4) than those found experimentally. 

In this analysis it is assumed that all drainage is due to horizontal 
transport. Fig. III-2 shows, that such is in good approximation the case but 

not exactly. This might introduce an error into the n-values found by 

differentiating curves like those in fig. ill-3. However, this is a small effect 

only; in addition, the vt-values extrapolated to l/b + 0 (corresponding to 
infinite film width, thus absence of horizontal transport) have about the 
same n-values (between 1.5 and 3) as those found for the vt·values. 
Therefore no significant error is introduced. 

On comparison with the experimental data (fig. III-4 and table III-i and 
III-ii), we fmd: 
a. n-Values caleulated through eqn. [III-16] tend to increase with 

increasing film thick.ness for constant Ay 0 • The experimental data do 
not permit to confirm or reject such an inerease of n with film 
thick.ness. In table III-i and ITI-ii constant {= thfok.ness independent) 
average n•values are mentioned, which are best compared with average 
theoretica! n-values. 

b. For a frame with rectangular legs, agreement between experiment and 
theory is good, if ày 0 is between 6 and 12 µm. For the frame with the 
sharp-angled legs, larger values of f::.y 0 have to be assumed. 

c. The computed thinning velocities v t for a glass frame 30 mm in width 
and at an altitude of 10 mm above the bulk meniscus, are in the same 

range as those calculated from the experiments. The exact values, 
however, depend on the value of f::.y 0 • 

CONCLUSIQNS 

Drainage of vertical mobile free liquid films can be described 
satisfactorily on the following assumptions: 
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a. horizontal drainage predominates; 

b. the net flow out of the film is the result of a surface flow combined with 
a bulk flow caused by a pressure gradient; 

c. at some place, at which the half thickness of the Plateau border is 
about 9 µm larger than that of the film, surf ace flow and volume flow 
both have died away; 

d. marginal regeneration is caused by thickness fluctuations in the film 

with little or no flow in the x-direction; these thickness fluctuations 
persist once marginal regeneration leads to flow in the x-direction; 

e. The fluctuations are of the order of 0.1 µm., independent of film 
thickness. 

SUMMARY 

Results of calculations on the profil es of vertical mobile free liquid films 
measured interferometically, in which the net flow out of the film is a 
combination of surface flow with bulk flow caused by a pressure gradient, 
conftrmed the existing hydrodynamic theory on marginal regeneration. 
Qualitatively, this theory comprises the thinning of a mobile film by the 
exchange of thicker film parts, including the surfaces, for thinner parts in 
the immediate vicinity of each other, by the Plateau border. 
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CHAPTERIV 

THE INFLUENCE OF SOLID PARTICLES 
ON FOAM AND FILM DRAINAGE 

ABSTRACT 

The effect of hydrophilic glass particles in a CTAB-solution on the 
drainage and stability of foam and of single vertical free liquid films (0.02 
M CTAB) in a glass frame was investigated. Large particles (< 10 µm.), 

being present in the coloured films, retard both foam and film drainage 

and increase film stability. This is ascribed to quenching of surface waves 
by particles extending through the film surfaces. Smaller particles ( < 1 
µm.) lack this property: they shorten film lifetime in foams, although they 
have no influence on foam drainage. 

INTRODUCTION 

The stability of foanis has been investigated (1-15) for a long time. 

However, a simple and universely accepted measure for foam stability 
has never been introduced, although there have been several attempts 
(2-4,6,14). In a way, this is understandable, because a foam is a very 
complicated colloidal system. The present authors investigated foam 
stability by a method permitting distinction between influences on film 
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rupture and film drainage. This method is applied in the present paper to 

the influence of suspended solid particles on foam. 

When surveying the existing literature, we were struck by the lack of 
information about the influence of hydrophilic solid particles with 
densities comparable to those encountered in practical situations (e.g. 
flotation, foamed concrete) with a cationic surfactant as foam stabilizer. 

Hydrophobic solid particles, such as finely dispersed silica with 
polysiloxanes (16,17), teflon (18,19) and hydrophobized glass (19), were 

disc:overed to destabilize a foam, and therefore these substances may be 
used as anti-foaming agents, e.g. in lubricating oil and washing powder. 

The effect of hydrophilic particles, i.c. powdered quartz (20), finely 
dispersed silica, sulfite cellulose, carbon black (21) and· chalk (22-24), on 
foams stabilized by anionic surfactants has also been investigated 
previously. However, the results reported by Sazanov & Taube (20) on the 
one hand, and those reported by Kruglyakov & Taube (21) and by 
Portnaya c.s. (22-24) on the other, are not mutually comparable, because 

of the use of solid particles of different densities and porosities. 

In this work, measurements of the effect of hydrophilic glass particles 
in CTAB-solutions on foam stability were supplemented by data on the 
stability of a single vertical free liquid film in a glass frame, and by data 

obtained on microscopie observations in the latter case. 

EXPERIMENTAL 

Materials 

CTAB (.Qetyltrimethyl.ammoniumbromide): ~ Sigma Chemica! Co. 
The surface tension vs. concentration graph had a distinct break near the 
c.m.c. (= 9•10" 4 M (25)) without a minimum; no further purification was 
applied. 

Glass: ex Louwers Glass (Hapert, The Netherlands), consisting of 
spherical particles with diameter < 10 µm. The sample was divided into 
fractions with narrower size distributions, by sedimentation in deionized 
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wa~r. Particle size distributions were measured with a Coulter Counter; 

standard deviations amounted from 0.2 µm. for the fraction with the 
smallest particles ( < 1 µm.) to 2. 7 µm. för the one with the largest {> 5 µm.). 

Before fractionation by sedimentation the density of the glass particles 
was determined with a Quantachrome Stereopyknometer to be 2.47 g/cm3• 

Water employed in the experiments other than sedimentation: twice 
distilled. 

Apparatus 

Microscope and Fizeau interferometer 

The in.fluence of solid particles on the drainage and stability of a single 
vertical free liquid film was investigated with a Fizeau interferometer 
and a microscope set-up, both described earlier (26,27, see Ch. II and Ill). 

Both set-ups were equipped with a magnetic stirrer to keep the glass 
particles in suspension between experiments. In the case of the Fizeau 
interferometer a fan containing the magnet was driven by a jet of 
thermostatted water; for the microscope a tiny electric motor was built in 
in the platform under the sample beaker. Dwing an experiment, from 
film förmation until film rupture, stirring was ceased. 

Foammeter 

The influence of solid parlicles on foam stability was investigated with 
a foam meter (fig. IV-1), analogous to the apparatus used by Brady & 

Ross (4) and Bikerman (6). It consists of a graduated measuring cylinder 
[9] 50 cm high and 39 mm inner diameter, surrounded by a water jacket, 
through which water at 25°C from a thermostatted tank [10] was 
circulated. Air was blown into the cylinder through a Schott G4 sintered 
glass filter at the bottom. 

Before entering the measuring cylinder [9], the air was passed 
through two washing-bottles containing 10% KOH [1] and a trace of 
H 2SO 4 [2], respectively, to remove C0 2 and traces of KOH, which might 
have come with the air out of the first washing-bottle. In addition, these 
washing-bottles saturated the air with water vapour, which minimized 
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Fig. JV-1. Schematic representatiott of the foam meter set-up: 1. washing bottle 

with 10 % KOH; 2. washing boule with some H 2SO 4 ; 3. de-aeration 

stopcock; 4. water colum; 5. buffer vesse/; 6. valve; 7. flow meter; 8. 

stopcock; 9. measuring cylinder; 10. thermostat. 

evaporation inside the foam bubbles. An air outlet in the water column [4] 
created a constant pressure in the system and prevents the system from 
possible overpressure (e.g. after terminating the dynamic experiment). A 
de-aeration stopcock [3) over this water column was opened after an 
experiment to prevent liquid in the second washing-bottle from being 
pressed into the first by the rise of water in the hose in the column [4], 
after the air pump had been stopped. Small pressure differences in the 
system were levelled by a buffer vessel [5]. The gas flow, measured by 
means of a floating-ball flow meter [7], was kept at 50 ml/min. This flow 
was first established with the valve [6] preceding the flow meter, with 100 
ml water in the measuring cylinder, after which the final stopcock [8] was 
closed. After exchanging the 100 ml water with 100 ml of the surfactant 
solution, approximately the same flow was reached when opening the 
fmal stopcock [8] again. The surfactant solution was pipetted into the 
measuring cylinder [9]; in doing so, the latter's walls were carefWly 
wetted. Care was taken to prevent the liquid from draining through the 

glass filter by keeping the pressure under the latter at such values, that 
just no foam was created, until the experiment was started. 

A complete foam meter experiment consisted of a dynamic and a statie 
part: during the dynamic part air was blown through the sample for 5 
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minutes. Time started running at the moment the first air bubbles 
reached the surface and the liquid height was at its maximum; this 
height, which was about 2 mm above the original level, was read (h0). 

This 2 mm rise corresponds to 2.4 ml air bubbles in the 100 ml solution 
and depends on the liquid density and viscosity and the air velocity. From 
the time t == 0 the height of the foam column (h2) and of the liquid/foam 
interface (h1) were read alternatively every 15 s. There was no need to 
take any action in keeping the partides in suspension, since the rising air 
bubbles stirred the liquid sufficiently to do so. 

The statie experiment was started by closing the fmal stopcock. Now 
time started running at the moment the last bubbles reached the 
liquid/foam interface and this interface height was at its minimum. The 
final values for the dynamic experiment during this lag time of about 10 s 
were obtained by extrapolation. The same readings of h 1 and h 2 were 
continued, gradually changing to longer time intervals, as the liquid and 
foam column approached their asymptotic heights. During this part of the 
experiment the particles were allowed to sediment. 

From these readings the height of the foam column (f == h 2·h1 ) and its 
liquid (1 = h 0-h1 ) and gas contents (g = h 2-h0 = f-1) were calculated as a 
function of time; heights at a certain time were obtained through linear 
interpolation, permitting the fraction of liquid in the foam (1/0 to be 
calculated. 

RESULTS 

Most samples used in this work yielded, after stirring, suspensions, 
which sedimented in a certain time, dependent of the partide size. 
However, some combinations of surfactant and glass particles in certain 
concentrations, i.e. low surfactant concentration, high glass amount and 
small partides size, cause the glass in the suspension to coagulate. This 
was the case for the 3.5•10-5 M CTAB-solution with 0.27 % (m/m) of the 
original glass (< 10 µm) and for 0.01 M CTAB with 10 % glass particles of 
size 2-3 µm. Although these samples sedimented much faster than the 
not-coagulated suspensions, the same experiments were performed with 
the m. 
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Microscope 

Observation of a free liquid film drawn from a suspension with 10 % 

m/m solid particles sized between 4 and 5 µm, with a microscope showed, 
that some particles are present in the coloured film, hut could be observed 
in the film only at a late stage of film history, shortly before the black film 
arrived at their position. In that stage, no movement of particles in the 

film toward the vertical Plateau borders is observed, but it should be 
noted, that then transport in the film towards the border is considerably 
reduced. Instead, at least at small thicknesses, the particles descend 
vertically along with the film thickness, in which they are embedded; in 
the black film absolutely no particles are observed. 

Beeause of the small film thickness just below the black film, the 
presence of fairly large particles deforms the film surfaces by 
protuberation. This makes it very likely, that particles influence the 
lifetime of a foam film by their strong quenching effect on the surface 
waves (28, see also below). 

In case of coagulated glass suspensions, coagulation in the Plateau 

border took place against the vertical frame legs, where the amount of 
coagulated glass increased in time, blocking flow in the border; this 
retarded drainage, especially at later times. 

Fizeau interferometer: Lifetimes 

Lifetimes of single foam films as measured in the Fizeau 
interferometer showed appreciable scatter; in Fig. IV-2, presenting some 
data, therefore not only average values, but also maximum lifetimes are 
plotted. As in a previous paper (27, Ch. III), a different behaviour is 
observed between frames with legs having sharp-angled and rectangular 

cross-sectional areas: in genera!, lifetimes of films in a sharp-angled 
frame are larger than those in a rectangular frame. Furthermore, 

lifetimes increase with the addition of glass particles, the effect being 
larger in case of the sharp-angled frame. 

In order to investigate, whether some contaminant on the particles, 
which dissolves in the surfactant solution, causes the lifetimes to 
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Fig. JV-2. Lifetimes of vertical free liquid films in a circa 3x3 cm glass frame; 

0.02 M CTAB withoutparticles or with 10 % (mlm) glass particles of 

the indicated average diameter. Open labels: average lifetimes; closed 

labels: maximum lifetimes. o" •: sharp-angled frame; a, •. C>, Il-: 

rectangular frame,· C>, Il-: supernatant after centrifuging; vertical and 

horizontal bars: standard deviations. 

increase, after the usual lifetime measurements with a suspension, the 
particles were sedimented in a centrifuge and lifetime measurements 
were repeated with the supernatant: the average lifetime is indeed 
shortened about 50 % (Fig. IV-2). 

Fizeau Interferometer: Drainage 

The effect of solid particles on the drainage of a single free liquid film 
was investigated with the Fizeau interferometer, with which film profiles 
were obtained as described in (27, Ch. III). From the profiles thicknesses 
are calculated through linear interpolation at a certain height, i.c. 20 mm 
(27). Graphs of the reciprocal half thickness as a function of time are 

smoothed by performing a polynomial fit of maximum power 4 through 
the points obtained. Tb.is results in a larger number of points than the 
original reciprocal half thickness versus time plot. Horizontal velocities, 
perpendicular to the film midplane, are then computed by numerical 
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differentiation of the recovered half thickness versus time graphs, using 
Lagrange's five-point interpolation formulas (29). Velocities at a certain 
thiekness, i.c. 1 µm, are obtained by linear interpolation. 

The results are shown in fig. IV-3. Except for the suspension with 
particles sized 3-4 µm in the sharp-angled frame, the drainage rate 
decreases with increasing diameter of the glass particles added. Drainage 
velocities for the frame with rectangular legs are larger than for the 
frame with legs with sharp-angled cross sections. 

Foammeter 

A typical result of a foam meter experiment is shown in fig. IV-4 fora 
0.02 M CT.AB solution without particles: during the first 5 minutes air 

was blown into the solution at constant flow, leading to a linear increase 
of the gas content (g) in the foam in time. The liquid content (1) in the 
foam column also rises in time, but with much lower velocity, since the 
volume fraction of liquid in the foam (1/f) is much lower than the fraction 

............ _ - 0 +-------+----+----+----
! 0 
1 
1 

Without partities 

2 4 6 8 10 
Diameter (µml 

Fig. IV-3. Drainage velocities in the direction perpendicular to the film midplane 

at film thickness 1 µm and height 20 mm in the film. 0.02 M CT AB with 

or without JO % (m/m) glass particles of the indicated average 

diameter. o: sharp-angledframe; •: rectangular frame; horizontal and 

vertical bars: standard deviations . 
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Fig. N-4. Result of a dynamic and statie foam meter experiment with 0.02 M 

CTAB without partic/es. lndicated are the column lieights /or the liquid 

content(/), gas content (g) and foam ([),as well as the liquid fractio11 

(llf) i11 %. Dotted lines: determination of the DDR and SDT i11 the 

dynamic and statie part of the experiment, respectively; TGC is 

determined by the slope of g during the dynamic experiment. 

of air. The liquid fraction usually decreases gradually in time. 

Some time after the air supply was stopped, the rise of the foam/air 
interface also ceased. At the surfactant concentration used a very stable 
foam was obtained. However, drainage of liquid from the foam does take 
place; this is illustrated by the decrease of the liquid content and liquid 
fraction of the foam. They both should approach zero in the end, when all 
the foam has collapsed, hut the accuracy of the readings (0.1 mm -119.5 
mm 3) did not permit to detect the amount of liquid in the foam, when 
most films have become black. 

From the dynamic experiments the, in most cases constant, rising 
velocity of the foam was calculated by linear regression of the g(t)-values. 
This velocity is compared with the linear air velocity: if it equals 0. 70 
mm/s <~ 50 mJ/min) then all the air blown through the suspension is 
encysted in the stable foam. Poor foamability results in a large deviation 
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from thls value. The percentage air retained in the foam is referred to as 
Transient Gas Capture (TGC), which is determined by film rupture of the 

bubbles at the top of the foam. 

The rate of the liquid fraction decrease is predominantly a measure of 
the drainage during foam formation: the difference in liquid fractions at 
two arbitrarily chosen times, 50 and 290 s, was divided by the time 
interval covered (4 min), yielding the procentual decay rate of the liquid 

fraction in the film during formation (Dynamica! Decay Rate = DDR). The 
decay time, as used for the statie experiment (see below), appeared not to 
be very practical in thls case, since the intake of liquid during foam 

formation usually prevented the liquid fraction from reaching half its 
original value during the time the dynamic experiment lasted. 

The statie experiment supplies us with decay times for the amount of 
liquid (1) and the liquid fraction (l/f) (and in case of poor foamability for 
the amount of gas (g) and foam (f)). Time intervals are obtained, in which 
the maximum at the start of the statie experiment reduces to half of thls 

Fig. IV-5. TGC (the percentage of air encysted in the foam, compared with the 

total amount of air blowri. in) as a function of the logarithm of the 

CTAB-concentration without particles (•)or with 0.25 % (•)or 0.5 % 

{l>) (mlm) of glass particles smaller than 1 µm; vertical bars: standard 

deviations. 
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Fig. JV-6. DDR (the relative liquid fraction decay rate during a 4 minutes 

interval of the dynamic experiment) as a function of the logarithm of 

the CTAB-concentration. For an explanation of the labels see legend of 

fig.JV-5. 
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Fig. JV-7. SDT (the time, during which the liquid content of the foam is halved) as 

a function of the logarithm of the CTAB-concentration. For an 

explanation of the labels see legend offig. JV-5. 
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maximum (21). The decay time of the liquid fraction always appears to be 
somewhat larger than that of the liquid content. Both showed the same 
trends and therefore we mention only the latter magnitude, whi.ch is 
indicated as Statie Decay Time (SDT). 

In the absence of glass, TGC increases (fig. IV-5), DDR decreases (fig. 
IV-6) and SDT increases (fig. IV-7) with inèreasing surfactant 
concentration. Addition of small amounts ( < 0.5 % ) of small glass particlès 
(< 1 µm) has no significant effect on DDR (fig. IV-6) and SDT (fig. IV-7), 
but decreases TGC at low CTAB-concentration (fig. IV-5). 

Increase of the amount of these particles up to 2.5 % in 10-4 or 10-3 M 
CTAB decreases TGC (fig. IV-8) and SDT (fig. IV-9). However, for larger 
particles (< 10 µm) in an intermediate CTAB-concentration (5.4• l0-4 M) 
the theoretical TGC was found over the range of glass amounts added, 
while SDT increased at high (2.5 %) glass content. Similar, though less 
distinct effects were found for DDR (not shown). 

...... 
t..::l 
.... 50 
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f"··-··f-------- -----------------------·· 
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Amount óf glass f% m/ml 

Fig. IV-8. TGC as a function of tlie amount of glass added to the sample. •: 10- 4 

M CTAB + particles < 1 µm; •: 10- 3 M CTAB + particles < 1 µm; •: 

5.4•10- 4 M CTAB + particles < 10 µm; vertical bars: standard 

deviations. 
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Fig. IV-9. SDT as a function of the amount of glass added to the sample. For an 

explanation of the labels see legend offig. IV-8. 

DISCUSSION 

Fizeau interferometer ([CTAB] = 0.02 M) 

The difference between a sharp-angled and a rectangular frame has 
already been discussed in (27, Ch. llI). The larger drainage rate for the 
rectangular frame (fig. IV-3) is explained by the larger cross-sectional 
area of the Plateau border for the rectangular frame as compared with 
the sharp-angled frame, permitting more liquid to flow through. This 
drainage inerease is accompanied by a shorter · lifetime of the film (fig. 
IV-2). 

Drainage of separate films is retarded by glass partides (fig. IV-3), at 
least if they are larger than the average film thickness (27, Ch. ill). Tbis 
effect can be ascribed to a quenching of surface waves, which cause 
marginal regeneration (27, Ch. III), by diffraction. In agreement with this 
statement is the increase in lifetime of separate films (fig. IV-2): film 

rupture is connected with the oceurrence of surf ace waves as well (28). It 
is true, that surface waves leading to film rupture occur in black films, in 
which no solid particles are observed. However, surface waves in the 
black film will continue in the coloured film (and vice versa), thus 
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quenching of surface waves in the coloured film is expected to lead to a 

smaller amplitude of surface waves in the black film. 

Foammeter 

Of the three criteria on the stability of foams in the foam meter, the 
TGC is determined by the lifetimes of films on top of the foam, while the 
DDR and SDT are determined by both drainage and rupture. Film 
rupture, taking place equally spread over the centra of the foam., causes 

larger. bubbles and drainage of the excess liquid from the ruptured film, 
hut the amount of gas in the foam. remains constant; film rupture on top 
of the foam only means loss of gas, which, however, is accompanied by a 
negligible increase in the drainage. 

According to fig. IV-5, -6 and -7, foam stability increases with 
increasing CTAB-concentration in the absence of glass. Indeed, at· low 
CTAB-concentration the film lifetime is short, as observed when trying to 
form separate films in the Fizeau interferometer. However, at such 
CTAB-concentrations a slower drainage might be expected, because the 

films then have a more or less rigid surface. A possible explanation of the 
high DDR- and low SDT-values found is, that short film lifetimes prevent 

accumulation of liquid in the films. 

At first sight, this appears to be contradicted by the influence of glass 
particles in the same figures. This, however, may be due to small particles 
indeed promoting film rupture to a limited extent at low 

CTAB-concentration (fig. IV-5): per Plateau border there is then more 
liquid, but there are less borders, when the number of foam bubbles 
decreases. A total mutual compensation of both effects might be 
fortuitous, but the influence of particles on lifetimes may be masked such 
as to leave no distinct effect at the conditions of fig. IV-6 and -7. Larger 
amounts ofglass indeed lead to smaller SDT-values (fig. IV-9). 

Large particles act differently: the SDT increases rather than 
decreases (fig. IV-9). This difference is ascribed to part of the glass 

partides having diameters exceeding the average film thickness. When 
present in a film, as observed with the microscope, they will diffract 
surface waves and counteract both drainage and rupture. Even at a 
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CTAB-concentration of 5.4• 10-4 M, the TGC may approach the value for 
total gas capture (fig. IV-8). 

Sazanov & Taube (20) explain the destabilizing action of quartz on 

foams formed in sulfonol solutions by adsorption of the surfactant on the 
quartz, leading to depletion of the liquid with regard to the sulfonol. In 
our case, this explanation is not convincing. Indeed, it is known, that 
CTAB is adsorbed on glass surfaces, which leads to coagulation of the 

glass particles in the case of small CTAB-concentrations and large 
amounts of small glass particles; however, at the higher 

CTAB-concentrations used, the total glass surface area is too low to lead 
to any surfactant depletion of the solution. The destabilizing action found 
by Sazanov & Taube in the case of small surfactant concentration is found 
in the present investigation also, for glass particles smaller than 1 µm. 

For larger particles we found a stabilizing effect; comparison with the 

results mentioned by Sazanov & Taube (20) is not possible, because of 
lack of data on the size of the quartz particles employed by them. 

CONCLUSIONS 

Hydrophilic suspended particles smaller than 1 µm shorten the 
lifetime of films in foams. Larger particles (up to 10 µm) stabilize films in 
foams against rupture and decrease their drainage. This is confirmed by 
measurements on drainage and lifetime of separate films. This difference 
is explained by quenching of surface waves by particles protuberating 
into the film surfaces. 

SUMMARY 

Drainage and lifetimes of foams. and single vertical free liquid films 

were measured as criteria for the foam stability in the ·absence and 
presence of solid particles. Glass beads with a diameter smaller than 1 µm. 

destabilize foam slightly, although drainage is not affeeted. Larger 
particles, which are observed to be present in the coloured films, retard 

drainage and increase lifetime; the explanation for this is the quenching 
of the surface waves, which introduce film rupture, by the particles 
protuberating into the film surf aces. 
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CBAPTERV 

CONÇLUSIQNS 

This investigation has shown, that it is possible to explain a number of 
phenomena concerning foam stability by the occurrence of surface waves 
in thin liquid films. 

1. A mechanism for film drainage based on surface waves in films is 
consistent with the experimentally observed relations between 
drainage and film thickness found for separate films (Ch. ID). Such 
surface waves lead to intlow from the border into the film at places of 
lower thickness, and to outflow at places of higher thickness at the 
border/film transition. This leads to a lower surface tension in the film 
near inflow places, which induces the new film elements to expand, 
pushing aside other film elements enlarging the latter's thickness and 
consequently enhancing outflow. This leads to exchange of film volume 
elements against border volume elements (marginal regeneration) (1). 

2. Consistent with this view is the influence of suspended hydrophilic 
particles on the drainage of films in foams (Ch. IV): this drainage is 

retarded, but only when a substantial portion of the suspended solid 
particles is large enough ( < 10 µm) to penetrate the film surface, when 
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incorporated into a film. This effect can be explained by quenching of 
surface waves through diffractfon. 

3. Also consistent with this view is the retarding influence of such 
relatively large suspended perlicles on film rupture. Again, the 
quenching of surface waves through diffraction by hydrophilic 
particles protruding through the film surfaces can be held responsible 
for the observed retardation. 

4. Smaller particles { < 1 µm.), however, decrease foam stability. The role 
of surface waves in film èlrainage postulated in the present 
investigation is consistent with Ruckenstein and Sharma's theory (2-5) 
on the ·drainage of films, developed for the special case of films not 
subject to a hydrostatic pressure gradient. Film rupture in genera! is 
thought to be connected witb. surface waves (6,7). Though waves 
leading to film rupture occur iu black films, where no solid particles 
have been observed, such waves wi1l be connected with surface waves 
in the nearby coloured films. Quenching of surf ace waves in the film is 
therefore expected to decrease t:lie chance on film rupture. 

In separate films drawn in a frame, pronounced flows in the Plateau 
border have been observed (Ch. II). These flows are directed upwards 
near the border/film transition, and directed downwards near the 
border/glass frame boundary. Thi~ flows can best be accounted for as 
Marangoni flows caused by a swface tension gradient, induced in the 
Plateau border by the marginal regeneration process. By this process, the 
surface tension at large heights bE~omes larger than just above the bulk 
meniscus, hut a1so at a certain height a surface tension gradient is 
expected: near the border/film transition the surface tension is larger 
than near the border/glass frame boundary. Initially, this may indeed 
occur. Nevertheless, only a vertical flow is established, because this is 
self-reinforcing: once started it leads to sucking up of bulk liquid at the 
lower part of the border/film transition, whieh decreases the surface 
tension there and increases the :surface tension dilierences in vertical 
direction. .The surface tension near the border/frame boundary 
consequently is increased, because there pronounced downward transport 
occurs. Tb.is prevents further horizontal transport, except at the top of the 
border. 
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In such films, an anomalous pressure is föund at low heights above the 
bulk liquid near the border/film transition. The phenomenon also is 
ascribed to the Marangoni flows mentioned: because of low viscous 
friction, the surface tension gradient must be balanced by a pressure 
gradient. 
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LIST OF SYMBOLS 

Ham.aker constant 
amplitude of the electric field vector of the primary (1) or 
secondary ray (2) 

pressure force exerted by the Plateau border 

pressure force exerted by the film 

surface tension force exerted by the Plateau border 

surface tension force exerted by the film 

Gibbs free energy 
twice the mean surface curvature 
wavenumber 
meridional radius of curvature 
azimuthal radius of curvature 
absolute temperature (Ch. l) 
reciprocal wave frequency (Ch. II) 
drainage rate 
volume flow at the Plateau border/film transition 
outflow rate per unit length in z-direction 
net drainage rate due to marginal regeneration 
inflow rate per unit length in z-direction 
total flow rate downward 
volume 
attraction energy 
film width 
velocity of light in vacuo 
fraction of unit length in z-direction, where inflow occurs 
fraction of unit length in z-direction, where outflow occurs 
correction factor for retardation effect 
acceleration of gravity 
Boltzmann constant ( Ch. l) 
step counter for numerical calculations (Ch. Il) 
proportionality constant (Ch. II!) 
electrolyte concentration ( Ch. I) 
index of refraction (Ch. II) 
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n exponent in power law (Ch. III) 
p 211'óf/À (Ch. I) 
p order of interference ( Ch. Il) 
p pressure (Ch. III) 
PA London-Van der Waals attractive pressure 
PR double layer repulsive pressure 
Pa pressure in the surrounding atmosphere 
Pb pressure in the Plateau border 
Pf pressure in the film 

• Pf pressure in the film in the absence of interaction 
Pi pressure due to attractive and repulsive interaction 
r(P) radius of curvature (in an arbitrary point Pon a surface) 
t time from film/foam formation 
t 0 starting time 
u potential midway between the film surfaces 
u1 angle between the secondary ray before reflection against the 

back surf ace of the Plateau border and the normal to the back 
surf ace at the point of reflection 

u2 angle between the secondary ray after reflection against the 
back surface of the Plateau border and the normal to the film 
midplane 

v 
6 

surface velocity in the Plateau border, parallel to the surface 
v 6 , f surf ace velocity at the Plateau border/film transition 
v t thinning velocity in the direction perpendicular to the film 

midplane 
vv vertical liquid velocity 
w surface area 
x distance parallel to the film midplane in horizontal direction 
xb Plateau border width in the x-direction 
xc x-value of an arbitrary point on a circle 
Xmin x-value of the point of the Plateau border surface, where dyb/dx 

=0 
x0 x-value of the point of the Plateau border surface, where first 

and second derivatives are independent of Q 

y distance from the film midplane 
Yb half Plateau border thickness (= Y.&i,) 

Yf half film thickness (= Y.óf) 
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Ymin y-value of the point on the Plateau border surface, where dyb/dx 

=0 
y 0 y-value at the point of the Plateau border surf ace, where first 

and second derivatives are independent of Q 

y y-values of the points of the Plateau border surface, where the 1,2,a 

z 

Ay 
Ap 

At 
0 

secondary ray is refracted by the front surface (1), is reflected 
by the back S'Ul'face (2), and is refracted by the front surface 
again (3) 

distance from the bulk liquid surface 
Laplace pressure difference across a curved surface 
difference between measured and calculated half Plateau border 
thickness 
decrease in half film thickness due to liquid inflow 
increase in half film thickness due to liquid outflow 

Plateau border width in y-direction, in which inflow into and 
outflow from the film occurs, minus half the film thickness 
excess surface tension 
difference in density between liquid and air 

phase difference between primary and secondary ray 
angle between the tangent to the Plateau border surf ace and 
the film midplane 
contact angle at the transition film/Plateau border 
receding contact angle between the liquid and the glass 
decay constant 
angle between the normal to the Plateau border surface and the 
normal to the film midplane at the points, where the secondary 
ray is refracted by the front surface (1), is reflected by the back 
surface (2), and is refracted by the front surface again (3) 
angle between the secondary ray after entering the Plateau 
border and the normal to the front surface at the point of 
refraction 

a2 angle between the secondary ray after reflection against the 
back surface of the Plateau border and the normal to the front 
surface at the point, where it leaves the border 

y surface tension of the bulk solution 
Yb surface tension in the Plateau border 
Y f surf ace tension in the film 
y f surf ace tension in the film in the absence of interaction 
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& angle between the secondary ray before entering the Plateau 
border and the normal to the film midplane 

~ Plateau border thickness 
&f film thickness 
~ Debye-Hückel parameter 

>.. wave length connected with the motion of electrons in atoms 
(Ch. l) 

}. wave length of the light (Ch. Il) 
n viscosity 
p liquid density 
't angle between the secondary ray leaving the Plateau border and 

the normal to the front surface at the point, where it leaves the 
border 

't 2 angle between the primary or secondary ray leaving the Plateau 
border and the normal to the film midplane 

'o phase of the secondary ray at the focusing plane in the absence 
of the Plateau border 'ix phase of the primary ray at point x 

'2X phase of the secondary ray at point x 
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SVMMARY 

Experiments were performed on foam and single vertical free liquid 

films in a glass frame on a macroscopie and microscopie scale. In Chapter 

I a general introduction is given, together with an elaboration of some 

aspects treated in the following chapters. 

In Chapter II it was established, that on the ground of the measured 

curvature of the Plateau border of a liquid film at a height of 6.2 mm over 

the bulk liquid surface, in which the frame with film is hanging, the 

Laplace pressure in the border is lower than the hydrostat1c equilibrium 

pressure at that height; at a height of 11.3 mm these pressures were 

equal. The border curvatures were measured interferometrically with a 

microscope, and it was demonstrated, that Fizeau's equations for the film 

thickness at the interference maxima and minima are applicable to the 

system, despite the conical illumination and the curved surfaces. 

Furthermore, flows in opposite directions were observed in the vertical 

Plateau borders with the aid of suspended small glass particles: upward 

near the border/film transition and downward along the frame leg. Both 

phenomena (anomalous border curvature and bidirectional flows) were 

explained by Marangoni flows, originating from a surface tension 

gradient in the film and in the border near the film in upward direction, 

while close to the frame legs a gradient is absent. 

Thickness profiles of vertical free liquid films in glass frames with 

different widths, measured as a function of time with the aid of a 

(macroscopie) Fizeau interferometer, agree with drainage via the vertical 

Plateau borders predominating over direct vertical drainage, as 
demonstrated in Chapter III. The former drainage mechanism is believed 

to take place through marginal regeneration: thicker film regions, 

including their surfaces, are sucked in by the Plateau border, in exchange 
of thinner regions in an immediately adjacent section. lts existing 

hydrodynamic theory is confirmed by calculations on the measured film 

thickness profiles, where the net flow out of the film is described as a 

result of a surface flow combined with a bulk flow caused by a pressure 
gradient. 
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Chapter IV deals with the influence of hydrophilic solid particles on 
the foam stability and the drainage of a vertical soap film, which was 
investigated with the two techniques mentioned above and with a foam 
meter. Glass particles were observed to be present in the eoloured film, 
hut not in the black film. Large particles (diameter< 10 µm) slowed down 
film and foam drainage and increased foam stability; this is ascribed to a 
quenching of the surface waves, which precede film rupture, by particles 
protuberating into the film surfaces. Smaller particles ( < 1 µm) lack this 
property and destabilize the foam slightly, although drainage is not 
affected. 
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SAMENVATI'ING 

Experimenten werden uitgevoerd aan schuim en aan verticale 
zeepvliesjes in een glazen raampje op macro- en microscopische schaal. In 

Hoofdstuk I is een algemene introductie gegeven, samen met de 
uitwerking van enige aspecten behandeld in de volgende hoofdstukken. 

In Hoofdstuk II werd vastgesteld, dat op grond van de kromming van 
de Plateau rand van een vloeistof film op een hoogte van 6,2 mm boven 
het oppervlak van de bulk vloeistof, waarin de uiteinden van het raampje 
met film hangen, de Laplace druk in de Plateau rand lager is dan de 
hydrostatische evenwichtsdruk op die hoogte; op een hoogte van 11,3 mm 
zijn deze drukken gelijk. De kromming van de Plateau rand werd 
interferometrisch gemeten met een microscoop, en aangetoond werd, dat 
de formules van Fizeau voor de filmdikte van de interferentiemaxima en 
-minima toepasbaar zijn op dit systeem, ondanks de conische belichting 
en de gekromde oppervlakken. 

Verder werden stromingen in tegengestelde richtingen waargenomen 
in de verticale Plateau randen met behulp van gesuspendeerde kleine 
glasbolletjes: naar boven bij de overgang van de Plateau rand naar de film 
en naar beneden langs de poten van het raampje. Beide verschijnselen (de 
afwijkende kromming van de Plateau rand en de tegengestelde 
stromingen) worden verklaard door Marangoni stromingen, die stammen 
van een oppervlaktespanningsgradiënt in de film en in de Plateau rand 
vlak bij de film in opwaartse richting, terwijl er geen gradiënt aanwezig is 
vlak langs de pootjes. 

Dik.teprofielen van een verticale zeepfilm in een glazen raampje met 
verschillende breedtes, gemeten als functie van de tijd met behulp van 
een (macroscopische) Fizeau interferometer, stemmen overeen met het 
feit, dat voor mobiele films rechtstreekse verticale drainage sterk wordt 
overheersd door drainage via de verticale Plateau randen. Dit wordt 
aangetoond in Hoofdstuk m. Van laatstgenoemd drainage mechanisme 
wordt algemeen aangenomen, dat het plaatsvindt door marginale 
regeneratie: dikkere filmdelen worden met oppervlak en al opgezogen 
door de Plateau rand, in ruil voor dunnere delen in de onmiddellijke 
nabijheid ervan. De bestaande hydrodynamische theorie wordt bevestigd 
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door berekeningen aan gemeten film.dikteprofielen, waarbij de netto 
vloeistofstroom uit de film wordt beschreven als de resultante van een 
oppervlaktestroming gecombineerd met een bulkstroming veroorzaakt 
door een drukgradiënt. 

Hoofdstuk N behandelt de invloed van hydrofiele vaste deeltjes op de 
schuimstabiliteit en op de drainage van een verticaal zeepvliesje, hetgeen 
onderzocht werd met de twee hierboven genoemde technieken en met een 
schuimmeter. Glas deeltjes werden waargenomen in de gekleurde film, 
doch niet in de zwarte film. Relatief grote deeltjes (diameter< 10 µm) 

vertragen de film- en schuimdrainage en verhogen de schuimstabiliteit; 
dit wordt toegeschreven aan het doven van de opper\l'laktegolven, die de 
film.breuk inleiden, door de deeltjes, die in de filmoppervlakken uitpuilen. 
Kleinere deeltjes ( < 1 µm) missen deze eigenschap en destabiliseren het 
schuim enigszins, hoewel de drainage niet werd beïnvloed. 
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$TELLINGEN 

1. De formules van Fizeau voor de dikte van een dunne, transparante 
film als functie van de golflengte van het gebruikte licht, de 

interferentie-orde en de brekingsindex, zijn toepasbaar op het 
interferentiepatroon van een systeem, waarbij conische i.p.v. parallelle 
belichting wordt gebruikt (microscoop) en waarbij het voor- en/of 

achtervlak een bepaalde kromming vertoont. 

Dit proefschrift, Ch. 2 (Appendix). 

2. Gezien het belang van het mechanisme van marginale regeneratie 
voor de drainage van een mobiele verticale vrije vloeistoffilm, is het 
verwonderlijk, dat er sinds de introductie ervan in 1959 zeer weinig 
onderzoek is verricht om deze hypothese experimenteel te verifiëren. 

Mysels, K.J., Shinoda, K. & Frankel, S., "Soap Films; Studies of their Thinning 
and a Bibliography", Chs. Il, IV and V. Pergamon Press, London, 1959. 

Dit proefschrift, Ch. 3. 

3. Kruglyakov & Taube (1972) hebben nagelaten hun systeem van vaste 
deeltjes voldoende te karakteriseren qua grootteverdeling, dichtheid, 
intern oppervlak, e.d. 

Kruglyakov, P.M. & Taube, P.R., Col/oid J. M: 194-196 (1972) (Translation 
from: Kolloidn. Zh. M: 228-230 (1972)). 

4. Hartland (1981) verwaarloost door het toepassen. van de Reynolds 
relatie bij het beschrijven van de drainage van de dunne film tussen 
twee coalescerende vloeistofdruppels of gasbellen ten onrechte het 
duidelijke verschil in drainage mechanismes tussen mobiele en starre 
films. 

Hartland, S., Tenside Defergents 1.B.: 178-189 (1981). 

5. In de statistisch-thermodynamische theorie van Simha & Somcynsky 
(1969) over polymeermengsels wordt een aanname omtrent het vrije 
volume geïntroduceerd, die na sommatie met het bezette volume niet 
tot het totale volume leidt. 

Sirnha, R. & Somcynsky, T., Macromolucules 2.: 342-350 (1969). 



6. Hunter (1976-1985) gaat er bij de bepaling van de intrinsieke 
viscositeit en van de maximale volumefractie aan vaste stof, waarbij 
nog stroming mogelijk is, van uit, dat een toename van de volume 
fractie vaste stof resulteert in een toename van de viscositeit, ter 
grootte 

hetgeen met name voor coagulerende suspensies onjuist is. 

Finh, B.A. &. Hunter, RJ" J. Colloid Interface Sci. jl: 266 (1976). 
Van de Ven, T.G.M. &. Hunter, R.J" Rheol. Acta !Q: 534 (1977). 
Hunter, RJ. &. Frayne, J., J. Colloid Interface Sci.11: 30 (1979). 
Hunter, RJ.,Adv. Coli. Interface Sci. l1: 197 (1982). 
Ekdawi, N. & Hunter, R.J"J. Colloid Interface Sci. 2!!: 355 (1983). 

7. Skalny& Young (1980) laten na te verklaren, waarom de inhibitie van 
Ca(OH)2 kristallen in hun functie van nuclei bij de hydratatie van 
tricalcium silicaat, waarbij silicaationen worden beschouwd als 
inhibitor, duidelijker is in aanwezigheid van toegevoegd Ca(0H)2 dan 
in afwezigheid ervan. 

Skalny, J. & Young, J.F., in: "Proceedings of the 7th International Congress on 
the Chemistry of Cement", Vol. I: Ch. II-1. Principàl Reports, Editions 
Septima, 1980. 

8. Ok:uda & Ikeda (1989) gaan er bij de toepassing van de Gibbs 
adsorptie isotherm ter bepaling van de aan het oppervlak 
geadsorbeerde ionen ten onrechte van uit, dat de activiteitscoèfficlënt 
onafhankelijk is van de electrolyt concentratie. 

Okuda, H. & Ikeda, S.,J. Colloid Interface Sci. ill: 333-348 (1989). 

9. Het heeft weinig nut in nieuwbouwwijken met een onregelmatig 
stratenpatroon vast te houden aan de traditie om huizenrijen te 

voorzien van opeenvolgende even of oneven nummers. 


