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Stikstofgas kan in bierschuim de kwaliteit zowel verbeteren
als verslechteren.
Dit proefschrift.

De door Hartong uitgevoerde proef met é&én wel en één niet
afgedekt bilerglas is een goede proef om te laten =zien
waardoor bierschuim inzakt. Zijn verklaring, dat in een
afgedekt bilerglas verdamping en daarmee coalescentie wordt
voorkomen, zou een goede verklaring Kunnen zijn, maar het is
niet de juiste.

Vancraenenbroc:;k, R., Cerevisia 4:191 (1982).

Het is onjuist aan te nemen dat de bellengrootteverdeling in
de bovenste bellenlaag van bierschuim representatief is voor
de bellengrootteverdeling in het gehele schuim.

Glenister, P.R., Segel, E., Koeppl, D.G., ASBC Proc. pp. 150 (1966},

Een hoge oppervlakte dilatatie of shear wviscositeit werkt
niet per definitie stabiliserend op schuim.
Barbeau, W.E., Kinsella, ).E., Colloids and Surfaces. 17:169 (1986).

"Bubble ghosts" zijn dissipatieve structuren.
Prigogine, I, Stengers, |, "Orde uit Chaos.™ Ed: Uitgeverij Bert Bakker, Amsterdam, (1988).

Men verwacht dat de produktiviteit per manuur als gevolg van
automatisering toeneemt, terwlijl men vergeet dat een manuur
tijdens het automatiseren vaak weinig produktief is.

De in de praktljk vaak gehanteerde methode om de gevoeligheid
voor oproming van emulsies te voorspellen door middel van
centrifugeren kan makkelijk tot verkeerde conclusies leiden.
Pearce, KN, Kinsella, ).E., ). Agric. Food Chem. 26(3):716 (1978).

De stelling, dat natuvurkundigen zich niet zouden mogen
bezighouden met de "Fundamentele Vragen", is reductionistiach
van aard.

Lagendijk, A, *De arrogantie van de fysicus.” Intermediair 38:17 (1989).

Stellingen bij het proefschrift *Beer Foam Physics” door A.D. Ronteltap, 7 decerber 1989 te Wageningen,
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Het terugdringen wvan de CQ,-uitstoot in Nederland met
Jearlijks 2% zal een invloed op het broeikaseffect hebben die
in omvang ongeveer gelijk is aan de invlced op ds
inzaksnelheid van /_pierschuim.

Het is onjuist te veronderstellen dat aan alcoholgebruik
slechts negatieve aspecten 2zijn verbonden voor de
volksgezondheid.

Sampfer, M.)., Coldiz, G.A, Wiliet, W.C,, Speizer, F.E, Hennekens, C.H,, N. Engl. 1. Med.
319:267 (1989),

Het feit dat vandalisme als noodzakelijk kwaad wordt
geaccepteerd brengt de oplossing van dit probleem niet

naderbij.

"Vergrijzen" is een ongelukkige term om het ouder worden van
mensen aan te geven.

Bij mooi weer is het schuimgedrag van bier van minder belang.

Stellingen bij het proefschrift "Beer Foam Physics” door A.D. Ronteltap, 1 december 1989 te Wageningen.
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ABSTRACT

Ronteltap, A.D., (1989). Beer foam physics. Ph.D. thesis,
Agricultural University, Wageningen. (pp. 133, English and
Dutch summaries).

Keywords:

beer foam, bubble formation, drainage, coalescence,
disproportionation, bubble-size distribution, surface
rheology.

Abstract:

The physical aspects of beer foam behavior were studied
in terms of the four physical processes, mainly involved
in the formation and breakdown of foam. These processes
are, bubble formation, drainage, disproportionation and
coalescence. In detail, the processes disproportionation
and coalescence were studied. The mechanism of coalescence
was determined using, amongst others, a falling film
apparatus. The spreading of surface active material on the
film surface proved to initiate coalescence. Dispropor-
tionation in a foam is mainly influenced by partial gas
pressure differences. Surface rheological aspects dominate
the rate of disproportionation when the gas composition
throughout a foam is uniform. The effect of the four
physical processes on various foam phenomena can be
explained. The disappearance of beer foam is a result of
the combined action of drainage and gas diffusion from the
foam to the surrounding atmosphere. When spreading sub-
stances are added to beer foam from an external source,
coalescence is initiated and foam collapse occurs. The
four physical processes have a different effect on foam
behavior. Therefore, a distinction between these processes
was made using an optical glass-fibre probe technique.
With this technigque the bubble-size distribution, the gas
fraction in the foam, the height of the foam and the level
of the foam-liquid interface can be measured as a function
of time.
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1. OUTLINE OF THIS STUDY

The appearance is one of the most important quality
characteristics of beer to the consumer. It is believed to
be even more important than taste, although this may be
disputed. The appearance of the beer depends mainly on the
behavior of the foam. It has become evident that the
quality of the foam influences the overall perception of
the consumer to a great extent. Therefore, the control of
foam behavior is essential. For that reason, an extensive
research on the behavior of beer foam has been carried out
in the last decades, all over the world.

The approcach has mostly been to analyze the chemical
components of beer, like proteins, metal i1ons and hop
constituents, and to try to find a correlation with a foam
number. These efforts have given an enormous amount of
experimental results, that are partly useful, but are
sometimes also very inconclusive and confusing. There is
a lot of contradiction in beer foam literature. The
research work so far has not satisfactory led to a better
control of beer foam behavior.

One of the main reasons for the lack of insight is that
research has predominantly been concentrated on the
chemical aspects of foam. The behavior of beer foam can
not be explained with the knowledge of the chemical
composition alone. For example, the contribution of
surface active components to the behavior of the foam may
be either negative or positive or both, depending on,
amongst others, their concentration, their interaction
with other components and their location in the foam. Two
chemical components, each having a positive effect on foam
behavior, may have a negative effect when they are mixed
and vice versa. In addition, two foamg, that have exactly
the same chemical composition, may behave very different.
Several examples of the latter will be given in chapter
6.8.

At the beginning of this research work, the need was
expressed for an additional approach in order to be able



t0 fully understand beer foam behavior. The ultimate
objective was to acquire more fundamental, physical and
phenomenological knowledge of beer foam behavior. It was
anticipated that, if fundamental knowledge about beer foam
could be obtained, the effect of the composition on the
behavior of the foam could be explained. In other words,
the opinion dominated that the gap between the chemical
composition and the behavior of the foam was too large to
explain wvarious phenomena. It was expected that more
fundamental and physical research could relate foam
behavior to the chemical composition of beer in a better
way.

The scope of this study has been to explain beer foam
behavior in terms of four physical processes that mainly
determine foam formation and breakdown. They are (i)
bubble formation and growth, (ii) creaming and drainage,
(iii) coalescence and (iv) disproportionation. An effort
has been made to distinguish between these processes, to
discover the main physical process, and to £find the
predominant parameters, that are involved in beer foam
behavior. Unfortunately, the behavior of foam does not
mainly depend on one single physical process. All four
processes, mentioned above, are involved. In addition, the
processes are interrelated and their progress depends very
much on the progress of the other processes.

The four physical processes are discussed in chapter 2
trough % and the important parameters for the progress of
these processes are reviewed. Chapter 2 and 3, where
respectively bubble formation and drainage are discussed,
are reviews of available literature. Research work was not
carried out on these subjects. In chapter 4 and 5, the
results of research work are also included. In chapter 4,
coalescence ig discussed in detail. In particular, coales-
cence, 1initiated by the spreading of surface active
material is considered. In chapter 5, the effect of the
gas composition in the foam and of the surface dilational
viscosity on the rate of disproportionation is elucidated.
Experimental results of bubble dissolution are compared to
model calculations. In chapter 6, the appearance of the




foam and the occurrence of several phenomena, like the
creaminess of the foam, foam collapse and cling, are
explained in terms of the four physical processes. In
chapter 7, a definition of the stability of foam proper-
ties is given. The measurement of beer foam behavior is
discusgssed in chapter 8, where a review is given of several
methods to measure foam characteristics. A newly developed
apparatus to determine foam characteristics by means of
the measurement of the bubble-gize distribution 1s also
presented in that chapter. In chapter 9, final conclusions
on foam behavior are given. The influence of the four
physical processes on beer foam behavior is explained.



2. BUBBLE FORMATION

2.1. Introduction

Although the bubble formation process does not seem to
influence foam behavior at first sight, this influence is
gquite pronounced. Very important factors for bheer foam
behavior, like the gas composition, bubble size, bubble
surface composition and the structure of the foam, are
determined during the bubble formation process.

In general, bubbles can be produced in a liguid by (i)
agitating or whipping, (ii) by sparging or diffusing gas
through a porous material, and (iii) by decreasing the
pressure of & with gas saturated liquid. In the latter
case, the liquid becomes supersaturated as a result of the
pressure release. Consequently, bubbles can nucleate and
grow.

In beer, bubbles may be formed by air entrapment during
dispense. However, the most important mechanism for bubble
formation in beer is nucleation, because beer is super-
saturated with carbon dioxide after pressure release.

A review on bubble nucleation was given by Blander
(1979). He explained that two kinds of bubble nucleation
can be distinguished, wviz. homogeneous nucleation and
heterogeneous nucleation. As a result of the creation of
a new surface during bubble formation an energy barrier
has to be overcome. For homogeneous nucleation, i.e. the
spontaneous formation of a bubble nucleus, the energy
barrier is high and therefore homogeneous nucleation will
only occur at very high supersaturation values. The value
of the supersaturation pressure can be estimated, assuming
that the Laplace pressure of a very small bubble must be
overcome in the course of bubble formation. Walstra (1989)
simply calculates that homogeneous nucleation does not
take place unless the supersaturation is in the order of
10® Nm™? (supposing that the minimum radius for a bubble is
1 nm and the surface tension is 50 mNm™'). For beer, a
pressure of that value is quite unrealistic. This means




that bubbles do not originate spontanecusly in beer, but
that heterogeneous nucleation occurs. Bubbles grow from a
catalytic site in order to overcome the energy barrier for
bubble formation. This site may be for example a crack in
the wall of a container, or a gas pocket in dispersed
material.

Ward et al (1970) developed a theory for heterogenecus
bubble formation using a generalized Kelvin eguation to
describe the relation between the pressure at which
nucleation occurs and the gas concentration in the liquid.
They put forward the concept of the critical radius. The
concept is based on the fact that the radius of a nucleus
must have at least a minimal, critical size to allow
bubble growth. If the radius of the nucleus is smaller
than that critical radius the nucleus is unstable and will
rapidly disscolve. The critical radius therefore is an
unstable equilibrium, threshold wvalue. The concept was
extended by Ward et al (1982) and conditions for a second
stable critical radius were formulated. The other critical
radius is larger than the first, and is a result of the
fact that the concept was developed for a confined volume
of ligquid. Ward et al (1983) described the growth of a
bubble from a conical pit. In addition, the emergence of
a bubble 1is discussed in relation to the wetting proper-
ties of the liquid and the conical pit. Ward and Levart
(1984) stated that a number of bubble nuclei may be in
stable equilibrium with the liquid if the wvalue of the
supersaturation is low and the contact angle is small,.
Ward et al (1985) described the evolution of a bubble to
a final stable equilibrium size.

More gquantitative work on bubble nucleation was put
forward by Wilt (1986), who reported a model for the
homogeneous and heterogeneous nucleation rates of bubbles
in carbonated beverages. Confirmation is giwven that a
supersaturation ratio of carbonated beverages should at
least be a thousand fold in order to allow homogeneous
nucleation. He estimated that the supersaturation ratio of
an opened carbonated beverage is about 5 and therefore
homogeneous nucleation is quite impossible. Heterogeneous



nucleation however is 1likely to occur in depressurized

carbonated beverages, depending on the contact angle
between the 1liguid and the nucleation site and on the
shape of this site. He reported that especially cavities
are good nucleation spots. The effect of the surface
tension on the nucleation growth rate 1is discussed.
Ciholas and Wilt (1988) extended this model for the
spherical cavity case.

The experimental measurement of the bubble nucleation
rate and of the amount of bubbles formed per unit of time
has been difficult. Therefore, experimental confirmation
of nucleation theories has not been put forward until
recently. Lubetkin and Blackwell (1988) described an
acoustic method, that allows the measurement of the bubble
nucleation rate.

The initial bubble-size distribution in a foam depends
on the conditions during bubble formation. Heterogeneous
bubble formation is schematized in figure 1.1.

LIGQUID
LIQUID LIQUID

BUBBLE

NUCLEATION SITE NUCLEAT\ON SITE NUCLEAT ION SIfE

Figure 1.1: Heterogeneous bubble nucleation, growth and detachment. The nucleation
site is wetted by the liquid.

The moment of bhubble detachment from the nucleation site
is if buoyancy (apgV) becomes bigger than the adhesive
force (the vertical component of o0%*0), where ap 1is the
density difference between the gas and the liquid, g is
gravity, V is the volume of the bubble, 0 is the perimeter
of the bubble where it is attached to the nucleation site
and ¢ is the surface tension. Therefore, the bubble size
is mainly determined by the surface tension at the moment
of bubble detachment. The nucleation and growth of a



bubble goes very swift. The bubble surface is expanded
rapidly during the growth of the bubble. Therefore, the
increased surface tension under expansion conditions is
significant. The history of the bubble surface and the
surface dilational viscosity at given expansion rate
determine the surface tension. The expansion rate is,
amongst others, determined by the supersaturation value.
If small bubbles are desired in a foam the dynamic surface
tension under expansion conditions should be low.

Another impeortant factor that may influence the initial
bubble size is tangential convection during the dispense
of the beer. As a result of convection, the moment of
bubble detachment will be advanced. Consequently, the
bubbles will remain smaller.
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3. CREAMING AND DRAINAGE

3.1. Introduction

The creaming of bubbles is the rise of the bubbles to
the top of the system. Drainage is the liquid flow from a
foam to the liquid underneath. It is not well defined
where creaming stops and drainage begins. In fact, one
could argue that it i1s the same process because both
processes have many things in common. E.g. the main
driving force for both processes is gravity. One could
alsoc argue that creaming becomes drainage as soon as the
bubbles start to interfere and to influence each other in
their motion.

The creaming process may be described with Stokes law.
However, this law can only be applied if the bubble
surface is immobile and the Reynolds number is low.

The effect of the mobility of the surface was discussed
by Van 't Riet et al (1984). As a result of the tangential
shear on the surface of the rising bubble, the surface i1is
expanded at the top polar end of the bubble and compressed
at the bottom of the bubble. Consequently, the surface
tension gradient, that is a result of the surface defor-
mation, counteracts the shear. The surface reaches a
stationary-state and the surface becomes less mobile or
even motionless. In the latter case, bubbles can be
regarded as solid particles, as far as the rise of the
bubbles is concerned. For beer this condition is most
likely met because sufficient surface active components
are present.

The other condition for Stokes law, i.e. the condition
of low Reynolds numbers, is probably not met for beer. The
density difference between the liquid and the gas is high,
bubbles are comparatively large, the viscosity of beer is
low and therefore creaming will advance rapidly. In
addition, the bubbles may hydrodynamically interact. For
these reasons, the rise of larger bubbles will not obey
Stokes law.




Deviations from Stokes law may also be explained by
variations in size during the rise of the bubble. The
pressure in the liquid decreases as a function of the
height in the glass. Therefore, the bubble will expand
during the rise of the bubble. However, this effect is
very small. A variation in bubble size as a consequence
of gas uptake or dissolution can be more important as
discussed in chapter 5.1.

Drainage occurs if the bubbles become more densely
packed. The foam becomes dryer and the bubbles become
deformed. This leads to a series of events, that is
described by Ivanov and Jain (1979) and Wasan and Malhotra
(1986) and Ivanov and Dimitrov (1989). During drainage,
the foam evolves gradually from a foam with spherical
bubbles to a foam with polyhedral bubbles. In a polyhedral
foam the Plateau border suction contributes as a driving
force for drainage (e.g. Scheludkeo (1957)), in addition to
gravity. As a consequence of the curvature of a Plateau
border, the pressure inside the Plateau border is lower
than inside the bubble and in the plane film. Therefore,
liquid will flow from the film to the Plateau border.
Through the Plateau borders this liquid will drain from
the foam as a result of gravity.

The driving forces for drainage, Plateau border suction
and gravity, are counteracted by a complex interplay of
surface and bulk rheological properties. Dralinage depends
very much on the wviscosity of the film ligquid. Slow
drainage is the result of high bulk viscosity as can be
seen from Eg. [3.1]. Another balancing parameter for
drainage may be a surface tension gradient, that is driven
by liquid motion (Djabbarah and Wasan (1985)). As a result
of this surface tension gradient, the bubble surface may
come to a total stand still (Rao et al (1982)). In that
case, drainage can be described as the liquid flow from
between two rigid surfaces. Consequently, the drainage
rate decelerates because shear forces slow down the liquid
flow. For the same reasons, the surfaces of Plateau
borders may be immobile too (Kann (1984)). However, the
volume-surface ratio of Plateau borders is higher than the



volume-surface ratio of films and therefore no sound
conclusion can be drawn about the mobility of Plateau
border surfaces. Drainage from films with (partly) mobile
surface has been described by Ivanov (1985). Film drainage
for uneven film thinning has been described by Liem and
Woods (1974).

The rate of drainage from films can be approximated with
the classical Reynolds (1886) law for ligquid drainage, if
the surfaces of the film can be described as two circular,
plane parallel plates (Eq. [3.1]):

de 26%4P
_ - [3.1]
dt 39r?

where © is the film thickness, aF is the driving pressure,
t is time, 7 is the viscosity of the film liquid and r is
the radius of a circular plane parallel film. From this
eguation an order of magnitude calculation can be made to
determine the rate of film drainage. The drainage time for
a plane parallel film to reach the critical film thickness
of rupture can be described with Eg. [3.2] (see e.g.
Malysa et al (1980)):

3nA
tc A ——— [3- 2]
4nelaP

where t, is the critical drainage time, i.e. the time to
reach the critical film thickness, A is the surface area
of the plane parallel film and 6, is the critical film
thicknegs. The interpretation of aP is not always easy.
The driving force for drainage from between two liquid
plane parallel, horizontal films in a polyhedral foam is
Plateau border suction. In that case, aP is equal to the
capillary pressure (P_). Assuming that 2P is equal to
(206/r), the critical drainage time becomes:
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[3.3]
4ec

Eg. [3.3] clearly indicates that the critical time for
film rupture very much depends on both the radius and the
critical film thickness.

For thinner films the assumption that AP is equal to the
Laplace pressure is not valid. As the surfaces of the film
approach, the Van der Waals attractive force may start to
contribute as a driving force for drainage. In addition,
a counteracting pressure can be present, that becomes more
important if the film thickness decreases. This counter-

acting pressure was called disjoining pressure (7T) by

Derjaguin (1941). Taking into account this disjoining
pressure the driving pressure for drainage can then be
written as:

aP

]
- ]
]
=

[3.4]

aP is not a constant during drainage because, as the
film becomes thinner, the disjoining pressure increases
and aoP decreases. The liquid drainage from films may come
to a complete stop if the disjoining pressure between the
two surface layers can balance the capillary pressure. In
that case a film can be stabilized, that may exist over a
very long period of time i1f evaporation can be excluded.
Scheludko (1962) formulated the conditions for the equili-
brium film with the following equation:

= — [3.5]

The disjoining pressure may be either based on electro-
static repulsion or steric effects, mostly of polymer

11



molecules like proteins. For low molecular weight surface
active material, very thin equilibrium films may be formed
typically in the range smaller than 1 um. Films may become
so thin that grey or black spots appear in the film. These
spots, called Newton Black spots, were, amongst others,
described by Scheludko (1967). The local thickness of the
film at these spots determines whether the film will
rupture or not (Radoev et al (1983). The critical film
thickness of films of high molecular weight material is
mostly thicker than the equilibrium thickness, which means
that these films will rupture before the equilibrium
thickness is reached. For these films, a correlation
between the drainage time and film rupture can be found as
described by Djabbarah and Wasan (1985).
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4. COALESCENCE

4.1, Introduction

Coalescence in foams is the merge of two bubbles caused
by the rupture of the £film between the bubbles. Two
smallexr bubbles become one larger bubble. Many mechanisms
for coalescence have been proposed. All mechanisms have in
common, that coalescence occurs preferentially if the film
thickness is low.

In literature, coalescence is often related to drainage.
Films can drain to a certain equilibrium thickness. When
this equilibrium thickness is reached, the film may
persist over a very long period of time. Equilibrium films
only rupture when the film liquid evaporates, or when
disturbances occur. The rupture of films may also occur at
a certain critical film thickness (8_.), that is higher than
the equilibrium film thickness. A possible mechanism for
this rupture at the critical film thickness is given by
Vrij and Overbeek (1967). They stated that comparatively
thick films may rupture as a result of spontaneous fluc-
tuations in film thicknesgs.

The rupture of films, at a higher thickness than the
equilibrium thickness, may occur as a consequence of
external influences. Two possible mechanisms, that have
been described, are the "hydrophobic particle mechanism"
and the so called "spreading mechanism".

The hydrophobic particle mechanism was described by
Garrett (1979), Dippenaar (1982) and Aronson (1986). A
small hydrophobic particle, positioned in a liquid film,
can initiate coalescence. The surface of the film next to
the particle is curved as a consequence of the poor
wetting properties. Therefore, the Laplace pressure in the
film is locally higher than in the gas phase and in the
part of the film with plane surfaces. Consequently, there
will be a pressure gradient in the film, which causes the
liquid to flow away from the particle. Rupture of the film
occurs as schematically displayed in figure 4.1.
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Figure 4.1: Film rupture, initiated by the hydrophobic particle mechanism.

About this mechanism several remarks can be made. (i)
The particle has to pierce through both surfaces of the
film and therefore, the diameter of the hydrophobic
particles must be at least egual to or larger than the
film thickness. If the particle has a diameter smaller
than the film thickness the mechanism does not work. (ii)
The contact angle of the liguid onto the hydrophobic
surface must be close to 180°. (iii) The Laplace pressure
depends on two radii of curvature. The driving force 1is
not only based on the curvature of the film next to the
particle. This curvature can be compensated by a curvature
perpendicular to the plane of the display in figure 4.1.
In that case, the pressure throughout the film is in
equilibrium and coalescence will not occur. For that
reason, hole formation in a film is alsc determined by the
shape of the hydrophobic particle. In general, spherical
particles will not initiate coalescence because the radius
of a spherical particle can be equal to both radii of
curvature of the film on the particle surface. However,
anisometric hydrophobic particles can very successfully
initiate film zrupture. (iv) The influence of surface
viscosity on this process is ambiguous. On one hand, the
liquid motion in the film will cause a surface tension
gradient 1in the film that opposes the 1liquid motion
(Gibbs-Marangoni effect). Therefore, the surface viscosity
will slow down the liguid motion, but the rupture of the
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film can not be stopped by a surface tension gradient. On
the other hand hoﬁever, the surface tension next to the
particle increases as a result of surface expansion and
therefore the Laplace pressure increases. This may enhance
coalescence since the Laplace pressure 1s the driving
force for film rupture.

The second possible mechanism for coalescence, induced
by particles or droplets, is the "spreading mechanism".
This mechanism was first described by Ross (1950) and Ross
et al (1953). Recently, the mechanism was discussed by
Kruglyakov (1989). In figure 4.2, the spreading mechanism
is displayed schematically.

Figure 4.2: Film rupture, initiated by the spreading mechanism. For the sake of clarity the
dimensions of the film were exaggerated.

If small droplets come into the surface of a beer film
(2), surface active material may spread onto the bubble
surface (3). By viscous forces the liquid of the film is
dragged along radially in the direction of the spreading
material (4). A thin spot in the film results (5). The
thin spot may eventually become unstable and coalescence
may occur (6).

Film rupture is only caused by the spreading mechanism
if the droplets come to the surface of the film, the
spreading of surface active material occurs, and enough
material spreads. Therefore, there are several important
parameters, which influence coalescence by the spreading
mechanism: (1) Within the relevant time scale the film
layer between the droplet and the atmosphere surrounding
the film must drain. The critical drainage time for this
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process may be estimated with Eg. [3.3] as described. (ii)
The spreading mechanism only works if material spreads.
In figure 4.3 an illustration is given of the spreading
conditions. To spread, the surface tension of the film
liguid (o,) must be higher than the sumvector of the
surface tension of the droplet (o,) and the intexrfacial
tension of the film liguid and the droplet (o, ). For this
reason, the composition of the particle is important.

GAS
T,
O Cxw
—_—

DROPLET "
FILM “

Figure 4.3: The spreading condition; if G,>0_,+0, surface active material will spread.

For the same reason, the surface rheological aspects of
beer foam are very important. The surface tension of beer
in a foam can vary approximately between 9-55 mNm' under
dynamic conditions (see alsc chapter 5.5). The dynamic
surface tension depends strongly on the deformation and
the deformation rate of the bubble surface. The spreading
of surface active material on a film will predominantly
occur if the surface tension is high. This means that film
rupture is most likely to occur if a foam film surface is
expanded. (iii) The droplet has to have a minimum size in
order to contain enough spreading material to cause film
rupture. If the droplet is tooc small, it may happen that
spreading occurs but that the spreading does not proceed
far enough to form a hole in the film. In that case the
£film can be restored. This is only wvalid for a given
droplet composition. (iv) The composition of the droplet
is also important for yet another reason than mentioned
above. If the droplet does not contain enough spreading
material, spreading may occur, but the film does not
rupture. (v) Thin films will rupture easier than thick
films, because less liquid has to be dragged along by the
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spreading layer. (vi) The bulk wviscosity of the film
liquid contributes to the mechanism. At higher viscosity
of the film liquid, the penetration depth of the spreading
motion in the film increases and coalescence will occur
more easily (Eg. [4.1]).

More quantitative work on this subject was reported by
Pring (1986,1988). Assuming that the droplet completely
spreads on the film surface and that film rupture will
take place if the penetration depth (p) of the spreading
motion is larger than the film thickness, the penetraticn
depth can be determined with Eg. [4.1]:

p = R(79°/c.dp)"? [4.1]

where R is the initial radius of the droplet, 7 is the
bulk viscosity of the film liquid, o, (=0,-(0o.,+0,)) is the
spreading tension, d@ is the thickness of the spread layer
and p is the density of the film liquid. This equation
shows that, with increasing viscosity of the film liquid,
the penetration depth increases and therewith the chance
that film rupture occurs.

Coalescence in comparatively thick films can be studied
by means of a falling film apparatus as described by Lin
(1981*F). With the falling film apparatus a thin liguid
sheet is produced from a container with a slit. The sheet
falls continuously between two guide wires, until it falls
into a vessel. From this vessel the liguid is pumped back
to the container (figure 4.5). The falling rate of the
film is determined by the flow rate of the liquid and
gravity. Van Havenbergh and Joos (1983,1984) described the
behavior of the falling film gquantitatively. The initial
velocity of the liquid (v,) can be calculated if the width
of the slit (8,), the flow rate (Q) and the slit length (1)
are known. Assuming that the flow rate is constant and
that the film falls obeying the gravity law, the film
thickness (8) and the liquid velocity (v) at every distan-
ce from the slit (x) can be calculated (Brown (1961)}):
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Q = v,8,1 = vel [4.2]

and:

2

v = v + 2gx [4.3)

The effect of the bulk viscosity of the film liquid on
the velocity of the film was neglected in Eg. [4.3]. This
is allowed because the viscosity has minor effect on the
velocity of the film for low viscosity aqueous solutions
‘ag shown by vVan Havenbergh and Joos (1983).

If the free falling film is disturbed by some sort of
obstruction, a V-shaped edge can appear in the film. The
V-shaped edge appears if the falling wvelocity is higher
than the bursting velocity (u) of the disturbance. The
angle of the edge is determined by the velocity of the
film and the bursting veloclty of the disturbance. After
a negligible short periocd of time the bursting velocity
reaches a maximum, that can be described by the Culick
equation (Culick (1960)):

u = (20/p8)" [4.4)

The V-shaped edge is a Mach wave. The bursting velocity is
related to the falling velocity by Eg. [4.5]:

u = v sin(a) [4.5]
where a is the Mach angle of the edge. The surface tension
of the film at the location of the disturbance can be
calculated if Eg. [4.4] and Eg. [4.5] are combined to give
Brown's relation:

o = Ypov’sin®(a) [4.6]
Using Eq. [4.6], the dynamic surface tension in the film

can be obtained if the Mach angle is measured and the film
thickness is known.
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In the free falling film coalescence can be initiated by
adding emulsion droplets of the right composition and
size. The formation of holes can be studied. With strobo-
scopic light, a pattern as displayed in figure 4.4 can be
obtained. With every flash of the stroboscopic light the
same hole is observed. However each time the hole is seen
larger, because it expands, and lower because it moves
along with the free falling film., Because the eye can not
distinguish between separate flashes and holds a picture
for a certain amount of time, the pattern as displayed in
figure 4.4 is perceived.

Figure 4.4: The picture obtained with stroboscopic light when film rupture occurs in the
free falting film,

The envelope drawn as a dotted line along the holes in
figure 4.4 has the same Mach angle as the V-shaped edge
that was introduced in the film by a disturbance. The film
velocity and the bursting velocity have the same value in
both cases. Therefore, the actual surface tension at film
rupture conditions can be calculated from Eg. [4.6], if a
picture like figure 4.4 is obtained.

4.2, Aim and Approach

It is a well known fact that the behavior of beer foam
is highly susceptible to the influence of lipid components
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{ Jackson et al (1980)}). A small amount of lipid can cause
rapid foam collapse. Beer contains a small amount of lipid
components, like fatty acids and phospholipids. These
components have a negative effect on beer foam behavior.
However, the effect, that these dissolved lipid components
have on the behavior of beer foam, is much smaller than
the effect of lipid components coming from other sources
than the beer itself., For example, dirty beer glasses or
lipid material from the consumer lips may increase foam
collapse enormously. Therefore, it can be argued that not
only the presence of 1ipid material, but also the actual
condition of the lipid material is important. If 1lipid
material is molecularly disscolved relatively little harm
is done to foam behavior, but if it is present as small
lipid particles or droplets it can ruin a nice head in no
time.

In the foam literature two possible explanations for
this exceptional behavior are given. In both cases lipid
particles or droplets initiate coalescence. Coalescence
can either be caused by the interaction between a hydro-
phobic particle and the film liquid or by the motion of
spreading material on the film surface. A distinction
between the hydrophobic particle mechanism and the sprea-
ding mechanism can be made because the effect of several
parameters on both mechanisms is different.

The particle size can be used to distinguish between
these mechanisms. For the hydrophobic particle mechanism
the diameter of the particle must be at least egqual to the
thickness of the film. For the spreading mechanism the
diameter of the droplet may be smaller than the film
thickness. In addition, as a consequence of the spreading
of material, the droplet-size distribution will shift to
smaller droplets if the spreading mechanism prevails. It
is expected that the particle size will remain the same
if the hydrophobic particle mechanism occurs. The surface
tension that prevails under dynamic conditions will have
a paramount effect on film rupture. If it is the spreading
mechanism that initiates film rupture, the dynamic surface
tension of the falling film must be so high that the
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spreading tension is greater than zero. Therefore, the
surface tension in expansicon must be low in order to
prevent coalescence. In the case of the hydrophobic
particle mechanism, the effect of the surface rheoclogical
aspects are not well known. In addition, at higher bulk
viscosity, the process will be accelerated in the case of
the spreading mechanism and decelerated in the case of the
hydrophobic particle mechanism. In order to determine
which o©of the mechanisms of film rupture occurs and to
study the effect of the above mentioned parameters on film
rupture, various techniques were used.

The stability of a 1liquid film as affected by the
presence of small droplets of different composition and
size was measured with a falling film apparatus. The
effect of the dynamic surface tension on the stability of
the falling film was investigated by performing surface
rheological and spreading experiments. The spreading
experiments were carried out to determine whether surface
active material spreads from emulsion droplets onto a beer
surface. The lowest surface tension at which the spreading
of surface active material occurs was determined for
emulsion droplets of different composition.

In order tc be able to compare the outcome of the
spreading experiments with the results obtained with the
falling film apparatus the dynamic surface tension in
expansion of several beers was measured with various
surface rheological methods. The falling film apparatus
was used as described in chapter 4.1. Additional surface
rheological experiments were carried out with a Langmuir
trough and with an overflowing cylinder technique.

The Langmuir trough could be used in two different
configurations. In one configuration, the apparatus is
equipped with a single barrier. The trough with a single
barrier was used to simulate the transient phenomena that
occur in the foam, like bubble formation and film rearran-
gements. In the other configuration, the Langmuir trough
is equipped with a caterpillar belt. The apparatus equip-
ped with the caterpillar belt was used to measure the
surface tension at steady-state conditions. The relative
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deformation rate of the surface (dlnA/dt) i1s constant
during this experiment (Prins (1976)).

The maximum surface expansion rate in the Langmuir
trough is lower than the expansion rate in the falling
film apparatus. In addition, in practical situations,
surfaces can be expanded more rapidly than can be achieved
with the Langmuir trough. Therefore, an overflowing
cylinder technique as described by Piccardi and Ferrcni
(1951, 1953), Padday (1957) and Joos and De Keyser (1980)
was used to measure the surface tension at higher steady-
state expansion rates. The experiments were carried out
with beers of different bulk viscosity to study the effect
of bulk viscosity on film stability.

4.3. Experimental

The falling film apparatus consists of a temperature
controlled vessel containing 2 liter of beer, from which
liquid can be pumped up to a container with a thin slit
(6,=750 pm, 1=13 cm). From the slit the liquid falls as a
film, between two side wires, back into the vessel. The
apparatus is displayed in figure 4.5. The length of the
film is approximately 40 cm. The liguid flow rates, that
could be used, were from 1x10°® m’s™? to 2.9x10° m®s™.

Emulsions of known droplet-size distribution and droplet
composition were added to the beer in the falling film
apparatus to study hole formation. The emulsions were made
of beer and 2% commercial soya o0fl (Reddy) with wvarying
amounts of emulsifier {(either glycerol-mono-oleate (GMO)
or Tween 80). A Rahnie homogenizer was used at various
pressures (0.5 to 8 Bar) in order to produce emulsions
with different droplet-size distributions. The droplet-
size distributions were measured either with a 1light
scattering technique as described by Walstra (1968), with
a microscope technigue or with a Coulter Counter, depen-
ding on the droplet-size distribution of the emulsion.

The number of holes that could be produced in the
falling film apparatus were measured. This was, unless
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indicated otherwise, done with a 2% soya-oil, containing
1% GMO, emulsion homogenized at 0.5 Bar. The amount of
emulsion added to the beer was 0.1 %(v/v). The temperature

during these measurements was 20°C. The number of holes is
expressed as number per unit of wvolume to make a fair
comparison at different flow rates possible.
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Figure 4.5: The falling film apparatus.

In order to determine whether a certain material spreads
onto a surface, simple spreading experiments were carried
out. Inte a small container the surface tension of beer
was measured using a Wilhelmy plate technigue. When the
equilibrium surface tension was reached, small oil drop-
lets, containing different amounts of emulsifier, were
added to the surface of the beer. A sudden decrease of the
measured surface tension was taken as evidence of the
spreading of surface active material. In order to simulate
the increased surface tension in the falling £ilm, the
beer was diluted with water. The equilibrium surface
tension of the beer was thus increased.

Additional surface rheclogical experiments were carried
out with a Langmuir trough equipped with a single barrier.
At the beginning of each experiment the surface had a
total area of 90 cm®’. The surface was then expanded to a
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total area of 450 cm®, an increase of 400%. The rate of
expansion could be chosen between 2.3x10° and 2.3x107
ms™. The Langmuir trough is displayed in figure 4.6.

WILHELMY PLATE

BARR | ER
BARR I ER -

Figure 4.6: The langmuir trough equipped with a single barrier.

The Langmuir trough, equipped with a caterpillar belt
with several barrilers, was used to measure the surface
rheological behaviour at steady-state conditions. The
measurements were carried out with expansion rates varying
from 2x10™ to 2x107 s™. The experimental setup is dis-
played in figure 4.7,

CATERPILLAR BELT  WILHELMY PLATE

BARRIER

Figure 4.7: The Langmuir trough equipped with the caterpillar belt.

An overflowing cylinder technigque was used to measure
the dynamic surface tension of beer under expansion
conditions. The overflowing cylinder technique is dis-
played in figure 4.8. The liquid under investigation is
pumped from below into a vertical cylinder, and is allowed
to overflow radially at the top of the cylinder. The
diameter of the inner cylinder at the top is 8 cm. The
ligquid overflows into an outer cylinder, from which it is
pumped again into the inner cylinder. At the top of the
inner cylinder the liquid is radially expanded. After a
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certain short period of time a steady-state equilibrium is
achieved, in which surface expansion and diffusion of
surface active material to the surface are in equilibrium.
The surface tension under expansion conditions can be
easily measured with a Wilhelmy plate technique. For the
Wilhelmy plate a roughened glass plate was used.

- —

B -

Figure 4.8: The overflowing cylinder.

The measurement of the relative surface expansion rate
is more elaborate. (Bergink-Martens et al (1989)). The
relative expansion rate that can be reached with the
apparatus has a maximum of about 5 sd, depending on the
kind of liquid under investigation, the flow rate and the
distance from the center of the cylinder. The relative
surface expansion rate (dlna/dt), that is essential to
determine the surface dilational viscosity defined in
equation [5.9}, can only be acquired by measuring the
surface velocity. This can be carried out by adding small
floating particles to the surface and measure their
velocity.

The bulk viscosity of the beer was measured using a
Ubbelohde capillary viscometer (capillary constant ca.
5x10"% m’s™?). The experiments were carried out using 7
different aliquots of beer {(beer A to G).
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4.4, Results

In order to establish whether cocalescence 1s initiated
according to the hydrophobic particle mechanism or accor-
ding to the spreading mechanism, the effect of the size of
the particles was determined in relation to the film
thickness. The thickness of the film as a function of the
distance from the slit is displayed in figure 4.9 for
different liquid flows. The film thickness was calculated
with Eg. [4.2] and Eq. [4.3].
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Figure 4.9: The calculated half film thickness of the free falling fllm as a function of the
distance from the slit. The flow rates were resp. 3, 2 and 1x107> m®s™".

As can be seen from figure 4.9 the film thickness is
initially the same as the thickness of the slit (750 pm).
Thereafter, the film thickness rapidly decreases to about
100 ym. The thickness of the film at a certain distance
from the glit is proportional to the flow rate. It can be
concluded that the thickness of the film can only be
manipulated by a factor of three. Higher flow rates than
2.9x10”° m’s™ could not be established with the available
pump. At a flow rate lower than 1x10™* m®’s™ the film
becomes unstable.
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As described above holes can be formed in the film by
adding emulsions. The emulsions used were prepared at
different homogenization pressures and with wvarious
emulsifier concentrations.
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Figure 4.10: The droplet size distribution of different emulsions. The 8 and 4 Bar
emulsions contain 2% soya-oil. The 0.5 Bar emulsion contains 2% soya-oil with 1%
CMO,

In figure 4.10 the droplet-size distributions of the
emulsions prepared with beer E and 2% soya-oil at homoge-
nization pressures of 8 and 4 Bar are given. Also, the
droplet-size distribution of an emulsion prepared with
beer and 2% soya-ocil, containing 1% GMO, is presented. The
latter emulsion was prepared at a homogenization pressure
of 0.5 Bar. In general, the droplet-size distributions of
emulsions prepared with beer and 2% soya-oil containing
GMO, omnibus paribus, were somewhat more narrow than
enulsions prepared without GMO, but the mean droplet size
was approximately the same.

When 2 ml of the emulsions, prepared with 1% GMO at 8
and 4 Bar homogenization pressure, were added to the
falling beer film (2 liter of Beer E), the film remained
stable at all normal flow rates. No hole formation did
occur. However, in the light of a stroboscope a flickering
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or twinkling of small light spots in the film was visible.
The twinkling can be described as "stars in sky". This
twinkling may be explained by the spreading of material
on the film surface. In that case, the spreading layer
reflects light in a different way than the film without a
spreading layer. Hole formation does not take place
because the amount of spreading material may be too low to
accomplish the required penetration depth.

When 2 ml of emulsion, prepared at 0.5 Bar with beer E
and 2% soya-oil, containing 1% GMO, was added to 2 liter
of beer E, hole formation occurred in the film. The number
of holes, measured at standard conditions, is given in
table 4.1.

Table 4.1: The number of holes formed in a free falling beer film. The beer under investigation
was beer E,

fiow rate number of holes number of holes
(m3s7) (m~3) ")
2.94x1075 2x10° 5.9x1072
2.54x107° 4x10? 10.2x1072
2.21x107° 9x10°? 19.9x1072
1.72x107° 13x10° 22.4x1072

One of the reasons that the number of holes formed in
the film is wvery low compared to the concentration of
droplets {(ca. 10® in the film) must undoubtedly be that not
all the droplets present in the film come to the surface
of the film. Another reason may be that on the basis of
the number of droplets in the system and the flow rate the
conclusion can be made that only the larger droplets in
the system initiate hole formation. This is supported by
the fact that the film remained undisturbed when the
emulsions with smaller emulsion droplets were added. For
the same reason the number of holes depends very much on
the film thickness.

Even larger droplets (radius of ca. 1 mm) were added to
the film by injecting soya-o0il containing 1% GMO into the
container with the slit. In contradiction with the expec-
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tations these droplets did not cause hole formation. The
explanation for this phenomenon can be that droplets
larger than a certalin size do not come in contact with the
surface of the film. The thin liquid beer film between the
droplet and the atmosphere surrounding the film does not
drain completely within the short time span in the falling
film. The film falls in approximately 0.3 s. With Eg.
[3.3] the critical drainage time (t.) for the film between
the o0il droplet and the surrounding atmosphere can be
estimated. If the critical thickness (8,) of beer films is
assumed to be 300 nm (Ivanov and Dimitrov (1989)), the
critical drainage time as given in table 4.2 can be
calculated for different droplet radii. Also given in
table 4.2 is an overview of the observations made in the
falling film when droplets of different composition and
size are added to the film. The most likely explanation
for the behavior of the film is added.

Table 4.2: The observations made in the falling film when droplets of various size and
composition are added.

droplet radius t observation explanation

<

(um) ) !

without emulsifier:

1 107 no holes droplets come to the surface but do not spread
no twinkling
10 10°*  no holes droplets come to the surface but do not spread
no twinkling
100 1077 no holes droplets come to the surface but do not spread
no twinkling
1000 100 no holes droplets do not come to the surface
no twinkling

with emulsifier:

1 107 no holes droplets come to the surface and spread but
twinkling the droplets are to small to initiate holes
10 1074 no holes droplets come to the surface and spread but
twinkling the droplets are to small to initiate holes
100 107! holes droplets come to the surface, spread and initiate
no twinkling  hales
1000 100 no holes droplets do not come to the surface
no twinkling
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