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If you can keep your head when all about you
Are losingtheirs and blaming it on you;

If you can trust yourself when all men doubt you,
But make allowance for their doubting too;

If you can wait and not be tired by waiting,

Or, being lied about, don't deal in lies,

Or, being hated, don't give way to hating

And yet don't look too good, nor talk too wise;

If you can dream and not make dreams your master;
If you can think- and not make thoughts your aim;

If you can meet with triumph and disaster

And treat those two imposters just the same;

If you canbear to hear the truth you've spoken
Twisted by knaves to make a trap for fools,

Or watch the things you gave your life to broken,
And stoop and build ‘em up with wornout tools;

If you can make one heap of all your winnings
And risk it on one turn gpitch-andtoss,

And lose, and start again at your beginnings
And never breath a word about your loss;

If you can force your heart and nerve and sinew
To serve your turn long after they are gone,
And so hold on when there is nothing in you
Except thewill which says to them: "Hold on";

If you can talk with crowds and keep your virtue,
Or walk with kings- nor lose the common touch;
If neither foes nor loving friends can hurt you;

If all men count with you, but none too much;

If you can fill the unforgiving minute

With sixty seconds' worth of distance run

Yours is the Earth and everything that's in it,
And - which is more- you'll be a Man my son!

Rudyard Kipling
Poem “If
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ABSTRACT

The production of highly aerated foods remains a challenge that requires skill to obtain
desiredappearance angkxture. Since foams are fragile and inherently unstable, evaluation of
structure changesvith time requires a delicate approacNorrinvasive but informative
evaluation of changes in aerated fgodperties is a desired goal to be achieved in this thesis.

| studied the aging of egg white foams of different void fraction using two noninvasive
techniques- ultrasonic spectroscopy and electrical resistivityith a view to understanding
aging mechanisms that would affeélhe quality of the final product. To help in interpretation of
the results, a commercial high void fractifmam, Gillette (Sensitive) was alsoanalyzed As a
support technique for ultrasound results | used image analysis in order quantitativelyeethaluat
size of bubbles in the foams. Large increases in attenuation were observed with increasing aging
time and frequency. Results were modeled using an effective medium theory originated by Foldy
(1945) in order to understand the factors governing foéetinie and texture. From electrical
resistance measurements, liquid fraction changes in an egg white foam column were evaluated
guantitatively and qualitatively by using a generalized free drainage mdteugh egewhite
foams were more prone to changks to drainagd, observed thator all foamsthe ultrasonic
scaling parametea I/f was proportional tahe square of average bubble size (indicative of a
diffusively driven aging process due to disproportionation of buhbispes ofa I/f versus
aging time were @0 and 110 for egg white foams of void fraction 0.65 and 0.78,
respectively, indicating that disproportionation progressed approximately twice as fast in the
high void fraction foam. The slopes &fl/f versus aging time were similar for bdgillette foam
void fractions (0.93 and 0.91) at a value of B’ s?, attributable toa lower solubility of

isobutane compared to aiBy combining ultrasound and electrical resistiyithis thesis has
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provided noveinsight into understandingnstability processes ocaumg in foams. Potentially
ultrasound techniqecould be used instead of imaging for foam aging studies, snure
invasive and nodwlestructive measurements of attenuation and phase velocity permit

interrogationof opaque foam structures.
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CHAPTER 1 INTRODUCTION

Due to a unique texture perception, foamy foods are distinct frorra@@ted food
products. Foamy structured products are very popular beyond food science as well. Some drugs
produced with a foamy structure have betigravailability and activity therebre, foams are
used also irthe pharmaceutical industriZhanget al, 2010; Wuet al, 2011).Solid foams are
used widely in industrylue to foam's ability to achieve different mechanical properties, from
flexibility to strength, in both cases with reddoeeight due to the lower density of foa(tseh
and Bubacz,2008 SqueoandQuadini, 2010. Food or norfood foams have the same structure
and properties. In ordeo tproduce liquid food foams, scientists and cooks strive to incorporate
the maximum amount of air into the foaming liquid and obtain relatively small bubbles, since
this is the key to obtaining stable foams (Allgral, 2006; Campbell, 2008). Dairy foamsich
as whipped cream, consist of bubbles stabilized byHenéret al, 2007 Campbell, 2008),
while in egg white foams, bubbles are stabilized by creating viscoelastic films once the partially
denatured protein is exposed to theveater interfac€Raikoset al, 2007).Egg white foams are
generally complex systems, consisting of several foaming protein compondrgi® some
lower the surface tension and others act as stabilizing a@@kmi and van Aken, 2006As a
result of this complexity he temperaturand pH of the foaming solutidmavea big influence on
foaming capacity and foam stability (Jalom and Zhik, 1981, 1981b Patinoet al, 1995;
Magdasskt al.,199%; Martin et al.,2002;Kralova and Sjéblom, 200®;angevin, 2009Allen et
al., 2006). Synthetic foam stability is affected less bych factors, since the foam isften
obtained by aerating liquid with a single, low molecular weight surface active component

(Garrett and Grattor1,995;Bezelguest al.,2008) Therefore, in aémpting to understand foam
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creation and foam stability in food produatsis useful to look at more simpfeam systems in
order to understand more complicatedd ones.

A classical angel food cake recipe is a good food example to illustrate thenghalknd
struggles one might face in the kitchen and in a large scale baking facility in making a foam. The
challenge consists in the unstable liquid foam nature that leads to drainage, disproportionation
and coalescence at room temperature or in thalistages of baking (260 °C) (Mizukoshi,

1983. In cake battethat is not optimally aerated, drainage processes that will potentially cause a
failure in baking a cake manufacture can oc8acause of high sugar content in the batter, the
necessary amot of water for protein denaturation and starch gelatinization is reduced. As a
result, starch does not fully gelatinize, because high tempesatwmeeneeded in thigmited
amountof watersystem. In this casépllowing bakingthe cake structure is not fully solidified
andthe baked product has an impaired uneven texture or even significant reduction of volume
due to cake collapse (Pyler, 1988)herefore it is important to understand instability
mechanisms and evaluate quatiitely the foams required for cake making, in order to advance
and initiate new bakery foam formulation and making technologies.

Foam structure and stability is highly dependent on the amount of air in the foam. Indeed,
volume fraction of aidistinctivdy separatesoams into two categories terms of rheological
properties wet foans anddry foans (Heller and Kuntamukkula1987; Weaire and Hutzler,
1999).Wet foams withsphericalbubbles are more prone to instability due to drainage, whereas
in dry foans greater amounts of gas migrate from one neighbouring smaller bubble to another
bigger bubble through the very thin, separating filnhe latter effect, known as
disproportionation, enables bubble radius to grow with time and the growth rate is deasribe

time dependent (Duriaet al, 1991). These changes in bubble size distribution strongly impact



foam rheological behaviouCphenAddadet al.,1998; Weaire and Hutzler, 1999), namely in a
dry aging foam, the foam's sheaodulus scales with frequenaya power law manndCohen
Addadet al.,1998).

Because of the time dependent changes in the structure and properties of foams, any
industry producing or developing new foam formulations is in need ofim@sive and non
destructive toolsLow frequency ultrasound as a technitpas beemused formore thara decade
in scientist labs to investigate low void fraction aerated materials, such as dohgly gelsand
gasliquid-solid systemgPovey, 1989EImehdi, 2001; Centst al.,2004;Bellido, 2007;Cobus
et al.,2007; Fan, 2007 Strybulevychet al, 2007 Leroy, et al, 2008).By measuring the phase
velocity and attenuation of propagating ultrasound waves and applying effective medium theory,
valuable information on dough rheologicabperties can be obtained (Elmehdi, 2001; Bellido,
2007). These properties are impacted by the properties of the matrix and bubble size distribution.
Investigations of very high void fraction foam aging processes are fewer. Studies of 92% gas
syntheticGillette foam by using low frequency (334 kHz) ultrasound gave insight changes
in foam structural properties: the attenuation increased due to bubble radius growth as the foam
coarsened and phase velocity was reduced due to decreasing elasticityoahth@djica and
Fauve, 2002 Experimental phase velocity and attenuation results combined with image analysis
realts of bubble sizéed to a quantitative evaluation tife foam aging process the Gillette
foam (Mujica and Fauve, 2002).

To investigatehighly aerated food and neimod foam structure and stability, it is
necessary to integrate ultrasound experiment results with the available physics theory of wave
propagation in this complex foam medium. Applying other commonly used techniques, such as

imaging and electrical conductivity techniqu¥safatoset al, 1985 Phelanet al., 1996;Weaire



and Hutzler, 1999; Barigoet al, 2001; Feitosat al, 2009 as support tools to obtain additional
information on foam aging process will lead to better understanding of foam instability
processes. In addition, new knowledge can be obtained to determine which factors and

conditions govern foam stability processes.

1.2 Objective statement

In this thesis highly aerateidod foams and ncefood foams were studiedCake batter
structure and stability is related the properties of the egg white foam from whilch cake is
made. Foodoams very often are a good base &arated baked productsichas meringues,
soufflés,andangel food cakes, d@se aerated structuggves to the produgorosity, high volume
and soft texture. Nefood foams are very common in different industry areas, like metallurgy,
pharmacy and othsr In this resealt| usedGillette foam a vey well studied foamas aguide
to give some insighinto the behaviour of ore complex food foam3.he structure and stability
of any aerated food produarerelated to the properties of the foam from whikl product is
made. The void fraction and bubble sizes of the foam determine the product volume and
porosity. However, foams are unstable and rheological properties change with time. Those
structure changeare gen more accelerated when the temperatses b 60C, asoccurs n the
first stage of bking. Addition of flour, in order to make a cake batter, slows down foam structure
degradation, but does not stop it fully. Specifically, the change in bubble size distribution and
void fraction affects theheology of the system. Instability in a foam arises due to diffusively
driven bubble disproportionation, coalescence between s)laipie liquid drainage. As for very
dry foams, like highly aerated egg white dbitlette foams,the dsproportionation pragss is the

dominantmode and liquid drainage haa minor effect on foam stability. Therefore, the first



objective of this research is to use ultrasound as a method of detection of structural changes
arising from disproportionation thatcu during foam agng atroomtemperature.

The second objective is to use an electrical resistivity measurement technique to follow
liquid drainage m egg white foams. Liquid drainage occurs in the foam due to gravity and
capillary effects.However, ising temperature ithe oven reduceserated productiscosity and
therefore accelerates liquid flow downwari@izukoshi, 1983. However theaddition of flour
reduces liquid drainageNevertheless, wing the productbaking proces, liquid drainage is
accelerated and is gnstopped fully at the thermal transition temperabf the aerated product

componersg

Since ultrasound measured parameters are affected by the changing bubble size in aging
foam, it is important to determine those changes by techniques capablengf widibles.
Microscope imaging of aging foais a conventional but reliable tool to obtain bubble sizes, and
image analysis will quantify these sizes and allow determination of bubble growth rate that leads
to an evaluation of the disproportionation pradaeshe foam. Therefore, the third objective is to
evaluate quantitatively bubble size changes due to aging in different void fraction foams by using
an imaging technique coupled with image analysis.

Research objectives are as follosy
1. Characterizedisproportionation in egg whitand nonfood foams by ultrasound:
Apply existing fundamental theories of ultrasound wave propagation in aerated materials
to ultrasound and image measurement results in order to evHleddam aging process
guantitativey and the parameters affecting the instability procds®m measured
ultrasonic parameters (velocity and attenuation), the rate of disproportionation in

different void fraction and type foams will be determin&d.analyse and understand the



mechanisms gerning ultrasound wave propagation in high void fraction egg white and
Gillette aging foams, a foam model with theoretical monodispered bubble size
distribution will be compared to experimental resultse ultrasound results on egg white
and Gillette foams will be interpreted by using long wavelength theory (Wood's
approximation) and a modified effective medium theory originated by Foldy (1945).

. Characterize liquid drainage in egg white foam by using electrical conductivity
measurements:

Changes in congtivity will be monitored as a function of time thus giving information
on dynamic foam propertiess liquid content changes with time at different heights in the
foam (the rate of foandrainagé. By using a generalized two boundary liquid drainage
model, parameters affecting liquid foam drainage regime will be determined.

. Characterize food and non food foam structure and structural changesgdaging by
using image analysis:

Microscope imaging technique will be used as an additional techniquelitatea
ultrasound measurements and as a reliable tool to determine bubble size distributions in
aging food and nofood foams.Image analysis itself will provide information on foam
instability governing mechanisms. The scaling of the bubble mean radiasedgwith
aging time determines if disproportionation or liquid drainage is the dominant instability
process in the foam. As well, quantification of the bubble size distribution in aging foams
will serve for application of theoretical models of ultrasowaye propagation in aerated

viscoelastic media.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

With newly aising interest for natural, healthy and good quality products, interest in
foams as a novel application is not only happening infdbd industry, but also in cosmetics,
metallurgy, drugs and the building industry. For many years floating foams have been used to
separate minerals from extracted ore, foams are used for fire fighting, and foams are used as
drilling liquids in oil producion (Hohler and CoheAddad, 2005). With changing public
perception of envonmentally friendlyliving styles, foams maderdm renewable materigls
called biofoams, find application in thermal insulation of ho(Basik and Sain2008)

Foamy foods or aated food applicationsr@ very common, since the foam nature
dramatically influences the perception of texture and flavour (Campbell, 1999,KxKi8i and
van Aken, 200% Foods such as bread, fluffy cakes, mousses, whipped creams, ice creams,
cappuccio coffee milk froths are met everyday in our lives. Some of the foams, na mwhte
their appearance and wonderful taste are very unstable, the lifetime of which may be a couple of
minutes.Foam stability is impdant for the shelf life of the products avell as for some food
processing operations such as mixing and kneading.

With a rapidly growing demand of new foam applications there is a need to develop new,
advanced, nointrusive techniques able to determine quality and foam life time. Foam research
historyisquiteolddat i ng back to Joseph Plateau in 1873
polyhedral structure.Fundamental techniques of rheology, light scattering and electrical

resistivity have been used to precisely characterise foam stwotd properties fanany yeas.



New techniques, such as ultrasound,lsginning to appear as promising Aaomasive and non
destructive tools.

A pioneemg step was taken a decade ago to develop a newnmasive ultrasonic
technique to characterizeow void fraction bubbly liquids by the scientists Povey and
McClements (Povey and McClements989 McClements 1995. This was continued by Leroy
et al (2008). A big step was taken byujica and Fauve(2002) by using ultrasound to
investigate very lgh void fractionGillette foams. It is impaant to mention that the previously
studied Gillette foams have a continuous medium whose viscosity isrsionNater. As we will
see in our ultrasound research on egg white foams rtpeiies of theontinwous medium i
as important as the void fraction and bubble size distribution. Though ultrasonic studies on
foams are difficult, some physicists are attracted to this challengereahdpplications of

ultrasound for analysing foam properties in the fomhlistry are still in the works

2.1.1 History of food foams

2.1.1.1 Different origins of food foams

Culinary art of foams is as colourful as our world, with different cultures and traditions,
and dating back even to the days of ancient Egypt (Campb@8)20he oldest and most
common aerated food product is our daily bread, whose spongy structure is created due to natural
fermentation of sugars by yeast aad a result of it, the CQhat is produced aerates the dough.

Dairy foams such as whipped creaog cream and other highly aerated, sweet foams a
related to a technology revolution at the beginning of tHe chtury. Egg foams have been
made since the early Zentury, and have been very common until the presentsiime many
dessert foodsra eggfoam based. Examples of products that require whisking eggs are soufflés

(originated in France), meringues, mousses, zabaglione (ltaly), angel and sponge cakes



(America), and Pavlova (New Zealand). The distinct foaming capacity of hen eggs t@rat®rp
7 to 8 times as much air as theolume fractionn egg whites made them popular all around the
world. However, mass production of foamy foods was limited until tH ckhtuy, when
technology impovements allowed the large scalehipping processe that require big
mechanical work inputsJQampbelland Mougeot1999 Campbell, 2008)

New ingredients fostabilizing this inherently unstable structure allow the creation of
new foamy products. An important factor to be mentioned is the skill or scteatcomes into
play for making new products (Campbell, 2008heTmeger of science and traditional kitchen
skills aroused the molecular gastronorngnd, and spurred a scientific discipline in many
universities(Barhamet al.,2010), with pectaculafood flavours, textures and shapes. This new
food philosophy approachvas t aken by one t he bElstBanklsittaur
spectacular food creations are available not only in the scientific lab, but also in the public eye.
One of theexamples oBuchdishesis shown inFigure 21, created byiEl Bullid ¢ ,des€ribed
intherownwa ds as WAthe food is entrapped into gigd

gives the f ul (Arbbldyaetvab,2008) sensati ono

Figure. 2.1. Version of bubbly juice at pH 4.6; sun ripened berry fruits lightly covered in virgin
olive oil and lime Photograph from Jose Luis Lopez de Zubiria (Arboletyal.,2008).



2.1.1.2 Liquid foams

Unbaked food foams such as whipped cream, zabaglione, ice cream, dairy desserts, soft
doughs, confectionary, marshmallow, cappuccino foam are liquid foams and their lifetime is
relatively short (Campbell, 1999). Typically the air content by volume in @&nhfis around 50
% and the bubble size is a critical parameter since it influences the texture, mouth feel, and
stability of the product (Baleriet al, 2007). Surfactants play a big role in this case as they
stabilize foam structure for a specific periotitime, which determines the product shelf life.
Other natural stabilisgnhancing compounds in foamy foods are proteins (zabaglione, egg
foams), fat crystals (whipped cream, puff pastry) and ice crystals (ice cream, frozen desserts)

(Campbell, 1999).

2.1.1.3 Solid foams

Baked, solid food foams such as breads, puddings, muffins, doughnuts and dumplings are
often produced from chemically leavened or fermented dough. Alternatively, gas is mechanically
whipped into a batter, such as cakes and meringuéstiincases, all of these product structures
are stabilized by the baking proce€apbell, 1999; Schramm, 200Bread dough is aerated
by CO, produced by yeast as a result of sugar fermentation. Low density, very light texture
baked products are usuathptained because of high air content created from an egg white foam
base. Examples are angel food cake, puddings, muffins, meringues, Madeira cake, pound and
sponge cakes (Campbell, 1999).

Egg white foam based cake structure, for example angel food isast@pilized during
the baking process. The quality of such cakes depends on the thermal expansion of gas in the egg
white foam based batter and on thermal setting of the prstaioh network. This results in

products having high volume, low density asaft crumb Bennion and Bamford, 1978yler,
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1988;Sahi and Alava, 20Q3In this literature review the challenging points in making angel food
cake will be addressed: foam stability and structure, and the importance of ingredients in the

overall foam mking process.

2.2 Foams

2.2.1 Influence of components on foam structure and stability

In order to make a stable foam, the requirement for the foaming liquids is that there is a
good adsorption at the awater interface. This can be achieved by low md&cweight
surfactants, like sodium dodecyl sulphate (SDS) or high molecular weight and complex
structured proteins or polysaccharid@édign et al, 2006;SaintJalmes, 206). To name a few
suitable proteins for creating foamse ovalbumin, bovine or human albumin, gliadin, gluten,
soy isolate, casein, whey, modified fish proteins, sunflower concentrate and many others
(Halling, 1981 Allen et al, 2009. A specific grade of surfactants derived from various
microorganisms are biagfactants. Newly extracted from the funghischoderma reeses the
protein hydrophobin HFBII that shows unusual foam stability for 4 months even at a very low
hydrophobin concentration of 0.1wt%. As this protein is present in mushrooms it is possible to
use it in liquid food foam stabilization (Ce al, 2009).

A noticeable difference between low molecular weight surfactant molecules and protein
molecules is that there are tirdependent changes in the conformation of protein molecules. As
a result, lhere are longer adsorption times for proteins at the surfaseater interface and
changes due to protein coagulation during the foam formation process (Halling Ktagiva
and Sjoblom, 2009 During the foam making process, native protein structighanged and

after reaching the highest foam volume, volume starts decreasing. The reason for this volume
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deaeases protein denaturation because of excessive agitation or beating and rix @ttein
migratesback into the protein bulk solution adidgarticles. This phenomenon is not obsel

in the foam making process with surfactants (Halling, 1981).

2.2.2 Surfactant foams

2.2.2.1 Low Molecular Weight

In the food indusy, it is important to control the product stability and rheological
propeties and therefore different type of stabilizers, either low or high molecular weight
surfactants, are used. Low molecular weight surfactants usually are of lipidic origin, such as
monoglyceridesIn geneal, in thefood industy low-molecular mass surfaits consist of
lecithins, glycolipids,saponins,fatty alcohols,trans, saturated and unsaturated fatty acids
Insoluble in wate surfactants that form soalled crystal lamellae form double layers of
monomer molecules which diffuse slowly at thelmuid interface and participate in foaming
and stabilize the foam. Examples of such fooaddg surfactants atecithins and lysolecithins,
sodium stearoyl lactylate (SSL) and meramd diglycerides.Stable foams with small bubble
size are obtainedsing thee sufactants because of their ability to form a viscoelastic surfactant
layer around the bubbleGarrett and Gratton]995; Shrestshat al, 2005; Bezelgueset al,
2008) A good food surfactant lowers the surface tension of waben ¥2 mN/m to 30 mN/m
(Garrettet al, 1995 CohenAddadet al, 1998). NoAfood surfactants, lik&illette foamy,lower
the liquid surface tension to 30 mN/m (Rouggral, 2005).Low molecula weight surfactants
are extremely mobile at therawvaterinterface and can very quickly reduce the surface tension

(Kralova and Sjoblom, 2009)
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2.2.2.2 High Molecular Weight

High molecula weight surfactant category consists foteins and heterogeneous
proteinLMW surfactantcomplexes. The lattetype of complexsurfactants are where protein
interacts with a small molecular weight surfactant through an opposite charge on the protein, as
for example the complex formed from Tween 20 (polyoxyethylene sorbitan monolaurate) and
lactoglobulin (Cokeet al.,1990Q Bos and Vliet, 200). This type of surfactant system stabilizes
the whole bubble sictureand its rheological nppertiesvery well: surfactants at the aiater
interface make the protein film more flexible and movable, therefore the films are more ready to
respond to deformations (Bos and Vliet, 2D@Changes in pH have a big influence on pretein
type stabilized systemsbause the overall protein charge isralile The ratio of electrostatically
bound surfactant to protein is expressed through their molar concentrations at specific pH levels
and plotted versus the unbound surfactant concentration as a catianiomcbinding isotherm
(Magdasskt al.,199%; Liu et al, 2005;Kralova and Sjoblom, 2002angevin, 2009 Therefore,
as the pH of the system changes, protein charge is shifted and the bound surfactant concentration
may be increased or decreased accordingddinding isotherm (Magdassi al., 199%; Patino
et al, 2008. Surfactant concentration in a protein solution matters a lot in complex formation
and foam stabilization, as it can have an opposite, destabilizing effect €€akel990;Liu et
al., 2006; Kralova and Sjoblom, 20Q9Increasing, for example, Tween 20 concentration allows
competitive displacement of protein to occur at thenaiter interface, resulting in overall foam
instability (Cokeet al.,1990; Wildeet al, 2004).

Overall surfactanfoams and protein foam stabilization mechanisms are different. In the
case of the low moleculaweight sufactant SDS, foam film stability is maintained through

electostatic repulsive interactions of electrical double layers (Cekeal, 1990; Germanral
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Philips, 1994; Walstra, 189 SaintJalmeset al, 2005). In the case of protein foams, stability is
governed by the aggregates of insoluble denatured proteins that are entrapped in the films and

thus slow liquid drainagaNalstra, 2003Eisneret al.,2005; SairJalmest al, 2005).

2.2.2.3 Protein foams

2.2.2.3.1 General

Examples of good foaming agents successfully used in the food industmyodified
natural proteins of soy, gelatine, casein, egg white, whey, whey protein isolate (WPI),
lactoglobulins, lyzosyme, wheat proteins (glytgiadin and glutenin) (Mitat al.,1978;Narchi
et al, 2007;Patinoet al.,2008 Kralova and Sjoblom2009. Many naturallyoccurring proteins
are too hydrophobic or too hydrophilic rfgood foaming propertiesand so chemical or
enzymatic modification of them makes them more surface active. For many protenutethe
appliesthatn e ar t h e patrio pommti the &Gtability of the formed foam is significantly
improved (German and Phillips, 1994).

Protein film stability and elasticity vary due to the fact that proteins consist of different
amino acids so that different intermolecular interactions mpdogluding hydrogen bonding,
electrostatic inteactions disulfide bonding, and van der Waals matgions (German and
Phillips, 1994;Kralova and Sjoblom, 2009Globular proteins likdo-lactoglobulin, ovalbumin
and lysozyme form more stable films thhrcasein, because the globular structure is more
viscoelastic, thereby promoting stability at the bubble interfatlen et al, 2006;Foegedinget
al., 2006).

From olden times, herggs ae vay well known foaming ingredients. Further on in the
literature review the properties of egg white from hen eggs will be discussed. Because of egg

white and egg yolk (Kamadt al, 1973), a highly nutritious composition and an abundant variety
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of proteins with various gelling and foaming properties has been deai@lorently there are 78
hen egg white proteins discaed (Mann, 2007). Egg whites can be whipped up to eight times
therr volume and therefore form very high void fraction foams and foamy products, as for

example in the production of soufflés (Camphb2108).

2.2.2.3.2 Egg white pteins

Egg white proteins first of all are macromolecules, which are easily able to change
conformational structure once they adsorb at thevater interface. This process is enabled by
amphiphilic group exposure at the-aiater interface, and as a result of the reduction in surface
tension, stable films are creatddakamua, 1963,1964; Du et al., 20029). Proteins not only
create, buts well stabilizethe new created surfaces and this function depends on the type of the
protein, its molecular weight, its isoelectric point, the pH of the environment, the degree of
glycosylation and phosphorylation and the sulphydryl/disulphide bond nurRbéndet al,
1995;Mine, 2002;Damodaran, 2009Raikoset al., 2007).

Food protein solutions usually are a mixture of different $ygfeproteins whose groups
can interact between each other and impact the stability of the dispersed structure. The major egg
white prdeins are ovalbumin, conalbumin, ovomucoid, ovomucin, lysozyme, globuin G

globulin G; and avidin (Table 2.1).
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Table 2.1. Physical and chemical properties of egg wBitevéns, 1991Li-Chanet al, 1995
Alleoni, 2006.

Protein Egg IP Molecular Tyq Characteristics
white weight
(%, dry (Da) (°C)
weight)
Ovalbumin 54.0 4.5 44,500 84.0 Phosphoglycoprotein
Conalbumin 12.0 6.1 77,700 61.0 Binds metallic ions
Ovomucoid 11.0 4.1 28,000 77.0 Inhibits trypsin
Ovomucin 35 4550 5. 58187 - Sialoprotein; viscous
Lysozyme 3.4 10.7 14,300 75.0 Lyses some bacteria
Globulin G 4.0 55 49,000 92.5 -
Globulin G 4.0 5.8 49,000 - -
Ovoinhibitor 15 5.1 49,000 - Inhibits serine protease
Ovoglycoprotein 1.0 3.9 24,400 - Sialoprotein
Ovoflavoprotein 0.8 4.0 32,000 - Binds riboflavin
Ovomacroglobulin 0.5 4.5 7.69 / Strongly antigenic
Cystatine 0.05 5.1 12,700 - Inhibits thiol proteases
Avidin 0.05 10.0 68,300 85 Binds biotine

IP-isoelectric point, -denaturation temperature\wvater or buffer.

The main egg whiterptein ovalbumin is separated into three fractions, each of which
has a different phosphorus content. Ovalbumin in the molecule has 4 free sulphydryl groups and
one disulphide group. Ovalbumin structure changes-dwatbumin with different covalent
bonding upon storing egg whites for a long time and, as a result, this protein is more heat stable
(Donovanand Mapes1976). The altered-gvalbumin stucture results in a higher denaturation
temperaturewhile ovalbumin @natures at 84C. Temperature changesrihg storageand pH
have an impact on-®valbumin formation too.

Ovalbumin alone is able to form a foam suitable to make an angel food cake after longer
whipping time,althoughthe cake has tougher structudelin®n and Zabik, 198). Cake made
from foam made without ovalbumin, only using ovomucin and ovoglobulin, collapses during
baking, and that means that ovalbumin is necestsargupport the structure during baking

(Johnson and Zabik, 1981 Increased ovomucin amount reduces the baked cake volume.
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However, higher volume cakes were baked from egg whites with increased amount of ovomucin
and lysozyme protein solution. This can be explained from the formation of a complex structure
from lysozymeand ovomucin. On the other hand, in the absence of ovomucin, the foaming
properties of the positively charged lysozyme improve, and that may be dueréotiotewith
negatively charged ovomucoid ovalbumin protein parts (Johnson and Zabik, EH8h &g

white, three globulins are present;, &, and G, where the Gglobulin waslater dentified as
lysozyme (Kaminski, 1956). Globulins, by reducing surface tension, can increase foaminess even
in the presence of ovomucin and lysozyme. A totally oppeosgalt is achieved with lysozyme

being in the protein mixture: the foam volume is reduced, but the cake volume is increased
(Johnson and Zabik, 198,11981H.

Beating or whipping egg whites for a long time denatures protemsmucin becomes
insoluble,having little wate holding capacityand the film around the bubble loses its elasticity
(Nakamuwa and Sato,1964; Raikos et al, 2007) However, protein ability to open its
conformational structure or in other words, to denature, is necessary to fasooelastic film.
Ovomucoid has a very high heat resistance and mechanical whippingialoesuse protein
denaturation (Johnson and Zabik, 1881This property, resistance to denaturation, in othe
words, theunfolding of the structure of the proteinsudts in poor foaminess. As an example,
proteins like lysozyme having a higher number of disulphide bonds, show lack of foaminess due
to a stable tdiary structure Conalbumin is observed to have smaller foamability and has an
effect of reducing the cakenderness. Scanning electron micrographs (SEM) revealed that both
lysozyme and conalbumin foam films looked inflexible and rigid and thick (Johnson and Zabik,
1981a, 1981b. In contrast, ovalbumin films examined with SEM looked very thin. Ovalbumin

havingfewer disulphide bonds shows better foaming power, therefore it suggests that disulphide
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reactions influence foaming of the protein and a higher number of bonds impacts negatively on
protein foamaubility.

Globulins increase viscosity and reduce surfacsite during foam formation and as
well minimize drainage effects in the foam (Alleoni, 2006). Large volume cake can be obtained
from foams containing globulins and ovalbumin (Johnson and Zabika13981h.

In summary, lysozyme, conalbumin, ovomuc@dd ovomucin have lowefoaming
power, while globulins and ovalbumin have higifi@aming power. In addition, ovomucin has
the highest viscosity of all egg white proteins. Ovomucoid reduces the surface tension the most
while ovalbumin reduces it the leash angel cake making, globulins and ovalbumin are
important in the foam making stage because they have the highest foaming capacity; ovomucin
stabilizes the foam because it is able to quickly unfold at theva@r interface. Ovalbumin
contributes to cak structure setting during baking as its denaturation temperature is the highest.
The rest of the egg white proteins dowd have a specific function but rather acts as a medium

to create foam (MacDonnedt al.,1955).

2.2.2.3.3 Sucrose and sodium chlale impact on egg white foam formation

Salts like sodium chloride change the physicochemical properties of egg white by
changing thaonic strengthof the proteiANaCl solution and the extent of interaction between
different protein groups (German and Rpd, 1994 Damodaran, 2005 Sodium chloride
enhances protein adsorption at theveater interface during the foaming procedeerefore a
large volume foam can be created (Railasal., 2007). Apparently, sodium chloride also
increases protein stability to heat denaturation (Rakas.,2007).

Sugar increases the viscosity of the egg white protein solution and reduces the degree that

proteins unfold at the aiwater surface, thheforethe foaminess is reduced, especially during the
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first foaming stagePatinoet al, 1995;Raikoset al.,2007) On theother handsucrose increases
viscosity and this contributes to the foam stability because the viscosity of the liquid in the foam
film lamella viscosity increases and this slows the liquid drainage process. Sucrose however, can
increase adsorption of some of the proteins at thevater interface too. Foaminess of
ovalbumin, which is a majgpart of egg white, is decreased because hylrdpnds between

sugar and ovalbumin molecslere formed, which decreases protein surface activity and
adsorption at the awater interface Fooleet al, 1987 Patinoet al, 1995;Foegedinget al,

2006; Raikos et al., 2007). Once the ovalbumin and sugcomplex is formed, instead of
adsorbing at the awvater interface ovalbumin stays in the foaming solution (Ra&¢osl,

2007).

2.2.3 Foam making ways
Foams are two phase systems created by dispersing air or other gases into the liquid
phase. The ew surface area is created against an increased surface energy component that is
attempting to be minimized. Because proteins and surface active agents are able to lower surface
tension at the awater interfacesome of thenare able to stabilize the wleodispersedystem
(foam structure). A good foaming protein is considered one that rapidly diffodbe airwater
interface, changes its orientation and forms a viscous film around the air bubble (Murragy, 2007

German and Phillips, 1994

2.2.3.1 Foan making techniques
The method that is used to make foam largely affects the foam structure and stability.
Using different foam making methods can cause the bubble sizes in protein foams to vary from
1 mm to 10mm (Halling, 1981). Foam making ways can ¢lassified into four groups: the air is
incorporated into the liquid by whipping, shakingbubbling methods or by nucleation (Weaire
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and Hutzle, 1999. Different foaming methods require different protein concentration to obtain
the same volume of the foam. For foam production, protein concentration can be smaller in gas

sparging and shaking techniques compared to whippinggBals 2003).

2.2.3.1.2Whipping

Whipping is perhaps the most common way of producing foamed;fattdsugh bubble
size in a formed foam varies a lot (Figure 2.4). A new surface is created by using whipping
action that causes shearing of the multiphase liquid. The whippicggsdnvolves creating and
at the same time disrupting a newlajuid interface (Bot al., 2003).

During foam formation, the pressure inside the bubble, as it is getting smaller, increases,
as a result of an overall increase of surface area arounly femmned bubbles gee section
2.2.5.9. In some cases during whipping, the surfactant or protein can not move to the interface,
so the concentration of surface active component around the bubbles can be different. As well,
during whipping, bubbles are dimuously broken down and new ones formed (German and
Phillips, 1994 Lau and Dickinson, 2004

Efficiency of foam production by whipping depends on the geometry of the mixing
blades, the volume and the speed of the mixer. As well as for other foareihgds, rheological
and surface properties of the liquid have a major impact on foaming efficiency (Prins, 1988). Fo
example, tiis necessary to vary the whipping time for those egg whites whose structure has been
altered by homogenization, aging or rerabof some components in order to incorporate the

highest amount of air into the foam (MacDonretlal.,1955).

2.2.3.1.2 Shaking
Foam making by shaking is performed by shaking a container with a foaming liquid at a

certain frequency and amplitude. Taount of air incorporated into the liquid depends on the
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liquid viscosity, surface tension and origin of the foaming agent. The pressure difference inside
the container and the atmosphere has a big impact on the foam bubble size too (German and

Phillips, 1994).

2.2.3.1.3 Bubbling method
The bubbling method, or sparging, is used in ice cream and mousse making processes.
Afterwards, in the ice cream making process, for further bubble size reduction, a whipping action
is used. During this process the aitinjected through an orifice or plate with holes (Prins, 1988
into the viscous liquid so that a gas bubble of radiu¢eéves the orifice end when the gravity
force ), the force holding the bubble to the orifice, is equal to the buoyancy fescerlbe

gas bubble formation process carekpressed by the formula (Prins, 19B8gh, 1998

o L 2.1)

r

wherer, - orifice radius,g - acceleration due to gravity; - liquid density,g- surface tension.
Buoyancy force isF, = (4/3)mr°gr,. Orifice size and surface tension of the liquie eritical
because they determine the formed bubble size.

Bubbling or sparging allowsontrolling of air bubble formation and tHfermed bubbles
are more uniform, so it is possible to produce a monodisperse wet amad{Calvo et al,
2004. However, this method has dynamic limitations: using poor foaming agents at a slow
bubbling rate, too little foam is formed. This methoduseful to test foamability of different
solutions. On the small foanrquluctionscale, instead of arriice, a nozzle can be used and as
the gas is blowing through the foaming liquid, a stream of micro bubbles is produced-(Ganan

Calvoet al.,2004).
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The hubbling method is used to test the foamability of solutions because it only requires a
small amount of foam solutionP(ns, 20®). Foaming capacity can be expressed as the

interfacial area that can be created by the foaming agent and expressed by overrun:
L E ——@nm (2.2)
whereViamis volume of the foam and;q is volume of the initial foaming liquid.

2.2.3.1.4 Nucleation
Foaming by nucleation of gas bubbles occurs in a supeased liquid, for example, on
the surface of a glass of beer or champagne (Weaire and H1@%9), Nucleation doesot
start on its own a particle, dust or scratch on the glass of beer or champagne serves as a bubble
nucleation trigger in the drinkupersaturated with GQBamforth, 2004). Shaving foam is
produced by a nucleation process, where a pressurized container contains foaming liquid and

gas.

d) e) f)

Figure 22. Examples of foam structures made by: a) blowing gas, b) blowing gas (turbulent
flow), c) sparging, d) blending, e) shaking, f) nucleation of gas (beer fro#Re from Weaire
and Hutzle, 1999.
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2.2.3.2 Influence of techniques used on foam structure

Foam structure depends on the techniques used that influence the hydrodynamic
conditions and surface properties of the bublleferent methods and techniques may produce
foams with different bubblsize distributions. Even the same foaming technique, but changed
parameters such as air injection rate may result in different foam structure. As an example,
blowing gas through a thin nozzle at a constant low rate may produce monodispersed foam. If
the flow rate is increased and even varied during the aeration priotess) with polydispersed
bubbles is pvduced (Weaire and Hutzler, 19998y using whipping, beating or shaking
techniques one produces polydisperse foams, where the bubble size distnbutisumally
characterized by a legormal distribution (Weaire and Hutzldr999. If bubble nucleation sites
are uniform and small, the bubbles formed through the nucleation process are relatively

monodispersed.

2.2.4 Foam structure
Any liquid foam strature is described by two parameters: void fractiohdr liquid

fraction (@ and bubble size distribution (Spencer, 2006).
/S P — (2.3)

e p J (2.4)
where; is bubble void fraction/(t) is density of the foam at different whipping time; is
density of foaming liquid with no air in it.
If the foam is not a runny liquid, as fdough where it has a stiff hard texture, instead of
void fraction the term porosity is used. As was addressed before (Figuréh2.foam making
method determines the achieved void fraction and bubble size distribution. Foams made by a

whipping foaming slution usually produce a polydispersed bubble distributMegire and
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Hutzler, 1999. Monodispersed foams (Figure 2.4, a)) can be produced by blowing gas into the
nozzle in the solution at a relatively slow rate (Wilde, 1996).

Low void fraction foams & different in their structure and stability as compared to high
void fraction (Figure ).

To define a foam as wet usually means that the bubbles in this foam are spherical and do
not touch eaclother (Weaire and Hutzler, 1998nd this structure exisis the foam if the air

content doesotincrease beyond 65 %.

)w Hﬁ*—ff/‘ Liquid Film
@Q i

j O C%) . . Gas bubble
O C}O ::;:ur::‘niuau:a
v [O500

Figure 23 Structure of the foam gjolyhedral foanand b) wet foam(Taken fromPrins(2006))

Foams are dry whenlarge air amount is dispersedliquid, so that a polyhedral foam is
obtained (Figure 3.a)), and where the bubbles are close to each other, so that the geometrical
shape of the individual bubbles is more likel@decahedronThe liquid film separating two
bubbles in the spherical oolyhedral foam is called a lamella. In polyhedral foam those lamellae
are essentially flat, while in a spherical foam the lamellae are rounded. A good example of a

solid foam with sphericabubblesis ice cream, where bubble size varies betweemfCand

60 mm (Chang and Hartel, 2002).
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Beyond the limit of 65 % air fraction, bubbles in the foam start touching each other and
the higher the air content, the flatter the bubble walls are. At this point, foam structure is
characterised as polyhedral and bloeder where two films meet is called a Plateau border.

Dry, polyhedral foam elements and rules governing their structural organization were
first defined by Plateau, and they are as follows. A Plateau border (also known as a channel) is
formed when threéamellae (and not more than that) intersect forming a triangle at an angle of
120 degrees (Figure 4&1). Along the length of the lamella this triangle has the geometry
shown in Figure 2a-2. Four Plateau borders meet at one point called a node (vEbi@xlfarb

et al, 1997, as shown in Fige 24b.

node

2
A Linear Plateau
a)

b) border

Figure 24. a) Polyhedal foam structure elements.i1Plateau triangle; 2 Plateau border; b)
Four linear Plateau borders meeting in a node (veff@ken fom Goldfarbet al., 1997).

The network of channels called Plateau borders are connected at vertices, whose shape
and size varies depending on the void fraction and bubbl€\&ieaire and Hutzler, 1999Beer

foam is a good example of polyhedral foam (M&wgl, 1996.

2.2.4.1 Bubble size distribution
In order to better understand foam structure evolution it is useful to visualize bubble size

distribution in one way or another graphically. Bubble or crystal size studies have been done in
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rocks of volcanic origin (maga and lava), metals and other medsasierink et al, 1992
Gaonab et al, 1996; Proussevitchet al, 2007. It was observed that size distributions of
bubbles were not well characterized by using normal statistical functions. Therefore, size
distributions were instead characterized by tafmic statistical family functions (legormal,
logistic and Weibull) that fit the observed bubble size distribution the best (Prousssvitich
2007).

The usual way of representing image data as a population density diagram is by sorting
the bubblesizes or volumes into size ranges and plotting as a frequency against bubble size
(volume or radii) histogram. It is useful to present datadistribution density or as a frequency
distribution. The former is obtained by dividing the population by timabrer of bubbles and the

latter in addition by taking the bubble percentage of each bubble size:

Qo — (2.5)

i D
wheref(Vj) is populationdensity by bubble size in volume unit4;s bubble volumeof bubblej
bin size ¢/ s the total number of observed bubblé&¥, is the bin size representing bubble
volume,n;is number of individual bubble in size class (hin)

If the obseved distribution consists of multiple peaks or modes, it is impossible to
accurately define the distribution by using logarithmic functions, since it monotonically
decreases. Therefore, a solution is transformation of the observed distribution to rlugarith
scale and treating it as a linear analog of the logarithmic distribution. For example, all observed
bubble volumes are converted to their logarithm and the results replotted by choosing equal bin

sizes in log units. The transformation of a distributtbe nsi t y functi on into

straightforward. As an example, transformation of the distribution density of a normal function
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(f(rj)) in linear form into logarithm formf(i ')) is done in the following way (Proussevitehal,

2007):

Qi — —
s nNp s s nNp

Qwn (2.6) Y Qi ———Dmh—;dé% (2.7)
where x. T bubble mean size of normal distributiop; - bubble mean size of legormal
distribution, ss; andsg are thestandard deviati®of thenormal and loghormal distributiony; -
midpoint of thej™ class in the histogram of bubble sizefy;) T normal probability density
function ofx.. The details of linear function conversion into its logarithm are given in the work of
Proussevchet al.(2007).

Most of the time, bubble size is estimated from 2D images and because of view
limitations small bubbles can be missede(¥ries, 1972). Bubble size distribution estimated

from a 2D view will be different from the bulk, and hence ociion of the statistical distribution
is proposede Vries, 1972):

o — — (2.8)
whereF(r) is the corrected bubble size distribution in foam bulk fgnylis observedubble size
distribution obtained from experimenB€ Vries, 1972Cheng and Lemlich, 1983).

Spencer (208) whipped foams from egg white products and sugar up to 0.81 void
fraction. He obtained bubble size distributions from microscope image analysssagigtically
characterized foams by using a two parametentagnal function (Formula 2):

From lognormal distribution scalédubble size mearrf) and standard deviatiq®) is
converted to geometric mear:)(and standard deviatiors4) in normaldistributed scale by
using these equations:

® Agmm (2.9)
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s Ao (2.10)

2.2.5 Foam properties

2.2.5.1 Rheology ofhe foam

Foams from a rheological point of view are interesting to study because ofitiadi
liquid-solid like nature, which depends on vorddtion, bubble size disbution andthe applied
stress magnitude (Weaire and Hutzler, 198®hler and Cohei#\ddad, 2005). Rheological
properties of the bulk foam reflect the inner structure (bubble size distribution) and the amount
of air in the foam. Foam physical changes, drainage and disproportionation that are typical foam
aging phenomenaffect the rheologial behaviour of foams.

Foams in terms of physics model® aonsidered as complex fluids and their structure
can be viewed as a disordered packing of small soft units (Hohler and-8dtad, 2005). One
of the models the soft glassy material models applied for foams, since foams show slow
mechanical relaxaih behavioy a behaviour common toomplex fluid properties such as

viscoelasticity (solid, liquid like), jamming and yield stress.

2.2.5.1.1 Yield stress
The foamrheologicalbehaviour transition from solid to liquid like occurs wheceatain
value d stress called the yieldrsss is reachedriBr to the yield stress, at low applied stress, the
solid-like behaviour of a foam arises due to bubble jamming and resistance of the bubble
structure(Heller and Kuntamukkulal1987; Hohler and Cohe#ddad, 2005). After the shear
stress exceeds the yield value, foam viscosity depends on the magnitude of the shElae rate.

yield stress {) of the foam is thefore aparameter that describes foam mechanical properties

and it strongly depends on the foam ldjfiaction © For monodispersed systems the felgka
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behaviourstats at avoid fraction of 064 (Rouyeret al, 2009. A higher void fraction of 0.74 is
required fora polydispersed system of bubbles (Princen and Kissg)198r polydispersed
foams itwas found that as theurface mean volume radiugrs,) increases, the yield stress
decreasesMarze et al. (2009)gave an expression for the yield stress as a function of liquid

fraction:

t Qf e e (2.11)
For aqueous foamghe prefactork; = 0.53 (Masonet al, 1996, andthe liquid fraction of
randomly packed bubbles = 0.36, gis suface tension, is bubble mean radius

Princen (198) gives the vyield stress expression in another form for the void fraction

range between 0.74:
top& W T G / (2.12)

whee gis surface tensionrs, is surface mean volume radiug, is void fraction, "Qax iS
dimensionless meagontibution of a single bubble to the yield stress. For monodispersed foams
"Qhax can be derived from 2D analysis. For polydispersed foam, PrinceB)(d8&rminedQax
experimentally, using concentraylinder geometry and recording as void fraction increased
(/ >0.75), where constamgtandr were known.

The bubble sizers, (also called the Sautanean bubble radiusy the surface mean

volume radius of the bubbla the spherical and equal volume state. The value,@$ obtained

from the bubble size disbution histogram (Princen and Kiss, 18

B

O B

— (2.13)

where n; is the number of bubbles in the bin of size; is mean bubbleadius in the binand

S/Vois surface area of spherical bubbles per unit volume of the foam.
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The vyield stress for egg white or whey protein isolate foams can be easily measured by
using avane rheometer (Pernadt al, 2000) as well as in oscillatory tests. In the cake making
process, yield stss is important information in baking and confectionary because it
chaacterizes the foam and batter rheological properties.recgssary to ahin a foam with
optimum rheological properties as these properties contribute to the overall foam stability

(Pernellet al,, 2000).

2.2.5.1.2 Small and large strain

Foam propdies and stability can be determined by using small and large strain
rheological testsOscillatory frequency sweep test on the foam is performed in the linear range
by applying small amplitudeontolled shea stress o strain in a sinusoidal manneand
recordingthe responséCohenAddadet al, 1998) The magnitude of appliedress varies from
foam to foam since it must be assdithat the applied stress dasst destroy or change the foam
structure irreversibly Hohler and Cohewddad, 2005) Theefore, prior experiments ra
performed to determinthe linear range of shear stress and shear strain.

The loss G 9 and storageG  shear modulus characterise foam behaviour as an elastic or
viscous material. A complex modulu&)(relates sheaand storage modulus as a function of
frequency @) through the equatior(sléhler and Cohewddad, 2005):

G(w= G+ i G (2.19)
tand= Go/ GO (2.15)
wheretan dis the phase shift, measured in degriesl.
It is established that high void fraction foams possess elastic material prop@réiss (
greater tharG 9§, while lowervoid fraction foams behave as viscous materi@®is greater

than G dvalues). The distinction between viscous and elastic behaviour of the foam occurs at a
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critical void fraction (see yield stress section). At this critical veoattion,the round buble
spheres startouching each other and become closely packed as the void fraction increases
further (Gopal and Durian, 2003).

A lot of work has been done on very dyy=£ 0.93) Gillette foams(H6hler and Cohen
Addad, 2005). In the small strain regime, @most linear response was observed for both
moduli G Gand G oas a function of frequency. An increaseG@bwvas noticed only at the higher
shear frequencies, and it was also noticeableGhaincreases proportional te*? at a higher
frequencyrange fran 1Hz tol0 Hz. If low frequency oscillatory experiments show that @6
response exhibits a plateau region, then the lowest valGetofo r r esponds t o t he
shear modulusQGp), so that the foam response to an applied shear stress is an elastic strain.
Based on a 2D model for dry polydispersed and monodispersed foams (Hohler and Cohen
Addad, 2005)Gy is proportional to interfacial tensiomy (And Sauter mean bubble radiug)(
when the void fraction is close to 1:

Go= 0.51g9/ r3, when j °1 (2.16)

The elastic behaviour of the foam is highly dependent on the void fraction, or to be more
precise, on bubble packing, and d@nishes after the void fraction is reduced to@0.64 for
monodisperse bubbles. Therefor€, in foams determined at low frequencies froBo
measurements varies as(/ - /) (SaintJalmes and Durian, 1999)riikcen and Kiss (198

from experimentatesults developed a more accurate estimating relatrdBofo
0 pxew? ST/ TP (2.17)
Studies done on casein and surfactant (SDS) foam®(15) showed thab Gs almost
independent of foaming liquid origin and the gas used at low strains. Howevshowed some
variation in response to applied strain for casein and surfactant foams, the origin of which is
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unclear (Marzeet al, 2005). Rheological studies done casein foam aging made with two
different gasses (Nand GFg) showed vaation in response o éand G 0to applied stress at
constant frequency and stress. The gas and the chemical composition of the lamellae sets the
different rate of coarsening andcathage (Marzet al, 2005).

Rheological tests show G ddecrease as the foam undergoes softening with aging time.
This is the result of increasing air bubble size and decrease of overall surface area. Foam aging
causes a decrease Gfoand yield stressob. Experimental curves of flowing foams fit to the
empirical HerscheBuckley model:

t=ty+xd' (2.18)

wherex and n are empirical parametegs, shear rate. Theoreticallyvalues wee predicted to
be around 2/3, while experimentallyyvalues & in the 0.251 range (Gopal and Durian, 1999;
Princen and Kiss, 1%3. Experments done on egg white foams showed a shear thinning
behaviour as sheaateincreases (Spencer, &)0

Rheology can be used to investigate foam structure changes with time, though it is
complicated because aging in foams involves interrelated disproportionation and drainage
mechanisms. In addition, there is a clear distinction between wet and dry, Bsamest foams
consist of two components, gas and liquid, that have to be looked at separately {@batez
et al, 20®). The measured values of the foam viscosity are higher than the viscosity of the foam
continuous media (Hohler and Cokaddad, 2005).

From experiments done daillette foam (void fraction of 0.93) (CoheAddadet al.,
1998) and its evolution with time, where coarsening was the dominant aging mechanism, it was
established that the complex shear modulg)scgn be scaled on erarbitrary chosen reference

line with a particular chosen aging time:

32



owd  Odd Owa od (2.19)
where the scaling factdi(t,tp) has to be determined based on the disproportionation rate and is
related tothe static shemmodulusasb(t,to)” Go(t)/Go(to). A common factoras(t,to) governs the
increase of all the mechanical relaxation timeg {ith foam age and is related through
relationshipt,(t)/#(to))” as(t,to).

From therelation2.19 it was determined that plotting the scaling faditrty) versus
aging times, the shear modulus is inversely proportional to the square root of agir@rimmen(
and Kiss, 1986CohenAddadet al., 1998).

Extensive studies on aging egdpite foams (Spencer, 260showed that slopes of the
scaling factor varied depending on the initial void fraction of the foam, therefore indicating
domination of one of the aging mechanisms: drainage or disproportionation. From small strain
frequency sweges, data wreobtained and later scaled onto a single curve to give slopes for egg
white foams between +1 an@.5. In the first case the drainage process is dominating for egg
foams mixed fo ashorter time, while in the second case, for egg foams motddrigertimes
disproportionation dominates. For angel food cake batters, the slopes varied from-0.38.to
This reduction of drainage and disproportionation effedts time is due to flour addition into

the foam mixture which increases the batiscaesity (Spencer, 2@&).

2.2.5.2 Surface tension
Surface tension is important in describingimgic liquid properties: if surface tension did
not exist- all liquids would be gases. Surface tensigncén be defined as a surface energy per
unit area ad it is a liquid as well as a solid material property (Weaire and Hutzler, 1999). In the
foam making pocess a new surface is created because there is a large energy input and the

energyrequiredis proportional to the surface tensidierefore surfaceension can be looked at
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as the work () required in ordeto aeate new surfaceaea @,). Surface tensiors proportional
to the force t) per unit lengthl{) (Weaire and Hutzler, 1999):
U=0A (2.20)
FFIL (2.2)

Practically, surface tension can be measured by using theliWlipdéate method (Wet
al., 1999).

The lamella that surrounds the air bubble is exposed to pressure and surface tension at the
gas liquid interface. For a spherical bubble the lafw.aplace describes thgressure difference,
which sets diffusion of gasom samller bubbles to the lager ones

P, = 2glr (2.2)

Creating a new surface as in the foam making case, the surfactants and proteins adsorb at
the air liquid interface, antherefore the overall system egg is decreased. Minimization of
suface tension is important because it allows creation of a new interface as well as its
stabilization.Liquid surface tension will change if surface active compoumespeesentwith
surface tension reduction capacity limited by the surfactant concentration in the foaming liquid.

A certain amount of surfactant incorporated into the liquid minimizes surface tension at
the ar-liquid interface once the siactantmonolayer isformed with hydrophilic parts directed
into the liquid and the hydrophobic ends being in the Kaialpva andSjoblom 2009. Gibbs
elasticity can be described as the rate of change of surface téW&aire and Hutzler, 1999

Georgieveet al, 2009):

G=dg/d log A (2.23)

34



where G- Gibb's elasticityA, - surface areag- surface tensionn the case, when the surface
expansion is fast and there is no time for protiens to adsorb, Gibbs elasticity is proportional to the
surface tension and protein concentratidne to film thinning, surface tension increases and the
sur f act atotedtere equilibriem and prevent film breakage. Surfactants can stabilize
thinning of films to some degree, but afterwards due to drainage effects in the film, surfactant
concentration changes and breakage of the film occurs (Weaire and Hutzler, 1999).

As the surfactant concentration reaches the critical micelle concentration (CMC),
surfactant molecules dwot adsorb at the awvater interface, but start instead to form surfactant
micelles in the bulk liquid (Joseph, 19%#alova andSjoblom 2009. It isimportant to mention
that LMW surfactants adsorb quicker than proteins and the adsorption process depends on the
surfactant concentration. Thus, surface tension of the liquid is always correlated to foaminess

(SaintJalmes, 2005).

2.2 6 Foam stability

The majority of aqueous (liquid) foams are not stable over time and instability arises due
to gravitational drainage, disproportionation and coalescence. Disproportionation or coarsening
in foam manifests because of pressure differences between smallergamdldbles. In very
dry foams, likeGillette foamy, bubbles usually only disproportionate and almost no liquid drains
out. However, in the food industry these foam examptesrare and disproportionation is
intermixed with liquid drainage. Disproportiation can enhance liquid drainage: as a result of
bubblegrowth, the Plateau border thickness increases and that contributes to faster liquid flow
(rate) which occurs due to gravity (Salldimes, 206, SaintJalmes and Duan, 1999 Saint

Jalmes and Lange, 2002; Saintlalmeset al, 200Q.
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Foam coalescence, disproportionation and liquid drainepallarelated processes in the
foam collapse ever{Barik and Roy, 2009)in order to minimize free energy that has been used
to create new bubble surface, the two phases air and liquid tend to separate. Liquid starts moving
from the lamellae to the Plateau borders and thus thinning of the films occurs. This lamella
thinning finally causes rupture of the film separating two bubblesating a new large bubble.
Due to disproportionation gas slowly diffuses from smaller bubbles to the larger ones, as a result
causing overall bubble size increase in the foBoe to gravity forcehe liquid from Plateau
borders starts moving down and liquid drainage occurs in the foam. The drainage rate for
different foams varies, and it strongly depends on the viscosity of the continuous Ipligse.
important to mention that the foamaking methd determines the bubble size distribution and
void fraction; as a result it has an impact on foam stability (Halling, 1R8&hleret al, 1998;
SaintJalmes and Dian, 1999 Koehleret al, 2000;SaintJalmeset al, 2000;Hilgenfeldtet al,
2001; Sairt-Jalmes and Langevin, 200Roehler et al, 2004, 2004k Maurdevet al, 2005;
SaintJalmes, 206).

Foam stability can be measured as the time required to drain out a certain amount of
liquid from the foam or the rate of foam volume decreases with tkteofi, 2006; Raikoset
al., 20079. However, evaluation of foam stability only by measuring drained liquid is not very
rigorous Bubble size distribution and lamella thickness are important parameters that have to be
determined in order to evaluate ditat foams completely. There is a lack of techniques that
would evaluate these foam instability events quantitatively (German and Phillips, 1994).

Just as attractive electrostatic forcesimportant to elastic film formation, because they
contribute to protein foam film stability by enhancing rigidity and viscosignd while

electrostatic repulsion forces work towards separation of the films, electrostatic attraction and
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repulsion phenomena can also destabilize the fad® pH of foaming solutions issually such

that it is away from the proteis pl (isoelectric point is the pH at which carries no net electrical
charge), of the protein, bpt has a big influence on protein foam stability. Protein foam stability
can be enhanced if the proteins are lsiglat the isoelectric point and the greatest strength of the
film is produced (Halling, 19817Zhu and Damodaran, 199Z4ayas, 1997Hammershj et al,

1999 Daviset al, 2009. The lamellae formed around the bubhiethicker and therefore more
stable at the pl, because electrostatic attractive foregbehighest and repulsios the lowest.

The ability to stabilise foams varies widely with different proteins but most importantly, soluble
proteins can create a skalioam structure. fesh gg white isoelectric point varies slightly due to
the presence of different types of proteins andasredpH 7-8 (Kinsela and Whitehela 1987.

The film thickness of the foam is another factor to be consideredintipacts foam
stability. Thick films are relatively more stable, and in addition, if the foaming protein liquid
viscosity is high enough, the foam stability with small bubbles size can be further improved
because the film thins at a slower rate. Secorfdiy, stability can be enhanced if hydrophilic
particles are added prior to the foaming procedure, so that when the foam is formed patrticles are
located in the films separating two bubbles. Particles as well can be formed during the whipping
process if prteins are used as the foaming agent, since mechanical treatments create denatured

protein particles (Walstra, 2003).

2.26.1 Drainage
Liquid drainage in the foam that occurs solely due to gravity and capillary force is
defined as free drainage. In fogohysics thee is the artificially created situatiorwhen the
foaming liquid is poured at a certain rate on the top of the foam or a precise doauirtg

liquid is injected only once (Koehlaat al, 2000). In the first caseralnageis called forced
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drainage and in the second cgsgsed drainage (Koehlat al, 2000). The liquid distribution
that moves downwards within the foam height during free, forced and pulsed drainage is
different. However, since fany research (as fdood foams)nly free dainage is relevant, this

drainage mechanism will be discussed in detail.

2.26.1.1 Drainage in egg white foams

Studies done on egg white foam drainage show that drained out liquid contain proteins
and in addition, some of the protein structures asreaalt(MacDonnelkt al., 1955). Qualitative
and quantitative analysis of the liquid drained out of the foam shows that the composition of the
proteins is different than it is in fresh egg white (MacDonegell.,1955). A very small amount
of coagulated wvomucin and lysozyme was found in drairma liquid from egg white foam,
which means that ovomucin is contributing to the foam stability and is the slowest draining.
Lysozyme enzymatic activity has changed in drained egg white liquid as well (MacDennell
al., 1955). Ovalbumin structure doast change to a big extent. In the drained liquid, globulins
and ovomucoid were found as well in lower amounts than in the original egg white
(Cunningham, 196). Conalbumin is drained out of the foam more extensittedyr lysozyme.
Globulin fractions G and G were not found in the drained liquid, suggesting that these proteins
remain in the foam structure.

It is important to mention that ovalbumin is extremely sensitive to overbeating as
compared with other foamingaieins (Hiling, 1981). Long whipping times of ovalbumin result
in decreased viscosity and increased drainage rates. This can be explained if one remembers to
look at ovalbumin as a biological material that contains the nativejmualified structure,
becase similar coagulation effects hawet been found in foasyrmade from dried egg white

(Hiling, 1981).
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Collected draineaut liquid of egg white foam has a lower viscosity, increased pH level
(from pH 9 to pH 9.3) and the whipping time to createewfoamfrom the draineébut liquidis
longer (Cunningham, 1976). In addition, chromatograms of the proteins show that repeated
whipping of drained out egg white liquid changed protein structure to some extent. Cake made

from foam drained liquid had a lower volemand a coarser structure (Cunningham, 1976).

2.26.1.2 Free drainage

As one of the foam instability events, drainage occurs due to gravity and capillarity
effects that lead to foam collapse. With time, the draining liquid flows from the top layers of the
foam, making it drier and drier, while the bottom of the foam is getting wetter and eventually the
liquid starts accumulating at the container bottom. The amount of the accumulated liquid can be
evaluated quantitatively from the relationship (Hilgenfeldal, 2001):

Qo Ce | edmdQa (2.24)
whereh; is the accumulated liquid height is initial foam height,& is liquid fraction at time
t=0, eis liquid fraction at timd, zis measurement location at the foam heigkgaging time.

To understand and evaluate foam instability quantitatively on a macroscopic scale, the
drainage phenomenon is usually analyzed using the Plateau border concept. The liquid in the
foam is locatedn the Plateau borders and liquid films, so the higher the void fraction, the more
liquid resides in the Plateau borders. When void fraction reduces, the flat film feature is lost and
most of the liquid remains in the films (Lemlich, 19Y.8

The dainage process from the physics point of view is analyzed in terms of two different
regimes that are discussed further. Plateau border surface viscoelasticity, which depends on the
surfactant used in the foaming liquid, sets the drainage regime in tie @eanging the origin

of surfactant and concentration changes surface elasticity, therefore a transition from rigid to
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mobile surfaces can be achieved. Plateanddr surfaces can be rigidnfnobile) or mobile,

moving with the fluid flow. In the first ca&s when the surfaces are immobile, the liquid flow is
proportional to the cross section of the Plateau border and strong viscous dissipations occur due
to liquid bulk viscosity at Plateau borders. This liquid flow is known also as PoiskkallBow
(Koehler et al, 2004a;SaintJalmes, 2006). In the second case, when the Plateau border surfaces
are mobile, viscous dissipations are less in the Plateau borders, but higher in the nodes.
Therefore, this regime is also known as the rdadinated regime, wherthe velocity of liquid

flow is constant at all cross sections of the Plateau border and is described as plug flew (Saint
Jalmes, 2006).

In the foam the liquid flows downwards due to gravity through the Plateau borders, while
capillarity effects make thdat films wetter and balance out gravity driven drainage. The
capillary effect is a micro scale phenomenon during which a liquid in thin tubes, porous
materials and foams tends to move fAupwardso
foams maniést through liquid flow to the drier foam region from the wetter part of the foam.
Capillary pressures in dry and wet foams are different: the radiusf(the Plateau Border is
bigger in the wetter foam, and therefore capillary pressure is.Iovire film thinning driving

pressuref}y is the net result of suction due to capillary pressygig)(in the adjacent Plateau
border channels and the disjoining presgdaiia the films (Bhakta and Ruckenstein, 1997):
Dpi=gry-P (2.25)
P is computed as the sum of attractive van der Waals fétgg)and repulsive force
(PpL) arising from interaction of the two double layers and as well shogerepulsive force
(PsR):

P=Pypw+ PpL+ Psr (2.26)
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The latter interaction”sg is common for lag chain noAonic surfactants and polymers,
such as proteins adsorbed on the surface molecules. Therefore, p@3itresyltsin repulsive
forces ad it opposes film thinning, while negativ€) forces increase the driving pressufpq
which as a result accelerates film thinnir@verall, capillary effects causing film thinning
contribute to gravity driven liquid drainage and these effects balamtcdrainage resulting in
steady state flow of liquid (Saudalmes, 2006). Its important to mention that because of
capillarity effects, not all liquid drains out of the foam.

However, the situation in the foam with a fixed liquid fraction consistingroéll
bubbles can be different than in a foam with large ones. The Plateau Border raflius (
determines the Capillary number and the Capillary number dictates the velgcdf/the liquid
flow (Ca=/nvg /g his bulk viscosity For example, capillarpressure and suctio®{>100 Pa)
will be high in a foam with a liquid fraction of 0.01 and bubble size of 1 mm (Salnies,
2006). When bubbles in the foam are very small and films very thin, almost no liquid drainage
occurs in the films, in comparisdo in the Plateau borders. Film contribution to drainage can not
be negligible if the Plateau border fages ae mobileandfilms are the thickness df0?dp,
(whereLp is a typical Plateau border length). Howeversitare that films in high void fréion
foams can ever be this thick and the film drainage contribution to the drainage process is really
small Koehleret al, 2004 2004b;SaintJalmes, 2006 What is important about film drainage
is that once the films starts to drain, film stabilityrexiuced, theefore coalescence and gas
diffusion to neighboring bubblesan occu(Koehleret al, 2004 SaintJalmes, 2006).

For the rigid surfaces, bulk viscositf)(of the foaming liquid is the dominant factor in
the drainage process. However, lajflow coupling occurs between the flow inside the Plateau

borders and at the surface, causing surface shear-g@iimeés, 2006). The cause of shear at the
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Pl ateau border surfaces iIis produced by the bo
the corners is zero, therefore shear originates at the triangular surface of the Plateau border
(Koehleret al, 2000; Saintlalmes and Langevin, 2002). The liquid flow through the Plateau
border channels causes surfactant concentration fluctuations citathieel surface. Liquid flow
pushes surfactants downwards, from the channel top to the bottom, and if adsorption time at the
Plateau border surface is long, it creates a downward gradient in surfactant concentration. This
could happen if the adsorptiormie of the surfactant is long enough, however in most cases
surfactant molecule adsorptiime is short (Koehleet al, 2000).

The relation between surface shear viscosiy @nd bulk viscosity /£) dissipation

effects gives a numbeM(), from which twodrainage regimes can be determined:

) h_ 2.27
/7 (')

whererp is the radius of curvature dhe Plateau borderrg ~ Dé"?, where D is the bubble
diameter) (Leonard and Lemlich, 196&ehleret al.,2004a, 2004bSaintJalmes, 2006When

M<1 the regime is Poiseuille like, #>1 the flow regime is node dominated. So different
regimes can be obtained by varying bubble size and foaming liquid origin-faaims, 2006).

For the foams made with a constant liquid fraction of either SDS or protein solution it was
detemined thatdrainage velocity was proportional to liquid fraction change over time: &'

(for SDS foams) andy ~ e (for protein foams) respectively (Saildlmes, 2006).

Drainage in the foams is to some extent related to the experimental conditions, such as
the siz and shape of the container (Sdialmes, 2006). Foam height)( must also be
consideed taking into account the foam liquid fraction, capillary suction and bubble size
distribution. Drainage will start occurring only when the capillary forces are owsgcd his
results in a time delay where no apparent drainage occurs. It could be the situation that for small
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heights of a foam with small bubble size and small liquédtion,no liquid drains out, as for
exampleGillette foamy (SaintJalmes, 2006). Thei@e, from real experimental results one can
separate free drainage into three stages: first, when no liquid leakdiquitl hold-up has to

build up in order to overcome capillary forces; second: the liquid starts accumulating at the
bottom of the foamthird: the drainage reaches steady state (Koatlal, 2000;Hilgenfeldtet

al. 200)). During the free drainage stage the liquid fraction varies with aging time within a foam

at different heights and it follows the power law:
eq O (2.28)
The exponenty depends on the parametep in equation 2.30 as it defines the
characteristic time and length scalBarametely is the exponenin equation 2.28which takes
into account a number of parameters (geometry elemegitsdensity ¢), bulk viscosity (),

surface tensiong, and permeability constantk) that controlsthe drainage regime type in a

foam through the following 2Band 2.2 equations:

c — — (2.29)

wherez =0, the height at the top of the foam, agandz, are the typical time and length scales

given by:

o — (2.30)

0 ~— (2.30)

whereC, - constant C, = 0.413),g- surface tensiory;, - density of the foamlp - is the Plateau
border length,D - the bubble diameterg - acceleration due to gravityh - viscosity,

Kx T permeability dimensionless constant, which depends on the drainage regime (for rigid
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surface<; is 0.0063and for mobilesurfaceqdetermined by the geometry diet node wall and
the flow field inside the nodeg&), is 0.003).

g
P

ol (2.22)
For rigid surfaces, which correspond to protein or LMW surfactant foams:

eo ¥ for cp<1, e-0 for cp>1 (2.33)

For mobile surfaces, which correspond to foams made of SMW surfactant foams:

e-o for cp<1, e-0 for cp>1 (2.3
The |l iquid drainage model i's based on por
Jal mes, 2006) . However Darcyds |l aw is +testri

section and flow condition changes (Verlastl.,1996). The flowing liquid viecity v is related
to the pressure gradier®), which includes gravitational forces and capillarity pressure. Pressure
gradient is expressed through permeabiitydnd liquid viscosity £): G = Avy/ K. Permeability
depends on the liquid fractiodf because the change of bubble size is related to the liquid

fraction. The foam drainage eg¢ganesR006): i s deri v
/"7919051‘) m (2.35)

The variation in the liquid fractioa(r,t) in the foam during aging timeis described by

this equation (operators act as spatial coordinates) (Koethdér 2000):

Nd e
h vie

£ po—a e PO Pe T (2.36)

U

In the case of dreely draining foam when thelis no capillary effect, with the liquid
flow only in Plateau borders, the relationship between velocity of the freely draining liquid in the
foam and bubble radius can be described by the simple power law relationship)éBaet,
2006):
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— € (2.37)

where eis liquid fraction,Ky is permeability constant, which varies dependimgwhetherthe
drainage regime is channel dominant or node domimaig;anexponent, which is 1 if drainage
regime is channel dominant and if node dominant, it is B.5;viscosity; r is bubble mean
radius;r is density of the liquidg is acceleration due to gravity .

Strong capillary forces influence liquid draindgecause liquid can flow from the wetter

to drier liquid regions. Thethe liquid drainage velocity is given by:

— 7Q w & (2.38)

wheregis surface tensiomnp is curvature of the Plateau bord#s, is permeability dimensionless
constantr is bubble mean radius (Britagt al., 2009). In equation 2.39,g represents gravity

driven drainage andr, represents capillary pressure.

2.26.2. Disproportionation

Once the foam with high void fraction is made, it faces destabilizatoon & number
of coarsening mechanisms: gas transport between bubbles leads to disproportionation while film
rupture can lead to coalescendéhe lamella that surroundthe air bubble is exposed to
ovapressure whichdependsto interfacial tension and bubble radius (Formula?2R.2
This formula, known as the law of Laplace, shows that if interfacial tension is a constant,
pressure inside small bubbles isdeg than in an adjacent larger bubble. Due to this fact, gas
from small bubbles tends to migrate to bigger ones and so called disproportionation of the
bubbles occur¢Gandolfo and Rosano, 199ritan et al, 2009) The gas from smaller bubbles

diffuses nto the larger ones by dissolving into the film liquid aleborbs in the larger bubbles
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andthat leads to a gradual bubble growth (Weaire and Hutzler, 1999). Gas diffusion rate through
the lamella is proportional to the rate of diffusion across a plane:

K=K C& QCP; (2.39
whereK is a gas permeability constant{@&g™), P, is pressure difference is film area,
K, is volume rate of gas transfén’/s).

The same gas diffusion process is occurring in bubbly liquids where the bubble lamellae
are thick and bubbles are well separated from each other. This process is called Ostwald ripening
and is common for bubbly liquids where the gas fraction is low.

It is noticed that in the foam where disproportionation is the dominant aging process,
bubble mean radius)(increase depends on aging tinjg(\(Veaire and Hutzler, 1999

r~(t-)" (2.40)
wheret; is initial disproportionatioriime, t is aging time.

In a very dry foams, with very love bubbles disproportionate and coalesse,that
bubble size increases and the foam overall undergoes the so called coarsening process.
Coalescence procesvill be discussed in the next sect{@m®6.3).

The majority of coarsening studies have been done on one layer of foam bubbles (2D
studies) and recently experiments were conducted on 3D foams. Based on 2D foam studies, it
was determined that the hexagb bubble, with six sides (n=6) remains stable, but when n<6,
the bubble shrinks and if n%6the bubble expands. Thisisthepnci pl e of von Neu
From experimental analysis and simulations it was determined that the bubble size st4Jes as
while the bubble area and number increasesaasit™* (Jurineet al, 2005). The results on 3D
foams from multiple light scattering experiments show the same scaling law for 2D foams: the

bubble radius is proportional to the time sadf¢Durianetal., 199b).
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Scaling of the 2D and 3D foam is not the
fir st experiments and scaling of the coarseni
discussed previouslyFewer experiments have been done on 3&m® because of the opaque
nature of foam and studying by using light is challenging because of strong multiple light
scattering (Duriaret al.,1991a). Therefore direct observations, as is feasible for 2D foams, are
not possible for 3D foams. 3D foam imagi requires application of light transport theory, which
implies that because of strong multiple scattering, light waves travel in the foam through a
diffusion process (Duriaat al., 199%).

From light scattering experiments done on coarsening of pobmdieg Gillette 3D
foams, it was determined that after 20 min of aging, the mean bubble radius i(#ifain),
scales with aging time a%* (Durianet al, 199b). Coarsening mainly occurs in very dry foams
while wet foams dmot coarsen or coarseniragcurs at longer aging times. Studies done on wet
monodispersed foams show that once the bubble radius increases 10% beyond its initial size, 3D
foam bubble size scaling is proportionalt¥d (GananCalvo et al., 2004 Marquezet al, 2004;

Barik and Ry, 2009. Coarsening in wet foams is more similar to Ostwald ripening since the
bubbles in the foamraperfectly spherical.

The coarsening timeg, which involves disproportionation and coalescence events can

be defined by the relationshifaintJalmes, 2006):

(2.4

e
whereLp is the length of Plateau Bordéfg is a function ofe andDeg is the effective diffusion

coefficient which depends on th@woperties of the gas and foaming liquid, as well as film
thickness (Hilgenfeldet al, 2001; SaintJalmes, 2006). The effective diffusion coefficient is

given by:
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(2.42)

where:g is surface tensiong is film thickness,d,, vds geometrical constants, used to describe
Plateau Border section and node shape, is ideal gas molar volumd); is gasdiffusivity

through the flmsHe isHenr y6s constant mris censthntfdy dry foamyy o f t
~10) (SaintJalmes, 2006). High solubility and diffusivity of the gases that are used to make
foams accelerates the coarsening effect. But gases with low solubility can be used, for example
C,Fe is much less soluble than GHilgenfeldtet al.,2001). It ishard to determine the form of

f(@ in Formula 2.41Vera and Durian (2002) fareliable sebf experimental data proposed the

scaling of f(@ ~ 1/’ Ayhile based on the same void fraction dry foam geometry
Qe p de aF0. Hét)er and Weairel999 and SaintJalmes (206) reports for
monodispersed foamf8 being equal to p émg& 1 . Hilgenfeldt et al (2001) have

established a better description of the experimental resitlighe followingapproximation for

e

eq (2.43)

where g = 0.36, the liquid fractiorfor randomly packed bubblegt is geometrical constant

(@:° 0.17D; Lp is the length of Plateau Borderis measwement location in the foam.

2.26.3 Coalescence
The coalescence event occurs as a bubble lamella thins so much due to gravitational
drainage that iimmediatelybreaks down between two neighbouring bubbMsr(in et al,
2000;Carrier and Colin, 2003aint Jalmes, 2006 The second bubble size dibution peak is

usually smaller and is shifted to larger bubble sizes. Coalescence is common not only in foams
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but in emulsions as well (Weaire and Hutzl£899. Studying coalescence as a single foam
destruction event requires carefully choosingegfluorohexane saturated nitrogen gagture,
whosediffusivity would be negligible and Ostwald ripening would be eliminated (Carrier and
Colin, 2003). The coalescencate depends on total foam cell area, film area and film drainage
time. It was observed from experiments that coalescence occurs in the foam when the liquid
fraction reaches 0.0005 to 0.0007 and it depends on the surfactant nature and its concentration,
but not on bubble size (Carrier and Colin, 2003). A model quantifying the rupture rate has been
developed from studies on concentrated emulsions and the number of rupture events per unit
time is given by (Moniret al., 2000):

dN/dt=2pr® Ny, (2.44)
whereN is the total number of bubbles,is mean bubble radiusy is probability of rupture

event peunit time and unit surface.

2.26.4 Ostwald ripening
Ostwald ripening is common in bubbly liquidsther than in foams and the same law of
Laplace (Formula 2.26) drives bubble growth. Differently from foams, in bubbly liquids gas
bubbles are perfectly spherical and at a distanwen feach other, so there is no
disproportionation or coalescence, butdaot Ostwald ripening is a slow process (Walstra, 2003).
De Vries theory considers only two bubbles in a liquid situation (large and small) and estimates
how fast gas from the smaller bubble diffuses into the larger bubble causing the smaller one to

disappar over time (Walstra, 2003):

io 0 —% (2.45)
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wherer;is initial bubble mean radiug); is gas diffusion coefficient in wateP, is atmospheric
pressureHe is solubility of the gasR; is universal gas constant (8.31A¢nol™), ¢ isfilm

thickness T, is absolute temperature.

2.2.6.5 Bubble size distribution evolution during aging

Changes in bubble size due to gas diffusion leads, the idisproportionation process, to
bubble size growth. Other foam instability mechanisms such as liquid drainage and coalescence
impact the bubble size distribution as well. Bubble size distribution changes can also give insight
on aging processes thateaoccurring in the foam. As an example, bimodal bubble size
distribution can indicate the coalescence phenomenon in the foam (Lemlich; M{Babiet
al., 1999;Saint Jalmes, 2006).

First time analysis of the evolving bubble radius in aging foam vpgsoached by
Lemlich (197&). The assumption was made that drainage in the lamellaendbkappen and
the liquid fraction remains constant in the aging foam and is equal to the initial foam liquid
fraction. Modelling of an aging foam of higher liquid ¢emt must consider the stronger
drainage effects and the reduction of lamellae thickness (Magtaddi, 1999). SairitJalmes
(2006) presented in his work a detailed analysis of coupling of drainage and bubble coarsening.
Film thinning causes shorter timend path for gas to diffuse into a neighbouring bubble,
therefore this fact must be considered when modelling foam aging. The overall model is based
on the assumption that gas diffusion ascitom the bubble which is smaller than the mean
bubble size tohe large one. Gas diffuses first into the liquid of Plateau borders and then it

diffuses into the larger bubbles that have a smbh#place pressure (Magradi al.,1999.
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2.3 Techniques

2.3.1 Application of ultrasound to study foam aging processes

2.3.1.1 Wave propagation in different media

A sound o acoustic wave is arpssure wave which propagates through the material as a
sequential vibration of atoms or molecul@he velocity at which the wave propagates is
determined by the elastic propertiestloé material, as well as its density. For example, in the
case of a fluid, the velocity depends on the compressibility and density, and therefore reveals
useful information about the mechanical properties of the medium. As the wave travels through
the material, it loses energy due to various attenuation mechanisms, which also probe structural
and dynamic mechanical propertiesThe sound pressure energy is lost because of three
phenomena: reflection, scattering and adsorption. The sound waeetiely reflected at the
interface of two different mediae(g., air and liquid). As the traveling sound wave strileas
inclusion in the mediunfe.g., abubble), the wave iscatteredn all directions and, depending on
the number of scatterers, the wave camediran multiple trajectories. Absorption of the sound
wave occursvia several dissipative mechanisms, such as viscous losses and thermal damping,
with the result thamechanical wave energy is converted into heat (Leightof, Fa®vey, 1997).

Producing asound requires doing mechanical work, such as blowirdlirte in the case
of musical instruments @enerating vibrational displacements in a piezoelectric transautier
case ofultrasound instrumentation. Therefore sound propagagseults in thetransmission of
mechanical energthroughmedia, where sound energy losses depend on the elastic and viscous
properties of the medidJltrasound can begenerated andetected using the same transducer
which generates a sound wave by converting an apptigdge into a mechanical displacement

of the transducer element, and detects a sound wave by working in re¥ehsereteivedound
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energy is very low, it is necessary to use an amplifier, a device that increasksctheal signal
detected by theeceiving transducerAn important feature to mention about transducers is that

they are usually working in a limited range of frequencies (Leightor§)199

Ultrasonic waves are very much similar to sound waves. An ultrasonic wave can be
described as wave traveling through a medium at a frequency higher than 20 kHz (Leighton,
199%). In ultrasonic spectroscopy measurements usually two types of waves are used: longitudinal
and shear waves. A longitudinal wave is a wiawhichthe movement of particlesin the same
direction as the wave travels. Applying a compression force perpendicular to the surface
generates the particle motidih.the force is applied parallel to the surface, shear waves will be
generated and particles will be displaced perpeiatigiio the direction of the wave propagation.

The velocity of tlesetraveling wavsis proportional to frequency)(and wavelength/():
Vo= f/ =k (2.46)
where angular frequency ig= 24 k - the wave number.

Anocther type of wavegalled aRayleigh wave, travelacross the material surfacks an
example, natural Rayleigh waves are produced during -qaekes. In this casethe wave
involveselliptically moving particles in the materiaPlate or Lamb wave particle movement is
alsocomplex and these waves camly penetrate into the solid material approximately less than

a wavelength (Leighton, 18%

2.3.1.2 Principles of measurements

2.3.1.2.1 Transnssion (Low frequency)
A typical ultrasound transmission experimentatigetconsists of a pulse generator,

two ultrasonic transducers and an oscilloscofig €xample, seePovey, 1997). Two
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transducers are attached to the parallel sides of the sampleulBeegenerator produces an
electrical pulse, and the transducer converts the electrical pulse to an ultrasonic pulse. This
initial pulse has its own frequenspectrumand amplitude and velocity of traveling wave that

can be described by equati@¥8 The ultrasonic wave travels through the sample and is
detected with a second transducer. The second transducer acts as a receiver and converts the
ultrasonic wave to an electrical signal, which is displayed on the oscilloscope. The pulse
created by the tradscer is active for a finite period of timesually called the pulse width.

The pulsetravelsthrough the sampleith a characteristic velocity, which is called the group
velocity (). This velocity (/) is equal to the distancé)(divided bythe time {) that the

pulse travelsvg = L/t), where the time is usually measured at the peak of the. plifeepulse
contains several sinusoidal oscillatioAs. for any sinusoidal wave, one cycle is accomplished
when a moving particle in the sine waweaches its initial spatial positiot a given

frequency, the oscillations travel at a different velocity, called the phase velocity

2.3.1.2.1.1 Velocity measurements

The traveling sound wave velocity in a material depends on the type of waveamateri
density and the elastic properties of the makehrough which the wave propagates (Povey,
1997). As the pulse is comgped of many different frequencies, st shape will change if each
frequency component travels at a different phase velotityweve, if all the sinusoidal waves
travel in the medium with the same phase velocity no matter which frequency they are, this
medium is called nodispersiveand the pulse shape remains the sarhe phase velocity) of
a wave is defined as the rate whidte tphase of a given frequency component of the wave

propagates:

I's

(247)
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where wis theangular frequencyw = 24f), k= 240/, kis thewave number

A different type of velocityis known as the group velocity. A sound wave is usually
produced by sending a finite pulse, with a number of waxades In dispersive medjathe
different frequency wavethat make ughe pulse will travel at their own veloigs which are
frequency dpendent. The summation of slower and faster traveling wasests in a pulse that
travels at a single velocity, called the group velocity, which is different to that of the individual
wave components.he group velocity\) depends on the rate of chargdrequency with wave

vector, and is given bfL.eighton, 198; Pageet al,, 1997 Povey, 199Y.
vg = du/dk (2.48)

wherek is the wave numbery is radial frequency. Technicallyn ultrasonic measurements
broadband transducers and wave generators are seelatthe recorded signal is comged of
manysinusoidal waveswvith different frequenciesdrom the measured pulsiéjs possiblealso to

extractthe phase velocity at a spicifrequency using Fourier analysis (sectib8.1.2.1.3).

Sound measurements in highly attem@imedia are a complicated task, because phase
velocity and attenuation depend on each otHdre phase velocity and attenuation are related to

the real kj ) and imaginarykd) parts of thevave vectok:

k=k/+ik+ (2.49)
ki= ~ (2.50)
k#= al?2 (2.51)

where a is the attenuationcoefficient (Neper m); Vp is the phase velocity. As long as

a << kj, attenuation effects on sound propagatigeanainimal.
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The \elocity of alongitudinal wave traveling in homogenous liquids or gakssends
on two impatant material propertiesin this case, velocity is proportional to adiabatic

compressibility(c) and density £) because there is no heat transfer or loss to surroundings
vy = 1lcr (2.52)

In solid materials with viscoelastic properties such as dough, yogurt and pastes, the
longitudinal phase velocity of ultrasound waveslépendent on additional materiabperties
(Povey, 1997) In this casgthe longitudinal modulust) depends on lib the compressibility

andthe shear modulus, as well as thaterial density:

SISl

(2.53)
b=c'+4GI3 (2.54)

where r - material densityp - longitudinal modulus for a material exhibiting elastic properties,
¢ - the adiabatic compressibility ai@l- the shear modulus (Elmeheli al, 2003; Povey, 1997).
This equation is valid fomaterialswith a low sound attenuation, wigghe imaginary part of the

longitudinal modulus is negligible compared with the real part.

2.3.1.2.1.2 Attenuation coefficient
The attenuation coefficient represents the amount of lost ermgyunit distance
traveled, asneasuredrom the change in signal amplitude betweenittdent andransmitted
signabk (Samari, 1994). For a longitudinal ultrasonic ballistic pulse, which travels coherently
througha medium of thicknessL{ in the forwad direction without scattering, the change in

signal amplitude is related to the attenuation coefficighté (Elmehdet al, 2003):

o

6 06Q% (2.%%)
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whereA is the signal amplituded, is the signal amplitude at the leading edge of the sample;
L is the sample thickness. Heeeis the intensity attenuation coefficient, which is twice the
amplitude attenuation coefficientTherefore signal amplitude reduction exponentially
dependat on material thickness. Most materials and food products attenuate sound, while
scattering objectsespecially air bubbles and inclusipmsake sound scatteut of the forward

direction,thereby reducing the wave enetst is transported ballisticalthrough the sample

Attenuation of the signal arisésom two mechanisms: absorption (or dissipation) and
scattering. Bergy loss of the traveling sound wadige to absorption occubgcause mechanical
energy is converted into heat as the wave tratrefsugh viscous media. As well, heat flow
occurs inthe materiabetween contractions and rarefactiofishe sound wavetherefore energy
is lostdue to this thermal mechanisamless the conditions are strictly adiabatic or isothermal

(Leighton, 199).

In nonhomogenous materials, sound wave energy isfiost the direct beantdue to
scattering from discontinuities of the materi#llso, there can be enhanced viscous losses at the
interfaces between the inclusions and the matrix material in which teegmébedded. Usually,
the higher the sound wave frequency, the higher the wave energy losses due to scattering
therefore waves are more attenuatati higher frequencieand thismechanisnmshowsa strong

frequency dependea¢lLeighton, 199).

2.3.1.2.13 Signal analysis: Fast Fourier transform
Fast Fourier transform (FFT) is a mathematical algorithm and is an important step in
ultrasound waveform analysis that leads to extraction of information on phase and amplitude
magnitude changes as a functionreiguency. In other words, FFT transforms a function which
is in the time domain (i.e., an ultrasonic signal waveform) into a function which is in the
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frequency domain. Fourier analysis depends on the property of a time varying physical variable
X, which @n be expressed as the sum of coamgsing or complexexponential functions of
frequency (Povey, 1997). As sine and cosine of appropeatglly spacedrequencies are
multiplied by a physical variablgs, and then added together, the original sigmaleform is
reconstructed:

x 0 B x wAgmwo (2.56)
Equation (2.56) is a discrete approximation to an exact Fourier transform, which is obtained by
replacing the sum in (2.56) by an integral. (The FFT is used because the digitized ultrasonic
signals are recorded at discrete times, and so the frequeneietisarete, not continuous,
variables as well.)A plot of Fourier coefficients¢, (1) against frequency is called the Fourier
transform of x=, and it allowsus to express these coefficients as amplitude and phase as a

function of frequencyPovey, 1997).

2.3.1.2.2 Reflection technique
Sound waves can be partially reflected from the interface of two different media, which
are distinguished by having different physical properties, andeftire differentacoustic
impedancesasdescribedn detailin secton 2.3.1.2.2.1 (Leighton, 18R The remaining sound
energy is transmitted throughe bounday into the second mediurand both amplitude and
phase of the transmitted and reflected waveform are changed (Fan, 2007). The reflection
technique is implemented/lusing a pulsecho reflectometer and is a very useful technique in

obtaining information on sizes of particles, droplets and bubbles in materials (Povey, 1997).
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2.3.1.2.2.1 Acoustic impedance measurements
Acoustic impedance can be described as an dcoemstess pressure relative to the

particle velocity (Leighton, 199. Acoustic impedance is given by:
Z= Dplxo= rv | krv (257
whereDp is acoustic excegsressurexdis particle velocity/ - density, and/, - wave velocity.

In the reflectance technique, the same transducer is used as a transmitter and as a
receiver. In ultrasonic reflectance measurements a transduafegngttached to a plastic rod
or plastic cell, whose acoustic impeda is well known (McClements and Fairley, 1991).
When the signal is sent from the transducer, it travels through the rod to readmiple
(foamin my case)nd is partially reflected. The wave pulse reflected from the foam sample

can be characterized la reflection coefficientR;) given by (Leroyet al,, 2010):

Y Op S (2.59)

whereL is the sample thickness, andandt; are functions of impedance:
o — (2.59)
o — (2.60)

whereZ, is theimpedance of thelasticand is knownZ is impedance of the sample. In most
casesy can be neglected if the sample is thick enough and there are no multiple reflections
then R = r;, The reflection coefficientR) is defined as the ratio of reflected wave amplitude
and incident wave amplitudend depends on the impedancetbé two materials(Equation

2.59) (Leroyet al, 2010).
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If we measure the reflected signal from the plastic rod and air boundary, and the signal
is fully reflected, the reflection coefficienR§ can be considered & = 11. On the other
hand, if the signaiks fully transmitted and theabsorbed, no signal is reflectd®l,= 0. In the
intermediate case, the signal is partially reflected, enaflimgnknown materiél scoustic

impedanceo be determined.

The procedurdor performing a reflectance experimieis as follows. The reference
signal is obtained by measuring the signal reflecting from air or from water, whose acoustical
impedance is knowrZ = rv, r is density of air or watety is velocity in air or waterWhen
reflection from air is used to obtain the reference signal, the procedure is especially simple,
sinceR: = -1; in the subsequent discussion, | will consider only consider the analysis of data
for this case.Afterwardsthereflected signal from the sgle is measured. Frotherecorded
waveforms of the reflected signal, phase and amplitude can be extracted by an FFT technique
using Formula 2& The ratio of reference pressure wave amplitilednd sample pressure

wave amplitudeHs) obtained fom the FFTgivesx:

o , (2.61)

from which the impedance of the sample of inter@3tqan be calculated:

o O — 2.62)

From reflection measurements a transmission coefficienfin also be calculated,

which is described as the ratio of transmitted wave and incidence wave amplitudes:

Y — (2.63)
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In general, the impedance of the material eqdatg v only when attenuation is small.
If attenuation is big, acoustic impedance is a function of both the phase velocity and the

attenuationlt is expressed through a complex expression:

7 r

(2.64)

a
w

Equation (2.64) can be solved for thiéeauation coefficient and phase velocity

terms of the real and imaginary partsZofjieldingrelationships &6 and 2.6 respetively:

—— (2.65)

>

a=2wr (2.66)

O QDo
[N
- OO

2.3.1.3 Ultrasonic studies on low void fraction bubblynedia

Ultrasound is usedo investigatefood properies such as concentration of solutions,
emulsion droplet size, meat composition, gelation phenomena, lipid crystallinity and the size and
concentration of air bubbles in very dilute systems (Saggoh Coupland2002, Centset al,
2004; Wilson, 2005; Cobuset al., 2007). Extensive studies have also been performed with
ultrasonic techniques on bread doudhliniendi, 2001 Bellido, 2007 Fan, 2007}. Using
ultrasonic spectroscopy, the composition of aerated fmoesaining low concentrations of
bubbles may be investigated and information on the bubble size distribution and concentration
can be obtained (Silberman, 19%bvey, 1997Strybulevychet al., 2007.

Ultrasonic acoustic spectroscopy methods were thdughbme tanot be suitable for the
analysis of aerated materials containing more than a very small amount of bubbles (>0.1%)

because the signal is highly attenuated and it cannot be propagated far enough through the
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sample to be detected (Kulmyrzaetval, 2001). However, studies have shown that information
about bubble characteristics in concentrated systems can be obtained if an ultrasonic wave is
reflected from the surface of the sample, rather than transmitted through it (Eaaley199).
Succesful experiments have also been performed in transmission provided that the sample is
thin enough EElmehdi, 2002 Fan, 2007Bellido, 2007.

Small amounts of aimclusions (bubblesin water dramatically decrease sound wave
propagation velocityat lowv frequenciesffor example 1% air in water decreases the sound
velocity to approximately 120 m/s, ab8% of air in water decreases sound velocity to 22 m/s
in comparison t@urewater where the velocity is 1500/s (Povey, 1997). Another phenomenon
that greatly impacts sound wave propagation velocity in bubbly media is the resonance
phenomenon, which was first studied by Minnaert in 1983).( seePovey, 1997). The

resonance frequency of the bubble in water is now called the Minnaert frequgncy

(2.67)

where - the ratio of the heat capacities of the gas in the bulBhlé atmospheric pressure,
r - density of water (liquid)r - bubble mean radiusThe effect of resonance on the phase
velocity and attenuation has been observed experimentally in both monodisperse and
polydisperse bubbly liquids and gels, which show large peaks in both quantities as a function of
frequency (Leroy 2008, and referenchsrein). As the size distribution is widened, making it
more polydisperse, the resonance peaks become less sharp (Leighton, 1996).

Recent measurements phase velocity and attenuatiom bubbly gel samples/ (=
0.0150.05) were carried out byLeroy et al (2008) To explain the phase velocity and

attenuation results close to bubble resonance, Ler@/ (2008) used Fol dyods
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(Foldy, 1945) extended to include absorption as well as scattgifrgsperetti, 1977and
Foldyodos modbdgl Heoappeaga(tsktelny ey, 1999) . Fol dyos
the scientist Leslie Foldy, who publishadhaperon multiple scattering of waves by randomly
distributed collection of scatterers in 1945. Fdldsheory can be usedo explain the phase
velocity and attenuation results close to bubble resonance frequency for low void fraction bubbly
media(Fan, 2007; Lerogtal , 2008) . F osthd gppr@achtthht elerattgringtfrank e
the bubbles can be treated independently, so that the effadbubbles is simply times the

effect of a single bubble; thuthe bubbles in the liquichre assumedot to interact with each

other: the bubbles in the liquid are considered as individual, single c@es thefrequency of

the propagating waweapproaches th&linnaert frequencythe bubble starts to resonaied large
changes in the velocity and attenuation are predictedydye(1999) attempted to correct

F o | dnyode$ by including the average effect of neighbouring bubbles on the scattering
contiibution to the attenuation and velocity; this correction was achieved by replacing the water

medium around each bubble by the average effective me@owdoverall agreemenbetween

measured results and predictions lwith Fo | dy 6 s model acomected @y dy 0 s

He ny epp@achwere found fornearly monodisperse bubble size distributiopis< 0.015)
close to the resonance frequency (Leebwl, 2008).In measurements of bubble gel samples (

= 0.15) nearthe low frequency of 50 kHawhich wasclose to the resonance frequenay
significant change in phase velocity and attenuation magnitudes was foundngriban the
medum wasdispersive. At higher frequenciesbovethe bubble resonance frequency (RID

kHz), high attenuation was measuredhn t he same sampl e, whi ch
Henyeyds model s. However, for the same 50

results and the model predictoaxists, and this was not easy to explain (Lezbwl, 2008).
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Nonetheless, Lely et al ( 200 8) concluded that the Foldy
satisfactoryo description of the phase veloci
1%.

Another important result obtained from ultrasonic measurements in monodisperse and
polydisperse samples of 0.01 void fraction is that there is a cléanedicein phase velocity and
attenuation result®r those two samples (Lerat al, 2008). Measurements of phase velocity
and attenuatiomre more complicated in gel samples of g void fraction ( = 0.05), due to

higher order multiple scattering effects.

2.3.1.4 Ultrasonic studies on high void fractiofioams

As was mentioned earlier, sound waves in high void fraction foams are highly attenuated
and the mechanism responsible fbis multiple scatteringand dissipatiorof sound wavess
they interact withthe surfaces of different sized air bubbles. Very few studies have been done on
real foams wherthevoid fraction is higher than 0.50.

A study on heatrainsfer effec on sand propagation irhigh void faction 0.950.99
foamsand readymade foamsGillette) was presented by Goldfaet al (1992). h these studies
an attempt was made to clarify the high attenuation mechanisms (thermal and viscous) that are
dominant in the fams taking into account the high void fraction foam structure elements:
Plateau borders and channéfeasurement results at 5 kHz frequency can be desdojpéte
sound wave propagation model suggested by Goldfaab. (1992). The model suggests tlaat
an acoustic wave travels through the foam with small bupthlepressure wavenducesliquid
flow in the foam Plateau borders and the sound energlgssrbed througthis liquid flow. In

the case of foam with large bubbl#sermal dissipatioms the dominant attenuation mechanism.
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Goldfarbet al. (1992) determined thdhe velocity in the foam is inversely proportional
to the square root of the moisture content. However, the measured adiabatic velocityl&%s 10
above the theoretical values. As examplefoam ¢ = 0.95) with a bubble size of 0.44m
had a measured velocity of 72 m/s, whereas the model predicted: 53 m/s. Results obtained from
Gillette foam f = 0.95) measurements were 51 m/s, and the prediction gave 46.5 m/s. The
discrepancybetween measured results wattributed byGoldfarb et al. (1992) to insufficient
foam structure details being incorporated into the physical model. The driyatihe the less
liquid movesthrough the Plateau Borders. As well, it was suggested thaggbdiduid there is
in the structure, the less heat is transferred (less thermal dissipation) atitetelscity would
increase.

Mujica and Fauve(2002) studieda high void fractionGillette foam as well. Their
measured and predicteetlocity values vere alsoat odds at 5 kHz frequency the measured
initial velocity of the Gillette foam/( = 0.076) was 65 m/s and the calculated Woods effective
sound velocitywasw, = 40 m/s.Mujica and Fauv€2002) examined sound wave propagation
effects arising fromaging of high void fractionGillette foam. Since Gillette foams have
essentiallyno drainage effects, characterization of bubble disproportionation phenomena in the
foam was the primary goal. In their stulgth ultrasonicattenuation and phase velocityeng
measured at several frequencies: 5 kHz, 37 kHz, 63 kHz and 84Ackimple scaling argument
based on the Foldrosperetti model, as well B$ot theory wereused in explaining the results.

Biot theory models wave propagationarporous mediunhaving twocontinuous phasg$luid
and solid). In their paper, Mujica and Fau28@2)argued that viscous coupling between the

gas and liquid in a foam ensures no relative displacement of the fluid and solid components,
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allowing the Biot model to be pped despite the difference between the closed cell structure of
a foam and the open cell assumption of the theory.

Phase velocity results showed a decrease from 65 m/s to 5Mujisa( and Fauve,
2002) during fourhours of aging, which is a reflectiothat Gillette foam softens as
disproportionation occursMujica and Fauve (2002) were able to explain these observations
using their implementation of Biot theory, obtaining reasonable agreement with their
experimental resultdn addition, adispropotionation effect on attenuationas evident which
was attributed the dependence of thermal losses on bubble Isineas determined that the
ultrasonic parametez /f obtained from measuremergsaledlinearly with time. From imaging
measurements the nreubble radiusrdfor agingGillette foam shows&& ~ t. Therefore the
conclusion was made that /f is proportional toa&: a If ~ &&. After a thorough analysis of
dissipation effects it was determined that thermal effects are the dominanbuiomtrin sound
attenuationujica and Fauve, 2002supporting the observed scaling behaviour

An interesting ultrasound study was done by Magetbal. (2001) on foam drainage
effects. Low frequency sound waves of 3.4 kHz were used to follow liquid drainage in a tall
(0.20 m) column filled with foam { = 0.95) made frongeneric aqueoulim-forming fire-
fighting foam concentrate by using compressedTdie hydrophone and speaker were actually
immersed in the foam and the sound velocywas related to the liquid conte(g@=1- /)

through the relation:

(2.69)

whee s the ratio of the heat capacities at constant pressure and valepresgntinghe

isertropic expansion of an ideal gaand P, is atmospheric pressureThe change of liquid
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fraction in the foam was successfully determined from this type of ultrasorecimevemt. Good
agreement was found between liquid content measured with ultrasound and that determined

directly by measuring the drained liquid mass.

2.3.2 Electrical measurement techniques

2.3.2.1 Conductance of solutions

Conductivity measements of dams povide very useful information about stability,
surface tension and foam viscosity (Weatal, 1995).Most of the time, synthetic foams (SDS,
Gillette foamy) ae naturally norconductive. The solution usually issarfactanttype (ionic or
nonionic) and consists of organic compounds that do not have enough ionic groups that can carry
the electric charge. Therefore, strong electrolytes like KCl or NaCl are added, as for example, at
a concentration of 0.0 (Datye and Lemlich, 1983Food foams, such as egg white foams, do
not require the addition of salts, because egg white liquid contains enough Toma{KFe™,
Mn?*, CI, H") for the electrical current to be conducted. In addition, egg proteins possess polar
groups that partipate in carrying electric charge. In Tal@& ion amounts that are present in
egg white are given.

Table2.2Inorganicelements in egg whitgi-Chanet al., 1995

Inorganic Egg White
element (mg/egQg)
Na" 53
Mg** 3
P 6
S 64
Cr 51
K* 55
ce” 4
Fe** 0.3
Total 236.3
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2.3.2.1.1 Ohmés | aw for electrol

Salts, bases or acids in water dissociate into ions (cations and anions) and form

electrolyte solutions. Free ions in a water solution once placed in an electrostatic field start
moving parallel to the direction of electric field and the electric chargariged between the two

electrodes. As a result, the current passes through the electrolyte solution.

Dissociated ions, even though they may have the same charge, do not have the same ionic

mobility and therefore do not equally conduct the current. mmtribution to electric current
depends on the individual ion charges, concentratowl, how easilythe ion moves in the
solution under the influence of an electric field. Once, for example, sodium chloride is placed
into a solvent (water), salt componendissociate into sodium and chloride ions due to

interaction between solvent and solute molecules:

NaCIN¥+C]l (2.69)

The degree of dissociatioad) separates electrolytes into strong arehly where in the case of
strong electrolytegy = 1, and in the case of weak electrolggs low.

The ability of an electrolyte solution to conduct current is described by conductivity.
Electrical conductivity of the solution depends on the viscasitiquid solution, temperature
and the species of ions present. lons in water solution move chaotically, in any direction.
However, once an electric potential is applied, ions move in the direction of the electric field,
and current is conducted. Positiveharged ions will move in the opgpite direction to the
negativecharged ions. If an alternating current is used, the ion motion is reversed as the applied
electric potential (voltage) changes charge from positive to negative. The amount of turrent
transferred in the solution depends on the electric field strénhgtid the cross sectional asa

perpendicular to the crossing current (Figure 2.5).
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Figure 2.5. The principle diagram of conducting system. (TakenKtortimer, 2008.

Uni v er s adw st@ésnii@atsflowing electrical current between selected points is

proportional to potential difference and inversely proportional to resistance:
| =VIR (2.70)
whereR is the resstance of the conductoY, is potential applied across tleenductor | is the
current,proportional to the amount of passed charge through the cross section&lecteal
conductance G) is inversely proportional to resistance and measures howly edsctrical
charge flows along the electrical element (Bleaney and Bleaney, 1976):
G=1/R (271
Thecurrent density(i) is proportional to current passing through the afgaandOhms
law for the rectangular conductive object (Figure 2.5) can be written (Mortimer, 2008):

"Q - - rL r_ﬁ ” |T (2 * 72)

where | is current,L is the length of the conductdg, is electric field strentp (E = V/L), s is
conductivity, r, is resistivity.Electical conductivity is a property of a materi@.h mdé s rl

ionic solutions oa conductor that has a shajaa bewritten:

Y — (2.73)
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where: s e€onductivity, L - length, A, - crosssectional area. It is convenient in resistivity
measwements to dtemine the cellconstantC;, which is theratio of length tosample area
(Silbeyet al,, 2004 Mortimer, 2008:
L/IA = C. (2.74)
s=CJR (2.75)

Concentration of ions has a major effect on the number and mobility of ions. The
mobility of ionsyj; is the velocityy; with which ions move in the solution under the influence of
the electric field Bawendi, 2005; Bagotsky, 200Blortimer, 2008):

u = W/E (2.76)

The solution conductivity £) containing diffeent ions and concentrations will be the
sum of all ion contributions in carrying the charge in the electrical fig)dd{rection where
individual ion contribution depends on its charge numiagrapnd electric mobility ). The
conductivity of the elecblyte solution can be expressed as the sum afotlaé current which is
the sum of each positive and negative ion moving iretietric field Bawendi, 2005Mortimer,
2008):

s OB dawod (2.77)
whereF; - Faraday constang; i charge of ionsg; i concentration of ionsy; T mobility of ions.

Conductivity,s (S/cm orl/(Wm) is an intrinsic property of a conductive material, which
guantitatively characterizes how much current can be transported in the material. Conductivity is
the inverse measure of resistivity = 1/s) and depends on the temperature, loitom the shape

and size of the conductive material.
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2.3.2.1.1.1 Liquid content and electrical conductivity relation in foam
The electrical conductivity of a twphase air and liquid dispersion varies depending on
the air content (Datye aricemlich, 1983 Feitosaet al, 2005. Air is a nonconducting medium,
so electrical current passes only through the liquid foam phase. In the very wet limit, air bubbles
are perfectly spherical, while in the dry linititbbles are compact, touching each other and are
polyhedral in shape. In the first case, laxwell expression describes the relationship between

liquid content g and relative conductivity of the foans,§ :

So — — 78)

wheress is conductivity of the foam ansliq is the conductivity of the liquid.
The Lemlich equation, on the other hand, describes the very dry foam limit where the

liquid remains in Plateau borders (Feitesal, 2005):
S - - (2.79

On another hand a theoretical case when all the liquid phase remains in the surrounding
films of the bubbles was derived by Agnihotri and Lemlich (1981) which relates liquid fraction

to conductivity by lhe relationship:

s o8 0)

L e ml i c h b)sexpréssi@7a8sumes thtite electric current passes through the
network of Plateau borders and neglects the film contribution which is a good approximation in
the very dry foam case. As the liquid content in the foam increases, the experimental
conductivity starts deviating fromelation (2.79) at 0.35 liquid fraction(Phelanet al, 1996). At

this liquid fraction, the conductivity relatio(2.79)based on thelealised Kelvin mode{named

after Lord Kelvin in 1887, where the idealized foam structure consists of a bytruncated cub
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honeycomb structure that preserves the most effidieam) is no longe valid, since the
assumption of negligible liquidrdction in film faces no longer hold®helanet al (1996)

showed that it is necessary to make a correction to Formi@a® beapplicable in reality. In
Phel ands corr ect elrddr widtm@)l langth Ephaad tiheltaial Rleeau

border length per unit volume of netwoik)Ywas taken into consideration

d
S -—— (2.82)
8 —
where® Mo - i ageometrical constant. The Plateau border cross sectionahbgrésa (
6 od (2.82)

Different expressions fo the very dry and very wet limit arise from different foam
structures. However, these equationsndbcover the middle liquid fraction range of the foam.
Feitosaet al (2005), after conducting experiments with foams in this middle wetaage rand

analysingprevious experimental results, derived these relations

Sy — 2.83)

I (2.84)

Equations (B83) and (2.8) cover all range of liquid fraction, from O to 1 and therefore
liquid fraction in the foam can be deduced from tdlativeconductivity of the foam. However,
these relationships (equation 2ahd 2.8) confirm what was detenined previously by Datyet
al. (1983): foam relative conductivity depends solely on the vaidction but not onthe
surfactant usedrdoam bubble size polydispersitipatyeand Lemlich(1983) used noci#onic,
ionic and anionic surfactangolutions with addition of KCl to imease foaming solution

conductivity. Howeve Wilde (19%) addressed the fact that if in a foaming solutiometeee
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charged species thateaadsorbed at the air bubpteerelativeconductivity of the foam is higine

as the number of charged species is higher, and the conductivity of the foaming liquid is lower.

2.3.2.1.1.2 Foam structure (tortuosity, bubble size) effect on conductivity

Two foams that have very high and low liquid content will have different steictod
therefore the passing current path will be of different length. The rafioaaf (s;) and liquid
(siiq) conductivities is equal to the liquid fractios) @nd tortuosity ,() ratio (Yianatoset al,

1985):

— - (2.85)

In Figure 26 two cases are presented that illustrate tortuosity in wet and polyhedral

foams, wheré .is the pathway around the bubbles &gds the length between two electrodes.

LW -5-5-0)

Figure 26. Crass section view olvet (a) and polyhedral (b) foams to illustrate tortuosity (Taken
from Yianatoset al, 1985).

— (2.86)

Wheres, isrelative conductivity,L. is effective length between electrodes at liquid frac&on
Le isthe length between two electrodes, cm.
Tortuosity () in most cases means tHat>Le and so, is highe than 1. Initially, the

tortuosity model was developed to describe conductivityporous media and statistical
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calculations were done with naonducting spherical glass beads, which were immersed in
conducting liquid. Later a statistical model was applied for foams whereomatucting glass
beads represented air bubbles as in tlee acf foamsWeisslerg (1963) gave a simplified
conductivity model for beads of the same or similar size, which randomly overlap

,op ™I Ip - (2.87)

Yianatoset al (1985) has taken intgonsideration the geometrical structure and the
expression of tortuosity in bubbly liquids (draction range: @.3), where the bubbles are
spherical, is:

Up T R (2.88)

In the dry foan case (aifraction range: 0.60.95) where bubbles a2 1| UE AdldOA |
ions move along the liquid channels, this relation holdsofduosity (Yianato®t al, 1985):

. G® p-u 89 )

Formulas2.88 and2 . &r@ able to relate liquid conductivity and liquid fraction over a
wide liquid fraction range from 0.05 till 1, while Formula 2.&vers all liquid fraction range.
Tortuosity () for the wet & 1) foams becomes infinity, while in most cagesth the more
reliable test region wherar fractiors are0.60:0.95, because tortuosity value calculations when
€<0.60 is very sensitive to errors in gas fraction measuremiegitt), (Formula 286) and, is
highe than 1 (Achwal and Stepanek, 1975).

Datye and Lemlich (1983conducted experimentshowing that surfactant type and
concentration had very little effect on thelative conductivity of the foam, and liquid
composition out of the drained liqufdam was equal to the initial foaming liquid composition.
They used cationic, anionic and nmmic surfactant types, with KCI addition, to increase

conductivity. The same researcheetermined for two monodispersedyvdry (e= 0.0050.05)
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foams where oid fraction was constant and bubble size for one foam was 3.13 mm and for the
second 1.63 mm, that the conductivity of the two foams was different. This effect was not due to
measurement errors, but as suggested, due to surface tension and the tcangatiare of the
Plateau bordefThis means that by increasing bubble radistfie curvature of Plateau border
decreases and the pressutiEf in the triangular shape of the Plateau borders increases, and this
causes higher liquid suction from the ldiae. As aresult, the overall conductivity increastise

to increased liquid and as well electric charge carrying ion flow in the Plateau borders (Datye
and Lemlich, 1983). The overall effect on the monodispersed foam with smaller bubble size is
that fora constant liquid fractiond the relative conductivitys;) is 8% lower than for the foam

with larger bubbles (Datye and Lemlich, 1983).

2.3.2.1.1.3 Foam dynamic property measurements by using electrical conductivity

Electical conductivity is appliedvidely for measuring foam instability. Foams made of
liquid continuous phase are rarely stable: with time, the foam undergoes gravity driven liquid
drainage and disproportionation (Weaire and Hutzler, 1999). Conductivity measurement is based
on the maindct that foam relative conductivityg) linearly proportional to liquid fractiond in
the foam and linearity remains té#~0 . ZaHfrom this liquid fraction bubble size distribution in
the foam changes to a more compact foam stru¢Rlrelanet al, 1996). Free drainage is harder
to analyze than forced (Saidé&lmes and Langevin, 2002).

Foam conductivity measurements, depending on the design and amount of the foam can
give information on diffeences in thenterfacial characteristics of foaming liquids (surfactant,
protein), as for example in the microconductivity case (Wright and Hemmant, 1887).

microconductivity apparatus is displayed in FigRré The distinct feature of microconductivity

74



measurementss small sample size (2lmof foaming liquid) and the volume doubles up to 4.2
mL as the foam is made (Wright and Hemmant, 198ifde, 1996).

Another design for electrical conductivity measurements is displayed in Rgiirén
this design the foam isr@duced by blowing the gas (Nitrogen) through the liquid. Nitrogen is
less soluble than air and coarsening in the foam is slower. The big height of the column is
necessary to initiate enough liquid drainage in the foam. The column itself can be a @iinder
rectangular shape, and the platinum electrodes will be attached to the walls of the columns. In the
design of Barigowet al. (2001), steel rings served as the outer electrode and the inner rod as
another. The electrode size, distance between them aittbpimg in the measurement vessel
have a big impact on result accuracy. If the vessel and electrode shape are different, the electric
field lines and the field strength are not uniform. This is especially a problem if the electedes a
thin because thelectric field lines are denser at the electrode vicinity. As well the electrode

width has to be bigger than the foam bubble size.

Water jacket \——

Electrodes ~

Conductivity
meter

Foam —

Air pressure 133 kPa

mw rate 2.4 cm3/min|

= Jet

Sample solutions -==—

Orifice

Aperture 15um Computer

Figure 27. Foam microconductivity measurement apparatus. Taken from Wilde (1996).
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In the case of using a hydrophilic ¢buas glass) measurement container, and depending
on the apparatus design, the draining foam may form a liquid layer on the measurement container
walls, and therefore measured resistance values will be lower. This potentially may happen when
measuring theconductivity of very dry foam, when liquid fraction is 0.1 (Karapantsiod
Papara2008). Barigolet al (2001) proposed a different electrical principle for measurement of
the foam, where the inner rod serves as one electrode and outer ruegsssasecond electrode.
This measurement design measures current flow through the foam only and restricts current flow

through the formed liquid layer on the cell walls.
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Figure 2.8a) Electrical resistance technique developed by Bargal (2001) to measure foam
drainage. The column has 5 electrodes and is made of Perspex glass. Dimensions are given in
mm. b) Electrode configuration.

An important parameten electrical measurements of the foam is the excitation current

amplitude and frequency, because depending on the chemical nature of the electrode, the active

surface of the electrode may change and that will give spurious results. This effect is pednoun
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when using electrodes of small dimension and the bubbles coalesce at the surface of the
electrode; therefore this changes the electrode active surface. Electrode active surface refers to
the area where the liquid foam films actually touch the elecsadace; therefore only through
this contact will electric current pass. The chosen frequency needs to be high enough to reduce
electrode polarization effect and as well minimize the capacitive property of the foam. Barigou
al. (2001) in their set upsed 1 kHz alternating frequency. A lot of criticism has been expressed
on the use of frequencies lower than 1 kHz becd#usenot possibleat these frequencies to
eliminatecapacitive impedance fulliyom electrical resistivity measurements with stainless steel
electrodes (Karapantsi@nd Papara2008). For stainless steel electrodes, in order to measure
resistance of the foam and avoid capacitive effects, one should i€ IHz frequency for
water typefoam systems (Karapantsiaad Papara&008).

An important detail to mention in electrical foam measurements is electrode cross talk
when eleatbdesare placed parallel to each other, even though they are electrically isolated. A
good solution for thiswblem is to use a multiplexer. A multiplexer works by taking the reading
of one ring and switching to the next one. Switching between the rings occurs in 1 millisecond,
so it can be considered as almost simultaneous data reading of all rings. Alternatvelsing
the multiplexer, the electrodes have to be separated far apart from each other and the voltage has
to be applied separately. As well, the data has to be recorded using isolated channels on the data
logger (Barigotet al,, 2001 Karapantsiognd Papara2008).

Before performing electrical conductivity measurements the measurement container is
calibrated to find the container or cell const@pa{Formula 2.7%. Barigouet al.(2001) used &
ray absorption technique to calibrate the liquid habdin the foam. The principle of calibration

is based on the fact thgtay absorption in the foam depends on the proportion of liquid and air
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in the system. In liquidgrays are attenuated more than asgA simpler way of obtaininthe
calibration caistant is by measuringnown concentrations of strong eledyte (NaCl, KCI)
solutions (Cheng and Lemlich, 1983 different way of calibrating the device is by using
precision resistors. From the calibration curve obtained based on precision resistors,

measured signal is converted into equivalent conductivity (KarapaatsioBapare2008).

2.3.2.1.2 Norconducting foam property assessment by using capacitance measurements
First of all, the choice of using a capacitance technique is influencedebsidbtrical
properties of the foam. Hutzleet al. (1995) have shown in their work on capacitance
measurement techniques, that liquid drainage can be evaluated-eomaurcting foams without

the need for adding electrolytes to the foaming solution.
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Figure 29. Set up diagram for assessing foam properties by using capacitance measurements.
Taken from Hutzleet al (1995).

In Figure 29 a simplistic capacitance measurement equipment set up is displayed. The
measurement column was immersed into th& pb nontionic solution and by blowing the gas
through the thin nozzle located beneathdbkimn the foam was made with a bubble size of a

few millimetres. The measurement column had 46 segmented capacitors and was 92 cm in
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height. The signal going thragh the foam was measured by using a multiplexer within the kHz
frequencyrange Prior to the measurement the apparatus was calibrated. Based on the air content
in the foam and the dielectric constant of both phases, it was possible to measure the changing
density profile as a function of foam height over aging time. Good resulésobéined on free,

forced and pulsed foam drainage, therefore Hutgeral. (1995) recommended the AC

capacitance method for n@onducting foam investigations.

2.3.3 Foam imaging principles

In order to better understand the behaviour and structureut, faisual observations are
performed by using two or three dimensional techniques (Weaire and Hutzler, 1999, Pugh,
2005). Foam structure observations are difficult due to the opaque nature of foams, but such
obsevations arevery important, since they prale a fundamental parametetthe bubble size
distribution. Therefore, scientists very often choose visual foam structure observations by using
2D optical techniques. A 2D technique relies on imaging the foam surface and thereafter
processing, 10 analysiy, sequentially taken photos in order to obtain the bubble radius
distribution. Afterwards, from the 2D images an assumption is made about the whole three
dimensional foam structure or structure changes during the aging process (Bi@ha98;
Weaireand Hutzler, 1999yan der Netet al, 2007%.

The 3D technique is more sophisticated, so it has been implemented very recently (Pugh,
2005). 3D foam structure can be obtained by using different optical andptical techniques
(Thomaset al, 1998; Weaire and Hutzler, 199%ugh, 2005). 2D and 3D imaging on foams
provides different information on foam structure and instability processes. As was mentioned

before, 2D and 3D imaging gives information on bubble size distributions and foam changing
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structue during aging which can be used in analysing and modeling liquid drainage (Téibmas

al., 1998).

2.3.3.1 Techniques

2.3.3.1.1 2D imaging techniqueis Microscopy

A 2D view of the foam can be obtained by using microscopy techniques: confocal
microscopy (Weime and Hutzler, 1999Thomaset al., 1998), scanning electron microscopy
(SEM) (Chang and Hartel, 200Zaillet et al, 2003, transmission electron microscopy (TEM)
photonic micoscopy (Cailleket al, 2003)and optical light microscopyChang and HarteP002
Sahi and Alava, 2003) techniquesa different food products it is reported that different
imaging techniques are used, as for examplewfopped cream, TEM and SEM are usedreno
often for imagingice cream sticture and othefrozen foamd$ SBEM (Calillet et al, 2003). SEM
and optical light microscopy yielded the same results on bubble size distribution for ice cream
and whipped creanChang and Hartel, 2002)

Confocal microscopy (Thomast al., 1998; Weaire and Hutzler, 1999) is the most
commally used technique in research with the purpose of reconstructing three dimensional
images. By using a small depth of field; it is possible to determine 3D features of the foam which
are in the focal plane. From a series of photos, a 3D view of the foactusé is obtained. The
difficulties faced using this technique are associated with strong light reflection and refraction
from foam bubbles. Therefore, the light source is placed behind the sample so that the lamellae
become invisible and Plateau bordare dark shadows (Thomas al., 1998). Thomast al.

(1998) mention the difficulty in obtaining photos from film negatives with consistent quality. An
algorithm is applied to make a series of photos that can be used in a skeletonization process.

Elements of the foam structure, like Plateau borders, aretmrected into one structure.
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Light microscopy encounters several disadvantages over other techniguesafing
frozen samplessuch as ice cream, which melt during preparation and during imaging (Chang
and Hartel, 2002). The sample can be damageil ia placed in a special capsule in order to
perform electron microscopy imaging. Secondly, freeze drying in a sample can odogr du
preparation for cry’SEM techniquesind induce structural changes in theated structuredn
light microscopy he smple is examined in the frozen natural product state and the pictures
obtained are of very high resolution and magnification (Casllet., 2003). Photon microscopy,
based on reflected light flux differences, also allows investigation of samplesonem fstate
and is based on direct light reflectioorh the surface of an ice cream sample (Cagtetl,

2003).

In transmission imaging experiments the right sample thickness has to be chosen in order
to have enoughight passing through the same tat good quality images can be obtained.
Sample size has to be representative enough so that in the foam layezssad@tween two
glass slides more than one layer of bubbles is present. The investigated area is often less than 1
mn¥ and magnification aries from 78 to 100 timeSéhi and Alava, 2008pencer, 2006). An
unavoidable problem in 2D foam imaging experiments is that it is necessary to squeeze the foam
between two slides so that one layer of bubbles is obtained in a sample (Sahi and AlB)va, 200
Sahi and Alava (2003) investigated the case where the bubbles were flattened between the two
slides; therefore the squeezed bubble was considered as a circular flattened disc and from it the
bubble volume and potential bubble radius calculated (SahiAdawva, 2003). Up to 1 mm
thickness (Spencer, 2006) of sample can be investigated if the foam is like egg white so that it is
more light transparent, and therefore a number of bubbles remain in the foam layer between the

two slides. The acquired 2D photepresent only the foam surface bubble size distribution and
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in analysis the assumption is made that all bubbles are spherical. Several difficulties are faced in

optical imaging analysis that will be discussed in the section 2.3.3.1.2.

2.3.3.1.2 Challeges encountered using optical microscopy techniqder 2D foam imaging

Liquid foams, due to the presence of air bubbles, scatter, reflect and refract the rays of
light that pass through the layer of foam. These phenomena depend on the foam sanatture,
explicitly on the void fraction. A number of physical and geometrical parameters impact the final
imaging result, therefore it is important to discuss the major outcome and the way of interpreting
the optical Ai |l 1 usi on omageeyancderrNstet dl.e2007)aAsingteh e r e a
bubble in a liquid acts as a drgéng lens fo rays of light. When the foam image is obtained by
putting the sample in front of the light source, the black shadow rings often are understood in
foam bubble imagings bubbles themselves, however it is not true. The ring that we see in the
foam image and assume that it is a true bubble size is formed due to reflection and multiple
refractions when theays of light cross the liquid (lamella) gas boundary. The bubhkitself acts
as some sort of Ashaped | ensi for rays of [
reflected or multiply refracted. In addition, bubbles are between two glass slides, which creates a
second complication when the light passes thinaihhe glassir boundary. As an example, in the
single bubble case Van der Net al. (2007) have shown that the actual bubble size can be
calculated from a 2D bubble image.

In Figure 2.10 the theoretical case of a single bubble sandwiched between ass gl

slides is shown. The dark shadows indicate the area where no light can come through.
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Figure 2.D Individual bubble in a liquid\(an der Netet al, 2007).B,, B- the outer and the
inner boundary of illuminated bubblB,-diameter of the outer illuminated bubble.

The simplified calculation of a single bubble radius in a liquid (Figure 2.11) is given by

(Van der Neet al, 2007)
I — p8twQ (2.90)

whereD, - diameer of the outer illuminated bubble, - bubble diameter.

2.3.3.1.3 3D imaging techniques
A number of 3D imaging techniques can be used to obtain three dimensional foam
structures; to name a few are: magnetic resonance imaging (MRI) (Morris and N66ts,
Gonataset al, 1995; Prauset al, 1995;Baldwin et al, 19%; Weare and Hutzler, 1999
Stevensoret al, 2003;Baeteet al, 200§, X-ray tomography (Lambest al., 2005;Von der
Schulenburget al, 2007), electrical resistance tomography (ERTlliers and SadKazemi,
1999), electrical capacitance tomography (ECT) (®é#ret al.,2002), optical axial tomography
(Monnereau and Vigneadler, 1998;Thomaset al, 1998;Monnereatet al, 200) and reutron
or X-ray scattering techniqu€¥homaset al., 1998; Weaire and Hutzler, 199®RamiShojaei et

al., 2009.
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Tomogaphy measurementsesbased on transmitting the-pdy signal through the foam
sample at different angles and recording the passed signal at a number of points, so that the 3D
view atthe foam cross section is obtain€éillfers and SadKazemi, 1999)

Electical resistanceamogaphy (ERT) is a noninvasive technique and is applied in
industry for instant nowniform 3D foam surface structure measureme@ifli€rs and Sadr
Kazemi, 199, Wang and Cilliers, 1999)The measurement principle relies on conductivity
measurements made on the top layer of the foamrewttee large bubbles show lower
conductivity as a result of a lesser amount of Plateau borders. The pictures tidaimedpass
through several processing steps and afterwards valuable information on bubble size distribution,
bubble shape and specific surface area is obtadige(s and SadKazemi, 1999) In addition,
electrical capacitance tomography (ECT) measures Hpadtance of the foam between the
electrodes, and this method is suitable for-nonducting very dry open foams (Bett et al,

2002).

For optical axial tomogaphy the sample has to be a little transparent and a large depth of
field optical system is used (Thomasal, 1998). The thicker the sample, the more light that
travels through the sample iIis attenughtted,; i n
pass through and they appear on the photograph as dark edges (Moehate&001). Liquid
foams refract the light, therefore it impacts the image quality so that light refraction has to be
considered in the 3D image reconstruction algorithmwas, liquid foams are not stable when
compared with solid ones; therefore the stru
precise (Thomast al, 1998 Monnereatet al, 200J).

The smalangle neutron scattering (SANS) (Axelos and &d003) tebnique uses

neutron beam transmission principle. Several difficulties are encountered using tti& SAN

84



method: 1) for wet foams, the scattered beam in the centre of the foam is combined with the
transmitted beam, and therefore measurements are inac@)restimation of the liquid fraction

for dry foams by using transmission data was found to be unreliable. Despite difficulties in using
this method, from the sc afotmela 2.9)gllows th¢ average t v d ¢

bubble size to be estadiied accurately from specific area:

v 0

‘O ¢qpar O n (2.91)

where Is T scattering intensity (1/cm)gr?® - contrast, g-scattering vector (( = 4psing)//,
/ - wavelength2q - scattering angle)x/Vo i areaof spherical bubbles per unit volume of the

p
pJ

foam (— L ,/ - void fraction,r - bubble radius).

Magnetic resonance imaging (M) is a well known nofinvasive technique able to
provide a foam 3D structureimage by detecting the polarization density of nucleat) (H
momentum at different positions in space (Gonataal, 1995). The method is suitabler fo
following aging processes: drainage and coarsening of relatively wet food foams such as egg
whites andbeer, because Rl responds to the liquid content in the foam (Weaire and Hutzler,
1999). Therefore, any sample containingdd polarized protons can be examined by usiriRj M
(Prauseet al, 1995). By using the RI technique H spectrum, signal intensitg imeasured in
the foam and a 3D density dibution as a function dioam heightcan be obtained (Weaire and
Hutzler, 1999). Also by using M, vertical slice images of the foam can be taken at different
aging times and afterwards images are analyzed éwyually fitting circles in each bubble
(Gonataset al, 1995). The histograms of bubble size distribution give an idea of the inner
structure changes of the foam during aging time. Gomatals(1995) ween 6t abl e t o i mp

the 3% axis in MRI scannimy technique, unlike Prause al. (1995) where a true 3D image was
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obtained. The limitation of the Rl method is that it is suitable for wet liquid foams, which
donot have polyhedral structure. However, we
fluctuation or loss (Prauset al, 1995). In the set up of Gonatatsal. (1995) it took 10 min to
scan wet foam, while to examine dry foam it took 3 min. Inrestthough, Prauset al. (1995)
found that a scanning of 3D foam sample and averaging of thal sapk 34 min.

In the X-ray tomography technique-bays are propagated through the relatively small 1
cm® sample over a 180 degree angular setting and done also along all the sample height. To
obtain one radiograph only 150was required and in total @@rames were taken. Afterwards,
from radiographs using attenuation information a 3D image was reconstructed. Besides structural
information, from binary images the change of bubble volume can be determined, bubble
lamellae thickness and liquid fraction time foam at the same height during aging (Lambéert

al., 2005;Von der Schulenburgt al, 2007).
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CHAPTER 3. MATERIALS AND METHODS

3.1 Foam sample preparation
A typical formulation was chosen to make type angel food ¢akms. The original

recipe includes 83 g sugar, 83 g egg white, 23 g soft wheat flour, salt, and cream of tartar (Pyler,
1988; Spencer, 2006) was slightly modified. Flour was not added to the egg white foam to make
the batter because it was out of my ultrasound and eleatesiativity research scope. Salt and
cream of tartar were omitted as well, due to the reason that these ingredients are strong
electrolytes and would have an impact on foam resistivity measurements.

For all experiments liquid egg whitgdnnovatech, Winnipeg, MB) were used.Egg
productswere kept frozen a20 °C in small 200ml containers until they were needed. Prior to
each experiment two steps were taken to prepare frozen egg whites. Firstly, 12 hours was
necessary to defrost the liquid egg whit#s4 °C. Before each experiment egg whites were
allowed to sit in a room until they reached ambient temperaturqC{2Becondly, the liquid egg
whites were filtered through cheese cloth in order to removehwnogenous egg white parts.

Powderedsuga (Rogers Sugar Ltd.) was bought in 1kg bags and used for the experiments.

A small scale domestikitchen Aid (Hobart Company Model 4C, 200 Watts) mixer
with 10 variable speed was used in our experiments. Two components, sugar and egg whites
were poured ira steel bowl and blended at spdefdr 5 min with stainless steel 3 wire whip in
order to allow the sugar to dissolve as much as possible before incorporating the air. Afterwards,
high speed mixin@ was used to mix air into the egg whites and sugarurextWhipping times
of the foam were chosen according to the void fractions reportethase from this laboratory
(Spencer, 2006)To investigate aging foam processes in the majority of experiments two

whipping timeswere chosen: 180 s and 600 s. Toenh whipped for 180 s has a void fraction of
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0.65and polydisperse bubble structure. A whipping time of 600 s whipping time corresponds to
a void fraction of 0.78. Whipping the egg whites and sugar mixture for 600 seconds is the
approximate time necessdonyform a so called stiff peak in the foam (Burggtal.,2003).

Density measurements of egg white foams were repeated, because Sper@ens@d0
to make egg white foam from cooled’@ temperature egg whites. In our experiments we used
egg whitesat ambient 22 °C) temperaturéo make sure that made foam is the same ambient
temperature, since stable temperature is critical in order to obtain reliable results from ultrasound
measurement$ou high speed mixing times was chosen to obtain egg wbaém fwith the void
fractions of 60, 0.65, 0.78 and 0.81. By usingrRwla 2.3 the foam voidrdctions were
calculated fom the meaged density values. In table 4.1 egg white foam densities and void
fractions &e given

Table 3.1. Meased density andalculated voidraction of egg white and sug@am.
The experiments were replicated three times.

Whipping Density St. Void St.
time (s) (kg/m®) dev. Fraction dev.
0 1224.7 1.2 0
120 481.0 44.5 0.60 0.036
180 420.5 45.4 0.65 0.036
600 260.5 3.0 0.78 0.002
360* 227.1 7.7 0.81 0.006

*The single case, using fresh, not frozen egg whites in order to incorporate the highest amount of air in the
foam. Freezing/thawing cycles and prolonged storage affect egg white conformational structure, therefore reduces
egg white liquid viscosity (Woath et al, 1981) and foaming properties and foam stability (Woottoal,, 1981).

The second type of foam used, but only in ultrasound experiments, wasd@ddonam,
prepared usingGillette Sensitive foamy shaving creanBesides the basic ingredients
(triethanolamine stearate with small amourit%, of sodium lauryl sulfate and polyethylene
glycol lauryl ether and emulsified liquid hydrocarbon gases), in comméadiatte Sensitive

foam there are other high nealular weight polymeréProcter and Gamble, 201 1hat are kept
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in an aqueous solution under high pressBaaik and Roy, 2009)To produceGillette foam was
relatively an easy task, howewsid fraction, and bubble size distribution was based on spakin
duration and how energetically shaking was performed. To prepare this foam, the container was
shaken for approximately 10 s, and then the foam was sprayed out into known volume container
to assure that required density is achieved.ifraging and ultasound expaments onGillette

foam, samples we prepaed in two densities: 0.0640.0036g/cm® and 0.0840.001g/cm®. The

void fractions wee 0.93 0.0036and 0.9°0.00], respectively. Afterwards, exactly the same
manner as with the egg white foa@illette foam was placed on the top of the transducer and

gently squeezed down.

3.2 Density measurements

For egg white foas density measurements were performed in 60 mL glass containers
(knowing that the density of the foam is equal to the weightkang/n volumeratio). Whipped
foam was gently placed inside the container using a metal spatula. Measurements were done
twice and the foam was placed in such a way that air gaps were not formed inside the container.

For density measurements®illette foam,the can was shaken and the foam was sprayed
into a 120 mL volume glass container. A second spray oGihliette foam was done onto the
surface of the bottom transducer so that this material was analysed ultrasonically. The third
spray, performed ideiatlly to the first one, was done to obtain a replicate measurement of foam
density. Exactly the same procedure was followed when performing imaging experiments,
except that the sample was sprayed on the microscope slide. More details on the microscope

imaging sample preparation and set up is given in section 3.5.
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3.3 Ultrasound measurements

Foam aging processes weremtored by using the@ltrasound measuremesgtup that is
shown inFigure 3.1. Ultrasound measurements of foams were performed with tvikdizl0
(Panametric Inc.) transducersA thin layer of foam was immediately placed on the surface of
the bottom transducer. The top transducer was placed on the top of the foam and gently squeezed
so that the holder of the top transducer would just be touthen8 micrometers. The thickness
of the gap was manipulated by adjusting the microméelées gap between the plates was sealed
with tape. Sealing prevented moisture evaporation from the foam and kept the experiment in
constant conditiongExperimentsvere done in duplicates.

The top transducer wakiven by the pulsePUNDIT 5058 PR (Manufacturer Olympus)
anda pulse was propagated into the foam fitti transmitting ultrasonic transduc&he foam
samples were placed between two transducers, whiah sugported by transducer holders that
controlled the parallelism of the transducer faces and allowed a particular sample thickness to be
specified (Figure 3.1 b)The signalwasdetected by the lower transducer and amplified by the
receiver (Panametrics Manufacturer Olympus NDT, Waltham, Massachusetts, JJ$Aom
there, the signal wadisplayed right away on théigital oscilloscope {ektronix TDS 5052,
National Instruments, Austin, Texas, USAhe data were transferred onto the computer
usingthe TDSWAVE program (comes along with the Tektronix TDS oscilloscope) written in C
language. Monitoring of foam sample aging with time was enabled by using a prégnain,
written in Matlab by Yuanzhong Fan. More details about this program are given in tige thes
(Fan, 2007). Before every experiment with foams, a reference signal was recorded. An example

of a recorded waveform for a foam sample is given in Figure 3.2.
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Figure3.2. Transmittedvaveformthrougha foam sample at a central frequency of 40 kHz.

3.4 Foam resistivity measurements

3.4.1 Foam resistivity measurement technique
Electrical resistivity measurements were performed only with egg white foams. Based on

the apparatus of Barigoet al, (2001) for this purpose, a 7 cm diameter and 15 cm height
cylinder was madefor electrical conductometry measurements. Kurt Hildebraegigded and
Richard Hamel (Physics and Astronomy Department, University of Manitoba) builded the
electrical measurement circuit for the resistivity measuremenipséthe cylinder was made by
firmly stacking together 15 steel and pélyoxymethylene(Delrin) plastic rings. Plastic and

steel rings were alternated along the height of the cylinder, thereby separating the steel rings
physically and electrically. The structure was tightened up from the bottom to the top by using 4
steel rods. To avoid leakagbe rings were sealed with silicone gel. In Figure 3.4 a sketch of the

cylinder with the physical dimensiorsshown.
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The steel rings worked as outer electrodes and the plastic rings acted as electrical
insulators. The central rod acted as an inner relectl e , and was positionec
geometrical centre. The rod thickness was chosen after conducting preliminary experiments
using KCI and NaCl electrolyte solutions with different thickness rods. As the shape of the
electrode determines the oriation of electric field lines, the rod thickness has tedresidered
too. For an inner rod that is very thin (1 mm), electric field lines around it are too dense and the
measured resistance of the salt solutions was higher than theorafteal.an analgis of
measured results and theoretical calculations the decision was made to use a 6.4 mm thickness
rod.

A steel spatula and spoon was used to load whipped egg white foam samples inside the
cylinder in less than 5 min. The top of the cylinder was covendd plastic film to avoid
moisture evaporation from the foam. Afterwards, 15 electrical wires were connected to the tabs
attached to the outer rings. The inner rod and outer rings were connected to the current meter
converter, which was hooked up to dadibgger (Figure 3.3). In our measurements a multiplexer
principle was used. During a given scan, the multiplexer takes one of the 15 data output lines and
switching between the lines occurs within a millisecond. Therefore it is possible to have accurate
simultaneous monitoring of all the rings even in fast draining foams. Each data point that was
recorded consisted of a number of scans and therefore assured accurate measurements by
averaging over a number of scans. For the selected AC frequency, atscah 20 kHz was
chosen. The electrical signal from the data logger was acquired by using the LabVIEW program

(National Instruments, Austin, Texas, USA).
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Figure 3.3. Electrical resistivity technique for measuring foam aging.
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Figure 3.4. Design of the cell for electrical resistivity measuremBntgnsions given in
millimeters.
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