
ULTRASONIC STUDIES OF 

FOODS CONTAINING AIR

Peter Fairley

Submitted in accordance with the requirements 
for the degree o f Doctor o f Philosophy

The University of Leeds 

Procter Department of Food Science 

July 1992

The candidate confirms that the work submitted is 

his own and that appropriate credit has been given 

where reference has been made to the work of others



ACKNOWLEDGEMENTS

Thanks are due to my academic supervisor, Dr Malcolm Povey for his advice and 

encouragem ent throughout this project. Thanks are also due to my industrial 

supervisor, Dr Rodney Bee of Unilever Research Ltd, Colworth, for his advice and 

for making my visits to Colworth pleasant ones.

Special thanks are due to Dr Julian McClements, for his invaluable advice, en­

couragement and support.

I am grateful to Dr Olga Flint for her advice and assistance with the light micros­

copy used in this project. I would also like to thank all the technical staff at the 

Department of Food Science and at Colworth, and in particular Mr Philip Nelson 

of the Workshop at the Department of Food Science.

This project was financed through the CASE (Co-operative Awards in Science and 

Engineering) scheme. Thanks are therefore due to the Agricultural and Food 

Research Council and especially to Unilever pic, for their generous financial 

support.



SUMMARY

Aerated foods are an important sector of the processed food market, but they are 

poorly characterised by the available techniques. Ultrasound has a complex inter­

action with bubbly liquids, which has the potential to be used as a means of non- 

destructively characterising bubbly food liquids. The ultrasonic velocity, attenua­

tion coefficient and reflection coefficient can be related to the volume fraction of 

gas and bubble size distribution using theories which are known to work at low 

volume fraction. Ultrasonic equipment has been described which can measure the 

ultrasonic velocity and attenuation coefficient very accurately, and which can make 

reflection measurements on systems which defy transmission measurements. A 

dilute model bubbly system, a concentrated model bubbly system, yogurt, cream, 

bread dough and beer foam have been characterised ultrasonically, and by densi­

tometry, light microscopy, electron microscopy and light scattering. 

The model system has been shown to be stabilised by an unusual and novel struc­

tured surfactant layer at the interface.

Conventional measurements on the dilute model system did not agree with ultra­

sonic transmission measurements. The ultrasonic technique was able to measure 

volume fractions as low as 10'7, but it could not measure the bubble size. Reflection 

measurements on the concentrated bubbly liquid demonstrated that the theory 

fails at high volume fractions of air. The ultrasonic technique has been shown to be 

able to measure the bubble size in whipped yogurt. The presence of an agglomer­

ated fat globule network has been shown to have a dramatic effect on the ultrason­

ic properties of whipped cream. The ultrasonic technique was able to discriminate 

between conventional whipped cream and spray cream, and the technique has 

been shown to be sensitive to the time-dependent properties of spray cream. The 

small volume fraction of air present in unfermented dough was detected by the 

ultrasonic reflection technique. Fermented dough could not be characterised ultra­

sonically. Marked inter sample variability was demonstrated in measurements on 

beer. The ultrasonic technique was of limited use for characterising beer foam.

Realisation of the full potential of ultrasound for characterising real aerated foods 

will not be possible without an improved theory for concentrated systems.



PREFACE

Huge quantities of foods containing air are prepared and consumed everyday. 

Many of these aerated foods are surprisingly difficult to characterise by conven­

tional methods. Ultrasound has considerable potential as a non-destructive tech­

nique for the characterisation of foods. The objective of the work reported here 

was to evaluate the potential of ultrasound for the characterisation of aerated 

foods.

Aerated foods vary widely in character, from carbonated drinks to bread to fruit 

and vegetables. In Chapter One the different types of aerated foods are discussed. 

Everyday experience tells us that bubbly liquids are not stable with respect to time. 

The mechanisms underlying this instability are examined in detail. The important 

physical characteristics of bubbly foods are the volume fraction of dispersed gas 

and the bubble size distribution. The chapter concludes with a description of the 

techniques which can be used to determine these parameters.

Ultrasound has a complex interaction with bubbles in liquids, leading to a rich 

variety of behaviour, which is considered on a theoretical basis in Chapter Two. 

The description starts with the simplest case, a single bubble resonating freely in a 

liquid, and proceeds to a consideration of the velocity and attenuation coefficient 

of ultrasound in a bubbly liquid. Finally the unusual behaviour associated with 

bubbles subjected to high-power ultrasound is described.

In the course of this investigation a range of bubbly foods were examined using a 

variety of techniques. A description of these foods, and the m ethods used to 

prepare them, make up the first half of Chapter Three. The second half is given 

over to a detailed description of the ultrasonic and light-scattering equipm ent 

which was used.

Chapter Four compares the ultrasonic measurements made on model and real 

foods with the predictions from theory. The results are presented as graphs wher­

ever possible, and the discussion aims to evaluate the sources of the marked dis­

crepancies which are found between theory and experiment.



Conclusions about the usefulness of ultrasonic and conventional techniques are 

drawn in Chapter Five, and suggestions for further work conclude the body of the 

thesis.

Finally, a series of appendices are included in order to provide some reference 

material. Appendix I describes the approach which has been adopted in order to 

account for the effects of diffraction. Appendix II describes in detail how the raw 

ultrasonic data were converted into values of velocity and attenuation. Appendix 

III lists the presentations and publications which have resulted from the work 

described in this thesis. Appendix IV is a glossary of terms, which are not defined 

in the text because they are in common usage in ultrasonics and colloid science.
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CHAPTER ONE
Bubbly foods and bubbly liquids

1.1 Introduction

In this introductory chapter, the different sorts of foods which contain air are 

discussed. After a brief examination of ultrasonics, the stability of bubbly liquids is 

addressed. Finally, the characterisation and manufacture of bubbly liquids are 

reviewed.

1.2 Foods containing air

Foods containing gas as a dispersed phase are familiar to everyone, and are 

commonly referred to as aerated products. In nearly all cases the dispersed gas is 

air, but there are a few notable exceptions. Carbon dioxide provides the dispersed 

gas in carbonated drinks and fermented beverages. Carbon dioxide also leavens 

products such as bread and buns, but it diffuses out during baking, to be replaced 

by air. Nitrous oxide is used in ‘spray’ dairy products such as whipped cream and 

chocolate mousse. Nitrogen is used in some canned beers in order to provide a 

good ‘head’ when the beer is poured. Nitrogen forms smaller bubbles than carbon 

dioxide, giving a creamier, longer lasting head.

Aside from plant tissues, which frequently contain gas in the spaces between cells, 

the dispersed gas in foods is introduced deliberately. The gas may be produced in 

situ or by whipping (both of which will be discussed in more detail later on). 

Examples of in situ production are:

- the leavening of bread and cakes, through the action of yeast or baking powder,

- the fermentation of beers and wines,

- the microbial action in the production of some types of cheese.

Much more commonly, the gas is introduced by beating or whipping. This gives 

rise to a variety of products, which can be classified according to the way in which 

the product is stabilised:

- whipped cream, whipped toppings and desserts (structured liquid phase),

- mousse, marshmallow (gelled liquid phase)

- meringue, nougat (liquid phase converted to semi-solid),

- ice cream, sorbet, aerated chocolate and a variety of items of confectionery such



as ‘Maltesers’ and ‘Crunchie’ (liquid phase converted to solid).

In commercial production, aeration is an extremely cost efficient method of adding 

value. Gas dispersions in food are poorly characterised as a rule, because the exist­

ing techniques for characterising bubbly systems are inadequate. Ultrasound is a 

versatile technique for the non-destructive evaluation of a wide variety of materi­

als. The objective of this thesis is to evaluate the potential of ultrasound as a 

means of characterising foods containing air.

1.3 What is ultrasound?
Sound which has a frequency above the upper limit audible to humans is described 

as ultrasound. The highest frequency which most people can hear is typically 16 to 

20 kHz. The study and application of ultrasound, known broadly as ultrasonics, has 

developed rapidly from the first efforts to establish the upper frequency limit for 

humans, to today’s diverse and sophisticated discipline (Graf, 1981). In fact, the 

hum an ear is sensitive to only a very small part of the acoustic spectrum . It is 

possible to generate and detect ultrasound at frequencies in excess of 10 Hz, and 

to routinely make ultrasonic measurements with accuracies of ten parts per mil­

lion. The basic principles of the generation, detection and theory of propagation of 

ultrasound are widely accessible (see for example the textbooks by Wood (1964), 

Blitz (1963), Morse & Ingard (1968), Blitz (1971) and Cracknell (1980)). In the 

discussions which follow, the reader will be assumed to be familiar with the basic 

principles of ultrasound. In the meantime, a brief discussion of the applications of 

ultrasound will demonstrate why it is thought that ultrasound might be useful in 

the study of aerated foods. Since much of the terminology used in this thesis is 

specific to ultrasonics and to colloid science, a glossary of terms can be found at 

the back of the thesis.

1.4  High and low power ultrasound

Ultrasound has proved useful in a wide variety of applications, which can be broad­

ly divided into two areas: high power (1 W cm'2 upwards) and low power ( < 100 

mW cm'2). In high power applications, the aim is to use ultrasound in order to 

cause a perm anent physical or chemical change in the system through which the 

ultrasound propagates. In low power applications, the aim is to use ultrasound to

- 2 -



provide some information about the system through which the ultrasound propa­

gates. Some general applications of ultrasound are listed below (Table 1.1)

In the food industry, high power applications, such as homogenisation and clean­

ing, are well established (Bj0rn<£, 1991). More recently, the potential of low power 

ultrasound for characterising foods has come to be recognised (McCann, 1986, 

Javanaud, 1988, Povey & McClements, 1988, McClements and Povey, 1989, Povey, 

1989, Bj0rn0, 1991). Some applications of ultrasound to the manufacture and 

study of foods are listed briefly below (Table 1.2). Ultrasound has been particularly 

successfully applied to the characterisation of emulsions and particulate suspen 

sions. The interaction between low power ultrasound and most colloidal systems is 

well understood (see for example Kol tsova & Mikhailov, 1976, Harker & Temple,

1988, Harker & Ogilvy, 1991, Schwarz & Margulies, 1991) and the literature is 

extensive. A useful overview can be found in the review article by McClements 

(1991).

The interaction between ultrasound and bubbles is well understood at low volume 

fractions of dispersed air. Bubbly systems have not, however, received as much 

attention as emulsions, not least because of the practical difficulties associated 

with bubbles, such as high a ttenuation  and poor repeatab ility . Indeed, the 

presence of dispersed air is usually seen as a problem in ultrasonic measurements, 

because small amounts of air can be sufficient to completely attenuate the ultra-

Table 1.1 Some applications o f ultrasound 

Category Applications

- 3 -

High power ultrasound

Cleaning
Sonochemistry
Medicine

Low power ultrasound

Non-destructive testing
Medicine
Ranging

Presence/absence indication

ultrasonic baths, cleaning-in-place 
increased reaction rates 
lithotrypsy, physiotherapy

flaw detection
foetal imaging, echocardiography 
camera focussing, liquid level sensing, sonar, 
ultrasonic measuring tapes 
car alarms, hand driers



sonic signal. Nevertheless, ultrasonic measurements can, in principle, be related to 

physical parameters such as the volume fraction of air and the bubble size distribu­

tion. Ultrasound is attractive as a potential technique for characterising bubbly 

systems because it can cope with systems which are opaque and non-conducting. 

The technique is non-invasive, non-destructive and robust. It is relatively low-cost, 

it can be made fully hygienic, and it can be automated for use in-line in food proc­

essing plant. It thus has considerable potential as a technique for characterising 

bubbly systems.

1.5 Bubbly solids

Some foods which contain air are solids or are solid-like. The propagation of ultra­

sound in solids is more complex than propagation of ultrasound in liquids. Solids 

can support shear waves, and a variety of structural relaxations can contribute to 

the attenuation of ultrasound. A wide variety of theories are available which 

attem pt to describe ultrasonic propagation in inhomogeneous solids (Biot, 1962, 

Anderson & Hampton, 1980, Berryman, 1980(a,b), Brill et al, 1980, Lefebvre et al, 

1980, Sayers, 1981, Sayers & Smith, 1982, Gaunaurd & Uberall, 1982, Teunissen, 

1982, G aunaurd & Uberall, 1983(a,b), Gaunaurd & Barlow, 1984, B rauner & 

Beltzer, 1985, Adler et al, 1986, Gaunaurd & Wertman, 1988, Nair et al, 1989) and 

in fruits and vegetables which contain air (Miller, 1979). The propagation of ul­

trasound in liquids is simpler, and in food systems there is a greater likelihood of

Table 1.2 Some applications o f ultrasound in the food industry

High power ultrasound (B j0rn0,1991, Hafsteinsson et al, 1992)

Enhanced cleaning-in-place
Formation o f suspensions, emulsions and aerosols
Improved rates o f filtration, drying, extraction and heat transfer in food processing 
Degassing and defoaming o f solutions 
Enhanced sterilisation

Low power ultrasound (Javanaud, 1988, Povey & McClements, 1988, Povey, 1989)

Back fa t thickness measurement in live animals and carcasses
Solid fa t content determination
Characterisation o f emulsions and suspensions
Concentration measurements
Level detection and flow rate measurement

-4 -
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agreement between measurement and theory. This work has therefore concen­

trated  on bubbly liquids. The vast majority of bubbly foods are liquid at some 

point in their manufacture, which would make them more amenable to ultrasonic 

characterisation.

1.6 Nomenclature

A dispersion of gas bubbles in a liquid may be termed a bubbly liquid or a foam. In 

this work, a system where all the bubbles are spherical is described as a bubbly 

liquid, even if the volume fraction of air is quite high. The term foam  is reserved 

for a system which contains polyhedral air cells which are separated by lamellae 

which have colloidal dimensions. In some of the older literature, bubbles which are 

too small to be seen with the naked eye (which therefore have radii of 15 yu,m or 

less) are described as microbubbles. No distinction is drawn here between visible 

bubbles and their smaller colleagues. A bubble is described as dirty if there is any 

adsorbed material present at the gas/liquid interface, such as surfactant molecules, 

particulate matter or a fatty film.

1.7 The stability of bubbly liquids and foams

A pure liquid cannot support a stable dispersion of gas. As soon as the supply of 

gas is discontinued the bubbles rise to the surface and burst, and any foam which 

has formed rapidly collapses. Gas dispersions are destabilised by three very effec­

tive mechanisms: creaming, coalescence and disproportionation. Creaming is the 

tendency of the bubbles to rise to the surface of the bubbly liquid. Coalescence is 

the process whereby two bubbles or gas cells merge into one. Disproportionation is 

the process whereby small bubbles dissolve under the influence of the excess 

pressure within the bubbles. In polydisperse bubbly systems, the dissolved gas 

diffuses through the liquid into larger bubbles, causing them to grow at the ex­

pense of the small bubbles.

1.7.1 Creaming

A gas bubble is much less dense than the liquid which surrounds it, so it experi­

ences a buoyant force which makes it rise or, in the terminology of emulsions, 

cream. As the bubble rises, its motion is retarded by a frictional force due to the 

viscosity of the liquid. A bubble which starts from rest quickly reaches a terminal



rise velocity, v, when the buoyant force is balanced by the frictional force. An ex­

pression for v is easily found by selecting an appropriate expression for the fric­

tional force. A common assumption is that the bubble can be treated as a rigid 

sphere, and that there is laminar flow of the liquid over the bubble as it rises. This 

assumption leads to the familiar Stokes’equation

2 ^ 02 . . [1-1] 
v = ------  IP.-P.I

97?,

where g is the acceleration due to gravity, rQ is the radius of the bubble, -q is viscosi­

ty, p is density, and the subscripts g and / refer to the gas and the liquid respective­

ly. Small bubbles (ro < 500 /um) do not deform easily, because of the effect of 

surface tension. Foreign material effectively ‘freezes’ the surface of dirty bubbles, 

promoting a non-slip boundary condition for the flow around the bubble. Larger 

bubbles, however, can deform as they rise, and there may be internal circulation of 

the gas due to the drag at the bubble surface. An alternative formula for the rise 

velocity is due to Rybczynski (Epstein & Plesset, 1950)

2S ro . . 3 , , + 3i,g [1.2]
v = ------  IP, - P J x -------------

9*7, 2 Y)] + 3r?g

Measurements of the rise velocity of bubbles with radii in the range 10 /xm to 500 

yum in reagent grade water and sea water have shown that the true rise velocity lies 

somewhere between the values predicted by these two equations. Stokes’ equation 

generally gives the best estimate (Detsch, 1991).

Three factors which affect the accuracy of Stokes’ equation are distortions in the 

bubble shape, the effects of pressure and the effects of disproportionation. As the 

bubble rises, the drag changes the shape from a sphere to an inverted teardrop, 

and when the bubble is very large (ro > 3-4 mm) it can stretch and undergo chaotic 

oscillations. Thus Stokes’ equation is of limited use for larger bubbles. As the 

bubble rises, the hydrostatic pressure becomes lower and the bubble expands, 

which causes the rise velocity to increase. This is a small effect in waters which are 

no deeper than a few metres, as the hydrostatic pressure is governed chiefly by the 

atmospheric pressure. This tendency for the bubble to expand is countered by the

-15-



diffusion of gas out of the bubble. The rate of diffusion is increased by the flow of 

liquid over the bubble as it rises. The effect of disproportionation on the bubble 

radius and hence the rise velocity can be quite marked, and will be discussed more 

fully in Section 1.7.3.

Despite its imperfections, Stokes’ equation is very widely used to relate the rise

velocity of a bubble to its radius. For air bubbles in pure water, v is around 2 X106
tx ro2 m s 1, so any bubble of millimetre dimensions which is free to move will rapid­

ly rise the top of the liquid. In order to be stable to creaming, the bubble must be 

so small that its rise velocity is negligible compared to Brownian motion. This 

requires a rise velocity of about 1 mm per day (Dickinson, 1992), which implies a 

bubble radius of around 80 nm. In practice it is not possible to make such small 

bubbles, and so aerated pure water would be unstable even in the absence of other 

destabilising mechanisms. In order to stabilise a bubbly liquid with respect to 

creaming, it is necessary to increase the viscosity of the liquid. In food systems this 

can be achieved by adding a thickening agent which imparts a yield stress to the 

liquid. Alternatively, an increase in the volume fraction can result in the presence 

of so many bubbles that any individual bubble is prevented from rising by the 

presence of so many near neighbours.

1.7.2 Coalescence

Coalescence occurs when two bubbles approach each other very closely. This can 

happen when a bubbly system is violently agitated, or when the volume fraction is 

very high and a foam is formed (Fig 1.1). The films between the gas cells are of 

colloidal dimensions, and are often referred to as lamellae. The junctions between 

lamellae are referred to as Plateau borders. The liquid from the films tends to 

drain into the Plateau borders, and the lamellae become thinner and thinner. A 

critical thickness is eventually reached, when any small perturbation such as a 

draught or thermal disturbance can cause the film to rupture. Coalescence can be 

thus be thought of as a two stage process, consisting of film drainage followed by 

film rupture, where the drainage is the rate limiting step.

The liquid drains from the lamellae into the Plateau borders because of a pressure 

difference, AP ( = P - P ),  between the two volumes. P is an overall capillary

f : where ro is measured in metres.

- 7 -
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Figure 1.1 The structure o f a foam, showing the thin films separating the bubbles (lam ellae) 
and the junctions between the films (Plateau borders).

pressure which is principally due to a suction in the Plateau borders which is given 

by (7 / r where u is the surface tension and r is the radius of the Plateau border •> P’ p 
(see Fig. 1.1). P, is a disjoining pressure which represents the balance between the 

forces acting on the surfaces on each side of the lamellae. The gas cells are attract­

ed to one another through van der Waals forces. These make a negative contribu­

tion to P , bringing the surfaces closer together. The close approach of the two 

surfaces is resisted by charge repulsion if there is any charged m aterial at the 

surface, so electrostatic forces make a positive contribution to P6.

The rate at which the film thins can be predicted by treating the two surfaces of the 

film as rigid disks of radius R , which are separated by a liquid of viscosity rj, at a 

distance h. The disks move closer to one another at a rate vRe, driven by the pres­

sure difference A P. This model is due to Reynolds (1886), and gives the following

equation for v :
/i3 h^a [1-3]

V = -------------
3r? R1 r
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This implies that the drainage time is proportional to R 2, but experimental meas­

urements (Malhotra & Wasan, 1987) have shown that drainage time is propor­

tional to R 0B. There are many factors which affect the drainage time which are not 

accounted for by the Reynolds model, such as surface tension gradient, surface 

viscosity, gas viscosity, surface mobility, surfactant transfer onto the interface, 

surfactant adsorption-desorption kinetics, dispersion forces, interfacial curvature 

and dimple formation (Malhotra & Wasan, 1987). A more sophisticated hydrody­

namic analysis of the thinning rate, taking into account some of these factors, 

requires a knowledge of the effective Hamaker’s constant for the system and the 

geometry of the Plateau borders. The rate of thinning is found by a numerical 

solution of the equations of flow in the lam ellae and in the P la teau  borders 

(Malhotra & Wasan, 1987). There is good agreement between the predicted rate 

of thinning and the observed rate of foam drainage.

The presence of surfactant has a significant effect on the rate  of drainage, by 

lowering the surface tension and hence reducing P . A secondary stabilising effect 

is due to the G ibbs-M arangoni effect, which resists local film thinning. The 

presence of surfactant at the surface increases the surface viscosity and elasticity, 

which makes the film more resistant to rupture. The drainage of surfactant stabi­

lised foams is not fully understood (Kim & Lee, 1988). Surfactants which adsorb 

rapidly at the surface are most effective at retarding drainage (Gryzhina & Tra- 

peznikov, 1988), and higher volume fractions of incorporated gas can be achieved 

using a surfactant, because very thin lamellae can form (Sita Ram Sarma & Khilar, 

1988). The drainage rate is proportional to the third power of h, so the thinner the 

film, the more slowly it drains (in the absence of surface waves). Macromolecular 

surfactants, which are nearly always proteins or polypeptides in food systems, can 

exert a stabilising effect through so-called steric stabilisation (Tabor, 1991, Dickin­

son, 1992). Protein molecules, which are usually highly structured, have a tendency 

to unfold at the surface of the bubble. The affinity of the molecule for the surface 

varies along the length of the molecule, resulting in a configuration made up of 

‘loops’ and ‘trains’ (Figure 1.2). As the surfaces of the film approach one another 

the loops start to interact with each other. The configurational entropy of the loops 

is reduced as the loops come closer together, and the close approach of the inter­

faces is energetically resisted.



Figure 1.2 M acrom olecules adsorbed at the bubble surface. ‘Loop’ sections o f the m olecule  
protrude into the liquid, whilst ‘train’ sections are located at the interface.

In addition to this entropic effect, there may also be an osmotic entropic effect. 

The liquid, which in foods is usually aqueous, is nearly always a good solvent for 

the loops. As the loops become more closely packed, the local concentration of 

solvent is reduced. This gives rise to an osmotic pressure gradient, which opposes 

the close approach of the loop sections. In the rare case where the loops are 

poorly solvated by the liquid, close association will be entropically preferred, and 

the presence of adsorbed macromolecule will be a destabilising influence. In 

general, steric stabilisation makes a positive contribution to the disjoining pres­

sure, leading to a lower rate of drainage. The partial denaturation and cross-link- 

ing of protein at the surface also increase the structural strength, so that the film is 

more resistant to rupture.

Film drainage is particularly enhanced when the liquid also contains a dispersed 

liquid such as lipid. When a droplet of the dispersed liquid adsorbs at the surface, 

it spreads out, and as it spreads it pushes liquid from the lamellae into the Plateau 

borders. Lipids adsorb very strongly at the gas-liquid interface in foods, and dis­
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place nearly all surfactants as they spread out. Thus foams are strongly destabilised 

by lipids which are liquid at room temperature.

Sharm a and Ruckenstein (1987, 1989) have dem onstrated that surface waves 

propagate along the lamellae, which have their origin at the thinnest point of the 

film (usually the centre) and propagate outwards. They claim that a pumping 

action associated with the passage of the wave is responsible for film thinning in 

large films (R  > 100 fim) and in all films which are nearing the critical thickness for 

film rupture. Nevertheless, their theoretical calculations of foam drainage time 

show a R os dependence (cf Malhotra & Wasan, 1987), and are thus also in good 

agreement with experimental observations. The presence of particles in the lamel­

lae which span the film will retard film drainage (provided that they are wetted by 

the liquid), because such particles disperse the surface waves, and greatly reduce 

the pumping effect (Hudales & Stein, 1990). On the other hand, particles which 

are smaller than h have a destabilising effect, by reducing the local surfactant 

concentration at the surface, due to preferential adsorption of the surfactant onto 

the particle. Particles which are not wetted by the liquid can cause local thinning, 

and promote film rupture (Prins, 1988).

Film drainage can be retarded by increasing the viscosity of the liquid in the lamel­

lae. This is particularly useful in coarse foams, where the effects of gravity on 

drainage can be significant (Dickinson, 1992). Thickening agents such as sodium 

carboxymethylcellulose and guar gum have been shown to significantly reduce 

drainage rates in foams made with the surfactant sodium lauryl sulphate (Pradhan 

et al, 1990). It was noted that thickening agents which can form a film at the sur­

face are particularly effective in retarding film drainage.

1.7.3 Disproportionation

Disproportionation in gas dispersions is analogous to Ostwald ripening in emul­

sions, but it occurs over a much shorter timescale, and is a powerful destabilising 

force. The driving force for diffusion of gas out of the bubble is the pressure within 

the bubble, P, which is related to the ambient pressure in the liquid, P0, the surface 

tension, o, and the bubble radius, ro, by the well-known Laplace equation:



2a [1-4]
P = P0 + —  

r0

If the radius of the bubble is of the order of a micrometre, then the excess pressure 

within the bubble is of the order of atm ospheric pressure. The gas exchange 

between bubble and liquid depends on P, on the solubility of the gas, on the 

permeability of the bubble surface to gas exchange, and on the degree of satura­

tion of the liquid. In micrometre bubbles, the internal pressure is the dominant 

force, and the gas will rapidly dissolve out of a clean bubble. A stationary air 

bubble of radius 10 /xm in clean water will dissolve completely in 1.2 seconds 

(Epstein & Plesset, 1950). As the gas diffuses out of the bubble, the radius is 

reduced and the internal pressure increases. Thus shrinkage is a self-accelerating 

process. The pressure inside larger bubbles is little affected by the surface tension. 

The degree of saturation of the liquid surrounding the bubble will be increased by 

the gas which diffuses out of the small bubbles. The exchange then favours the 

larger bubbles, so that the gas diffuses into them, and by growing they reduce their 

internal pressure. Again, bubble growth is a self-accelerating process. So, in a 

bubbly liquid, bubbles below a certain size tend to dissolve, and the rest of the 

bubbles grow as they absorb the dissolved gas. The bubble size distribution contin­

uously moves upwards. Disproportionation also acts in foams, and can change the 

gas cell size distribution even if coalescence is not occurring (Rieser & Lemlich, 

1988).

Gas transfer into and out of the bubble has been studied experimentally, and 

modelled theoretically with some success (Cable & Frade, 1988). The radius of a 

bubble shrinking in water or seawater is a linear function of time until a critical 

radius is reached, whereupon the rate of shrinkage increases dramatically (Detsch, 

1990). The dissolution rate, dD/dt, of a bubble in an aqueous surfactant solution 

can be predicted by Levich’s ‘dirty bubble formula’

dD R  7(Ac)xa'V1/3D ,/3 [1.5]
—  -  -  3.02 — ------------------
dt M (1.5DP-2o)

where D is the diameter of the bubble, R g is the universal gas constant, T  is the 

temperature, Ac is the concentration difference between the saturated fluid at the

-12-
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bubble surface and the concentration in the bulk liquid, x is the diffusion constant 

for the dissolving gas relative to the liquid and M  is the molecular weight of the 

gas. This equation is applicable strictly to bubbles with rise velocities which are 

sufficiently low that the Reynolds number is less than or equal to one. For air 

bubbles in seawater, there is very good agreement between theory and experimen­

tal measurement of bubble radius for bubbles with radii up to 500 /u-m (Harris & 

Detsch, 1991).

Disproportionation can be resisted by saturating the liquid with gas, by adding a 

gas which has a very low solubility in the liquid, by reducing the surface tension and 

by changing the permeability of the surface to gas exchange. The presence of even 

a small amount of non-dissolving gas in the bubble can dramatically reduce the 

rate of bubble shrinkage, and can cause shrinkage to stop at an equilibrium radius 

(Yung et al, 1989, Weinberg et al, 1990). The addition of surfactant retards dispro­

portionation by reducing the surface tension and, at high concentrations, by reduc­

ing the permeability of the interface.

1. 7.4 The existence o f  stable bubbles
Experimental measurements of the cavitation strength of water have shown that it 

is much lower than the predicted theoretical value of ~  104 atmospheres. Indeed, if 

the practical cavitation strength of water were this high, it would be practically 

impossible to induce cavitation ultrasonically. In tap water and distilled water, the 

cavitation strength is of the order of 1 atmosphere (Sirotyuk, 1970). The reduced 

cavitation strength is attributed the presence of dispersed air at very low volume 

fraction, which acts as ‘weak spots’ or nuclei for the formation of cavitation bub­

bles^. Experiments on decompressed gelatin gels have shown that pre-existing gas 

nuclei account for at least 99.9% of the bubbles formed on decompression (Yount

& Strauss, 1976). The nucleating air is supported in crevices in any particulate 

matter which is present in the water, and it can also be found in the form of stable 

bubbles with radii of micrometre order. The presence of stable bubbles in natural 

waters has been well documented (see for example, Turner, 1961). There has been 

some speculation about the mechanisms which stabilise these bubbles. Proposals

f : N ucleation  sites are also responsible for the form ation o f vapour bubbles when water boils. 
Completely degassed water will not boil unless it is very strongly superheated.



have been made that there is a rigid impermeable skin of organic m atter at the 

interface (Fox & Herzfeld, 1954), or that bubbles may be stabilised by a skin of 

charged particles, since bubbles in natural waters are known to carry a net charge. 

Stabilisation by a skin of solid particles at the interface has also been suggested 

(Turner, 1961). Crum (1982) has discussed the merits of the various models in 

some detail. If water containing stable bubbles is subjected to high pressures prior 

to the m easurem ent of cavitation strength, it is found that cavitation strength 

increases linearly with the magnitude of the applied pressure, as the bubbles are 

forced into solution. This disproves the rigid skin hypothesis, because there would 

be a threshold pressure below which the bubbles would be resistant to crushing. 

Measurements on very pure solutions of sodium salts have shown that inorganic 

compounds have practically no effect on the stability of air bubbles with regard to 

dissolution (Brylyakov & Gorlovskii, 1988).

The best evidence is that free bubbles are stabilised by a thick skin of surfactant 

material (Yount, 1979, Crum, 1982). This skin increases the mass of the bubble 

and lowers the mobility of the bubble sufficiently for it to resist creaming. The 

presence of a large amount of surfactant at the interface makes the interface much 

less permeable to gas diffusion. Surfactant material is abundant in foods and in 

natural waters like sea water. In fact, traces of organic material with surfactant 

properties are found in even the most rigorously purified water (Sirotyuk, 1970), 

and even at a level of ~  2 x 10'8 moles per litre the cavitation strength is reduced 

to ~  7.5 atmospheres.

Air is introduced into natural waters by breaking waves, falling rain drops and by 

dust. The air bubbles formed are initially quite large, and they either cream out 

rapidly or start to shrink due to diffusion. In the meantime surfactant starts to 

adsorb at the interface. As the bubble continues to shrink, the surfactant layer 

becomes more concentrated as the bubble surface is reduced. A point is reached 

where the bubble has shrunk so much that the surfactant skin is sufficiently con­

densed to hinder any further escape of gas. It is reasonable to expect then that 

bubbles in foods will also be primarily stabilised by surfactants (as these are widely 

found in food liquids) rather than by ionic or particulate material (although these 

will make a contribution).

-14-
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1.8 Characterisation of bubbly liquids

The food scientist wants to know the volume fraction of air and the bubble size 

distribution in bubbly foods. Obtaining this information is not always straightfor­

ward. There are several techniques for characterising bubbly liquids. Most of the 

techniques are destructive or invasive. The following list, which is not claimed to be 

exhaustive, sets out the features of the main techniques.

1.8.1 Density measurements (gravimetry/densitometry)

The most obvious technique to determine the volume fraction of air is to measure 

the density of the aerated food. The density of an irregularly shaped solid may be 

difficult to determine accurately. The density of a liquid food is much easier to 

measure, but the highly cohesive and viscous nature of many of these liquids limits 

the accuracy of the measurements which can be made. Thus it is difficult to meas­

ure small volume fractions of air, when the density change due to the presence of 

the air is less than the uncertainty of the measurement.

1.8.2 Rise time

Using Stokes’ equation, or one of the many modifications which describe bubble 

movement in non-Newtonian liquids, it is possible to relate the bubble rise velocity 

to the radius. The observations of bubble rise velocity may be made by optical or 

electroresistive techniques (Choi and Lee, 1990). Large bubbles can deform dras­

tically at high rise velocities, and the rise rate of an individual bubble is influenced 

by the presence of bubbles in close proximity. The rise velocity technique is there­

fore of limited accuracy.

1.8.3 Photographic measurement

In clear liquids, bubbles may be characterised by high speed cinematographic or 

video measurements, which are frequently coupled with digital image analysis 

techniques (Walsh and Mulhearn, 1987, Yianatos et al, 1988, Saxena et al, 1990). 

This technique is restricted to bubbles with millimetre radius, and volume fractions 

of one percent or less.

1.8.4 Light m icroscopy

Photographic measurement and light microscopy are the most commonly used



techniques for characterising the bubble size distribution in bubbly liquids. Bubbles 

show up very clearly under the microscope, with a thick black outline. The resolu­

tion of the light microscope places a lower limit on the bubble sizes which can be 

measured of a few micrometres. Problems arise when there is a wide distribution 

of bubble sizes. The thickness of the section of bubbly liquid which is examined 

under the microscope is limited by the size of the largest bubbles. If many smaller 

bubbles are also present, then there is a good chance that large bubbles will ob­

scure the smaller ones. In extreme cases, the section may be so thick that it is too 

opaque to be examined fruitfully. This would require the use of many different 

magnifications in order to characterise all the different bubbles. In order to 

achieve statistically meaningful bubble size distributions by light microscopy, it is 

necessary to count a large number of bubbles from various samples of the bubbly 

liquid. Light microscopy is therefore more likely to be useful as a semi-quantitative 

technique rather than as a quantitative technique.

1.8.5 Electron microscopy
Solid foods are relatively easy to characterise using electron microscopy. Thin 

sections can be prepared, and the observed sectional size distribution can be relat­

ed to the true size distribution (Piefke, 1976, Kawakami et al, 1988). Liquid foods 

can be examined by freezing them in order to obtain a solid section. However, the 

freezing process must be very rapid, in order to avoid a change in the bubble size 

distribution. The sample preparation process for electron microscopy is lengthy, 

and care must be taken to avoid the generation of artifacts. Because the magnifica­

tion factor is very high, the area of the sample which is observed is very small. 

Careful sampling is therefore essential. Sampling considerations, and the tedious 

nature of the sample preparation, mean that electron microscopy is not generally 

used to measure bubble size distributions.

1.8.6 Laser ligh t scattering

Laser light scattering is capable of examining bubbles with radii of micrometre 

dimensions. The technique is limited to very low volume fractions. Observations of 

the scattering of laser light by an individual bubble can be used to measure the 

velocity and diameter of the bubble (Hansen, 1985, Yu & Varty, 1988). Very high 

speed laser holography (up to 69 300 holograms per second) can be used to ob-
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serve chaotic oscillations of cavitation bubbles (Lauterborn & Koch, 1987). Devices 

such as the Malvern Mastersizer (which is described in more detail in Chapter 

Three) are capable of characterising very dilute bubbly systems. The bubbles 

which are found in bubbly foods do not survive the dilution which is part of the 

measurement process, so the technique is not useful for real foods.

1.8.7 Capillary suction probe

In this method, a capillary tube is submerged in the liquid of interest (Randall et 

al, 1989, Barigou and Greaves, 1991). Suction is applied to one end of the tube, so 

that bubbles are drawn through it. A pair of optical detectors surround the capil­

lary, which measure the length of the bubble slug and its rate of passage through 

the tube. The technique provides an accurate means of determining bubble sizes 

down to a radius of 0.15 mm.

1.8.8 Electrical resistance

In electrically conducting liquids, bubble size can be determined by measuring the 

change in resistance of the liquid between two electrodes as a bubble passes 

through the gap between the wires. An instrument such as the CoulterCounter, 

which draws bubbles through an orifice of known diameter to pass through the 

electrodes, is capable of measuring bubble size distributions in systems with stable 

bubbles. As with the Mastersizer, the dilution which is necessary renders the tech­

nique unsuitable for use with real bubbly foods.

1.8.9 Empirical techniques

A variety of empirical techniques are used to characterise foams and concentrated 

bubbly liquids (see for example Phillips et al, 1987, Schott, 1988, Lachaise et al, 

1990). Most of these methods are based on the sparging of a known volume of 

liquid. The measured properties are usually the over-run (=  100 X (volume of 

foam - volume of original liquid) / (volume of original liquid)) and the foam drain­

age time. Empirical techniques will not be considered in detail in this work.

1.9 Methods of producing gas dispersions

There are three main methods for producing bubbly liquids and foams: production 

in situ, sparging and whipping.
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1.9.1 Bubble production in situ

In liquids which are supersaturated with gas, such as carbonated drinks and spray 

cream, bubbles are spontaneously produced at nucleation sites when the liquid is 

brought to atmospheric pressure. Gas bubbles may also be produced by chemical 

reaction, such as the decomposition of baking powder at high temperature, or by 

biochemical reaction, such as the production of carbon dioxide by yeast.

1.9.2 Sparging

Gas may be blown directly into the liquid through a sparger, which is any device 

containing one or more small orifices, such as a hypodermic needle or sintered 

glass filter. Although sparging is well understood (Geary and Rice, 1991) it is not 

widely used in food production. Sparging is useful as a laboratory technique be­

cause it is the most reproducible method (Dickinson, 1992), although all methods 

of foam production have poor reproducibility. A repeatability of 20% between 

runs is considered a good figure (Calvert & Nezhati, 1987).

1.9.3 Whipping

This is the principal method used to produce bubbly liquids in the food industry. 

The whipping process is governed by the beating rod and surfactant concentration 

in much the same way as emulsification is controlled by the homogeniser type and 

surfactant concentration. As whipping proceeds, large unstable bubbles are pro­

duced, which break up in the shear field produced by the beating rod. The maxi­

mum incorporated air volume is fairly quickly achieved, when the whipping rod 

becomes submerged and cannot add any more air. Further beating merely serves 

to subdivide the bubbles (Bee et al, 1987), although very vigorous agitation can 

cause coalescence as bubbles collide with one another more often and with more 

force. The degree to which the bubbles can be reduced in size depends on the 

shear field that the beating rod can create, and on the surfactant concentration. 

After lengthy beating, the minimum bubble size is reached, when nearly all the 

surfactant has moved to the gas-liquid interface.

1.10 Summary
There are a wide variety of foods which contain dispersed gas, almost all of which 

are created by processing. The majority of bubbly foods are liquid at some point in
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their existence, and it is on bubbly liquids that this thesis will concentrate. U ltra­

sound is capable of characterising liquid-in-liquid dispersions. The objective of this 

work is to assess if it useful for characterising gas-in-liquid dispersions. Bubbly 

liquids are destabilised by creaming, coalescence and disproportionation. The 

stability of bubbly liquids can be enhanced by increasing the viscosity of the liquid 

phase, and by adding surfactants which are charged and/or macromolecular. 

Bubbly liquids can be characterised by a variety of methods, of which gravimetry 

and light microscopy are the most suitable for foods. Bubbly liquids can be pro­

duced in situ, by sparging or, usually, by whipping.
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CHAPTER TWO
The ultrasonic behaviour of bubbles

2.1 The behaviour of an individual bubble

2.1.1 Introduction
In this section, the physical processes are considered which occur when an indi­

vidual bubble resonates and when a bubble is insonified. The means by which 

bubbles redirect incident ultrasonic energy, and convert it into heat, are consid­

ered. The ultrasonic scattering behaviour of the bubble is elucidated.

2 .1 .2  The bubble as a mass on a spring

Consider a mass m suspended on a massless, perfectly elastic spring, which is free 

to move only in the vertical direction. If the mass is displaced by a small distance x 

from its equilibrium position and then released it will exhibit a simple harmonic 

oscillation around the equilibrium position. If the oscillations are undamped then 

the equation of motion of the mass is

dhc [^.l] 
m ------1- kx=  0

d t2

where k is the stiffness of the spring. If x varies with time, t, according to x = a 

sin(2TTt/T), where a is the maximum displacement of the mass and T  is the period 

of the oscillation, it is simple to solve E q u a te  2.1 to give

-----  [2.2]
1 k

/res ”  2tt m

Now consider a single bubble performing spherically symmetric radial oscillations 

(sometimes called ‘breathing mode’ oscillations) in an infinite sea of liquid. The 

following approximations are made: there is no heat or mass transfer between 

bubble and liquid during the oscillations, the liquid is incompressible and inviscid 

and the pressure is uniform throughout the entire system. The bubble has only one 

degree of freedom  (because of the spherical symmetry) and the equation of 

motion of the bubble is the same as that of the mass on a spring. The mass is



provided by the water which is displaced during the oscillations of the bubble, and 

the stiffness is provided by the gas in the bubble. In the equation of motion for the 

bubble, x is replaced by v, where v = V - V  , F is the volume of the bubble at some 

time t, and V0 is the equilibrium volume of the bubble. The form of the expression 

for the resonant frequency of the bubble will thus clearly be that of Equation 2.2, 

where m and k represent generalised mass and stiffness constants for the bubble- 
liquid system.

2 .1 .3  The resonant frequency

In a widely quoted paper Minnaert derived an approximate expression for the 

resonant frequency of a bubble (Minnaert, 1933). The derivation relies on the 

mass-spring analogy for a vibrating bubble, and is reproduced below. Let the 

bubble exhibit undamped simple harmonic oscillation at its natural frequency, such 

that the radius, r, oscillates around the equilibrium value, rQ according to:
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2irt
r = r0 + a sm

[2.3]

where a is the maximum change in the radius (assumed small compared to r) and T  

is the period of the oscillation. If the oscillations are undamped, the total energy of 

the system, E, is given by E = E + E  ., where the subscripts ‘pot’ and kin standpot kin
for potential and kinetic respectively. When the bubble has its minimum volume 

E = E pot I r=r0-a, and when the bubble is at equilibrium volume E = E k.a | r=r0. The 

period of the oscillation, and hence the natural frequency, are found by equating 

these two energies.

To calculate the potential energy at minimum volume, let the radius decrease by a 

small amount, x. Assuming that the compression is adiabatic, the volume, V, and 

pressure inside the bubble, P, are related to their equilibrium values, VQ and PQ, by

p
■ V y 37 [2.4]

V

where y  is the ratio of the specific heats of the gas in the bubble. For air, the value 

of 7 at 20 °C is very close to the theoretical value for a diatomic gas of 1.4. Since x
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3 yPx 
P -P  = ------

is defined as small compared to r, Equation 2.4 can be approximated by

[2.5]

E  is then found from the following integral
pot

(P -P o)dV =
a3yPx

•Avrdx -  67TyP0r0a2
[2.6]

To calculate the kinetic energy of the system, only the liquid need be considered. 

The velocity of the bubble wall is easily obtained from Equation 2.3

[2.7]dr 'lira ' '2 irt '
— = ----- cos -----
dt T T

The velocity, v, of an infinitesimally small volume of fluid at some distance R  from 

the centre of the bubble is given by

r2 dr 

R 2dt

[2.8]

The maximum kinetic energy of all such volumes surrounding the bubble is now 

calculated. E  is maximal when r — r and the cosine term in Equation 2.7 is equal
kin 0

to one. The kinetic energy is given by

1

2

* dr P,
— dm = —
dt -0  2

rA 4 tt2a 2 87r V r ’fl2 
----------- 4 TrR2dR = ------
R 4 T 2 t i

[2.9]

where m  is the mass of each infinitesimal volume, and p, is the density of the liquid. 

Setting Equation 2.6 equal to Equation 2.9 gives

6iryP()r a  2 -  ^ P r \ r T

T 2 =

[2.10]

[2.11]

V o
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1 1 3 yP0

T 2ttr p,

It is seen that k I m for the system is given by 3yP0 / p ro\  and it is possible to show 

that k = y P j  Fo and ra = p j  47rro (Devin, 1959).

Anderson and Hampton (1980) have looked at several experimental measure­

ments of the resonant frequency of air bubbles in water, and compared these 

measurements with the frequencies predicted by the Minnaert equation. They 

concluded that Minnaert’s expression predicted the resonant frequency for bubble 

with radii larger than 10 jam to within 5%. Nishi (1975) states that "for most appli­

cations where the bubble radii are larger than 10 iivs\ the existing models [ie the 

Minnaert equation] are sufficient to predict the acoustic properties of the bubble.

2 .1 .4  An improvement on the Minnaert equation

The Minnaert equation fails for small bubbles because the assumptions made in its 

derivation are violated. In order to improve our description of the bubble, an 

improved equation of motion is needed. The Rayleigh-Plesset equation allows for 

surface tension and the viscosity of the liquid. It is a second order differential 

equation in r, which describes how the bubble behaves when it is placed in a sound 

field with acoustic pressure amplitude P  and arbitrary frequency w (= 277f):

where the dots denote differentiation with respect to time, a is the surface tension, 

rj is the viscosity of the liquid and P.neq is the equilibrium pressure acting on the 

inner side of the bubble surface at equilibrium radius (which thus far has been 

assumed equal to Po). Many modifications of the Rayleigh-Plesset equation have 

been proposed which attempt to account for factors such as the compressibility of 

the liquid, and non-Newtonian behaviour (see for example De, 1987, Prosperetti, 

1987, Shukla, 1987). The most used modifications have been reviewed by Prosper­

etti (1984). The precise form of the Rayleigh-Plesset equation used is not central 

to the present analysis of the behaviour of the bubble, so the existence of such

[2.13]

3 P 2 a Ar)

r r
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modifications is merely noted.

The Rayleigh-Plesset equation can be solved by linearising it. Taking r = ro (1 + x), 

where | x | is very small, results in the equation for a driven damped harmonic 

oscillator (Devin,1959, Prosperetti, 1977, Prosperetti, 1984).

d \  dv [2-14]
m ------1- b ------1- kv + P exp(jut) -  0

d t2 dt

or [2-15]
d*x dx PQ
------h 2/3----+ wzx + — -P exp(iW) = 0
d t2 dt pro2

where m is the effective mass of the system and P , the amplitude of the driving 

pressure, is assumed to be small, and to have a harmonic time dependence. The 

damping constants b and /3 will be discussed in more detail below.

Before the driven bubble is considered, it is instructive to summarise the improved 

analysis of the behaviour of a freely resonating bubble (Devin, 1959). The equation 

for the resonant frequency is improved, by refining the assumptions concerning 

heat transfer and the pressure within the bubble.

2 . 7.4.1 Heat transfer between bubble and liquid

The gas in the bubble is much more compressible than the surrounding fluid, so it 

becomes alternately warmer and cooler than the liquid as its radius changes. It has 

been assumed thus far that there is no heat transfer between the bubble and the 

liquid, so that the gas in the bubble follows the adiabatic equation of state, dP/Po 

= -ydV/Vo. It could equally have been assumed that heat flows out of the bubble 

when it is warmer than the liquid, and then into the bubble when it is cooler than 

the liquid, such that the heat loss and gain by the bubble during each cycle are 

exactly balanced. Under these conditions the bubble and liquid stay at the same 

temperature, and the pulsations are isothermal, with dP/Po = -dV/V^.

Now consider the situation in a real bubble. The values of the thermal conductivity 

and specific heat capacity of the gas in the bubble are lower than the corresponding



values for the liquid. Near the surface of the bubble, the gas can easily gain heat 

from, or give up heat to, the surrounding liquid. Towards the centre of the bubble, 

the gas is insulated from the surrounding liquid by the outer part of the bubble, 

which is a poor conductor of heat. Thus, in general, the gas at the surface of the 

bubble follows the isothermal equation of state, and the gas in the centre follows 

the adiabatic equation of state. Overall the gas in the bubble obeys a polytropic 

equation of state, dP/PQ = -KdV/Vo, where k  is the polytropic exponent, the value of 

which lies between 1 and 7 (Devin, 1959). The larger the bubble, the more adiabat- 

ically it behaves, and the smaller the bubble, the more isothermally it behaves.

At resonance, the polytropic exponent k is given approximately by (Devin, 1959)

k  = 7 / A  [2.16]
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3(7 -  1) r 3(7 - 1) 1 [2.17]
1 -1------------ 1 + ----------

2d) r^1 0 20 /o j .
A =

<  ̂= (0 0 / 2D)*  [2.18]

D - K J p f ' ,  P-19]

where Kt is the thermal conductivity of the liquid and cp| is the specific heat capaci­

ty at constant pressure of the liquid. The stiffness of the bubble, previously taken 

as 7Po / F , is thus modified to kPq/V o.

2 .1 .4 .2  Surface tension effects
So far, the pressure within the bubble has been assumed to be the same as that in 

the liquid. When the bubble is at rest, the Laplace equation (.Equation 1.4) states 

that pressure within it, P.neq, is increased by an amount 2a / rQ. The stiffness, k, of 

the bubble is therefore modified to

k =  KP. / V  [2.20]
in, eq 0

The surface tension acts as an extra restoring force, increasing the effective stiff­

ness of the bubble, and increasing the resonant frequency by a factor g, where g is 

given by
g =  1 + (2a  I P / J -  (2a- n * P /a ) [2 .21]

Thus the corrected expression for the resonant frequency becomes (Devin, 1959)
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L  = L
[2.22]

where/  is the resonant frequency predicted by the Minnaert equation.

2.1 .5  Damping mechanisms

If the gas in the bubble follows a polytropic equation of state, then the heat lost by 

the bubble during compression exceeds the heat gained during expansion. There is 

a net loss of energy from the bubble, and the amplitude of successive oscillations is 

reduced by thermal damping. In addition to thermal damping, the motions of the 

bubble are damped by viscous damping and acoustic damping, which will be de­

scribed in more detail below. The relative importance of these various damping 

mechanisms depends on the size of the bubble. The overall damping constant b (or 

(3) can be thought of as a sum of the damping constants from each damping proc-

C S S  rrx  ^ ^ 1
b = b  + b + b [2.23]

t  v a

where the subscripts t,b and v stand for thermal, viscous and acoustic respectively. 

Thus the viscosity term in Equation 2.13 can be thought of an effective viscosity 

which includes contributions from thermal and acoustic effects.

2.1 .5 .1  Thermal damping (Devin, 1959)

Therm al damping at resonance can be described by a dimensionless therm al 

damping constant, S(, where

[2.24]
—  = 2 -  
k F

16 Fg * 37 -  1 [2.25]
F =

9 ( 7 “ 1 )2L
------- 3

3(7 -  1)

16 Fg [2.26]
F  = ------- 4

[2.27]

2 .1 .5 .2  V is c o u s  damping (Devin, 1959)

Whilst retaining the assumption that the liquid is incompressible, it is possible to 

calculate the damping of the bubble motion due to viscous stresses in the liquid.



Figure 2.1 An exaggerated illustration o f the viscous damping mechanism for an undriven oscil­
lating bubble. An elem ent of the thin spherical shell o f liquid at the bubble surface is 
thicker and squatter when compressed (left) and thinner and flatter when expanded 
(right).

Consider a small element of a thin spherical shell of the liquid at the bubble sur­

face. This element has a certain shape when the bubble radius is at its equilibrium 

value. W hen the bubble expands, the elem ent becom es th inner and m ore 

stretched out, whereas when the bubble contracts the element becomes thicker 

and more squat (see Fig. 2.1). If the liquid is incompressible, then the change in 

shape is not caused by a change in the volume of the element, but by viscous 

stresses acting within it. More energy is required to compress the bubble than is 

regained in the subsequent expansion, so the effect of the viscosity of the liquid is 

to damp the oscillation of the bubble. The dimensionless damping constant at 

resonance, Sv, is related to the viscous damping coefficient, bv, by

S -  b / co m -  8777? /  / 3kP g [2.28]
V V res '  J res 0

where r/ is the coefficient of shear viscosity of the liquid, and m is the effective mass 

of the system (=  / 47rro).
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2 .1 .5 .3  A coustic damping (Devin, 1959)

So far, the liquid has been considered to be incompressible, because the ratio /3 /

B is of the order of 10 s, where B and j6 represent the compressibility of the liquid 
g g 

and of the gas respectively. However, the liquid does have a finite compressibility, 

and is thus able to support sound waves. The oscillating bubble therefore acts as a 

source of sound, and it gives up energy in doing so. If the bubble is considered as a 

simple sound source, where ro is much smaller than the wavelength of the radiated 

sound, then the acoustic damping constant at resonance is given by

8 = b I co m = co r / c  [2.29]
a a res res 0 1

where c is the speed of sound in the liquid.

2 . 1.5.4  Overall damping at resonance
The overall dimensionless damping constant at resonance, 8 (=  8t + Sv + Sa) is 

calculated as a function of the resonant frequency in Fig. 2.2. In large bubbles with 

low resonant frequency, thermal and acoustic damping are the dominant mecha­

nisms. For smaller bubbles, with higher resonant frequencies, which behave poly- 

tropically, thermal damping dominates. The smallest bubbles act isothermally, so 

thermal damping is much less important, and viscous damping effects dominate.

2 .1 .6  The behaviour of an insonified bubble

The foregoing discussion constitutes a reasonably accurate description of the 

phenomena occurring at the resonant frequency of the bubble. Clearly, a bubble 

does not spontaneously start to oscillate at its resonant frequency: an energy input 

is required. In M innaert’s experiments the bubbles were excited to resonance as 

they broke away from the nozzle at which they were formed. In ultrasonic experi­

ments, the bubbles are excited into radial oscillation by an incident sound wave of 

arbitrary frequency, which for convenience will be assumed to be perfectly plane 

and of infinite extent.

The description of the damping processes is modified somewhat in the presence of 

a driving sound wave. The thermal behaviour of the bubble depends on the insoni- 

fying frequency, and thermal damping is usually the dominant mechanism in driven
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Fieure 2.2 The dimensionless damping constant for air bubbles freely resonating in water. e 
bubble size is inversely proportional to the resonant frequency. The contributions 
from the individual damping mechanisms are also shown. From Devin, 1959.

bubbles. The nature of the viscous damping mechanism also changes, because the 

bubble moves hack and forth along the axis of propagation of the incident wave. 

The translational motion arises due to the difference in inertia between the bubble 

and the liquid, and it is resisted by drag due to the viscosity of the liquid. Thus this 

type of damping is often referred to as visco-inertial damping.

2.1 .7 The polytropic exponent
Prosperetti (1977, 1991) has made a perturbation analysis of the behaviour of a 

bubble which is more detailed than that of Devin, and it drops the assumption that 

the pressure is uniform within the bubble. His expression for the resonant fre­

quency of the bubble is

1
/  = —
res 2v

3 kP 2jo
+

w2(ur0 /c )2

P,r02 P,ro3 1 + K /c,)2

[2.30]

where w is the impressed angular frequency and the other terms are defined as



previously. The polytropic exponent, k, is given by

orp  r ;•g 0
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K —
3 p

in,eq

Re (#>)

where pg is the density of the gas in the bubble and <p is given by

= V p ( r i - r , )  + \ r , - \ r , P-32l

^  V , < \ r , - \ r !) - \ \ ( r r r .)
r  = m  + G1± [ ( m - G , ) ! + 4mG1/ 7 F  [2.33]

m 1 L N 1 1

X = ft coth (3 -1 [2.34]
m m m

/3m = (ViyG2 { m - ± [ ( m - G1 f  + 4mG1 / 7 f  } )% [2-35]

kp = k / k g [2-36]

/ p = l  + ( l  + m ) ( 1/2G3r  [2.37]

G = M D  0)/ y R T  [2-38]
1 g S '  g

G = w r 2 / Z) [2-39]
2 0 g

G3 = 00 r#2 / Z), [2-40]

m = 1, 2 [2-41]

where M is the molecular weight of the gas in the bubble, Z) is the thermal diffu- 

sivity of the gas ( = K  / Pgc pg )> Z) is the thermal diffusivity of the liquid, R^ is the 

universal gas constant and Pis the absolute temperature of the liquid. The quantity 

<p describes all the thermal effects associated with small amplitude bubble oscilla­

tions. Crum (1983) has verified that these expressions accurately predict the poly­

tropic exponent of the gas in an oscillating bubble. However, at frequencies 

a ro u n d /res / 2, there is some discrepancy between the theory and the measured 

value of the polytropic exponent.

Prosperetti (1977) explains the physical significance of the dimensionless parame­

ters Gj and G, by saying that G x is essentially the square of the ratio between the 

thickness of the layer in which conduction causes significant temperature changes 

and the wavelength of the sound in the gas. The param eter G2 is essentially the 

square of the ratio between the bubble radius and the thermal penetration depth. 

Fig. 2.3 shows the effective polytropic exponent k as a function of G, for various
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Figure 2.3 The effective polytropic constant, k , as a function of the dimensionless parameter G{
T he value o f  G used to calcu late each curve is indicated  by the lab el x, w here
G  =  10*. The line shows the value of k for an ideal diatomic gas.1

values of G v The value of k varies from 1.0 for small values of G2 up to 1.4 for 

higher values, representing a change in thermal behaviour from isotherm al to 

adiabatic, with an intermediate polytropic region. At very high values of G2 the 

value of k falls very dramatically. This represents the case where the wavelength of 

the sound in the liquid is small compared to the radius of the bubble. Under these 

conditions the pressure non-uniformity inside the bubble is very marked, and many 

of the assumptions made in deriving the expressions for k  are violated.

Fig 2.3 is consistent with the observation made previously that small bubbles act 

isothermally and large bubbles act adiabatically. If the frequency is fixed at a low 

value, then the value of G ] is fixed at a low value such as 109. With the frequency 

fixed, G2 scales as r 2. Inspection of Fig. 2.3 shows that at small values of G2 (ie at 

small values of r ) the behaviour is isothermal. As the value of rQ increases the poly­

tropic region is entered, and when ro reaches a threshold value the behaviour 

becomes adiabatic. Alternatively, if the bubble radius is considered as fixed, then 

as the frequency increases the value of G i increases and the range of frequencies
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over which adiabatic behaviour is possible is reduced. Thus the effect of an im­

pressed frequency is to shift the thermal behaviour of the bubble towards the 

isothermal.

2 .1 .8  Variation in damping with frequency

The dimensional damping constants, j8(, jSv and /3a are given by

The quantity tj can be thought of as an effective thermal contribution to the viscos­

ity, and is given by

The relative contributions of each type of damping to the overall damping is shown 

as a function of frequency, for a variety of bubble sizes, in Fig. 2.4. The system 

considered is air bubbles in pure water. In large bubbles, (Fig. 2.4(a)),  viscous 

damping is unim portant. At frequencies below resonance therm al damping is 

predominant, and at frequencies above resonance acoustic damping dominates. As 

the radius of the bubble is reduced (Fig. 2.4(b)) the magnitude of the total damp­

ing is increased. In small bubbles, viscous damping becomes more important, and 

thermal damping and acoustic damping are less important. In the smallest bubbles 

viscous damping dominates at all frequencies.

2 .1 .9  Partial wave analysis
An alternative way to consider the behaviour of a bubble in a sound field is to 

examine the scattering behaviour of the bubble. A bubble in a sound field will 

cause attenuation through elastic scattering and through the damping mechanisms 

which were outlined above. Damping mechanisms lead ultimately to the conver­

sion of ultrasonic energy into heat. Elastic scattering on the other hand leads to a 

redirection of ultrasonic energy which is incident on the bubble. In the long wave­

length limit the scattering is omnidirectional, so the bubble acts as a monopole 

sound source. The bubble redirects ultrasound because of the big difference

Pt = 2%fPS0 

^  = 2rl / p K

/3a = Vua ( ur0/ c , ) [ (1 + ( wro/c  )2 ] 1

[2.42]

[2.43]

[2.44]

V, = P[o2 Im o ) [2.45]
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Figure 2.4(a) The total dimensional damping constant versus angular frequency for air bubbles in 
water. The open circle marks the value at resonance.The contributions from individ­
ual damping m echanism s are shown. Top: radius =  1000 /j.m (fi has the constant 
value o f 2, and is thus off-scale). Bottom: radius =  100 /xm. From Prosperetti, 1977.
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Figure 2.4(b) The lotal dimensional aamping constant versus angular frequency for air bubbles in 
water. The open circle marks the value at resonance. The contributions from indi­
vidual dam ping m echanism s are shown. Top: radius =  10 /Ltm. Bottom : radius =  1 
[mm. From Prosperetti, 1977.
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between the characteristic acoustic impedances (=  pc) of the gas and the liquid. 

The amplitude of the scattered sound field is large compared to the amplitude of 

the incident sound field, so the scattering is described as strong. Elastic scattering 

constitutes the basic scattering behaviour of the bubble, and it is modulated by the 

effects of the various damping mechanisms.

The scattering behaviour of a bubble can be quantified by means of partial wave 

analysis (Epstein and Carhart, 1953, Chow, 1964, Ahuja, 1972, Allegra and Haw­

ley, 1972, Nishi, 1975). The incident sound wave is usually described by

ip. = exp{ikr cos6 - iut) [2.46]

where \p. is the potential of the incident wave and kr is the propagation coefficient 

in the liquid. The polar coordinates r, 6 and ip have their origin at the centre of the 

bubble, and the polar axis is taken to be in the direction of propagation of the 

incident wave. Equation 2.46 can be written as the summation of a series of partial 

waves (Jones, 1986)

w here/ are spherical Bessel functions and Pn are Legendre polynomials. In this 

equation, and in subsequent equations which describe wave potentials, a common 

time factor exp(-iW) has been omitted in order to improve clarity. When a sound 

wave is incident upon the bubble, there arise a scattered acoustic wave (due to 

elastic scattering and acoustic damping), a longitudinal therm al wave (due to 

thermal damping), and a transverse viscous wave (due to viscous damping). These 

waves originate at the interface between the gas and the liquid, and propagate out 

in both directions. They can be described respectively by the potentials i/̂ , and 

^v, which satisfy the following linear equations:

00 [2.47]

n =  0

(V2 + k >) ^  = 0 

(V2 + k t2) = 0 

(V2 + k;•■) t  = o

[2.48]

[2.49]

[2.50]
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where
CO i Afyco Deo '

k = — <
r c

1 + - + (7 1)
2 c 2 c 2

k t ~ (1 + 0  

K = (1 + 0

N  = 4 / 3 + fx / hi

V  =  7] /  p

CO

2D

0)

2t>

[2.51]

[2.52]

[2.53]

[2.54]

[2.55]

where /x is the compressional viscosity, and the quantity v is sometimes referred to 

as the kinematic viscosity. In this section, in order to improve clarity, a different 

method is adopted for differentiating between quantities which pertain to the gas 

and quantities which pertain to the liquid. The subscript (is dropped, and the 

subscript is replaced by a prime. Thus p: and pg become p and p' respectively. The 

series expansions for the waves in the liquid (i/ ,̂ \pi and and in the gas (i//, \f/'t 

and are given by

[2.56]

f  = )  in (2n + 1 ) A n hn (kr)  P  (cos 6)

n =  0

00 [2.57]

4  = > f ( 2n + l)  B„ha( k r ) p n (cos 9)

n =  0

00 [2.58]

zn (2n + 1) Cn hn (k j )  Pn‘ (cos 0)

n =  1

00 [2.59]

^'r = )  in (2n + l)^4'n/ n (k'r) P  (cos 0)

n =  0
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in (2n + l )B'njn (k'r) Pn (cos 0)

[2.60]

[2.61]

fn (2n + 1) C 'Jn (k'r) F 1 (cos 0)

n =  1

where /i are Hankel functions, P 1 are Legendre polynomials of the first kind and 

A  = $ , = ^ r = 0. The quantities A n to C'n represent a series of single 

scattering coefficients, which are found by considering the boundary conditions. 

The conditions are governed by the equality of the following quantities:

ur = u ' normal velocity component 

tangential velocity component 

temperature 

K  (dT / dr) = K '(8T  / dr) heat flux

normal stress

Uq =  Uq'

T = r

where

S =

7 7 r e  -  7 1 r d

II yy -- ’II yy "l"

2r - 2 ( -

tangential stress

sin 6 86
sin 9

dt

89

[2.62]

[2.63]

[2.64]

[2.65]

[2.66]

[2.67]

[2.68]

5 = 1  when n = 0, otherwise 8 = 0

The quantity £ is the deformation of the bubble, and is given by

00 [2.69]

£ = )  L nPn( cos 9)

n = 0

The evaluation of £ will be explained below. The explicit form of the quantities in 

the boundary conditions is given by

ur =
8¥  1 8

—  + --------------(A sin 9)
8r r sin 9 89

[2.70]
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i  a *
ue = ------

r 36

T = g ( ^  + t )  + Gt  

7rr6 = r l '

1 3
------- (Ar)
r dr

3 1 a * * 32A 2A '

36 r dr t2 dr2 r*

+
i a

r2 36

1 8
-----(A sin 6)

sin 6 86

+  2 tj

a2* i

+
dr2 sin 6 86 

P = -z'ojp, [ £>! ( ) + Q A  ]

where Mr = \p. + xpr + \pt 

^ ' = ^ r + ^ t 

u = -VM' + V Xyl 

and approximately

g = -z'w7a / co  c p

C  =

A / =  11

sin 6
a  i a/i

r2 r 5r

M2= 1- (3Nv / 2D)

e , = i

<22= l- J W /D

[2.71]

[2.72]

[2.73]

[2.74]

[2.75]

[2.76]

[2.77]

[2.78]

[2.79]

[2.80] 

[2.81] 

[2.82]

[2.83]

[2.84]

where a  is the coefficient of cubical expansion. Substitution of Equations 2.56-61
c

into Equations 2.70-74, with r set equal to ro, results in a set of six simultaneous 

equations in^4n through C \  The following abbreviations are introduced: a = fcr#, 

b = k r o, c = k rnand a' = k ' r #, b'  = fc' / 0 , c ' = fc'vr#. Note th a t the first and 

second derivatives of Bessel and Hankel functions with respect to time are denot­

ed by j ' , j " ,h '  and/i" respectively. Then for n > 1:



aj'n(a) + Aah'Ja) + Bbh'Jb) - Cn(n + 1 )l\(c) = [2.85]

A'a 'j 'Sa ')  + B'b'j'SP') - C 'n (n  + 1 ) ; > ')

/„(“ ) + ^ A (« )  + BJ'Jb> ■ Ci h<c> + ch'-<c]] = [2-861

A'JSf i ' ) + B'JSP') - C'„WC') +

g U f a )  + A h  f a )  ] + GBI. fb)  = g 'A ' j f a ' )  + G'B ' J fb ' )  [2.87]

K  { g [ aj'fa) + /!«* ;(« ) ] + GB } = [2.88]

K' { g 'A 'y j 'S fl ')  + G'B'b' j ' fb' )  }

v {[ < ( « )  1 + A ,[ • W 1 + ‘ W  1 ■ P-89'
ViCn [ c2h "(c) + ( n2 + n - 2 )/in(c) ] } =

V f *  l a ' j f a ' ) - j f a ' ) ]  + B ' J  b'j’f b ' ) - j f b ' )  ]- 

■/2C' [ C' f f c ' )  + ( tf  + n - 2 ) j fc ' )  ] >

n { [ c!j »  - 2af ' f a)  ] + A J  c \ ( a )  - 2a V f a )  ] + [2.90]

B, [ M f ’h fb )  - 2b‘h"fb) ] + 2n ( n + 1 ) Cn [ch'fc) - l i fe) ] } =

r,' { A [ [ c ’y f a ’) -7a r f « ' ) ) + B ' nlM'lc % ( b ' ) - 2 b ' f f b ' ) )  +

2n ( n + 1 ) C'n [ c'j ' fc') - j f c ' )  ] }

In the case n = 0, the iast equation is modified by the presence of the 5 term in the 

boundary condition. Using the relationships

P ^ c o s  9) =  -dPn{cos 6) I d6 and [2-91]

1 d [2-92] 
---- (sin 6 Pn\cos 0)) = n ( n + 1 ) ^ (c o s  6)
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sin 6 dd

it is seen that when n = 0, the boundary condition specified by Equation 2.67 is 

modified to
a [2-93]

77rr ~  77 rr ~  2? )
ro

A tractable form of the equation is found by taking the partial derivative with 

respect to time. Utilising the relationship d£ / dt =  ur \ r =  ro ,gives



[2.94]

and thus the right hand side of Equation 2.90 gains an extra surface tension term

The effects of the surface tension term are insignificant for bubbles with radii 

which are larger than a few tenths of a micrometre.

In the long wavelength limit, the series expansions for the potentials converge very 

rapidly, and only the cases n = 0 and n = 1 need be considered. It is possible to 

calculate from the^4n scattering coefficients quantities such as the scattering and 

absorption cross-section of the bubble (Nishi, 1975) and the damping constants b , 

b and ba (Allegra & Hawley, 1972). The next section will show how the values of 

A  can be used to calculate the velocity and attenuation in a liquid containing manyn
bubbles. The partial wave analysis is therefore a very powerful approach.

The most accurate evaluation of A o a n d ^  requires the solution of the set of simul­

taneous equations given by Equations 2.85 to 2.90. Approximate analytical expres­

sions forv4o (Chow, 1964) a n d ^  (Allegra & Hawley, 1971) are given by

( 2a / iwr0) [ aj'0 + A ah 'o + Bbh\  ] [2.95]

[2.96]
A  = <i— p -----1 +

0 I a r„2

where p = p / p '

K  = K / K '
r

H =  1 + 3K(c'  / c) (1 / a z) (g' /g) (1 - ib) / (1 -K Z )  

F = 2o/3rop'cn

Z  = \jlb ')b \{b )] l[b 'jx(b ')\(b ')]

[2.97]

[2.98]

[2.99] 

[2.100] 

[2.101]

3A =
-ia3 (pr -1) [hie) Q(c') - (rjr c h ^ ^ c ' ) ]  [2.102]

[3ph2(c) + 2(pr - 1 )ho(c)} Q(c') - Vrc /i1(c)j2(c)(pr + 2)



where i7r = 17 / 17' [2.103]

Q{C) = c'j^c') - 2(1 - t?r)/2(c') [2.104]

Theylo term incorporates the scattering due to thermal and acoustic damping, and 

it accounts for the resonant behaviour of the bubble. Thus the behaviour of the 

bubble at the resonant frequency is often referred to as the giant monopole reso­

nance. Theyl[ dipole term incorporates the scattering due to viscous damping, and 

for all but the smallest bubbles A x is much smaller thany4Q. Between them the two 

terms constitute the most complete description available of an insonified bubble in 

the long wavelength limit.

2 .1 .10  The effect of material at the surface

In the foregoing discussion, it has been assumed that the bubble is completely 

clean. It has been shown that in practice the bubble surface always carries some 

contam ination, and this may affect the resonant frequency of the bubble. For 

example, the resonant frequency of a bubble of 10 /im radius at a depth of 10 cm 

increases by about 8% when a film of primary aliphatic alcohol is adsorbed at the 

bubble surface (Glazman, 1983). Although the restoring force which is associated 

with the surface tension is reduced in the presence of a surfactant, there is an 

additional restoring force associated with the dilational elasticity of the surfactant 

film, which increases the resonant frequency. This effect will be more marked in 

the presence of a film which is strongly self-associated, such as a cross-linked 

protein.

Transport of surfactant between the bubble surface and the bulk liquid can also 

contribute to damping (Glazman, 1984). As the bubble oscillates, the surface 

concentration of surfactant rises and falls. If the period of oscillation is long 

compared with the time taken for thermodynamic equilibrium to be established, 

the surfactant can migrate away from or to the surface in response to the change in 

concentration. The change in entropy associated with the transport of surfactant 

results in a dissipation of energy. The magnitude of the effect depends on the 

whether the surfactant exchange is controlled by adsorption kinetics (which pro­

motes damping) or by diffusion in the bulk liquid (which suppresses damping due 

to surfactant exchange). These effects are significant for bubbles with micrometre
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radii at frequencies well below resonance. Quantitative determination of the ef­

fects of surfactants is hampered by the lack of knowledge of surfactant exchange 

rates and dilational elasticity of surfactant films.

It is possible to extend the partial wave analysis to account for the presence of a 

thin uniform shell of material around the bubble (Anson & Chivers, 1989(a)). The 

boundary conditions at the gas/shell and shell/liquid interfaces are evaluated using 

the partial wave expansions of the scattered waves in the bubble, the shell and the 

liquid. This leads to a set of 12 equations of 12 unknowns which can be solved to 

give the single scattering coefficients A n. A problem in applying such an approach 

to bubbly liquids is that the properties of the shell (such as the thickness and the 

density) are nearly always unknown.

2.1 .11 7-matrix theory
It should be noted that a different type of partial wave analysis is widely used to 

obtain the single scattering coefficients, A n. The transition matrix (usually abbrevi­

ated to the T-matrix) theory was introduced by Waterman (1969,1976), and can be 

applied to the scattering of acoustic, elastic and electromagnetic waves. Three 

wave potentials are postulated: a total wavefield, \pt, an incident wavefield, ip. and a 

scattered wavefield, \p, such that \pt = \p. + \ps. The total wavefield follows the scalar 

Helmholtz equation

(V2 + k2)iPt =  0 [2-105l

where k is the propagation coefficient (sometimes called the wavenumber). The 

incident and scattered wavefields are expanded according to

rh = Xa Re \p [2.106]
' i n * n

^ = 2 /  xp [2-107]
• s J n T n

where {\p ; n = 1,2...} is the set of functions consisting of the outgoing partial wave 

solutions of Equation 2.105, and Re \pn is the set of functions which are regular at 

the origin. The T-matrix has dimensions n x n, and it relates the coefficients an to 

the coefficients/ by
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f = X a T a [2-108]
J n 1  nn’ n

The scheme for solving the equations and obtaining the T-matrix is quite involved, 

and will not be reproduced here. The interested reader is referred to the many 

publications on T-matrix theory (Peterson & Strom, 1974, Varatharajulu & Pao, 

1976, Varadan VK et al, 1979, Visscher, 1980, Ma et al, 1987). It will suffice to note 

that the elements of the T-matrix contain the scattering coefficients. In the long 

wavelength regime analytical expressions can be found for the elements TM and Tn, 

which are analogous to A o a n d ^ .  These expressions have been shown to be iden­

tical to those yielded by the partial wave analysis due to Epstein & Carhart (1953) 

which was used in Section 2.1.9 (Varadan VV & Varadan VK, 1979). A problem 

w ith the  m ethod  of E pste in  & C arhart is th a t the  equations becom e ill- 

conditioned at high values of the acoustic radius, kv, because it is necessary to 

calculate the Bessel and Hankel functions of large numbers. Waterman’s original 

version of the T-matrix method suffers from the same problems of ill-conditioning 

at high frequencies (Tobocman, 1985) but more recent versions can work up to 

very high frequencies (Varadan VV et al, 1988^). Thus in a general sense the T- 

matrix method is the superior method for the calculation of scattering coefficients. 

In the long wavelength limit either partial wave analysis could be used. The justifi­

cation for preferring the Epstein & Carhart method in this work is that it is more 

comprehensible, and more easily mounted as a computer model.
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2 .1 .12  Summary
The expression due to M innaert for the resonant frequency of the bubble is a 

reasonable description for large bubbles. The Rayleigh-Plesset equation provides a 

more general description of the behaviour of an oscillating bubble, which accounts 

for the damping of the bubble by three mechanisms: thermal, viscous and radia­

tive. The relative importance of these mechanisms depends primarily on the size of 

the bubble. The behaviour of an oscillating bubble can also be analysed using 

partial wave analysis, leading to a description in terms of single scattering coeffi­

cients. The theory associated with partial wave analysis is well developed, and it 

provides the most useful description of the bubble.

f: This paper contains an extensive bibliography of 151 references on the T-matrix method.
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2.2 Propagation in bubbly liquids

2.2.1 Introduction

In this section, the theoretical calculation of velocity and attenuation in bubbly 

liquids is considered. Two theoretical approaches, effective medium theory and 

multiple scattering theory are discussed in some detail. Finally, reported meas­

urements of velocity and attenuation in bubbly liquids are discussed.

2.2 .2  The Wood equation

Wood (1964) proposed a simple description of propagation in a bubbly liquid, 

which is commonly referred to as the Wood equation, or sometimes as the Urick 

equation. If the wavelength of the sound is assumed to be very large compared to 

the radius of the bubbles, then scattering can be disregarded, and the velocity, c , 

of sound in the bubbly liquid is related to the volume average of the properties of 

the component phases by:

c = (/3‘p’) 'V2, where /3’ = <£/3g + (1 - c/>)/3, [2.109]

P = <t>Pe + C1 ' 0)P,

where (3 is the compressibility and $ is the volume fraction of dispersed gas. The 

Wood equation is applicable only at frequencies which are at least an order of 

magnitude lower than the resonant frequency. A modified version of the Wood 

equation has been proposed (Floyd, 1981) which attem pts to incorporate two 

additional thermodynamic degrees of freedom of the bubble which are associated 

with the surface tension and depth of the bubbles. The predictions from the cor­

rected theory differ very little from those from the Wood equation. In order to 

predict the velocity and attenuation in bubbly liquids over a wide range of frequen­

cies, a more sophisticated analysis is necessary.

2 .2 .3  Theories of bubbly liquids

T here are many theories available in the literature which predict the velocity 

and/or attenuation coefficient in bubbly liquids with small volume fractions of gas 

(Crespo, 1969, van Wijngaarden, 1972, Drumheller & Bedford, 1979, Caflisch et al, 

1985, Cheng et al, 1985, Rubinstein, 1985, Miksis & Ting, 1987, Mond, 1987, 

Belyayev, 1988, Yildiz, 1988, Commander & Prosperetti, 1989, Nigmatulin et al,
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1989, Temkin, 1990, Schmitt-von Schubert, 1991, Ruffa, 1992). These theories are 

based on a variety of physical approaches, and few of them are completely rigor­

ous in derivation. Although the different theories account to varying degrees for 

the many physical processes which occur when a bubbly liquid is insonified, in 

practice they give very similar predictions of the velocity and attenuation at low 

volume fraction. In this work, two theories have been chosen, one relatively simple 

and the other relatively complex.

2 .2 .4  Effective medium theory

The effective medium theory (EMT) due to Gaunaurd and Uberall (1981) has 

proved to be very useful for the description of bubbly liquids. The approach is an 

extension of the work of Kuster and Toksoz (1974). In the EMT the scattering 

behaviour of bubbles in a sphere of radius R is equated to the scattering behaviour 

of a sphere of homogeneous effective medium of radius R (Fig. 2.5). This approach 

leads to a dispersion relation which includes terms in R, which is an arbitrary 

param eter. In order to achieve a valid dispersion relation, terms in R  must be 

elim inated, and the means by which this elimination is effected have been the 

subject of some criticism (Scharnhorst, 1987, Anson & Chivers, 1989(b), McCle­

ments et al, 1990, Kerr, 1992(a,b)). The physical arguments used by Gaunaurd and 

Uberall to justify the removal of R from their formulations are not valid. However, 

it is reasonable to define the properties of the sphere of effective medium to be 

independent of its radius a priori.

The accuracy of the predictions of velocity and attenuation arising from the EMT 

are limited mainly by the choice of the expressions chosen foryl0 a n d ^  by Gau­

naurd and Uberall. The>lo term is derived from the explicit expressions given by 

Nishi (1975) for the long wavelength limit. T h e ^  term is a static expression. It can 

be shown that the accuracy of the EMT can be improved by employing a dynamic 

expression for A i (McClements et al, 1990). In fact, by employing the full expres­

sions forv4o andy^, the EMT can be shown to yield the same dispersion relation as 

the multiple scattering theory of Waterman and Truell (which will be discussed 

below). The EMT is useful because it is relatively simple, and yet it yields reasona­

bly accurate results.



Figure 2.5 A  spherical volume of scatterers, o f radius R, and the equivalent imaginary sphere of  
effective medium, with the same radius and scattering behaviour.

In the EMT, the effective velocity, c and effective attenuation, a i(t are given by

where
eff
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In Equations 2.114 to 2.116 the function g(r) describes the size distribution of the 

bubbles.

2.2 .5  Multiple Scattering Theory

As the concentration of particles in a scattering system increases, the scatterers 

become more closely spaced. It becomes increasingly likely that the wave scattered 

by an individual particle will propagate as far as another particle before it is 

completely absorbed. The scattered wave can then be scattered again, and the 

resulting wave may go on to experience yet another scattering event. This process 

of scattering and rescattering continues until the scattered waves are completely 

absorbed. Since each particle has many neighbours, the num ber of scattering 

events can rapidly become very large, and the scattering behaviour of the system 

becomes very complex. The degree to which this process, known as multiple scatter­

ing, occurs depends on the intensity of the incident wave, on how strongly the 

particles scatter ultrasound, how closely spaced the particles are, and on how 

strongly the scattered waves are absorbed. Air bubbles are very strong scatterers, 

especially around resonance, and multiple scattering effects start to become 

important at concentrations as low as a fraction of a per cent. Every time a scatter­

ing event occurs, the scattered wave is slightly out of phase with the wave from 

which it arises. Thus the ultrasonic signal becomes more incoherent as the degree of 

multiple scattering increases. This can make measurements very difficult in con­

centrated systems of scatterers.



Many formulations are available in the literature which attempt to describe multi­

ple scattering mathematically (see for example Foldy, 1945, Waterman & Truell, 

1961, Lloyd & Berry, 1967, Twersky, 1962,1964,1977,1978, Varadan VK, 1979, 

Varadan VK et al 1979, Tsang & Kong, 1981, Ishimaru & Kuga, 1982, Tsang et al, 

1982, Varadan VK et al, 1983, Mehta, 1983, Ma et al, 1984(a,b), Varadan VK et al, 

1985(a,b), Varadan VV et al 1985, Javanaud & Thomas, 1988, Ma et al, 1990, Liu, 

1991(a,b)). The theories are necessarily complex, because the events which they 

attempt to describe are also complex. Inevitably some approximations have to be 

made in the evaluation of the multiple scattering events, but even so the multiple 

scattering formalism is soluble analytically only in the long wavelength regime. A 

very widely used result is that due to Waterman and Truell (1961). They consider a 

plane wave incident normally on an infinite half-space containing a uniform 

random distribution of identical scatterers. When considering the ultrasonic field 

at an individual scatterer, they assume that the exciting field at the particle can be 

replaced by the field which would exist if the scatterer in question (and its effects) 

were removed. This results in the following dispersion relation (using the notation 

of McClements (1992))

(k / k ,)2 = (1 + 4>a) (1 - 3(f>b) [2.125]

where k  is the propagation coefficient in the bubbly liquid, is the propagation 

coefficient in the bubble-free liquid, 0 is the volume fraction of gas and the coeffi­

cients a and b are given by

a -  -3i A  J  (k roy  [2.126]

b = 3 i A j ( k r oy  [2-127]

where A  a n d A i are the single scattering coefficients (see previous section). Al­

though the multiple scattering theory is derived for scatterers of identical radius, in 

polydisperse systems the particle size distribution can be accounted for to some 

extent by dividing the distribution into j size classes, and modifying the terms a and 

b according to
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a = -3iX(<t>.Ao ./  (kr .y)  

b =  3i 2 ($ ĵ 1. / (kr . f )

[2.128]

[2.129]



where $. represents the ratio of the volume fraction of particles in the jth size class 

to the total volume fraction, r is the radius corresponding to the midpoint of the jth 

size class, andylo. a n d A i . are the values of the single scattering coefficients for 

particles of radius r .

M easurements of velocity and attenuation in n-hexadecane in water emulsions 

have shown that the predictions from the MST of Waterman and Truell agree very 

well with experiment at a dispersed phase volume fraction of 10 %, but the agree­

ment is poorer at volume fractions of 30 and 50 % (McClements, 1992). Lloyd and 

Berry (1967) have shown that the theory of Waterman and Truell is a limiting case 

of their theory, which includes a higher order term in the volume fraction
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(k / k f  =  (1 + 4>a) (1 - 3 # )  + 6(f)2b2 [2.130]

where the terms in the equation have the same meaning as above. Alternatively an 

MST due to Ma et al (1990) can be employed

k 

k

(1 + 0a) (1 - 4>b) [2.131]
x

(1 + 2 # )

i ( k r ) 34>w 
1 +  ---------------

3 b2
+

(1 + 0a) (1 + 2<f>b) (1 - <f>b)

where w = (1 -0 )4 / (1 + 2(f))2. In the long wavelength limit the term  in ( k r o)3 

becomes very small compared to unity, so that to a good approximation the second 

line of the equation can be discarded. The formulations of Lloyd and Berry and 

those of Ma el al both show good agreement with measurement in /i-hexadecane in 

water emulsions with volume fractions of 30 and 50 %, but the agreement is not 

perfect (McClements, 1992).

2.2 .5 .1  Predictions o f the velocity and attenuation in bubbly water 

Having set out the theory relating to bubble behaviour in some detail, it is possible 

to demonstrate the way in which the most commonly measured ultrasonic parame­

ters, the velocity and the attenuation, relate to the bubble size, the ultrasonic 

frequency and the volume fraction of dispersed air.
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Figure 2.6(a) shows the predicted velocity and attenuation in bubbly water, calcu­

lated using the EMT and the various MST formulations, utilising the properties of 

air and water given in Table 2.1. The volume fraction of air is 2 %. At low frequen­

cies, the velocity of sound is very low, and it is modelled accurately by the Wood 

equation. As the frequency increases, the velocity passes through a minimum, 

which marks the resonant frequency. The resonant frequency is inversely related 

to the bubble size. Over the next decade of frequency the velocity climbs and 

reaches very high values. At higher frequencies still the velocity drops back to the 

value in air-free water. At low frequencies the attenuation is quite low, but it rises 

steeply, reaching a very large peak value at the resonant frequency. The attenua­

tion remains high over the decade of frequency above resonance, and then it drops 

back to low values. There is little quantitative difference between the predictions 

given by the various theories. The MST gives the more accurate values, but the 

predictions at high frequency suffer from the ill-conditioning mentioned previous­

ly. Note that the W aterm an & Truell and the Lloyd & Berry form ulations are

Table 2.1 The thermophysical properties o f distilled water and air at 20 °C, as required 

for calculations o f effective medium theory and multiple scattering theory

Property Distilled water Air

Velocity of sound/ m s 1 1482.3 344.0

Density/ kg m'3 998.2 1.21
Dynamic (shear) viscosity/ Pa s 1.002 x IO3 1.82 x 105
Thermal conductivity/W m 1 K 1 0.561 0.00241
Specific heat capacity/J kg'1 K 1 

at constant pressure 
at constant volume

4181.6
4167.6

1010
721.4

Coefficient of cubical expansion/ K'1 2.1 X 105 3.6728 x IO'3
Compressional viscosity/ Pa s io-8 10-i°

Surface tension/ N m'1 7.275 x IO'2
Bulk modulus/ Pa 2.193 X 109 1.432 x 105
Ambient pressure/ Pa 1.01 x 105
From Kaye & La by, 1986
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Figure 2.6(a) The velocity (lower curves) and attenuation (upper curves) in a m onodisperse system  
o f air bubbles in water (radius =  10 fim, volum e fraction =  2 %). T he curves are 
labelled according to the theory used to generate them. EMT: effective medium  
theory (Gaunaurd & Uberall, see text), WT: Waterman & Truell, LB: Lloyd & Berry, 
Ma: Ma et al.
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Fieure 2  6(c) The velocity (lower curves) and attenuation (upper curves) in a m onodisperse system  
of air bubbles in water (radius =  10 jim, volum e fraction =  40 %). T he curves are 
labelled according to the theory used to generate them. EMT: effective m edium  
theory (Gaunaurd & Uberall, see text), WT: Waterman & Truell, LB: Lloyd & Berry, 
Ma: Ma et al.
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indistinguishable. This is because A q is very much bigger thanyl^ so the term cf> b 

in Equation 2.130 is negligible.

Fig. 2.6(b) shows the predicted velocity and attenuation in the same system when 

the volume fraction is increased to 10 %. The resonant frequency is not affected by 

the volume fraction. The velocity is very strongly depressed at frequencies below 

resonance, but the elevation at frequencies above resonance is not as marked. The 

difference between the various theories is much more marked, especially in the 

prediction of the attenuation, which is again very high. As the volume fraction is 

increased further, the predictions do not change very greatly. Fig. 2.6(c) shows the 

predicted velocity and attenuation in the bubbly system with a volume fraction of 

40 %. The predictions are only marginally different from those for a system with a 

volume fraction of 10 %. Even at this high volume fraction the Waterman & Truell 

and the Lloyd & Berry predictions are indistinguishable. It is likely that the 

assumptions made in the derivation of the multiple scattering theory are violated 

even at volume fractions of 10 % (this will be discussed in more detail below).

2 .2 .5 .2  The effects o f  polydispersity

Real bubbly systems are never monodisperse. The effects of polydispersity can be 

examined by introducing a bubble size distribution into the calculations, using the 

approach described in Equations 2.128 and 2.129. Fig. 2.7  shows the predicted 

velocity and attenuation in the bubbly system described above, calculated using 

EMT. The monodisperse prediction is shown, and the prediction for a system with 

the same total volume fraction, log normally distributed about a mean bubble size 

of 10 i im , with a log standard deviation of 0.25. Therefore very nearly all the 

bubbles fall within the size range 1-100 /jan. The effects of polydispersity are quite 

subtle. The resonant minimum in the velocity disappears, and the range of fre­

quencies over which the velocity is elevated is reduced somewhat. The resonant 

peak in the attenuation also disappears, and the attenuation is increased over the 

value in a monodisperse system.

2 .2 .6  Limitations of multiple scattering theory

Although multiple scattering theory is the most complete description available for 

scattering from bubbles and emulsion droplets, it has been shown that it does not
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give a perfect fit to experimental measurements of velocity and attenuation at 

high volume fractions. There are a number of reasons for this disagreement.

2 . 2 . 6 . 1  Incoherency

The discrepancy may be partly due to incoherence in the ultrasonic signal. The 

EMT and MST account for coherent scattering, but the transducers used in ultra­

sonic measurements are sensitive to the spatial distribution of the phase of the 

wave which they detect. When the signal becomes incoherent, the phase of the 

wave may differ across the face of the transducer, which will affect the apparent 

values of the velocity and attenuation. This effect is more pronounced with larger 

transducers.

2 .2 .6 .2  The radial distribution function

Consider a particle within the ensemble of scatterers. If the centre of this particle 

is taken as fixed, a number of concentric spheres can be drawn around the particle, 

so that the volume interval between neighbouring spheres is constant (Fig. 2.8). 

The radial distribution function (hereafter abbreviated to g(R) or rdf) is the aver­

age number of scatterers contained between each spherical shell (Tabor, 1991). As 

an illustration, the rdf is plotted as a function of R, the distance from the centre of 

the particle, in Fig. 2.9 for liquid argon. The rdf is an indicator of the degree of 

structure in the ensemble (sometimes referred to as the degree of correlation). It 

is used in the MST to describe the spatial distribution of the scatterers. As the 

volume fraction increases, the degree of correlation increases and the structure 

becomes more regular. At high volume fractions the particles are forced into 

regular packing and the structure becomes crystalline.

The rdf has been of particular interest to workers trying to model liquids and 

concentrated gases at the molecular level. Various expressions for the rdf are avail­

able in the literature, and much attention has been paid to the choice of expression 

for g(R) in the development of MST (see for example Twersky, 1978, Varadan VK 

et al, 1983). The simplest form of rdf is the Hole Correction Approxim ation 

(HCA), which states that the rdf is zero when R < ro (because the particles are 

impenetrable) and is equal to x for all R > ro, where x is a constant which depends 

on the volume fraction of particles. The HCA is a good approximation for
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Figure 2.8 A  particle in an ensem ble o f scatterers. Conceptual spheres are drawn around the 
particle at regular intervals. The radial distribution function predicts the number of 
neighbouring particles to be found in each shell.

0 8r
V

distance f r o m  centre in units of  sphere diameter

Figure 2.9 The radial distribution function for liquid argon as a function o f R. T he solid  line  
represents the results from neutron diffraction, and the symbols are values calculated 
using a random packing model. Taken from Tabor, 1991, p  262.



volume fractions up to about 10 % (Ishimaru & Kuga, 1982). As the volume frac­

tion increases, the degree of short range order in the ensemble increases, and a 

more sophisticated rdf is required.

In multiple scattering formulations, the most commonly used rdf is that due to 

Percus and Yevick (1958) (hereafter abbreviated to PY-rdf). The exact analytical 

solution of the expressions in the PY-rdf is available (Wertheim, 1963, Thiele, 

1963)^, and tables of values of the PY-rdf have been compiled (Throop & Bear- 

man, 1965, Mandel et al, 1970). The PY-rdf is known to be inaccurate at volume 

fractions in excess of 40 % (Verlet & Weis, 1972). The closest approach to the 

exact rdf has been made using Monte Carlo simulation techniques (Barker & 

Henderson, 1971). This approach is computationally intensive, but, in common 

with many previously expensive and laborious computations, is becoming increas­

ingly feasible with desk-top computers. Nevertheless, the formulations of MST to 

be found in the literature employ the PY-rdf, and therefore the accuracy of the 

MST will necessarily be reduced at volume fractions above 40 %.

The radial distribution function is calculated for particles which are monodisperse. 

Whilst the effects of polydispersity on the scattering coefficients can be accounted 

for (as in Equations 2.128, 2.129), the effects of polydispersity on the form of the 

radial distribution function are much harder to account for. It would seem likely 

that a numerical approach such as the Monte Carlo method would be able to 

account for polydispersity more easily.

2 .2 .6 .3  The single scattering coefficients

The single scattering coefficients, A n, which are used in the MST (and effectively in 

the EMT) are calculated under the assumption that the scatterer is situated in an 

infinite sea of liquid. Now, when multiple scattering occurs, the particles are, by 

definition, experiencing an effect due to the presence of neighbouring particles. The 

conditions experienced by the particle are not the same as those experienced by 

the particle which is considered in the calculation of the single scattering coeffi­

cients. McClements (1992) has suggested that the proximity of the particles

f : The w term in Equation 2.131 arises from the use o f the W ertheim -T hiele so lu tion  o f the Per- 
cus-Yevick equation.
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becomes an important factor when the distance between the particles becomes 

comparable with twice the thermal and viscous skin depths, d and dv (ie d > R/2 

and/or d  > R/2). The thermal skin depth is defined as the distance over which the 

scattered wave generated by thermal conduction decreases in amplitude to 1/e of 

its value at the interface:

d = J ( 2 K J u Pcp) .  [2.132]

where the terms on the right hand side of the equation are defined as previously. 

The viscous skin depth is defined as the distance over which the shear wave gener­

ated by visco-inertial damping decreases in amplitude to 1/e of its value at the 

interface

d̂  =  V(2^ / [2.133]

This condition is likely to be fulfilled at high volume fraction, and at low frequen­

cies. Although multiple scattering theory is the most sophisticated description of 

propagation in scattering systems, it would seem that it is of limited use when the 

volume fraction of scatterers is above about 30 %. There is no theory available 

which fully describes propagation in concentrated systems. Given the complex 

behaviour of bubbles at resonance, it may well be impossible to model multiple 

scattering in a concentrated polydisperse bubbly liquid^.

2 .2 .7  Reported measurements on bubbly liquids

In contrast to the extensive literature on the theoretical behaviour of bubbles, 

rather fewer investigations of bubbly liquids have been reported (Carstensen & 

Foldy, 1947, Laird & Kendig, 1952, Meyer & Skudrzyk, 1953, Fox et al, 1955, 

MacPherson, 1957, Silberman, 1957, Gibson, 1970, Medwin, 1974, Kol’tsova et al, 

1979, Dontsov et al, 1989, Hall, 1989, Coste et al, 1990). The literature has recently 

been reviewed by Commander & Prosperetti (1989), and the salient features of 

some of the experiments are summarised in Table 2.2. All the experiments em­

ployed very low volume fractions of gas (not more than 1 %), and a wide range of 

bubble sizes (from tens of micrometres up to millimetres) have been studied. All
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f : In concentrated bubbly liquids collective effects occur which are hard to account for in MST. 
These will be discussed in more detail in the next section.



Table 2.2 Some experimental investigations of bubbly liquids. Methods for measuring 

the radius and volume fraction are indicated by superscripts
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Experimenter(s) Bubble Volume Frequency System

radii (mm) fraction (%) range (kHz) examined

Carstensen & Foldy, 1947 0.1-0.4do,rt 0.4C 10-35 a/fw

Laird & Kendig, 1952 0.02-0.10p 0.045° 2-16 a/fw

Meyer & Skudrzyk, 1953 not reported 0.01 5-100 a/sw

Fox et al, 1955 0.02-0.12do'rt'p 0.02c 10-1000 a/pw

MacPherson, 1957 0.08-0.25p 0.01-0.04 15-100 a/pw

Silberman, 1957 1-3.3P 0.03-lm 0.06-20 a/pw

Gibson, 1970 not reported 0.2-0.8 not reported a/pw

Medwin, 1974 0.0002-0.05 not reported 10-110 a/sw

Kol’tsova et al, 1979 0.007-0.045p 0.002-0.04ro 30-30000 e/NaCl

Dontsov et al 1989 0.6-1.8 0.6-1 not reported a/pw

Coste et al, 1990 <0.5 0.5 0.2-0.9 v/de

Key
do: direct optical observation, rt: rise time, p: photographic measurement 
c: collection o f bubbles, m: manometer, py:pycnometer
a/fw: air bubbles in fresh water, a/pw: air bubbles in pure water, a/sw: air bubbles in sea water, 
e/NaCl: electrolysis in sodium chloride solution, v/de: vapour bubbles in diethyl ether

the experimenters studied air bubbles in water except Kol’tsova et al (1979) who 

electrolysed sodium chloride solution and Coste et al (1990) who produced vapour 

bubbles in diethyl ether by heating it. The vapour bubbles were modelled well by 

the Wood equation at low frequencies.

The most common method for producing bubbles was sparging, and the bubbles 

were characterised by rise velocity, by direct observation, or by photographic 

measurement. The volume fraction of gas was measured by collecting the bubbles 

as they rose to the top of the measurement vessel, or by calculation from the gas 

flow rate or the electrolytic current. Many of these techniques were of relatively 

limited accuracy, especially when measuring very small volume fractions of gas.
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In many experiments there was a great deal of scatter in the ultrasonic m easure­

ments, and the quality and usefulness of the reported data differ widely. The most 

widely quoted results are those due to Silberman (1957), who reported a series of 

experiments in large tubes of water employing a standing wave technique and 

rather large bubbles (up to 3.3 mm radius). For example, V aradan VK et a l 

(1985(b)), compare the predictions from their T-matrix multiple scattering ap­

proach with the experimental values from Silberman’s paper. They found excellent 

agreement between theory and experiment, and the predictions of the MST and 

EM T can also be shown to be in excellent agreem ent with Silberm an’s work. 

Unfortunately, in Silberman’s experiments (indeed in all the experiments reported 

in the literature), the very high attenuation at frequencies just above resonance 

prevented experimental verification of the greatly elevated velocity which is p re­

dicted at those frequencies. There is still a need for an investigation of velocity and 

attenuation in a fully and accurately characterised bubbly liquid over the complete 

frequency range of interest. Given the practical difficulties associated with ultra­

sonic measurements on bubbly liquids, it may be that no such experiment will ever 

be performed. It would seem reasonable nevertheless to conclude from the re­

ported measurements that the Wood equation and MST or EMT are accurate 

descriptions of bubbly liquids at volume fractions of a few percent or less.

2 .2 .8  Summary
When scattering can be neglected, the velocity of sound in bubbly liquids is given 

by the Wood equation. When scattering is important, ultrasonic propagation can 

be described by effective medium theory or by multiple scattering theory. Al­

though multiple scattering theory is the more rigorous of the two theories, and may 

be expected to provide a more accurate description, both theories suffer from 

drawbacks when there is a high concentration of scatterers. For strong scatterers 

like air bubbles, the concentration can be considered to be high at levels above a 

few per cent. The literature contains few examples of well controlled experiments 

which compare theory with experiment. Such experiments as have been reported 

suggest that theory and experiment are in very good agreement at volume fractions 

below one or two per cent.



- 62 -

2 .3  Nonlinear behaviour

2.3.1 Introduction
There are a number of aspects of the interaction between ultrasound and bubbles 

which have not been touched on so far, which should be included for a fuller 

understanding of the behaviour of bubbly liquids. These aspects, although quite 

varied in character, all arise from nonlinear behaviour.

2 .3 .2  Nonlinear solution of the Rayleigh-Plesset equation

In Section 2.1, the Rayleigh-Plesset equation (which describes the radial oscilla­

tions of a bubble in a sound field) was solved by linearising it. This is a reasonable 

approach, because the majority of experiments involve incident sound fields of low 

amplitude, and the change in bubble radius caused by the field is extremely small. 

However, at resonance the oscillations of the bubble can become very large, and 

the pulsation regime becomes nonlinear (Prosperetti, 1984, Eatock et al, 1985). 

Nonlinear oscillations of the bubble can increase the effective nonlinearity 

parameter of the liquid (B/A ) by several orders of magnitude (Wu & Zhu, 1991). 

This dynamic effect on the value of B/A supplements a static effect which can be 

attributed to the high compressibility of the dispersed gas. Thus in bubbly water 

the value of B/A may be of the order of 104 to 10s (Wu & Zhu, 1991) around the 

resonant frequency of the bubbles (cf the values for pure air and water of ~  0.4 

and 5 respectively).

Nonlinear behaviour will occur across the entire frequency range when the ampli­

tude of the incident acoustic wave is sufficiently high. A classic example of nonlin­

ear behaviour is the occurrence of cavitation. Another interesting example is the 

excitation of transients, when a bubbly liquid is first exposed to an ultrasonic wave. 

A transient is an initial extremely nonlinear oscillation, which is usually succeeded 

by stable oscillations (which may be linear or nonlinear) as the bubble reaches 

equilibrium. The excitation of transients can lead to sonoluminescence, a weak 

emission of light, associated with the very high temperatures which are momentari­

ly reached within the bubble (Leighton, 1989).

It is usually necessary to solve the Rayleigh-Plesset equation numerically in the 

nonlinear regime (Keller & Miksis, 1980, Shima et al, 1985, Prosperetti et al, 1988,



Tsujino et al, 1988, Matsumoto & W atanabe, 1989, Miksis & Ting, 1984). An 

approximate analytical solution is also possible (Francescutto & Nabergoj, 1983, 

Samek, 1987, Smereka et al, 1987, Samek, 1989, Du & Wu, 1990). For oscillations 

of small amplitude, the results of the analytical solution agree with the linear 

theory (Miksis & Ting, 1984). Crum & Prosperetti (1983) have examined the 

nonlinear behaviour of an individual bubble which was acoustically levitated by a 

standing wave in a glycerine and water mixture. They defined a quantity, called the 

levitation number, as the ratio of the hydrostatic pressure gradient to the acoustic 

pressure gradient. They m easured the levitation num ber as a function of the 

bubble radius, and found excellent agreement between their measurements and 

the predictions of the nonlinear solution of the Rayleigh-Plesset equation. The 

nonlinear solution correctly predicted the existence of the subharmonic resonance 

which was observed at a frequency near to /J 2 .  The inability of the linear theory 

to account for subharmonic resonances explains the deviation between the meas­

ured value of the polytropic exponent and the value predicted by linear theory (see 

Section 2.1.7).

2 .3 .3  Shape oscillations
Thus far, it has been assumed that the bubble remains spherical as it oscillates. It 

was mentioned briefly that bubbles with radii greater than a few millimetres can 

undergo shape oscillations. Bubbles which are formed by whipping must undergo a 

significant deviation from sphericity as they are formed. The bubbles entrained by 

waves breaking in the ocean will start out with an arbitrary shape and undergo 

several oscillations before settling down into a spherical shape (Longuet-Higgins,

1990). These oscillations make a significant contribution to the noise spectrum 

associated with bubbles in the ocean (Longuet-Higgins, 1991).

Spherical bubbles can support standing waves on their surfaces, which can be 

thought of as analogous to standing waves on water (see Fig. 2.10). These vibra­

tional modes are particularly promoted when one point on the bubble surface is 

immobilised (Gorskii et al, 1989). The pressure field associated with these oscilla­

tions is negligible in the linear regime, but may become appreciable when the oscil­

lations of the bubble become nonlinear (Longuet-Higgins, 1989(a,b,c), Brooke 

Benjamin, 1989), especially if there is a resonant interaction between the funda-
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n = 3 // 4

Figure 2.10 Axial sections o f  the axisymmetric normal modes: n =  2, 3, 4 and 5. From Longuet- 
Higgins, 1989.

mental breathing mode oscillation and shape oscillations (Longuet-Higgins, 1992). 

Non-spherical oscillations generate a monopole sound field which has a frequency 

twice the fundamental frequency of the shape oscillation. Shape oscillations are 

not significant for the bubbles examined in this work, because the bubbles are 

examined some time after formation, and the bubble oscillations are linear.

2.3 .4  Cavitation

In our discussion of bubbly liquids so far, it has been assumed that the dispersed 

gas is permanent ie non-condensing. Cavitation is caused by high power ultrasound 

or by boiling, and is therefore not expected in low power unfocussed ultrasonic 

systems. Cavitating liquids are highly non-linear, and are described well by the 

non-linear solution of a modified form of the Rayleigh-Plesset equation (Vokurka, 

1987,1989, Gurikov, 1989).

2.3.5 Rectified diffusion

At moderately elevated power levels, the shrinkage of some bubbles can be re-



versed ultrasonically. As the bubble is compressed and expanded during forced 

oscillations there is a transport of gas into and out of the bubble. During the 

expansion part of the ultrasonic cycle gas can diffuse into the bubble, and during 

the compression part of the ultrasonic cycle gas can diffuse out. The interfacial 

area for gas exchange is lower during compression, and hence a net influx of gas 

can occur. This influx can be sufficient to counter disproportionation, and is 

term ed rectified diffusion. Rectified diffusion is promoted in dirty bubbles. The 

surface film is patchy when the bubble is expanded, so influx is possible. The film is 

relatively compact when the bubble is compressed, so efflux is hindered. For a 

given acoustic pressure there is a threshold bubble radius below which rectified 

diffusion will not occur (Crum, 1980, Church, 1988(a)), because the Laplace 

pressure cannot be overcome. Gas transport into and out of the bubble is signifi­

cantly enhanced by acoustic microstreaming (Church, 1988(b)). Microstreaming 

occurs when the bubble surface supports standing waves. This leads to local mixing 

in the shell of liquid around the bubble, bringing fresh gas-rich liquid to the bubble 

surface.

2 .3 .6  Acoustic pressure and Bjerknes forces

At high power levels, the translational oscillation of the bubble associated with 

visco-inertial damping under the influence of a travelling ultrasonic wave can lead 

to a net movement, because the two halves of the oscillation are not perfectly 

balanced. In a high power standing wave field there exist pressure nodes and 

antinodes, with concomitant pressure gradients. Depending on the frequency of 

the standing wave in relation to the resonant frequency of the bubble, the bubble 

may be driven to move to a node or antinode.

When two bubbles are oscillating next to one another, they experience an interac­

tion force called the Bjerknes force, FB, which in an incompressible liquid is given 

by

= < K V )  l A7Tdn [1 1 3 4 ]

where V  and V  are the volumes of the two bubbles, d p is the distance between the 

bubbles, and the dots denote differentiation with respect to time (Kobelev & 

Ostrovskii, 1989). When the bubbles oscillate in phase with each other, Fb is an
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attractive force, and when they oscillate out of phase with each other it is a repul­

sive force. Allowing for the effects of the compressibility of the liquid makes the 

expression for Fb rather more complex (Doinikov & Zavtrak, 1990), and intro­

duces a long range component into the Bjerknes force (Doinikov & Zavtrak, 1988, 

1989). In an ensemble of bubbles, the Bjerknes forces are complex, and it is not 

always straightforward to predict the effects which may occur. One notable effect 

is the spontaneous gathering of bubbles into swarms under the influence of a 

powerful sound field at a frequency near to the resonant frequency of the bubbles. 

If the swarm moves out of the ultrasonic beam, it can break up again into individu­

al bubbles. If however it is continuously insonified, the bubbles in the swarm may 

coalesce and cream out of the liquid. The attenuation of the liquid is thus lowered, 

and this phenom enon is known as acoustic self-induced transparency (Zavtrak,

1988) or self-illumination (Kobelev et al, 1980). At the low sound intensities used in 

the experiments reported in this work, the volume changes are sufficiently small 

that Bjerknes forces can be disregarded.

2 .3 .7  Collective behaviour

Bjerknes forces are an example of collective behaviour between bubbles. Collec­

tive behaviour is a phenomenon which is not fully understood. When two bubbles 

are oscillating near one another, each bubble is sensitive to the pressure fields 

which arise as the other bubble pulsates (Snyder & Mord, 1990). Tolstoy (1986) 

has shown that in a system of three identical bubbles, the oscillations of the bub­

bles become coupled when the bubbles are positioned at the corners of an equilat­

eral triangle of a certain dimension. This arrangem ent of bubbles has its own 

resonant frequency which is 1.0022 times the resonant frequency of the bubbles. 

Tolstoy terms this a super-resonance to distinguish it from the resonance of the 

individual bubbles.

Clearly in a real bubbly liquid the bubbles are not identical, and there is very little 

chance that they will all be arranged in a suitable configuration for super-reso­

nances to occur. Nevertheless, collective behaviour is observed in bubble clouds. A 

bubble cloud has a series of resonant frequencies which are much lower than the 

resonant frequencies of the bubbles within the cloud (Om ta, 1987), and these 

resonances are thought to contribute to the noise spectrum of natural bubbles in
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the ocean (Yoon et al, 1991, Kozhevnikova & B j0rn$, 1992). The acoustical 

absorption and scattering cross sections of spherical bubble clouds can be shown to 

be very different to the values for the individual bubbles in the cloud, and to the 

value for a single large bubble with the same volume of gas (d’Agostino & Bren- 

nen, 1988). The behaviour of a spherical bubble cloud depends on the exciting 

frequency, and can be divided into sub-resonant, trans-resonant and super-reso- 

nant regimes (d’Agostino & Brennen, 1989). The bubble cloud has a cut-off 

frequency which is equal to the resonant frequency of the bubbles within it 

(Smereka & Banerjee, 1988). Above the cut-off frequency the inner core of the 

bubble cloud is shielded by the outer layer. The degree to which collective effects 

occur depends on the void fraction and the geometry of the bubble cloud.

A bubble which is surrounded by other bubbles must experience a different mass 

loading to a bubble which is surrounded by bubble-free water, and consequently 

there will always be some collective effects in a bubble cloud. Collective effects are 

clearly hard to predict, and thus to model mathematically. It would seem reasona­

ble to surmise that they will influence the velocity and attenuation in a bubbly 

liquid more and more as the volume fraction increases. Collective effects consti­

tute yet another factor which make propagation in concentrated bubbly liquids

hard to model.

2 .3 .8  Ultrasonic characterisation of bubbly liquids

A number of ultrasonic techniques for the characterisation of bubbly liquids have 

been reported in the literature. These publications indicate which workers, other 

than food scientists, have an interest in bubbly liquids and foams (see Table 2.3). 

T here would be some justification for listing these publications along with the 

other m easurem ents on bubbly liquids given in Section 2.2.7. However, those 

measurements were chiefly aimed at confirming the theoretical predictions of veloci­

ty and attenuation. The measurements described here aim to relate ultrasonic 

m easurem ents to some property of the bubbly system, such as the gas volume 

fraction or the bubble size distribution. In some cases, little or no recourse is made 

to theory. Straightforward measurements of velocity and attenuation in the long 

wavelength regime are rarely used. The m easurem ent systems can be broadly 

divided into active and passive types, according to whether or not an external
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Table 2.3 Research workers with an interest in bubbly liquids

Category Type of bubbly system

Medicine Bubbles in the blood produced by decompression (‘the 
bends’). Bubbles in the blood introduced for imaging of the 
heart (echocardiography).

Naval Bubbles in the sea introduced by rainfall and breaking
Oceanography waves. Bubbly wakes caused by entrainment from the air or 

by cavitation.

Chemical Bubbles in gas-liquid reactors which control reaction rates
Engineering and the characteristics of slug flow.

Biochemical Bubbles in suspensions of cells performing aerobic
Engineering reactions.

Nuclear power Vapour bubbles in the cooling flow in liquid cooled 
reactors, which reduce the heat transfer efficiency.

Paper manufacture Bubbles in the slurry used to produce paper which reduce 
the wet web strength and cause problems on the 
production line.

source of ultrasound is employed.

2.3 .8 .1  Passive systems

When a bubble is initially formed, it is very frequently excited into resonant vibra­

tions. Using a transducer, the ultrasonic field associated with a resonating bubble 

can be detected. By simply registering the emissions associated with bubble forma­

tion, it is possible to construct an acoustical neutron counter, which detects the 

bubbles formed in a material which is specially formulated to produce a bubble 

each time a neutron passes through it (Biro et al, 1990). By registering the sound 

produced every time a bubble bursts at the surface of a liquid in which bubbles are 

being produced, it is possible to measure bubble nucleation rates (Lubetkin,

1989). If the frequency of the sound emitted by a bubble is measured, then it can 

be related to the bubble size via the Minnaert equation. This procedure is em­

ployed in a technique which measures the volume flow rate of gas in a system 

which produces bubbles sufficiently slowly that the pulses associated with each 

bubble can be resolved (Oosterwegel & de Groot, 1980). This technique can also 

be applied to the underwater detection of the signals from bubbles being formed 

by breaking waves (Medwin & Daniel, 1990), although care must be taken to



account for the signals from bubbles oscillating off-resonance (Commander & 

Moritz, 1989).

2 .3 .8 .2  A ctive  systems

When the wavelength of ultrasound is much smaller than the bubbles (or other 

dispersed objects), the propagation regime is referred to as the optical regime. 

This analogy is employed because each scatterer casts a ‘shadow’, a region where 

the sound pressure level is zero. A measurement zone can be created between a 

source transmitter which produces pulses of ultrasound, and a receiver transducer. 

When a bubble is present in the measurement zone, the attenuation in the optical 

regime is proportional to the maximum cross-sectional area of the bubble. This 

arrangement can be used to measure the interfacial area in gas-liquid dispersions 

(Stravs & von Stockar, 1985, Bugmann & von Stockar, 1989(a)) and in bioreactors 

(Bugmann & von Stockar, 1989(b), Bugmann et al, 1991). In papermaking, the 

paper pulp contains air at a level of 1 % or so. Bubble formation is suppressed by 

the addition of chemical defoamer. Overdosage with the defoamer is costly, re­

duces paper strength and cause deposits to form on the machinery. Defoamer feed 

rates can be controlled by measuring the ultrasonic attenuation, which is a direct 

function of the air content (Karras et al, 1988).

In the optical regime it is relatively straightforward to utilise ultrasound for tomo­

graphic measurements. A circular array of transducers is arranged around the 

diameter of a pipe through which bubbly liquid flows. The bubbles must be suffi­

ciently large that there are only one or two bubbles in the cross section of the flow 

which is analysed. Each transducer produces a pulse of ultrasound which propa­

gates through the pipe and is reflected by the bubble or bubbles in the liquid. The 

time taken for the reflected pulse to return to the transducer is recorded by a a 

computer, which stimulates each of the transducers in turn. The computer com­

bines all the time delays and constructs an image of the flow in cross-section. This 

measurement procedure can be used to detect vapour bubbles in the coolant in 

nuclear reactors (Kolbe et al, 1986, Turko et al, 1986). It could also be used to 

m onitor natural gas in off-shore pipes used to transport crude oil, in order to 

optimise the control of the pumps (Wolf, 1988).
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Stravs & von Stockar (1985) and Stravs et al (1987) have reported a system which 

fires pulses of ultrasound at megahertz frequencies into a liquid containing bubbles 

which are rising. By monitoring the backscatter from each bubble as it passes 

through the ultrasonic beam, it is possible to size bubbles with radii of several 

millimetres. The measurement system is only successful if the bubbles pass through 

the beam singly or in pairs.

In active systems, it is possible to employ a double frequency technique which gives 

unambiguous values for the radii of the bubbles which are in the imaging volume. 

The system consists of a pumping transducer and an imaging transducer, which 

acts as a transmitter/receiver. The imaging transducer works at its natural frequen­

cy, which is much higher than the resonant frequencies of the bubbles in the liquid. 

The pumping transducer is swept through a range of frequencies, which are chosen 

to cover the resonant frequencies of the bubbles which are to be imaged. The 

imaging transducer produces pulses of ultrasound which are scattered by the 

bubbles and subsequently detected by the imaging transducer. When the frequency 

of the pumping field is near to the resonant frequency of the bubbles, the scattered 

ultrasound contains components at the frequencies (f. - / p), (J. -fJ2),  (f. +  fJ2)  and 

(f. + / ) ,  w h e re /p and/, are the frequencies of the pumping and imaging fields 

respectively. Of course, the major component of the scattered signal is at the 

frequency f  These sum and differences frequencies arise as a result of the nonlin­

ear behaviour of the bubble around resonance. If the scattered signal is analysed in 

the frequency domain (by applying the Fourier transform or by using a spectrum 

analyser), the sum and difference frequencies can be quantified (see Fig. 2.11). 

Because they appear at either side of the main frequency peak, they are often 

referred to as side band frequencies, or just side bands. The amplitude of the side 

band frequencies is maximal when/  is equal to the resonant frequency of the 

bubbles. Successful bubble sizing techniques have been described, which utilise the 

(f ; ± f  /2) sidebands (Leighton et al, 1991) and the (f. ±  / p) sidebands (Chapelon et 

al, 1985, Chapelon et al, 1988).

A rather different technique has been described (Medwin & Breitz, 1989, Breitz & 

Medwin, 1989, Wu & Hwang, 1991) which utilises a resonator. A large, flat Mylar 

capacitive transducer is mounted parallel to a flat reflector plate. The transducer is
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Figure 2.11 Output from spectrum analyser, with frequency plotted on the x-axis. Running from 
left to right, the peaks correspond to the frequencies/. - / p,/. - / p/2 ,/ . , / .  + f j 2 and 
f + f .  Taken from Leighton et al, 1991. 

p

stimulated with electrical white noise, which excites the system into resonance. 

The transducer / reflector system has a series of resonances which correspond to 

the existence of standing waves within the space between the transducer and the 

reflector plate. A hydrophone is situated on the face of the transducer, which 

detects the multiresonant field. The standing wave behaviour of the system is dif­

ferent when it is submerged in water and when it is submerged in bubbly water. By 

taking the Fourier Transform of the signal from the hydrophone, it is possible to 

measure the change of Q of the resonant modes when the resonator is located in 

bubbly water, which can be related to the size distribution of the bubbles. The 

system has been successfully employed to measure bubble spectra under breaking 

waves in real time.

2 . 3 . 8 . 3  D isadvan tages o f  the reported  techniques

All the systems reported here have drawbacks, the principal one being the restrict­

ed range of volume fractions which can be dealt with. Most of the systems are only 

reliable when there are at most two or three bubbles in the volume of the bubbly



liquid which is characterised. Unless an array of transducers is employed, this 

places a severe restriction on the volume fraction of gas, because to ensure that 

only a few bubbles are in the sensitive volume, the volume fraction must be low. 

Even in the resonator system, which can cope with large numbers of bubbles, the 

total volume fraction cannot be too high, because the highly attenuating nature of 

bubbly water will completely damp out the resonances of the system.

Most of the systems are invasive, which is a big disadvantage for use in the food 

industry, where it is very important that all the surfaces which are in contact with 

food can be rigorously cleaned. Given the restriction on volume fraction, and the 

invasive nature of some techniques, it would seem that the existing systems are 

inadequate for characterising bubbly food liquids.

2 .3 .9  Summary

Nonlinear behaviour leads to a rich variety of behaviour in bubbly systems. High 

intensity ultrasound, through processes such as rectified diffusion, cavitation and 

self-induced transparency, is an extremely effective means by which bubbly liquids 

can be degassed. At lower intensities, the coupling of bubble oscillations leads to 

collective behaviour and resonant behaviour of the entire bubble ensemble.

Dilute bubbly liquids can be characterised using low intensity ultrasound, using a 

number of different approaches. So far, no technique has been reported which can 

characterise concentrated bubbly liquids. The invasive nature of most of the re­

ported techniques for ultrasonic characterisation renders them unsuitable for use 

in food processing applications.
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CHAPTER THREE

Materials and methods

3.1 Materials

3.1.1 Introduction

In this section, the materials are discussed which were used in the ultrasonic exper­

iments. The following systems were examined^: a model bubbly liquid (in concen­

trated  and diluted forms), bubbled gel, yogurt, cream, bread dough and beer 

foams. Concentrations of Sweetose should be taken as ± 0.2 wt%, concentrations 

of surfactant should be taken as ± 0.01 wt%, and temperatures should be taken as 

± 0.1 °C, unless otherwise stated. Other figures are quoted to the appropriate 

number of significant places ie 10.0 implies 10.0 ± 0.1,10.00 implies 10.00 ± 0.01.

3 .1 .2  An aerated food model

As was seen in Chapter One, aerated foods are quite diverse in their physical and 

chemical nature. In order to establish the usefulness of ultrasound as a technique 

for the characterisation of aerated foods, a model aerated food is needed. The 

ideal model would be simple, controllable, reproducible, consistent and easily 

characterised by conventional means. Clearly, no such model presently exists, but a 

system which exhibits all these properties to a reasonable degree is available (Bee 

et al, 1987). It consists of a highly viscous syrup, Sweetose, which is aerated in the 

presence of a surfactant (Hyfoama or P1670). The components of the food model, 

which are discussed in more detail below, were kindly supplied by Unilever R e­

search pic.

3.1 .2 .1  Sweetose syrup

Sweetose syrup (Ragus Sugars Ltd, Slough, UK) is produced by the hydrolysis of 

corn starch. It is optically clear and near Newtonian. It is supplied at a strength of 

80-82 wt%, with a dextrose equivalence of 63. The syrup is highly viscous and 

shows a pronounced tendency to form a skin. Sweetose is composed principally of 

glucose and maltose (see Table 3.1), with small amounts of higher order oligosac­

charides. The syrup is too viscous for whipping experiments at the concentration at

t :  The chronological order o f the experiments was not necessarily the same as the order in which 
they are listed.
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Table 3.1 Composition o f Sweetose syrup

- 74 -

number o f
glucose units 1 2 3 4 5 6 7 8 9
per molecule

percentage
composition 37.2 43.4 6.3 2.2 3.4 3.2 2.4 1.2 0.6

based on data from Hodges, 1990

which it is supplied (see Fig. 3.1),  so batches of stock syrup were diluted to a 

concentration of 70 wt% prior to whipping. There is an excellent correlation 

between the refractive index of the syrup and the total sugar content. It was there­

fore straightforward to determine the concentration of the stock syrup, and to 

check the concentration of the syrup batches following dilution. The syrup is 

hygroscopic, so the refractive index of the diluted batches was checked from time 

to time. The decrease in sugar concentration due to the absorption of water from 

the atmosphere was not very marked (0.2 wt% over six months). At a concentra­

tion of 70 wt%, the syrup has a viscosity of =  1.0 Pa s at 20 °C (Hodges, 1990), 

which is about 1000 times the viscosity of water.

3 .1 .2 .2  Hyfoama

Hyfoama DSN (Quest International, Zwijndrecht, Netherlands) is manufactured 

by the hydrolysis of soya protein. The resulting polypeptide fragments are highly 

surface active, and prom ote bubbly systems with high volume fractions of air. 

Sweetose foams which are made with Hyfoama are vulnerable to drainage and 

collapse in a matter of days (Hodges, 1990).

3. 1.2.3 P1670

Ryoto Sugar Ester P I670 (Mitsubishi-Kasei Food Corporation, Tokyo, Japan) is a 

sucrose ester of palmitic acid (see Fig. 3.2). The name is derived from the fatty acid 

used for esterification (P for palmitic acid), the HLB number (16) and the purity of 

the fatty acid (70%). The ester composition is approximately 80% monoester with 

the remaining 20% made up by di- and tri- polyester (Ryoto Sugar Ester Technical 

Information, 1987). By varying the fatty acid type, sucrose esters can be prepared 

with any desired HLB number. In addition to their use as emulsifiers, sucrose
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% S o l id s

Figure 3.1 Viscosity o f Sweetose syrup vs sugar content. From Bee et al,1987.

Figure 3.2 Structure o f P1670 sucrose ester surfactant. From Ryoto Sugar Ester Technical Infor­
mation, 1987.



esters can be used to control crystallisation in oils and to inhibit thermal and freez­

ing denaturation of proteins. They have a useful anti-microbial action, and they are 

tasteless, odourless and non-toxic (Ryoto Sugar Ester Technical Information,

1987).

In Sweetose syrup, sucrose esters P1670 and S1670 (the sucrose ester of stearic 

acid) promote bubbly liquids which have very small bubbles and which are very 

stable compared to bubbly liquids prepared with Hyfoama (Hodges, 1990). This is 

presumably due in part to the affinity between the hydrophilic sucrose head group 

of the surfactant and the continuous phase. At high concentrations of surfactant, 

the sucrose esters can form a liquid crystal mesophase at the bubble surface 

(Hodges, 1990).

3 .  1 . 2 . 4  Electron m icro sco p y  ( c a r r i e d  o u t  b y  Unilever Research L td ,  Colworth)

Electron microscopy was used in order to examine the model bubbly liquid. Three 

different versions of the model were examined, each employing a different surfact­

ant (Hyfoama, P1670 and S1670) at a level of 0.5 wt% in 70 wt% Sweetose syrup. 

Thin strands of the liquid were allowed to fall into liquid nitrogen contained in a 

Dewar flask. The rapidly frozen strands were then transferred to beakers packed 

in solid carbon dioxide for storage until they were prepared for microscopy. The 

samples were examined in a transmission electron microscope, so considerable 

sample preparation was necessary. The frozen sample was fractured using a micro­

tome, and the fractured surface was ‘shadowed’ with osmium tetroxide to produce 

a very thin layer of metal atoms with the same topography as the fractured sample. 

The sample was then washed away using chromic acid, leaving behind a fragile 

metal replica of the sample which was suitable for examination in a transmission 

electron microscope.

The electron microscope revealed a high degree of structure at the surface of 

bubbles which were stabilised by S1670 and P1670 (Fig. 3.3). This structure was 

extremely regular and may be due to surfactant micelles, tightly packed at the 

bubble surface, and consequently deformed into hexagonal shapes. The hexagons 

which can be discerned on the bubble surface are about 40 nm across, although 

there are some examples which are rather larger. This scale is consistent with the
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Figure 3.3 Transm ission electron micrograph o f a bubble in Sw eetose syrup, stabilised with 
SI670 sucrose ester. Bar =  0.5 Note the extremely regular structure at the inter­
face.
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Figure 3 4 Transm ission electron micrograph o f a bubble in Sw eetose syrup, stabilised with 
Hyfoama. Bar =  0.5 /im. Note the absence of structure at the surface.



dimensions of surfactant micelles. The structure was seen principally on the 

smallest bubbles, such as the one pictured, which had a radius of just 0.75 /xm. In 

the absence of surfactant such a bubble would dissolve in a fraction of a second, so 

the surfactant must have had a very strong stabilising influence. Bubbly liquid 

prepared with S1670 lasts for several weeks (Hodges, 1990). In this work, bubbly 

liquids prepared with P1670 at high concentrations were observed to persist for 

several months.

No structure was seen on large bubbles, or on bubbles stabilised by Hyfoama (Fig. 

3.4). Several samples were prepared and examined, and the structure was repeat­

edly observed, so it was not an artifact generated by the preparation process which 

is necessary for electron microscopy. The structure is almost certainly associated 

with the ability of the sucrose ester molecules to adopt a highly ordered configura­

tion at the bubble surface.

The structure at the interface is believed to arise through an aging process, similar 

to that discussed in Section 1.7.4., which is explained as follows: the bubbles 

formed during whipping were initially quite large, and the surfactant film may not 

have covered them completely. The bubbles shrank due to disproportionation, and 

the surfactant film became more closely packed. As the local surfactant concentra­

tion rose, and the available surface area was reduced, the formation of a meso- 

phase (and possibly micelles) was promoted, and the diffusion of gas out of the 

bubble was greatly hindered, so that further shrinkage of the bubble was greatly 

retarded. The controlling factor in foam stability would then be the film drainage 

and rupture. Drainage was retarded by the high viscosity of the syrup, the low 

surface tension and the Gibbs-Marangoni effect. The enhanced dilational elasticity 

due to the surfactant layer at the bubble surface meant that the critical thickness 

for film rupture was reduced.

The key factor seems to be the configuration of the surfactant molecules. The 

aging process will occur with any surfactant, but only the sucrose ester is known to 

form liquid crystals. Transient stabilisation of bubbles by liquid crystal layers has 

previously been observed in the production of solid foams from aqueous systems 

of polymerizable surfactants (Friberg & Fang, 1987). The use of liquid crystals to
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stabilise bubbles in a food system appears to be novel. The ability to prepare stable 

bubbles meant that the bubbles did not have to be prepared by continuous sparg­

ing, and the experimental equipment could therefore be much more compact.

3 .1 .2 .5  Preparation o f the model bubbly liquid

The bubbly liquid was prepared by whipping in a Kenwood Chef Excel KM210 

food mixer, fitted with a stainless steel bowl and clear plastic bowl cover, using the 

stainless steel balloon whisk attachment. The bowl, bowl cover and whisk were 

always thoroughly cleaned before use to remove any grease which might destabi­

lise the bubbly liquid. Neither Hyfoama nor P1670 were very soluble in 70 wt% 

Sweetose, because of the low water activity of the syrup. Dispersion was greatly 

improved by forming a pre-mix of surfactant in absolute ethanol^. The surfactant 

dispersion was placed in the mixer bowl, and sufficient 70 wt% Sweetose was 

added to give a total weight of 500.0 g (not counting the ethanol). The mixture was 

stirred thoroughly with a spatula until the mixture appeared to be homogeneous. 

The surfactant concentration was in the range 0.5 to 5 wt% in the total mixture 

before whipping. The mixture was whipped for 60 minutes at speed 5.0 in a cov­

ered bowl. The resulting concentrated bubbly liquid was used as it stood, and as a 

base for the preparation of the bubbled gel and the dilute bubbly liquid.

The temperature of the whipped mixture rose by several degrees over the course 

of whipping. In some experiments the bowl was cooled by tap w ater running 

through a water jacket around the bowl. The effect of the cooling jacket was found 

to be rather limited, because of the very low thermal conductivity of the foam. 

Therefore in the majority of the experiments whipping was performed at ambient 

temperature. This can be expected to have had a small effect on the reproducibili­

ty of the model, through the variable effects of evaporation. Nevertheless, the 

reproducibility of the whipping experiments was acceptable. Much better tempera­

ture control would be achieved by controlling the tem perature of the air which is 

incorporated, and by cooling the beater and the motor of the mixer. The viscous

f : It is well known that alcohols can enhance the stability of foams prepared with chemically sim i­
lar surfactants. For example, lauric alcohol enhances the stability of foams prepared with sodium  
lauryl sulphate. H owever, it is not likely that the ethanol used in this work to prepare the m odel 
bubbly liquid acted as a co-surfactant, because nearly all of it evaporated over the course of whip­
ping.



nature of the system meant that considerable heat production was inevitable on 

prolonged vigorous mixing. This heat produced within the bubbly liquid would 

have been difficult to remove without a more drastic cooling system. A big disad­

vantage of using a lower temperature for the cooling liquid is the effect that this 

will have on the viscosity of the liquid which is in contact with the surface of the 

mixing bowl. Some evaporation was therefore inevitable, because of the long 

whipping time and concomitant rise in temperature.

3 .1 .2 .6  Characterisation o f the concentrated model bubbly liquid  

In the simplest experiments, bubbly liquids prepared with P1670 or Hyfoama were 

transferred from the mixing bowl directly to the ultrasonic equipment, known as 

the UPER or FSUPER, which are described in detail in Sections 3.2.3 and 3.2.4. 

The liquid was allowed to equilibrate to 20 °C (which usually took several hours), 

and ultrasonic and density measurements were then performed. The bubble size 

distribution was determined using a Malvern Mastersizer (which is described in 

more detail in Section 3.2.6). The light microscope was found to have insufficient 

resolution to characterise the bubbly liquid.

3 .1 .3  Dilute model bubbly liquid

A dilute model bubbly liquid was prepared using concentrated bubbly liquid made 

with P I670, and distilled water. Most of the bubbles from the concentrated liquid 

dissolved on the addition of water, but a small proportion of the bubbles were 

sufficiently stable to survive for many days.

3.1 .3 .1  Preparation o f dilute model bubbly liquid

Dilute bubble systems were prepared by adding a known quantity of concentrated 

bubbly liquid (typically 25-100 g) to 500.0 g of distilled water in a beaker. The 

beaker was covered, and the mixture was stirred vigorously for at least an hour to 

disperse the foam. When dispersion appeared complete, 500.0 ± 0.25 ml of the 

solution was measured into a volumetric flask, and 50.00 ± 0.04 ml of solution was 

removed from the flask using a pipette, and discarded. The remaining 450.0 ml of 

solution was transferred to the FSUPER and allowed to equilibrate to 20 °C. The 

solution was stirred constantly whilst in the FSUPER by means of a submersible 

magnetic stirrer. The ultrasonic properties of the sample were determined, and
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then 50.00 ± 0.04 ml of the solution were removed using a pipette. The total 

volume of the liquid in the FSUPER was made up to 450.0 ml using 50.00 ± 0.04 

ml of distilled water, taken from a large beaker which was kept at the temperature 

of the water bath. Thus the dilute bubbly liquid was diluted by a factor of 8/9. The 

liquid which was removed from the FSUPER was used for a density determination 

in the Paar densitometer.

The dilution process was repeated several times in order to obtain measurements 

over a range of bubble concentrations. In the later stages of the dilution process 

the amount which was removed was increased to 100.00 ± 0.04 ml, with 100.00 ± 

0.04 ml of water being added in order to top up the FSUPER. This gave a dilution 

factor of 7/9. The dilutions were performed as quickly as possible, because the 

more dilute solutions were not stable to disproportionation for more than a few 

hours.

In order to determine the effect of the presence of air in the dilute bubbly liquid, it 

was necessary to repeat each run using a source sample which contained no air. A 

duplicate sample was therefore prepared, which was heated whilst it was stirred, 

taking care not to lose any water due to evaporation. The solution was held at 70- 

80 °C for about two hours, and then it was allowed to cool back to room tempera­

ture. This solution was then measured out and diluted in exactly the same way as 

the bubbly sample.

3 .1 .3 .2  A lbunex

The Sweetose model used in this work is not the only one which can provide 

bubbles which have unexpectedly long lifetimes. Albunex is the trade name of an 

ultrasonic contrast agent used for echocardiology. It consists of bubbles with 

micrometre radii, stabilised by a surface film of human serum albumin, which is a 

naturally occurring blood protein. Albunex bubbles have been characterised in a 

Malvern Mastersizer and a CoulterCounter (see Sections 1.8.6 and 1.8.8) and they 

have also been characterised ultrasonically (Schneider et a l, 1992, de Jong et al,

1991).
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Albunex bubbles are formed by sonication of a 5 wt% solution of human serum 

albumin. The mean diameter of the bubbles so formed is typically 2-4 ^,m, and the 

thickness of the protein film is around 20-25 nm. Native human serum albumin has 

molecular dimensions of approximately 4 x 4 x 1 4  nm (de Jong et al, 1992). If the 

protein is not denatured at the bubble surfaced this would suggest that the protein 

film is 5-6 molecules thick (de Jong et al, 1992). The protein film has elasticity, 

which adds an extra restoring force, increasing the resonant frequency. Measure­

ments of the scattering and absorption cross-sections of Albunex bubbles agree 

well with theoretical predictions, taking into account the influence of the protein 

film (de Jong et al, 1992), and resonance behaviour of the bubbles has been ob­

served (Bleeker et al, 1990). Ultrasonic measurements have also been made on 

another type of echocardiographic contrast agent, termed polymeric microballoons 

by the inventors. Bubbles with a skin of a biodegradable polymer, tert-butyloxy- 

carbonylmethyl polyglutamate, are more stable under pressure than Albunex 

bubbles, and they are slightly smaller (Schneider et al, 1992). These bubbles show 

similar ultrasonic behaviour to Albunex bubbles, but the polymer skin has a more 

pronounced effect on the resonant frequency. The volume fraction of air in the 

bubbly liquids was measured using a density meter similar to the one used in this 

work.

In further studies on model bubbly liquids, it may be instructive to investigate 

Albunex or polymeric microballoons as alternatives to the bubbles used in this 

study. The advantage of these contrast agents is that they are available commer­

cially and they appear to be very stable.

3 .1 .4  Bubbled gel

Some ultrasonic measurements were performed upon bubbled gel. The intention 

was to add a gelling agent to a bubbly liquid, and by allowing the mixture to cream 

whilst the gelling agent set, to produce a fractionated bubbly system. Gelling 

agents such as gelatin, pectin and alginate were examined, but agar gave the best 

results. It was necessary to reduce the Sweetose concentration to 50 wt%, because 

the gelling agents would not dissolve in concentrated syrup. At concentrations of 2-

f:  Protein  m olecules usually adsorb irreversibly at the air-water interface. This im plies that they 
are denatured. Protein molecules in the outer part of the shell need not be denatured.
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2.5 wt% in 50 wt% Sweetose, agar formed firm, rather brittle gels which did not 

exhibit significant syneresis. In practice, the disparity between the bubble cream­

ing rate and the gelling rate was so large that few of the envisioned experiments 

were possible.

Bubbled gel was prepared by diluting the concentrated model bubbly liquid with a 

solution containing Sweetose (50 wt%), Agar (2.5 wt%) and P1670 (0.5 wt%). In 

preparation, this solution was heated in order to dissolve the agar, and then cooled 

to blood heat. The bubbly liquid was added and thoroughly mixed in using a glass 

rod. The bubbly molten gel was poured into a beaker and allowed to set. The gel 

set in 2-3 hours at room temperature. The finished gels were removed from the 

beaker, and cut into cylindrical sections which were typically 10-30 mm long. The 

ultrasonic properties of bubbled and unbubbled gel were determined in a specially 

constructed ultrasonic rig, which is described in detail in Section 3.2.2.

3 .1 .5  Yogurt

In addition to the model systems described above, the ultrasonic properties of 

several different real aerated foods were examined. The simplest of these was 

yogurt, which is described in more detail below.

Yogurt is a relatively simple liquid, prepared by the ferm entation of milk. It is 

chiefly water, with small amounts of dispersed fat, protein and sugar. Native yogurt 

can be whipped, but the resulting dispersion is extremely unstable. In order to 

prepare stable bubbly yogurt it is necessary to add a surfactant. The use of Hyfoa­

ma resulted in a reasonably stable bubbly yogurt, presumably because the Hyfoa­

ma was well solvated at the low pH found in yogurt. Whipped yogurt prepared 

using Hyfoama was stable for around 24 hours at 5 °C. Two different types of 

yogurt, low fat natural yogurt and full fat set yogurt, were obtained from a local 

superm arket and stored in a domestic refrigerator at 4-5 °C prior to use. The 

composition of the yogurts, as supplied by the manufacturers, is set out in Table 

3.2. The density and ultrasonic properties of the yogurts were determined in both 

whipped and unwhipped forms.



Table 3.2 The composition o f the yogurts examined here (manufacturer’s data).

- 8 5 -

Composition (g/lOOg): Carbohydrate Fat Protein

Low fat natural yogurt 8.4 1.2 5.9

(Own label, Morrison Supermarkets pic, Bradford, BD8 9AX, UK)

Full fat set yogurt 3.5 5.5 3.9

(Biogarde, Capital Foods Ltd, Barrow-upon-Soar, LE12 8LP, UK)

3 . 1 . 5 . 1  Preparation o f  w h ipped  yogurt

The Kenwood bowl, balloon whisk and bowl cover were thoroughly cleaned and 

dried. Hyfoama (5.00 g) was weighed into the Kenwood bowl, and yogurt (420 g) 

was added. The mixture was stirred thoroughly by hand in order to disperse the 

Hyfoama, and it was then whipped (6.0 minutes at speed setting 3.0). The bubbly 

yogurt was placed in the FSUPER, and in the density cup, both of which were 

located in a waterbath at 5 °C. Temperature equilibration was usually complete 

within 30 to 40 minutes. The ultrasonic properties of the whipped yogurt were 

dynamic, so they were assessed 60 minutes after the yogurts had been transferred 

to the FSUPER. In this way, all samples would be sure to have reached thermal 

equilibrium, and one source of inter sample variation could be reduced. Some 

samples of whipped yogurt were also examined under the light microscope.

3 . 1 . 5 . 2  Light M icroscopy

Small samples of yogurt were withdrawn from the mixing bowl using a suction 

tube. Each sample was placed in a Howard mould count cell, which is similar to a 

haemocytometer slide. It consisted of circular well, 100 ftm deep, which was sur­

rounded by a moat. The cell was covered with a thick coverslip which was support­

ed on coverslips placed either side of the well, giving a total cell depth of 260 jam. 

This placed an upper limit of 240 ixm on the bubble sizes which could be deter­

mined. A small proportion of the bubbles were beyond this size limit and hence 

could not be accounted for. A total of around 400 bubbles were sized from photo­

micrographs of the yogurt samples. This number was a compromise between the



requirem ents of statistical rigour and the practical difficulties in sampling the 

system, which was changing with time. The observed size distribution was assumed 

to be a reasonable approximation to the true size distribution, with a bias toward 

the smaller bubbles. No structure other than the presence of bubbles was observed 

in the whipped yogurt.

3 .1 .6  Cream

Cream is a more complex liquid than yogurt. It is typically prepared by the centrif­

ugation of milk. It contains small amounts of protein and sugar, and large amounts 

of dispersed fat. Three types of cream were obtained from a local supermarket: 

whipping cream, double cream and ‘spray’ cream. These were stored in a domes­

tic refrigerator at 4-5 °C prior to use. Whipped whipping cream and whipped 

double cream were stable for several days at 5 °C. The spray cream was stable for 

only a few hours at 5 °C. The composition of the creams, as supplied by the 

manufacturers, is set out in Table 3.3. The density and ultrasonic properties of the 

creams were determined, where possible, in both whipped and unwhipped forms.

3 .1 .6 .1  Un whipped cream

Considerable creaming occurs during storage within the containers of whipping 

cream and double cream. The flocculated fat globules can however be redispersed 

by stirring. It was necessary to gently but thoroughly stir the whipping cream and 

double cream, taking care not to introduce any air. Attempts were made to pre­

pare an air-free version of the spray cream. The spray cream was allowed to col­

lapse naturally at room temperature, then the resulting liquid was centrifuged. The 

centrifugate was gently stirred to redisperse the fat which had risen to the top of 

the centrifuge tubes.

3. 1.6.2 Preparation o f whipped cream

The Kenwood bowl, balloon whisk and bowl cover were thoroughly cleaned and 

dried. Whipping cream or double cream (560 g) was weighed into the Kenwood 

bowl, and whipped for 6.0 minutes at speed setting 3.0. This yielded a stiff cream, 

with a dry appearance. The whipped cream  was carefully spooned into the 

FSUPER, and into the density cup, both of which were located in a waterbath at

5 °C. T em perature equilibration was quite slow, usually taking 3-4 hours. The
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Table 3.3 The composition o f the creams examined here (manufacturer’s data)
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Composition (g/lOOg): Carbohydrate Fat Protein

Whipping cream 3.0 40.0 2.0

(Own label, Morrison Supermarkets pie, Bradford, BD8 9AX, UK)

Double cream 2.6 48.0 1.7

(Own label, Morrison Supermarkets pic, Bradford, BD8 9AX, UK)

‘Spray’ cream 
(Anchor)

Composition not provided.

Stated ingredients: Cream, sugar, emulsifier E471 (m ono- and 
diglycerides of fatty acids), stabiliser E407 (carrageenan), 
propellant nitrous oxide.

whipped creams were quite stable, so density and ultrasonic properties were 

determined once thermal equilibration was complete.

The ‘spray’ cream was taken from the refrigerator and sprayed directly into a clean 

Kenwood bowl, keeping the nozzle of the can under the surface of the emerging 

cream, in order to avoid the entrapment of extra air. The cream was then spooned 

into the FSUPER and density cup in the same way as the other creams had been. 

The cream was m easured 30 minutes after being sprayed into the FSUPER, 

because it was much less stable, and the tem pera tu re  of the freshly form ed 

whipped cream was close to 5 °C.

3 .1 .6 .3  The structure o f  whipped cream

Cream does not require the addition of a surfactant in order to be successfully 

whipped. The events which occur during whipping are well understood (Anderson

& Brooker, 1988). The fat is dispersed as globules which are surrounded by a 

strong membrane which protects them from coalescence. As whipping starts, the 

bubbles which form are stabilised by the highly surface active protein. Hydropho­

bic fat globules start to move to the newly created interface, where they displace 

protein from the interface. The membrane surrounding the larger fat globules is 

damaged in the shear field of the whipping rod. If the tem perature is sufficiently 

low, the damaged globules can agglomerate with any other globules with which 

they collide. Within a few minutes, the surface of the bubbles is completely cov­
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ered  in fat globules, which are linked together in a netw ork which extends 

throughout the whipped cream. The fat globules hinder the diffusion of gas out of 

the bubbles, and they provide structural stability. The structure of whipped cream 

and spray cream cannot be observed under the light microscope. It is however 

elucidated perfectly by electron microscopy (Fig. 3.5(a) ). Fat globules are located 

at the bubble surface, and they protrude into the lumen of the bubble. The ag­

glomerated fat network is clearly visible in cross-section. The bubbles typically 

have radii of 5-10 jiim, and some of the larger ones (not shown) are non-spherical. 

The structure of spray cream is similar (Fig. 3 .5 (b ) ), although the bubbles are 

larger and the lamellae are thinner.

If the tem perature in the whipped cream is allowed to rise above 10 °C, the fat 

within the globules melts and becomes partly liquid. This liquid fat escapes from 

globules with damaged membranes, and is very strongly adsorbed at the bubble 

surface, displacing protein and the more loosely adsorbed intact fat globules. The 

liquid fat confers no stability on the bubbles and they rapidly coalesce. For success­

ful whipping therefore, the temperature of the cream must be kept at 10 °C or less.

3 .1 .7  Bread dough

Bread is a commercially important food product, and consequently it has been 

very well studied. A large battery of empirical tests are used to classify flours 

according to their suitability for bread-making, and to characterise bread dough 

and baked bread. In this work, the properties of bread dough merit no more than a 

brief consideration. The interested reader is referred to Pyler (1973) for more 

information.

3 .1 .7 .1  Preparation o f dough

Strong bread flour dough was prepared by mixing flour (400.0 g), salt (12.7g) and 

water (255.0g) in a Kenwood Chef Excel mixer at speed 2.0 for 2.0 minutes, using a 

dough hook attachment. The dough was carefully transferred to the FSUPER, and 

allowed to equilibrate to 20 °C. This took several hours, so the size distribution of 

bubbles within the dough can be expected to have reached a quasi-equilibrium 

state. Once equilibration was complete, the density and the ultrasonic properties 

of the dough were measured. A fermented version of the dough was also exam-
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Figure 3.5(a) Scanning electron micrograph of whipped cream (bar -  10 ^m ). The fat globules 
(FG) are clearly visible at the interface (I).From Anderson & Brooker, 1988.

Figure 3.5(b) Scanning electron micrograph o f spray cream (bar -  10 /im ). Again, fat globules 
(FG ) are visible at the interface (1). Note the thinner lam ellae.From Anderson cv
Brooker, 1988.



ined. This was prepared in exactly the same way as before, with the addition of 

7.6g of fresh yeast to the mixture. The dough was covered and allowed to ferment 

for 24 hours after being placed in the FSUPER at 20 °C. The fermentation was 

then deemed complete and ultrasonic measurements were made.

3. 1. 7.2 The structure o f bread dough

Flour and water are transformed into bread dough by the input of a large amount 

of mechanical energy. The unique structure of wheat flour dough is due to the 

protein in the flour, which exists as a complex called gluten. In the presence of 

water, neighbouring protein molecules form disulphide bonds when the dough is 

worked. This cross-linking results in the formation of an elastic network, which is 

able to retain the gas produced during leavening. The bread-making quality of 

flour is directly related to its gluten content. Flours which are low in gluten (8-10 

wt%) are termed ‘weak’ and are suitable for cake and biscuit manufacture. Flours 

which are high in gluten (11-13%) are termed ‘strong’ and are most suitable for 

bread manufacture. Dried, extracted gluten is produced commercially as a sup­

plement for weak flour in order to improve its bread-making potential. There is 

still a need for a universal test of the suitability of gluten and flour for breadmaking 

(Czuchajowska & Pomeranz, 1990).

Ultrasound may offer a technique for the characterisation of bread dough, through 

its interaction with the bubbles which are entrained in the dough. During mixing, 

many air bubbles are entrained in the gluten matrix. These bubbles are thought to 

be stabilised by the surfactant materials which are present in the dough liquor’*' 

(Kumagai et al, 1991, Sahi, 1992). After mixing ends, the bubble size distribution in 

the dough is governed by disproportionation. Bubbles which are below a critical 

radius (about 15 yam) shrink as the gas diffuses out of them (Shimiya & Yano,

1988). The rate of shrinkage is well described by a modified version of the Epstein- 

Plesset equation (Epstein & Plesset, 1950). Bubbles in wheat flour dough shrink at 

about one thousandth of the rate at which bubbles in water shrink (Shimiya & 

Yano, 1987). This can be attributed to the presence of surfactant material at the 

interface and to the low diffusion rate of dissolved gas through the dough. Never-
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Table 3.4 The beers examined in this project

Name of Beer Packaging Number of Samples

Swan Light Can 2

Michelob Can 2

Smithwick’s Bottle 2

John Smith’s Can 1

Bodington’s Can with insert 1

theless, bubbles which have radii below the critical radius have shrunk completely 

within 15 minutes at 3 °C (Kumagai et al, 1991) and within an hour at 42 °C 

(Shimiya & Yano, 1988). As expected, the bubbles which are larger than the criti­

cal radius grow at the expense of the smaller bubbles. However, the rate of growth 

is very much lower than expected. This can again be attributed to the slow diffu­

sion of gas through the dough, and also to the elasticity of the gluten network.

The existence of stable bubbles (with radii typically in the range 40-140 ^m) in the 

dough is essential for successful leavening. The yeast cells produce carbon dioxide, 

but they cannot initiate a gas bubble within the dough. Pre-existing nuclei are 

required which can be expanded by the diffusion of carbon dioxide through the 

dough. The volume fraction of gas in doughs made with strong and weak flours is 

different both before and after fermentation (Pyler, 1973). It may therefore be 

possible to assess the bread-making potential of a flour by determining the volume 

fraction of gas and/or the bubble size distribution in unyeasted dough. The deter­

mination of these parameters is, at present, difficult to perform quickly, accurately 

and non-destructively. Ultrasound might be useful for just such a purpose.

3 .1 .8  Beer foam

Several packaged beers were kindly supplied by Dr Roger Ham m ond of the 

Brewing Research Foundation. The names of the beers and the type of packaging 

are listed in Table 3.4. Unopened beer was equilibrated to 5 °C in the same water 

bath which contained the FSUPER. The beer was poured from a height of around



60 cm directly into a large beaker, in order to generate a frothy mixture. This 

mixture was immediately used to fill the FSUPER to the brim. Ultrasonic meas­

urements were made immediately, the beer was allowed to settle for 30 seconds 

and then a second set of measurements were made.

3 .2  Methods

3.2.1 Introduction

The purpose of this section is to describe the equipment which was used over the 

course of this investigation. The ultrasonic measurements were made in devices 

which were developed in the Department of Food Science, and these are listed in 

order in which they were developed. The most useful devices were the ultrasonic 

pulse echo reflectometer (UPER) and the frequency scanning ultrasonic pulse 

echo reflectometer (FSUPER). These devices were designed and developed by Dr 

Julian McClements whilst working in the Physical Measurement Group of the 

Food Science Department with Dr Malcolm Povey. The application of densitome­

try and light scattering is also described.

3 .2 .2  Measurement rigs for bubbled gel

In this investigation, a bubbled gel was the first bubbly food system to be examined 

ultrasonically. Two different measurement systems were employed in order to 

examine the bubbled gel.

A float glass rig (Fig. 3 .6) was constructed in the Procter department workshop. 

Two float glass plates (approximately 1 m x lm) were held parallel at a known 

spacing (5-10 mm) by a set of brass spacers. The gel was sealed in between the 

glass plates by a circular length of rubber tubing. Each of the transducers (Sonat- 

est, centre frequency 500 kHz, diameter 20 mm) was supported by a holder bar 

containing a number of holes which were machined to the diameter of the trans­

ducer. The holder bars were aligned so as to keep the transducers coaxial with 

their faces parallel. The transducers acted as a transmitter/receiver pair, with the 

transm itting transducer excited by an electrical spike from an ultrasonic flaw 

detector (Balteau Sonatest UFD 1). The receiving transducer was connected to a 

digital storage oscilloscope (LeCroy 9420).
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Figure 3.6 The first ultrasonic measurement rig for gel sam ples constructed by the Procter 
Workshop.

Figure 3.7 The second ultrasonic m easurem ent rig for gel sam ples constructed by the Procter 
Workshop.
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Strength considerations required the use of fairly thick (approximately 5 mm) glass 

plates. There was an acoustic impedance mismatch between the glass and the 

transducer and sample, so that the signal reverberated within the glass plates. This 

gave rise to a severe phase shift in the received signal, rendering the equipment 

useless for accurate measurements.

A revised measurement rig for the gel samples was constructed by the Workshop 

(Fig. 3.7). The rig consisted of holders for two pairs of transducers, arranged so 

that the transducer pairs were coaxial, and the transducer faces were parallel. The 

transducers used covered the frequency range 0.3 to 1 MHz (Karl Deutsch S40 HB 

0.3-1, diameter 40 mm) and 1 to 8 MHz (Karl Deutsch S12 HB 1-8, diameter 12 

mm). One holder was fixed at one end of the rig, and the other was free to move 

on guide rails, but could be fixed in position if desired. The gel slice which was to 

be assessed was placed between the transducers, and the movable holder was 

positioned so as to gently squeeze the gel and hold it in place. The holder was then 

fixed in position, and the transducer separation was determined to ± 0.2 mm using 

digital callipers (Mitutoyo Digimatic 500-321).

The measurement set-up is represented schematically in Fig. 3.8. Measurements 

were made using one pair of transducers at a time, with one transducer acting as a 

transmitter and the other acting as a receiver. The transmitter was excited by a 

toneburst containing at least 8 cycles, generated by a function generator (Hewlett 

Packard HP3312A or Hewlett Packard HP8116A). The function generators 

produced signals of modest amplitude (16V peak to peak maximum), so the tech­

nique could only accommodate samples with low attenuation coefficients. The 

receiving transducer was connected to a digital storage oscilloscope (LeCroy 

9420). Each pair of transducers was swept through its operating frequency range in 

a num ber of discrete steps. The apparent time of flight of a pulse through the 

system consisted of the time taken to traverse the gel plus a delay due to the trans­

ducer wearplates and a small delay due to the electronic equipment. This system 

delay was determined by measuring the time of flight with the probes pushed fully 

together. The true time of flight through the gel samples was thus found by sub­

tracting the system delay time from the apparent time of flight.
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Figure 3.8 Schematic representation of the ultrasonic measurement rig for gel samples.

3 .2 .3  The Ultrasonic Pulse Echo Reflectometer

Because the bubbled gel was highly attenuating, it was not possible to make trans­

mission measurements without increasing the intensity of the signal to the extent 

where the propagation would become non-linear. The success of the impedance 

technique employed by Leatherhead (Randall et al, 1987, Manetou, 1990) suggest­

ed that reflection measurements would be useful for systems which were very 

highly attenuating. A device incorporating a Perspex buffer rod was therefore 

employed, which could be used to measure the velocity, attenuation coefficient 

and acoustic im pedance of a liquid sample at a fixed frequency of 2.1 MHz 

(McClements & Fairley, 1991). This device was used to measure air-free Swee­

tose, air-free Sweetose gel, and the model bubbly liquid.

The ultrasonic pulse echo reflectom eter (or UPER) consisted of a cylindrical 

polymethylmethacrylate (Perspex) buffer rod set into an aluminium cell, which 

contained the sample (Figs. 3.9  and 3.10).  An ultrasonic transducer (Balteau 

Sonatest, nominal centre frequency 2 MHz, diameter 10mm) was bonded to one 

end of the buffer rod, and the other end was fixed parallel to the inside face of the
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Figurc 3.9 The Ultrasonic Pulse Echo Reflectometer.



S a m p l e

-97-

Reflector
P late

Figure 3.10 Schematic representation of the Ultrasonic Pulse Echo Reflectometer.
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sample/reflector plate interface.



opposite wall of the cell, which acted as a reflector plate. The transducer was 

medium damped, and it was excited by a toneburst of 5-10 cycles at 2.1 MHz from 

a function generator (Hewlett Packard HP 8116A). The ultrasonic signals which 

returned from the sample were analysed using a digital storage oscilloscope 

(LeCroy9420). The instrument was thermostatted in a waterbath to ± 0.1 °C. The 

transducer produced a pulse of ultrasound which travelled along the buffer rod to 

the rod/sample interface where it was partly reflected, giving rise to echo one, and 

partly transmitted (Fig. 3.11). The transmitted portion travelled on through the 

sample until it reached the sample/reflector plate interface, where it was again 

partly reflected, giving rise to echo two, and partly transmitted. The echoes re­

flected from both interfaces returned to the transducer, where they were detected 

and displayed on the oscilloscope.

3.2 .3 .1  Design Considerations

There are a number of important factors which were considered in the design of 

the UPER. The transducer, the buffer rod and the reflector plate had smooth 

faces and were aligned parallel to each other. The diameter of the buffer rod was 

large enough to ensure that beam spreading (see Appendix I) of the ultrasonic 

pulse did not lead to side wall reflections. The time the pulse took to travel the 

length of the buffer rod was greater than the time the pulse took to travel through 

the sample, so that the second echo displayed on the oscilloscope was the one 

which travelled through the sample and not a multiple echo in the Perspex rod. 

This placed a lower limit on the velocity of the material which the UPER could 

measure of about 400 ms'1. The majority of liquids have velocities considerably 

larger than this lower limit. The reflector plate was sufficiently thick that no rever­

berations within it interfered with the pulse reflected from it.

3 .2 .3 .2  Impedance measurements

The specific acoustic impedance of the sample liquid was determined by compar­

ing the (complex) amplitude of echo one when the sample was placed in the cell 

with the amplitude when a liquid calibrant (a material whose ultrasonic properties 

are known), was placed in the cell. These amplitudes are given by
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A = R A -e ~'^0L'd '
l,s l,s I

[3.1]



-99-
[3.2]

where A ; refers to the amplitude of echo one, and the subscripts s and c refer to 

the sample and the calibrant respectively. R is the (complex) reflection coefficient 

at the buffer rod/sample interface, A. is the amplitude of the ultrasonic pulse when 

it initially enters the buffer rod, a' is the attenuation coefficient of the buffer rod 

and d' is the length of the buffer rod. Dividing Equation 3.1 by Equation 3.2 and 

rearranging gives

Distilled water was used as a calibrant, because its ultrasonic properties are well 

known (del Grosso & Mader, 1972) and for our Perspex buffer rod the value of 

R was 0.374 ± 0.001 at 20 °C. The specific acoustic impedance of the sample,1,water

Z , was found from the reflection coefficient using

where Z is the impedance of the Perspex buffer rod, which was measured as 3.245 

± 0.005 x 106 kg nr2 s'1 at 20.0 °C, and can be treated as completely real without 

significantly affecting accuracy.

3 .2 .3 .3  A ttenuation measurements

The attenuation coefficient of the sample can be determined from the amplitudes 

A and A of echoes one and two respectively, which are given by
l,s 2,s

where R, is the reflection coefficient at the sample/reflector plate interface, d is 

the length of the sample, a  is the attenuation coefficient of the sample, and A. is 

the amplitude of the pulse when it initially enters the buffer rod. Dividing Equation

3.6 by Equation 3.5, and rearranging gives

R was determined by reference to R in the same manner as R, . It was then
2 ,s  J  2 ,c  1.S

possible to determ ine a  by measuring R i , R 2s, A u and A, . In order to obtain

[3.3]

z . =  z p-(! ■ +
[3.4]

A = e - 2oc'd '-R A [3.5]

[3.6]

[3.7]



accurate results the measurements were corrected for diffraction effects (see 

Appendix I).

3 .2 .3 .4  Velocity measurements

The velocity, c ,  of the sample was determined from the equation

c = c 8 / 8 [3-8]
S C C S

where c is the velocity in the calibrant, and 5 is the time of flight in the UPER. The 

time of flight was determined using the central peak in echo one and echo two, 

taking into account a phase shift of 180° in echo two. This phase shift occurred 

because the acoustic impedance of the sample was lower than the impedance of 

the reflector plate. The velocity measurements were also corrected for diffraction 

effects (see Appendix I).

3 .2 .3 .5  Accuracy

The principal sources of error in the measurements were temperature fluctuations, 

non-parallelism between the face of the buffer rod and the reflector plate, imper­

fections in the corrections applied to account for diffraction, and variability in the 

output of the function generator. The UPER can m easure the velocity to ± 

0.5 m s1, the attenuation to ± 1 Np m 1 and the acoustic impedance to ± 0.01 x 106 

kg nr2 s'1, with temperature control to ± 0.1 °C. Measurements made in the UPER 

on a number of liquids agreed very well with literature values (McClements & 

Fairley, 1991).

3 .2 .4  The Frequency Scanning Ultrasonic Pulse Echo Reflectometer

The UPER was very useful, but it was limited by the fact that it worked at only one 

frequency. The properties of bubbly liquids, and of course many other systems, are 

frequency dependent. The Frequency Scanning Ultrasonic Pulse Echo Reflectom­

eter (or FSUPER) was developed from the UPER, in order to determ ine the 

acoustic impedance, velocity and attenuation of liquid samples as a function of 

frequency (McClements & Fairley, 1992). The FSUPER was used to examine the 

model bubbly liquid (in concentrated and diluted forms), and to examine whipped 

yogurt, whipped cream, bread dough and beer foam.
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The FSUPER consisted of two cylindrical polymethylmethacrylate (Perspex) 

buffer rods set into an aluminium cell, which contained the sample (Figs. 3.12 and 

3.13). An ultrasonic transducer was water-coupled to one end of each buffer rod, 

and the other ends were fixed parallel to the inside face of the opposite wall of the 

cell, which acted as a reflector plate. Both transducers were highly damped, and 

each one was operated in the same way. The transducer was excited by an electri­

cal spike from an ultrasonic flaw detector (Balteau Sonatest UFD1) and it pro­

duced a broad band pulse of ultrasound. The ultrasonic signals returning from the 

sample were analysed using a digital storage oscilloscope (Lecroy 9420), and the 

whole measurement procedure was controlled using a personal computer (Am- 

strad PC2086 or PC1512). The entire measurement setup is illustrated in Fig. 3.14. 

The transducers covered the frequency ranges 0.3-1 MHz (Karl Deutsch STS 40 

WB, diam eter 40 mm or Sonatest SLH 1-25, diam eter 25 mm) and 1-8 MHz 

(Sonatest SLH 5-20, diameter 20 mm). The instrument was therm ostatted in a 

waterbath to ± 0.1 °C.

Each transducer produced a pulse of ultrasound which travelled through the 

sample in exactly the same way as in the UPER, giving rise to two echoes. In order 

to extract the frequency information from the pulses, echoes one and two were 

subjected to a Fast Fourier Transform, yielding magnitude and phase information 

in the frequency domain (Fig. 3.15).

The ultrasonic velocity was calculated from the phase difference betw een the 

transforms, and the attenuation coefficient and specific acoustic impedance were 

calculated from the ratio of the magnitudes of the transforms. As with the UPER, 

the device was carefully designed so that side-wall reflections due to beam spread­

ing, and reverberations within the buffer rod and reflector plate did not interfere 

with the signals from the samples. This required the use of rods with larger diame­

ters and shorter pathlengths than in the UPER. The sample pathlength in the 

FSUPER was rather larger than in the UPER, so the reverberations in the buffer 

rod were seen in the time interval between the two echoes (see Fig. 3.15). There 

was therefore no lower limit on the velocity of the liquids which could be examined 

in the FSUPER.
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Figure 3.12 The Frequency Scanning Ultrasonic Pulse Echo Reflectomctcr.
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Figure 3.13 The Frequency Scanning Ultrasonic Pulse Echo Reflectometer (schematic).
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FSUPER

Figure 3.14 The FSUPER and associated equipment are shown in a photograph (top) and in 
schematic representation (bottom).



-105-

2

1

r o d s a m p l e

\  
c /

CD

t-o•c*
a,

CD(/)S
Q,

T3
-+-0
c»g05e

1

J

CO13
2

£

cu in ti j; a.

T3
3
T°s05C3
5=

s. y

Figure 3 15 A  voltage/time trace recorded in the FSUPER. The broadband pulse is reflected at 
the buffer rod/sample and sample/back wall interfaces, giving rise to echoes 1 «nd 2. 
Reverberations in the buffer rod can be seen shortly after echo one. Reverberations 
in the back plate are seen shortly aver echo two. The echoes are shown individually, 
on an expanded time scale. The 180° phase shift is obvious. The Fourier transform ol 
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3.2 .4 .1  Measurement principles

The measurement principles in the FSUPER are broadly similar to those in the 

UPER. In the following discussion, quantities which are a function of frequency, /, 

are denoted as X(f) in the text, but the notation is dropped within equations in 

order to improve clarity.

3 .2 .4 .2  Impedance measurements

The specific acoustic impedance of a liquid sample is again determined from the 

ratio of the amplitudes of the signals reflected from the sample and from a cali- 

brant. These amplitudes are given by
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where A (/) refers to the amplitude of echo one, and the subscripts s and c refer to 

the sample and the calibrant respectively. R f f )  is the (complex) reflection coeffi­

cient at the buffer rod/sample interface, A .(f) is the amplitude of the ultrasonic 

pulse when it initially enters the buffer rod, a ' is the attenuation coefficient of the 

buffer rod and d'  is the length of the buffer rod. The am plitude of echo one is 

related to its Fourier transform by A = M-(cos(@)+/-sin(@)), where M (f) is the 

magnitude, 0(/) is the phase and i is -/(-I). Dividing Equation 3.9 by Equation 3.10 

and rearranging, gives

Distilled water was again used as a calibrant. The specific acoustic impedance of 

the sample is given by

where Z is the impedance of the Perspex buffer rod, which was not found to 

depend significantly on frequency in the range 0.3 to 8 MHz.

A = R A -e ~ ^ a 'd '
l,s l,s i

[3.9]

[3.10]

R = R, -A /A,
l,s l,c l,s l,c

[3.11]

[3.12]

3 .2 .4 .3  Predicted values o f the reflection coeffic ient

In order to illustrate the value of reflection measurements (or impedance meas­

urements), Fig. 3.16 shows the predicted reflection coefficient (in the FSUPER) of
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the bubbly water systems considered in Section 2.2.5.1. The value of the reflection 

coefficient depends on the impedance of the buffer rod, so these predictions are 

device-specific. The predicted acoustic impedance could have been plotted in­

stead, which would make the predictions independent of the device (although they 

would still depend on the expression which was chosen for the effective density). It 

was felt however that using the reflection coefficient made for clearer presenta­

tion.

Consider the most dilute system, with a volume fraction of 2 % (Fig. 3.16(a)). At 

low frequencies, the velocity is depressed and the attenuation is very low. Corre­

spondingly, the real part of the reflection coefficient is large and the imaginary 

part is very small. At the resonant frequency the velocity is at a minimum and the 

real part of the reflection is at a maximum. At frequencies above resonance the 

velocity and attenuation are greatly elevated. The real part of the reflection coeffi­

cient drops to a minimum and then recovers to the value of the bubble free water. 

The imaginary part of the reflection coefficient passes through a maximum and 

drops back to zero as the frequency increases. The frequency at which the real and 

imaginary parts of the reflection coefficient are equal is approximately ten times 

the resonant frequency.

As the volume fraction is increased (Figs 3.16(b) and 3.16(c)) the real part of the 

reflection coefficient increases in value across the frequency range, and the value 

of the imaginary part decreases. The value of the real part of the reflection coeffi­

cient remains elevated at frequencies well above resonance, and the curves de­

scribing the real and imaginary parts of the reflection coefficient do not cross.

The reflection coefficient of the polydisperse system postulated in Section 2.2.5.2 

is compared with the predicted reflection coefficient of a monodisperse system in 

Fig. 3.17. The bubbles are distributed log normally around a mean radius of 10 n m, 

with a log standard deviation of 0.25, such that the majority of the bubbles are 

within four standard deviations of the mean ie within the range 1 to 100 /jlm. The 

effects of polydispersity on the predicted reflection coefficient are  not very 

m arked. The peak in the real part of the reflection coefficient which occurs in 

monodisperse systems is not seen in polydisperse systems, and real part remains
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F r e q u e n c y /  Hz

Figure 3.16(a)The predicted real part (upper curves) and imaginary part (lower curves) of the 
reflection coefficient in the FSUPER of a monodisperse system of bubbles in water 
(radius =  10/i.m, volume fraction =  2 %). The curves are labelled according to the 
theory used to generate them. EMT: Gaunaurd & Uberall, W&T: Waterman & 
Truell, L&B: Lloyd & Berry, Ma: Ma et al.
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F r e q u e n c y /  Hz

Figure 3.16(b)The predicted real part (upper curves) and imaginary part (lower curves) of the 
reflection coefficient in the FSUPER of a monodisperse system of bubbles in water 
(radius =  10 ^ m, volume fraction =  10 %). The curves are labelled according to the 
theory used to generate them. EMT: Gaunaurd & Uberall, W&T: Waterman & 
Truell, L&B: Lloyd & Berry, Ma: Ma et al.
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Figure 3.16(c)The predicted real part (upper curves) and imaginary part (lower curves) o f the 
reflection coefficient in the FSUPER of a monodisperse system of bubbles in water 
(radius =  10 /xm, volume fraction =  40 %). The curves are labelled according to the 
theory used to generate them. EMT: Gaunaurd & Uberall, W&T: Waterman & 
Truell, L&B: Lloyd & Berry, Ma: Ma et al.
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Figure 3.17 The predicted real part (upper curves) and imaginary part (lower curves) of the 
reflection coefficient in the FSUPER of bubbly water (volume fraction =  2 %). The 
dotted lines are for a monodisperse system with radius 10 /xm. The solid lines are for 
a polydisperse system with mean radius 10 /xm (see text for details).
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elevated up to slightly higher frequencies. The minimum in the real part of the 

reflection coefficient, and the maximum in the imaginary part of the reflection 

coefficient are both shifted to slightly higher frequencies by the effects of polydis­

persity.

3 .2 .4 .4  A ttenuation measurements

The attenuation coefficient was determined from the Fourier transforms of echoes 

one and two. The relationships needed are

where R ,s(/) is the reflection coefficient at the sample/reflector plate interface, d is 

the length of the sample, a(f) is the attenuation coefficient of the sample, and M.(/) 

is the magnitude of the pulse when it initially enters the buffer rod. Dividing Equa­

tion 3.13 by Equation 3.14, and rearranging gives

R,s(/) was determined by reference to R„c(/) in the same manner as R|s(/)- It was 

then possible to determine a(f) by measuring R|s(/), R,s(/), Mu(f) and The

results were corrected in order to account for diffraction effects (see Appendix I).

3 .2 .4 .5  Velocity measuremen ts

The velocity, c(j), of the sample was determined from the equation

where d is the sample pathlength and i f f)  is the time difference between echo one 

and echo two. The pathlength was determined by measuring / (/) when the cali­

brant was in the instrument. The time t (f) was calculated as a function of frequen­

cy using the phase information from the Fourier transforms of echoes 1 and 2

where nJf) is an integer, A0 (/) is the difference in phase between the transforms 

of echo 1 and echo 2, and 0 d(/) is the phase shift due to diffraction. The -180

M = e ~ 2a ^ -R -M
1,s l.s i

M = e ~ 2a'd ' i l - R  2)-R -M-e- 2 a ^2,s '  l,s '  2,s i

[3.13]

[3.14]

[3.15]

c = 2dfr [3.16]

ts = ( n -360 + A0s - 0 d - 180)/(360•/) [3.17]
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appears in Equation 3.17 because the acoustic impedance of the sample was less 

than that of the reflector plate.

The velocity dispersion in the sample was not large, i.e. (cm x - cmin)/cmax < 1 /(f't), so 

that n (/) could be determined by measuring the time difference, At between simi­

lar positions within the two echoes (ns ~  At-/). If the samples had been highly 

dispersive then it would have been necessary to make measurements at two differ­

ent sample path lengths, dx and d,. By solving the simultaneous equations c = 2x1 Jt̂  

= 2d jt  , the values of «s(/), and n (J) needed in Equation 3.17 could be calculated.

3 .2 .4 .6  Accuracy

The sources of error in the measurements were essentially the same as those in the 

UPER. There was a small additional error due to phase shifting in the wear plate 

and in the coupling layer, which was most pronounced at frequencies below the 

centre frequency of the transducer (Jackson et al, 1981, Vincent, 1987). Taking 

into account the variability in our measurements, and comparing literature values 

with FSUPER measurements on liquids whose properties are known, such as a 

silicone reference fluid (Zeqiri, 1989), it is estimated that the FSUPER can deter­

mine the velocity to better than 0.5 m s 1, the specific acoustic impedance to better 

than 1% and the attenuation coefficient to better than 5%, with an absolute accu­

racy of 1-2 Np m 1.

3.2.4. 7 Applications

The FSUPER has proven very useful for examining emulsions and suspensions. 

Some of the applications of the FSUPER have recently been described (McCle­

ments, 1992), and a description of the FSUPER itself is to be published (see 

Appendix III).

3.2 .5  Density measurements

Density measurements were used in order to determine the volume fraction of air 

in the bubbly systems. A fairly crude system was employed when the volume frac­

tion was high. A more sensitive device such as a density bottle or densitometer was 

employed when the volume fraction was low.
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3.2 .5 .1  ' Measuring c u p ' system

The volume of a Perspex box was determined by weighing the box, and then filling 

it with water and reweighing. This vessel of known volume (approximately 164 

cm3) and weight (approximately 64 g) was carefully filled with the liquid of interest, 

taking care not to introduce any extraneous air. When necessary, the liquid was 

made level with the top of the box by drawing the flat blade of a knife across it. 

The outside of the box was cleaned and dried, and the box was then weighed again. 

This yielded the density of the sample, ps, which in turn yielded the volume fraction 

of dispersed gas, 0 g, according to

0g= l - p s/ p ' s [3-18]

where ps is the density of the sample, and p 's is the density of the gas-free sample. 

In the measurements on the bubbly liquid model, p 's was taken as the density of 

the Sweetose syrup from which the bubbly liquid was prepared. The density of 

S w eetose  d e p en d e d  on the  solids co n ten t acco rd ing  to  p syvup / kg n r3 = 

6.307 X (Solids content in wt%) + 923.16 (based on data supplied by Unilever 

Research Ltd). Using this technique the volume fraction could be measured to ± 

0.02 in most cases.

The measuring cup technique was useful for the concentrated bubbly liquid, yogurt 

cream and, to a lesser extent, dough. The accuracy was reduced when measuring 

dough, because it was not possible to level the top of the dough properly. In all 

cases, it was necessary to fill the Perspex box very carefully.

3 .2 .5 .2  The densitometer

The densitometer employed in this work was of the vibrating U-tube type (Anton 

Paar Digital Density Meter DMA 40). A glass U-tube is mounted horizontally 

inside a sealed glass cylinder containing a gas of high thermal conductivity, which is 

in turn contained within a glass water jacket. Thermostatting water is pumped 

through the water jacket from a waterbath. The liquid which is to be characterised 

is introduced into the U-tube, using a disposable pipette. The progress of the 

sample through the tube can be observed because the working parts of the instru­

ment are made of glass. The sample must completely fill the U-tube, which has a



-115-

volume of approximately 0.7 cm'3. Over-filling does not affect the measurement but 

under-filling does. The U-tube is caused to oscillate at its natural frequency, and 

the machine displays the period of the oscillation. The period of the oscillation 

depends on the mass of the tube and hence on the density of the sample liquid. In 

order to relate the period of oscillation to the density of the sample, it is necessary 

to calibrate the device for the measurement tem perature of interest. This is 

achieved by obtaining readings for distilled water and air. This enables the calcula­

tion of two tem perature- and device-dependent constants, A  and B, which are 

given by (Paar DMA 45 Instruction Manual)

where T is the reading given by the densitometer, and the subscripts a and w refer 

to air and water respectively. The densities of air and water are tabulated as a 

function of tem perature in reference books (see for example CRC Handbook, 

1987). A  and B are required in the calculation of the density of the sample accord­

ing to

The therm ostatting  w ater was pum ped from the w aterbath  which held the 

FSUPER. The temperature was controlled to within ±0.1  °C, so the densitometer 

could determine the density to within ± 0.1 kg m 3. It could therefore measure the 

volume fraction of air to approximately ± 0.0002.

The concentrated bubbly liquid was very viscous, and it was very difficult to intro­

duce the liquid into the narrow densitometer U-tube. It was however possible to 

measure the air-free syrup in the densitometer. The densitometer was most useful 

for measuring the dilute bubbly liquid, which was easily introduced into the densi­

tometer.

[3.19]

[3.20]

[3.21]

3 .2 .6  The Malvern Mastersizer

The Malvern Mastersizer is a device for measuring the particle size distribution in 

dispersions. A small amount of the dispersion is greatly diluted in an optically clear
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Figure 3.18 The Malvern Mastersizer. In a computer controlled measurement process, laser light 
is scattered by a dilute dispersion of particles (top). The scattered light falls upon a 
circular detector (bottom ).The scattering angle is inversely proportional to the 
radius of the particle. From the Malvern Mastersizer User Manual, 1989.



diluent. A pump circulates the dilute dispersion from a stirred storage tank into 

the m easurem ent cell and back to the tank. A laser beam shines through the 

measurement cell, and the scattering of the laser light by the particles

is measured. The device is illustrated schematically in Fig. 3.18. The concentration 

of scatterers in the dispersant must be very low, so that multiple scattering of the 

laser light does not occur, because the theory used to relate the optical measure­

ments to the particle size distribution is valid only in the single scattering regime. 

The need for dilution of the sample, and the need to pump the sample through the 

measurement cell, make the Mastersizer unsuitable for real food systems.

A computer controls the measurement process, and converts the optical meas­

urem ents into a derived particle size distribution. The fundam ental property 

m easured by the M astersizer is particle volume. O ther properties, such as the 

surface area and radius of the particles, are calculated from the particle volume 

distribution. By means of different lenses, the Mastersizer can characterise parti­

cles with diameters in the range 0.1 /xm to 1000 ju,m.

In order to derive the correct particle size distribution, the refractive index, rj~°, of 

the dispersant and the particles must be known, as must the optical absorption of 

the particles. The relative refractive index of the system may be taken as the refrac­

tive index of the particles divided by the refractive index of the dispersant. The 

relative refractive index and the absorption of the particles are used to select the 

correct value for an instrumental parameter, known as the presentation code, from 

a table supplied with the instrument (Fig. 3.19). Bubbles are treated as a special 

case"*' in the calculation of the relative refractive index. In a reversal of the usual 

procedure, the refractive index of the diluent is divided by the refractive index of 

air (taken as 1). Thus the appropriate presentation codes are 1400 when the dilu­

ent is water (77“ = 1.333) and 1600 when the diluent is 50wt% Sweetose syrup (17“ 

= 1.425). The value of the relative refractive index has more influence on the 

calculated particle size distribution than the value of the absorption of the bubbles 

(taken as 0).

- 1 1 7 -

f : As advised by Malvern Instruments Ltd.
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absorption

Figure 3.19 The presentation codes used by the Malvern Mastersizer. From the Malvern M aster­
sizer User manual, 1989.

3.2 .6.1  Measuring the bubbly model in the Mastersizer

The bubbles created in the model bubbly liquid were characterised in the Master­

sizer, using two different approaches to the dilution of the bubble mixture within 

the instrument.

When the concentrated bubbly liquid was characterised, a small tank (the so-called 

Small Sample Presentation Unit) was connected to the Mastersizer. This was filled 

with approximately 100 ml of 50 wt% Sweetose syrup, taking care not to intro­

duce any air bubbles. Sweetose syrup was used as the diluent in order to minimise 

the loss of bubbles through creaming. A small amount of concentrated bubbly 

liquid (typically 300-500 /llI) was taken up into an automatic pipette, and carefully 

introduced below the surface of the syrup, with vigorous stirring. The actual 

amount of bubbly liquid added was adjusted according to the obscuration indicated 

by the computer which controlled the Mastersizer. The obscuration is a measure of 

the number of scatterers in the measurement cell. The computer monitors the 

obscuration as the sample is added, and the user adjusts the concentration of the



scatterers until the obscuration falls within the range which is considered ideal. 

Alternatively, the user can add an excess of scatterers and allow the computer to 

adjust the concentration. This option was not used here, because it was not sensi­

tive enough. Once sufficient bubbly liquid had been added, the computer meas­

ured the light scattering, and calculated the size distribution.

The dilute bubbly liquid was characterised using the built in tank (volume approx­

imately 1800ml), which was filled with tap water. Two different approaches were 

adopted. In the first approach, the dilute bubbly liquid was added, with stirring, 

until the obscuration fell within the ideal range, whereupon the sample was cha­

racterised. It was found that this method led to fouling of the measurement cell, 

because P1670 seemed to adsorb rather easily on the glass walls of the measure­

ment cell. The adsorbed surfactant interfered with subsequent measurements, and 

rigorous cleaning was necessary in order to remove it. Therefore a second ap ­

proach was employed. The Mastersizer was filled with tap water, and small 

amounts of the source concentrated bubbly liquid were added, with vigorous stir­

ring. The mixture was stirred for some time, and the size distribution was meas­

ured at half hour intervals. It was found that the size distribution was stable after 

about two hours, and this measurement was taken as the size distribution in the 

liquid. This m ethod led to much less fouling of the m easurem ent cell, and the 

results agreed very closely with the measurements made using the first approach.

It was not possible to check the bubble size distribution in the serial dilutions of 

the dilute model bubbly liquid, because it was found that there were insufficient 

bubbles in the dilutions to enable a reliable measurement.

3 .2 .7  Summary

Several different ultrasonic measuring systems were constructed in the Procter 

Departm ent Workshop. Some of these were of little use, but the ultrasonic pulse 

echo reflectometer, and the frequency scanning version, were capable of accurate 

measurements of ultrasonic velocity, attenuation and acoustic impedance, at a 

fixed frequency or over a range of frequencies. The measuring cup and the densi­

tometer were useful for measuring the volume fraction of air, in concentrated and 

dilute systems respectively. Laser light scattering was used to measure the bubble
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size distribution in the concentrated and dilute forms of the model bubbly liquid, 

but it is of no use in real food systems.
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CHAPTER FOUR

Results and Discussion

4.1 Introduction

In this chapter, the experimental results are presented and discussed. The results 

are given in the order which it was felt makes for the clearest interpretation, which 

is: dilute model bubbly liquid, concentrated model bubbly liquid, bubbly gel, yo­

gurt, cream, dough and beer foam. The samples were prepared using to the tech­

niques described in the previous chapter, unless otherwise specified. Note that 

averages, where given, are shown ± the standard deviation. Concentrations of 

P1670 and Hyfoama should be taken as ± 0.01 wt%, concentrations of Sweetose 

should be taken as ± 0.1 wt%. Temperatures should be taken as ± 0.1 °C.

4 .2  Dilute model bubbly liquid

The dilute model bubbly system is considered first, because it should in theory be 

the easiest to characterise. The volume fraction of the dilute system was deliber­

ately set at a very low value, in order to make transmission measurements possible. 

The bubble size distribution was measured in the Mastersizer, and the density of 

the bubbly liquid was measured in the Paar densitometer. The theory has been 

shown to work at low volume fraction (see Chapter Two), so it should be possible 

to use the measured bubble size distribution and volume fraction to calculate the 

predicted velocity and attenuation in the dilute model bubbly liquid.

4.2 .1  Preparation o f the dilute model bubbly liquid

Concentrated model bubbly liquid was prepared, using P1670 at concentrations of 

2, 3, 4 and 5 wt%. The bubble size distribution in a dilute version of each liquid was 

measuring in the M astersizer using the second approach described in Section

3.2.6.1 (Fig. 4.1). A selected size distribution is a sample measured using the first 

approach is also shown for comparison. This sample was stirred in the beaker for 

24 hours.

The dilute bubbly liquid was prepared as described in Section 3.1.3.1. The amounts 

of concentrated liquid and water which were used are detailed in Table 4.1. Each 

of the samples of dilute bubbly liquid was serially diluted, and the ultrasonic
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D i a m e t e r /  f i m

Figure 4.1 The bubble size distribution (measured using the Mastersizer) in the dilute model 
bubbly liquids. The numbers in the legend indicate the concentration of P1670 in the 
concentrated bubbly liquid from which the dilute samples were prepared. The figures 
in parentheses for the samples prepared from bubbly liquid containing P1670 at 3 
wt% indicate which approach was used (for details see text).
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Table 4.1 Initial composition o f dilute model bubbly liquids

Sample Concentration of P1670 (wt%) in 
original concentrated bubbly liquid

Mass o f concentrated 
liquid used/ g

Mass o f water 
in which diluted/ g

1 4 ( in  d is t ille d  w a te r )
2 3 25 500
3 3 50 500
4 4 100 500
5 5 100 500

properties and the density were determined at each stage. The dilution regime 

employed for each sample is detailed in Table 4.2. Note that Sample 1 contained 

no air, and was prepared using P1670 in distilled water, rather than using concen­

trated bubbly liquid. The purpose of Sample 1 was to ascertain if P1670 had any 

unusual ultrasonic properties which should be taken into account.

The volume fraction of air in each of the samples was very small, and it will 

become clear shortly that its value was not certain. Therefore each of the serial 

dilutions prepared from the stock dilute samples will be referred to by its dilution 

number, which can be obtained from Table 4.2. The stock dilute solutions from 

which the serial dilutions were prepared will be referred to as dilution zero.

4 .2 .2  The density and the apparent volume fraction o f  air

Table 4.3 shows the measured densities of the serial dilutions, prepared both with

and without air (p and p ). The difference between these two figures
with air ^  w ithout a i r '  w

should yield the volume fraction of air in the liquid. Unfortunately, in order to 

make transmission measurements, it was necessary to use such low volume frac­

tions that the density change due to the presence of air was beyond the sensitivity 

of the instrument in most cases.

In samples three and five it was possible to calculate the apparent volume fraction 

of air, 0 aw, in dilution zero. The uncertainty in this measurement was of the order 

of 50-100 %. The volume fraction of gas in the serial dilutions was calculated from 

the volume fraction in dilution zero, using the known dilution factor, and assuming 

that no further air dissolved during the serial dilution process. The validity of this



Table 4.2 Dilution regimes used to prepare serial dilutions. The number o f the sample 
appears in the column which corresponds to the dilution factor used. For example, 
sample 1 was diluted 13 times, by a factor of 8/9 each time, and sample 5 was diluted 
14 times by a factor o f 8/9, then a further four times by a factor o f 7/9.
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Dilution number Dilution Factor 8/9 Dilution Factor 7/9

1 1 2 3 5 4
2 1 2 3 5 4
3 1 2 3 5 4
4 1 2 3 5 4
5 1 2 3 5 4
6 1 2 3 5 4
7 1 2 3 5 4
8 1 2 3 5 4
9 1 2 3 5 4
10 1 2 3 5 4
11 1 2 5 4
12 1 2 5 4
13 1 2 5 4
14 2 5 4
15 2 i 5
16 2 5
17 2 5
18 2 5
19 2

assumption is of course open to doubt, but it is necessary in the absence of a more 

sensitive conventional technique. The apparent volume fraction was calculated in 

order to enable calculations of the predicted ultrasonic properties of the dilute 

bubbly liquids. Note that the values of 0 app in sample two were calculated from the 

properties of sample three (dilution zero), on the assumption that the volume 

fraction of air was proportional to the mass of concentrated bubbly liquid which 

was used to prepare dilution zero. This assumption is also questionable, and all the 

values of volume fraction obtained using the densitometer must be treated with 

caution.

4 .2 .3  Measurements on pure P I670 solutions (sample one)

The measurements on pure P1670 show that the solutions were not dispersive in 

the frequency range measured by this technique (Fig. 4.2) and the effects of the 

serial dilution were well within the sensitivity of the ultrasonic technique. The 

P1670 elevated the ultrasonic velocity by just over 1 m s 1 per wt% added. P1670 

solutions were weakly attenuating at frequencies above 1 MHz (Fig 4.3). Solutions



V
el

oc
it

y/

-125-

F r e q u e n c y /  MHz

Figure 4.2 The ultrasonic velocity in pure P1670 solutions (sample one) as a function of fre­
quency. Regression lines are drawn through the data points, which are labelled with 
the appropriate dilution number. The bar indicates the estimated accuracy of the 
measurement, when applied to standard liquids under controlled conditions.
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1 2 3 4 5 6 7 8

F r e q u e n c y /  MHz

Figure 4.3 The attenuation coefficient in pure P1670 solutions (sample one) as a function of 
frequency. Regression lines are drawn through the data points, which are labelled 
with the appropriate dilution number. The actual data points have been omitted for 
dilutions one to eleven, to improve clarity. The bar indicates the estimated accuracy 
of the measurement, when applied to standard liquids under controlled conditions.
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of P1670 did not appear to exhibit any unusual ultrasonic properties.

4 .2 .4  Sample Two

The remaining samples are numbered according the amount of concentrated 

bubbly liquid used to prepare them, and the concentration of P1670 in that con­

centrated liquid. Thus the aerated version of sample two ought to contain the least 

amount of air out of samples two to five.

Consider the velocity in the air free version of sample two (Fig 4.4). The solution 

was not dispersive in the frequency range examined, and the highest numbered 

dilutions were poorly resolved. The velocity was elevated over the value seen in 

pure P1670 solutions (.Fig 4.2) because of the added sugar from the concentrated 

bubbly liquid. The attenuation was very low in all dilutions (Fig. 4.5), at around 1-2 

Np n r1, which is the limit of the accuracy of the m easurem ent technique. The 

attenuation coefficients of the various dilutions were therefore poorly resolved.

The presence of air, even at the very low volume fractions used here, had a large 

effect on the velocity (Fig. 4.6). The velocity was depressed by several metres per 

second in the lowest numbered dilutions. The attenuation in the lowest numbered 

dilutions was too high to permit measurements of velocity at high frequencies. 

There was some frequency dependence in the results, but it was not very marked. 

The depression of the velocity suggests that the measured frequencies were below 

the resonant frequency of the bubbles, and this is also suggested by the attenuation 

(Fig. 4.7). The attenuation increased very strongly as the frequency increased, and 

it was much larger than in the air-free version of this sample. Because there was 

little frequency dependence in the measured velocity values, it would not be possi­

ble to m easure the bubble size using the FSUPER. It is possible however to 

measure the volume fraction of air. This will be dealt with more fully in a subse­

quent section.

Firstly, consider the predicted velocity in aerated sample two (Fig. 4.8). Note that 

the frequency scale is logarithmic, and covers the operating frequency range of the 

FSUPER. The velocity was predicted using the particle size distribution deter­

mined in the Mastersizer, the apparent volume fraction of air, and the MST of
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F r e q u e n c y /  MHz

Figure 4.4 The ultrasonic velocity in air-free sample two as a function of frequency. Regression 
lines are drawn through the data points, which are labelled with the appropriate 
dilution number. The bar indicates the estimated accuracy of the measurement, 
when applied to standard liquids under controlled conditions.

1 1 1 1 1 1 1

0 -

T

•

-  1

-

2

-

3
•

4
—

5

• —A— 6 -

7

-
— —̂ —•— — —̂ —#— —9— .8-- •— —•——•——•— 

•
- • "

m • 9 *9
-- • —*— •" • # • #

—#— 10 ~-- •—

t —+——+——+——#— 1 —•——#- 11 V_
I— I -f-

-• 9.
.1-

9. 9—— #—
V 

—• • 12“

£ 9 m # m 9 *
«13
rl4• •—#— —#—

•
—6— # —f—

9"9— f —
•

— f—
•

—♦- •15.1̂
■-- *—

.......t
9— —#— 

t
—•——•— — #——9— 

- t
—9— — 9——9— 

—|—
—•— 
| *17̂

-- •——•— 

1

—*——•— 

1

t —•— 

1

—9— 

1

— + —

1 1

1 v18,1!

I



A
tt

en
ua

ti
on

/ 
N

p

-129-

F r e q u e n c y /  MHz

Figure 4.5 The attenuation coefficient in air-free sample two as a function of frequency. R e­
gression lines are drawn through the data points, which are labelled with the appro­
priate dilution number. Data points are shown only for the highest and lowest dilu­
tions. The bar indicates the estimated accuracy of the measurement, when applied to 
standard liquids under controlled conditions.
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8

Figure 4.6 The ultrasonic velocity in aerated sample two as a function of frequency. The data 
points are joined by fitted splines, which are labelled with the appropriate dilution  
number. The bar indicates the estimated accuracy of the measurement, when applied 
to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.7 The attenuation coefficient in aerated sample two as a function of frequency. R e­
gression lines are drawn through the data points, which are labelled with the appro­
priate dilution number. The bar indicates the estimated accuracy of the measure­
ment, when applied to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.8 The ultrasonic velocity in aerated sample two as a function of frequency, predicted 
using multiple scattering theory. Selected dilutions are shown (see labels). The jitter 
is due to the use of a particle size distribution which is divided into discrete size 
bands.



-133-

Table 4.3 The measured density (kg nr3) of the dilute solutions, and the apparent 
volume fraction of air, 0  .

Dilution
number with

air

Sample 2 
without
air d> / 10'4

app

with
air

Sample 3 
without
air cj) / 10‘4 

app

0 1012.1 1012.0 2.438 1024.8 1025.3 4.876
1 1010.6 1010.5 1.950 1022.1 1022.3 4.334
2 1009.3 1009.2 1.734 1019.5 1019.6 3.853
3 1008.8 1008.0 1.541 1017.0 1017.3 3.425
4 1006.9 1006.9 1.370 1015.0 1015.1 3.044
5 1006.0 1005.9 1.218 1013.2 1013.1 2.706
6 1005.2 1005.1 1.082 1011.5 1011.5 2.405
7 1004.4 1004.3 0.962 1010.1 1010.0 2.138
8 1003.7 1003.6 0.855 1008.7 1008.7 1.900
9 1003.1 1003.1 0.760 1007.6 1007.6 1.689
10 1002.5 1002.6 0.657 1006.5 1006.6 1.502
11 1002.0 1002.0 0.601
12 1001.7 - - 0.534
13 1001.2 1001.2 0.475
14 1000.9 1000.9 0.422
15 1000.6 1000.5 0.375
16 1000.3 1000.3 0.333
17 1000.1 1000.1 0.296
18 999.9 999.9 0.263
19 999.7 999.7 0.234

Dilution Sample 4 Sample 5
number with without with without

air air </> /10'4
app

air air /1 0  "
app

0 1048.3 1048.3 not known 1048.5 1048.8 3.814
1 1037.6 1037.5 1043.0 1043.4 3.390
2 1028.9 1028.8 1038.1 1038.4 3.013
3 1022.3 1022.1 1033.9 1034.0 2.679
4 1017.0 1016.9 1029.9 1031.0 2.381
5 1012.9 1012.8 1026.3 1026.7 2.116
6 1009.7 1009.5 1023.1 1023.4 1.881
7 1007.2 1007.1 1020.5 1020.8 1.672
8 1005.2 1005.1 1018.1 1018.3 1.486
9 1003.6 1003.6 1015.8 1016.1 1.321
10 1002.5 1002.5 1013.8 1014.2 1.175
11 1001.5 1001.5 1012.1 1012.4 1.044
12 1000.8 1000.8 1010.6 1010.9 0.928
13 1000.2 1000.3 1009.3 1009.5 0.825
14 999.8 999.8 1008.0 1008.2 0.733
15 1006.0 1006.1 0.570
16 1004.2 1004.4 0.444
17 1002.9 1003.1 0.345
18 1001.9 1001.9 0.268

W aterman and Truell (Section 2.2.5). The simultaneous equations 2.85 to 2.90 

were solved, using the measured density (see Table 4.3) and velocity of air-free 

sample two. All other physical quantities were assumed equal to those of water.
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Resonant behaviour is strikingly obvious in the predicted velocity, and a huge 

change in the velocity is indicated at low frequencies. The jitter in the value of the 

predicted velocity at high frequency is due to the relatively broad size classes which 

are employed by the Mastersizer. The velocity in the frequency range 1-8 MHz is 

predicted to be super-resonant, and in the range 1480-1580 m s'1. The attenuation 

is accordingly predicted to be very high (Fig 4.9), although it decreases at higher 

frequencies. The disagreement between theory and experiment is very marked 

indeed, and the reasons why will be considered below.

There are two main reasons why the theory might disagree with experiment 

(assuming that the experiment has yielded the ‘true’ values of velocity and attenua­

tion). The theory itself could be inadequate to describe the system, or simply 

wrong. Alternatively the theory could be right and the values which have been put 

into it could be wrong. The first possibility is easily dismissed, because the theory is 

known to work in dilute bubbly liquids and in emulsions (see Chapter Two). The 

second possibility is therefore strongly suspected, and will be discussed in more 

detail below. '

4 .2 .4 .1  Reasons for the disagreement between experiment and theory

The quantities which could be in error are the apparent volume fraction, the 

measured bubble size distribution and the thermophysical parameters used in the 

theoretical calculations.

The apparent volume fraction The apparent volume fraction is clearly open to 

question. There was a small but real difference in density between the aerated and 

unaerated versions of some of the samples (see Table 4.3). This difference gave an 

order-of-magnitude estimate of the volume fraction as 0.01 % (10'4). The ultrason­

ic measurements did not however bear this out. Even a volume fraction of gas as 

low as 10'4 would be expected to depress the velocity by 500-600 m s'1 at frequen­

cies below resonance. The relatively small depression in the velocity seen here 

between the unaerated and aerated versions of the sample indicated a volume 

fraction which was very much smaller than 10'4.
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F r e q u e n c y /  MHz

Figure 4.9 The attenuation coefficient in aerated sample two as a function of frequency, pre­
dicted using multiple scattering theory. Selected dilutions are shown (see labels). 
The jitter is due to the use of a particle size distribution which is divided into dis­
crete size bands.



The measured size distribution The measured size distribution suggested that the r32 

value of the bubbles in the dilute bubbly liquid was typically 15-20 /im. Once again, 

this was not borne out by the experimental measurements. The experim ental 

measurements showed a depressed velocity in the aerated samples, indicating that 

the measured frequency range was below the resonant frequency of the bubbles. 

This would indicate that the bubbles which were measured in the FSUPER were 

considerably smaller than 15-20 /xm, and consequently had higher resonant fre­

quencies. Even so, a bubble with a radius as low as 0.75 fxm (as seen in Fig. 3.3) has 

a resonant frequency of 4.3 MHz according to Equation 2.22, and resonant beha­

viour would be expected to be apparent in the experimental measurements.

It is possible that the structured surfactant layer at the surface of the bubbles had a 

much more dramatic effect on the resonant frequency than expected, shifting it to 

very much higher frequencies. Measurements of stable bubbles in the sea show 

that the thickness of the surfactant coat can be equal to the bubble radius, at 

values around 1 /xm (Turner, 1961). Nevertheless, this does not seem to hamper 

the bubble sizing techniques used in oceanography (see Section 2.3.8). However, 

the surfactant in the system studied here is known to be highly structured at the 

interface, which is not the case for bubbles in sea w ater (where the surfactant 

material is a hotch-potch of organic materials and particulate matter). Clearly, the 

precise nature of the structured surfactant layer will need to be elucidated in 

future work.

An equally plausible explanation for the discrepancy between the bubble size 

which was apparent in the FSUPER and the bubble size given by the Mastersizer 

is that the sizing was in error. The choice of presentation code (see Section 3.2.6), 

a parameter selected by the experimenter to account for the optical properties of 

the system, has an effect on the bubble size which is calculated from the measured 

light scattering. It is possible that the use of an inappropriate presentation code 

could have introduced an error of several per cent into the measured size distribu­

tion. It is not possible, however, that a discrepancy of the order seen here could be 

accounted for solely by the choice of presentation code. There were definitely 

scatterers present in the light beam, the majority of which were in the size range of 

tens to hundreds of micrometres. These scatterers were not present in the air-free
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version of sample two, so it seems therefore that they were almost certainly air 

bubbles. This does not rule out the presence of small bubbles - indeed some small 

bubbles are evident in the size distributions shown in Fig. 4.1. However, the Mas­

tersizer measures the particle volume and was therefore biased towards bigger 

particles. Where large particles make up the bulk of the volume, they swamp the 

effects of any small bubbles. For example, consider a hypothetical mixture made 

up of bubbles with radii 0.75 jum and 20 /xin. Let the large bubbles make up 99 % 

of the volume, so that there are 50 times as many small bubbles as large bubbles.

The rw of such a system is about 1.1 ju-m, whereas the rn is about 18.8 fxm. However, 

r j2 is usually taken to be the representative mean radius for use in ultrasonic 

measurements, so this is not usually a problem. There would seem to be some 

crucial difference in the bubbles which were sampled by the FSUPER and those 

which were sampled by the Mastersizer. Large bubbles were present in the dilute 

bubbly liquid which were detected by the Mastersizer but not by the ultrasonic 

equipment. These bubbles made up the bulk of the air in the bubbly liquid, and 

were presumably responsible for the measured density difference between the 

aerated and air-free versions of some samples. The ultrasonic measurements did 

not seem to be sensitive to these large bubbles.

The thermophysical properties o f the sample The only known therm ophysical 

properties of the sample were the density and ultrasonic velocity at each dilution.

All the other properties, such as thermal conductivity and viscosity, were assumed 

to be equal to the properties of water. This is a source of uncertainty in the predic­

tions, but compared to the uncertainties discussed above it is a rather small one.

Trial calculations were made using different values for the assumed parameters.

The key parameters turned out to be the volume fraction, the bubble size and the 

density and ultrasonic veloci+lXty of the air-free sample. Of the param eters which 

were given assumed values, only the viscosity had a significant effect on the predic­

tions. Even so, this effect was not nearly enough to account for the discrepancy 

between the predicted and the measured values of ultrasonic velocity and attenua­

tion.

4 .2 .4 .2  Measuring the volume fraction o f air in sample tw o

The depression of the ultrasonic velocity which occurred in the aerated version of
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sample two can be used to measure the volume fraction of air. It is assumed that 

the velocity measurements covered a frequency range which was below the reso­

nant frequency of the bubbles, so that the Wood equation (Equation 2.109) can 

therefore be applied. It is also assumed that no further air dissolved during the 

serial dilutions.

It should in theory be possible to determine the volume fraction of air using just 

one dilution of both the aerated and air-free versions of sample two. The velocity 

of ultrasound was measured in the aerated and air-free versions, and the density of 

the air-free versions was determined. The Wood equation gives

where c and c are the velocities in dilution zero and dilution one of the aerated0 1
sample, 0  is the volume fraction of gas and x is the factor by which the solution has 

been diluted (8/9). The quantities po t and/3o i are the density and compressibility of 

the corresponding dilutions in the air-free version. The compressibility of the air- 

free dilutions can be calculated using the relationship c 'o2 = p0/30, where c 'o is the 

velocity in air-free dilution zero. Thus the only unknown is the volume fraction, 

which could be found from the simultaneous solution of Equations 4.1 and 4.2. In 

practice, the solution is not possible, because 4> is very small and the uncertainties 

in p, /3 and c are too large.

This problem is overcome by the use of serial dilutions, and by a consideration of 

the properties of the air-free solution. Starting with Equation 4.2, the full expres­

sion for any dilution, n, is given by

cn = (X(f))2(A  - B - C + D) + xcf)(B + C - 2D) + D [4.3]

where A = p ji, [4-4]

where the subscript a refers to air, the subscript 0 refers to the solution known as

c o =  +  ( 1 ‘ ^ V o X ^ a  +  C1 " m

c;2 = (x</>pa + (1 -x0)pi)(x0/3, + (1 -X(f))fi)

[4.1]

[4.2]

[4.5]

[4.6]

[4.7]



dilution zero, and x is the factor by which dilution n has been diluted from dilution 

zero (in this case, (8/9)"). Note that by setting* = 1, Equation 4.1 is recovered. 

Note also that the velocity in the air-free solution is equal to D °5, and the factors B, 

C and D are affected by the serial dilution process. As distilled water is added to 

the serial dilutions, the density and compressibility of the continuous phase can be 

considered as the volume average of the properties of air-free dilution zero and 

water. Thus po is replaced by pn, where
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pa= xp o + (1"jCK [4.8]

and /30 is replaced by fin, where

=*/?„ + a-*)/3„ [4.9]

Equation 4.3 is thus modified to

c'i _ c> - 2  = qxa + bx' + cx2 + dx [4.10]

where a = D ^ 2 [4.11]

b = (D2-B i -C i -2D i) 0 2 [4.12]

c = (A - B2 - C2 + D,) 02 + (B, + C] - 2D,) 0 [4.13]

d = (B2 + C2-2D 3) 0 [4.14]

and Bj = B - B2 [4.15]

,co II o> -CO *

[4.16]

r-j
UloII [4.17]

c = P /32 w' a
[4.18]

Dt = D - F - G 4- D3 [4.19]

D = F + G - 2D [4.20]

D, = P,K [4.21]

F = pA [4.22]

G = pA [4.23]

where the subscript w refers to distilled water. The quantities c and c' have been 

measured as a function of the dilution, x. The quantity x can be thought of as a 

relative volume fraction. In dilution zero, the relative volume fraction is 1, after 

one dilution it is 8/9, after two dilutions it is (8/9)2 and so on. Therefore, if the
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quantity (c 2 - c ' 2) is plotted as a function of x, it should be possible to fit a fourth 

degree polynomial in x to the data.

This operation is performed for sample two in Fig 4.10, using the measured veloci­

ty at 4 MHz in the aerated and air-free versions. The coefficients of the polynomial 

which can be fitted to the data are: a = -4.84 x  10~9, b = 1.16 X 10’8, c = -6.62 X 

10'9 and d = 2.26 X IO'9. Equation 4.14 gives 2.26 X IO'9 = (fi.fi ̂  + Pw£ a - 2pw/3J<£. 

Using the thermophysical properties of air and water given in Table 2.1, this yields 

a value for $ of 3.2 X 10'7.

This value of the volume fraction should be taken as an order of magnitude esti­

mate. Nevertheless, it is very much lower than the value given by the densitometer. 

In order to check the accuracy of the calculated volume fraction, it was used in the 

Wood equation, with the properties of dilution zero, in order to calculate the 

velocity in aerated dilution one. The measured value at 4 MHz was 1489.9 m s"1, 

and this agrees very well with the predicted value of 1489.5 m s'1. Clearly then the 

ultrasonic technique is extremely sensitive to small amounts of air. It is the only 

method known to the author which is capable of measuring the volume fraction of 

dispersed air at a level of 107.

4 .2 .4 .3  An explanation fo r the observed ultrasonic properties 

The ultrasonic measurements indicated that the solution in the FSUPER had a 

much lower volume fraction of air than indicated by the densitometer, and the 

bubbles in it were much smaller than those seen in the Mastersizer. A possible 

explanation is that the majority of the bubbles in dilution zero had radii in the 

region 15-20 /xm, and these bubbles made up the bulk of the air. The densitometer 

gave a reasonable order of magnitude estimate for the volume fraction (10'4) in 

dilution zero.

Now, the FSUPER was stirred by a magnetic flea, driven by a submersible stirrer. 

It is proposed that the stirring was not adequate to prevent the larger bubbles from 

creaming out. Equation 1.1 gives a rise velocity of around 0.8 mm s'1 for bubbles of 

radius 20 yum. The Mastersizer is equipped with a reasonably powerful pump and a 

stirrer, which kept these bubbles from creaming out, so that they were observed in
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Rela t ive  $ air

Figure 4.10 The difference in the velocities of aerated and air free versions of sample two (c and 
c' respectively) arc plotted as a function of the relative volume fraction. The quantity 
5c is given by 1/c2 - 1/c '2. The line is the least squares fit of the polynomial given by 
Equation 4.10.



the light scattering measurements. Once the larger bubbles had creamed out of the 

FSUPER, only the smallest bubbles remained. These were the bubbles seen in the 

electron microscope, with radii of the order 0.5 - 1.0 /xm. They contributed only a 

very small proportion of the total volume fraction, because they were so tiny. The 

structured surfactant at the interface caused these bubbles to have rather higher 

resonant frequencies than expected. It provided them with an unexpectedly high 

degree of stability, so that they survived the dilution process without changing size. 

This enabled the application of the serial dilution technique for the determination 

of the volume fraction. The ultrasound propagated through a bubbly liquid con­

taining highly stable small bubbles at very low fraction, at frequencies which were 

below resonance.

4 .2 .4 .4  The reflection coeffic ient

The reflection coefficient of aerated sample two was measured at each dilution 

(Fig. 4.11). The reflection coefficient was much less sensitive to the slight changes 

in velocity and density which occurred when the sample was serially diluted. The 

majority of the dilutions were not resolved. There appeared to be a slight peak in 

the real part of the reflection coefficient at a frequency of about 3 MHz, but this 

could have been due to scatter in the data. The fall in the value of the imaginary 

part at high frequencies is probably due to calibration errors. It will become 

apparent from other measurements that the technique tended to give a negative 

value for the imaginary part of the reflection coefficient in solutions which were 

weakly attenuating at high frequencies. The predicted velocity and attenuation 

were used in order to predict the value of the real and imaginary parts of the re­

flection coefficient (Fig. 4.12). Unsurprisingly, the predicted reflection coefficient 

did not model the observed reflection coefficient very well. Notice that the volume 

fraction of air chosen for the model calculations (10 4) had a dramatic effect on the 

predicted value of the reflection coefficient. The effect of serial dilutions is also 

poorly resolved in the predicted values of the reflection coefficient at high fre­

quencies. The reflection coefficient is therefore of limited interest in very dilute 

systems.

4 .2 .5  Sample three

Sample three was prepared using twice as much concentrated bubbly liquid as
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F r e q u e n c y /  MHz

Figure 4.11 The measured real part (upper curves) and imaginary part (lower curves) of the 
reflection coefficient of aerated sample two. Regression lines are drawn through the 
data for selected dilutions, which are indicated by the labels. The bar indicates the 
estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. The data points themselves have been omitted for clarity.
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F r e q u e n c y /  MHz

Figure 4.12 The predicted real part (upper curves) and imaginary part (lower curves) of the 
reflection coefficient of aerated sample two. The labels indicate the dilutions shown, 
which are the same as those in Fig. 4.11. Note that the jitter seen in the predicted 
values o f velocity and attenuation is less evident in the predicted reflection coeffi­
cient.



sample two, so it contained more air. The air-free version of sample three showed 

similar behaviour to sample two. The velocity (Fig. 4.13) was not dispersive in the 

frequency range examined, and the effect of the serial dilutions was well resolved. 

The low frequency measurements seemed to show rather more scatter than the 

high frequency results, which were extremely regular. The attenuation (Fig. 4.14) 

in the air-free sample was extremely low, and the various dilutions were not re­

solved.

The attenuation in the aerated version of sample three was rather high, so it was 

not possible to make measurements of velocity and attenuation. The velocity and 

attenuation were predicted using the scheme described above. The predicted veloc­

ity (Fig. 4.15) shows very similar behaviour to the predicted velocity for sample 

two. The predicted attenuation (Fig. 4.16) is also similar to the predicted attenua­

tion in sample two. In the light of the observed behaviour of sample two, these 

predictions must be treated with extreme caution.

4 .2 .5 .1  The reflection coefficient

Although it was not possible to measure the velocity and attenuation in aerated 

sample three, it was possible to measure the reflection coefficient (Fig. 4.17). The 

reflection coefficient was sensitive to the extra air which was present in sample 

three, because the dilutions were much more clearly resolved than in the meas­

urements on sample two (Fig. 4.11). There was a definite negative slope in the real 

part of the reflection coefficient, and a discernible peak in the imaginary part, 

although this peak was less obvious in the measurements for the highest numbered 

dilutions. On comparing the measured reflection coefficient with the predicted 

reflection coefficient (Fig. 4.18), it is obvious that there is a good agreement in 

form between the two sets of curves. However, the measured values of the reflec­

tion coefficient did not vary as dramatically as the predicted values, and resonant 

behaviour was seen at higher frequencies in the measured values than in the pre­

dicted values. This is consistent with the presence of smaller bubbles, at a much 

lower volume fraction, than the conventional measurements would suggest. This is 

also consistent with the behaviour of sample two.
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F r e q u e n c y /  MHz

Figure 4.13 The ultrasonic velocity in air-free sample three as a function of frequency. Regres­
sion lines are drawn through the data points for selected dilutions, which are labelled 
with the appropriate dilution number. The bar indicates the estimated accuracy of 
the measurement, when applied to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.14 The attenuation coefficient in air-free sample three as a function of frequency.
Regression lines are drawn through the data points for selected dilutions, which are 
labelled with the appropriate dilution number. The bar indicates the estim ated  
accuracy of the measurement, when applied to standard liquids under controlled  
conditions. Note that the dilutions are not resolved, leading to an apparent jumble 
of data points.
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F r e q u e n c y /  MHz

Figure 4.15 The predicted ultrasonic velocity in aerated sample three as a function of frequency.
The predictions for selected dilutions are shown, which are labelled with the appro­
priate dilution number. The jitter is due to the width of the size classes in the bubble 
size distribution provided by the Mastersizer.
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F r e q u e n c y /  MHz

Figure 4.16 The predicted attenuation coefficient in aerated sample three as a function of fre­
quency. The predictions for selected dilutions are shown, which are labelled with the 
appropriate dilution number. The jitter is due to the width of the size classes in the 
bubble size distribution provided by the Mastersizer.
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Figure 4.17 The measured real part (upper curves) and imaginary part (lower curves) o f the 
reflection coefficient in aerated sample three. The lines are regressions through the 
data points, and are labelled with the appropriate dilution number. The data points 
themselves are omitted for clarity. The bar indicates the estimated accuracy o f the 
measurement, when applied to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.18 The predicted real part (upper curves) and imaginary part (lower curves) o f the 
reflection coefficient in aerated sample three. The lines are labelled with the appro­
priate dilution number. Note the similarity in form to Fig. 4.17.



4 .2 .5 .2  Trends in the ultrasonic measurements

The results from sample three, although they are not as complete as the results for 

sample two, are in keeping with the behaviour of sample two. In the absence of air 

the dilutions had very low attenuation coefficients, and they were non-dispersive. 

On the addition of a very small amount of air the attenuation increased dram ati­

cally. The reflection coefficient suggested that the bubbles characterised in the 

FSUPER were smaller than those seen in the Mastersizer, and they were present 

at a much lower volume fraction than the densitometer suggested.

4 .2 .6  Sample four

Sample four was prepared using twice as much concentrated bubbly liquid as 

sample three, and there was a higher concentration of surfactant in the concen­

trated bubbly liquid. The attenuation in the lowest numbered dilutions was too 

high to allow measurements of velocity and attenuation. However, the dilution 

factor was changed to 7/9 for this sample, so that transmission measurements were 

possible in the higher numbered dilutions, albeit over a restricted frequency range.

Starting once again with the velocity in the air-free version of sample four (Fig. 

4.19), the expected lack of dispersion was seen. The dissolved sugar had a notice­

able effect on the velocity, which in dilution zero was about 40 m s 1 higher than the 

velocity in distilled water. The dilutions were well resolved. Again the attenuation 

was very low and thus poorly resolved between dilutions (Fig. 4.20), although it was 

slightly higher than the attenuations in samples two and three.

The measured velocity in the aerated version of sample four was depressed by 

greater amounts than seen previously (Fig. 4.21). The change was about 20 m s 1 in 

dilution eight, which was the lowest numbered dilution which could be characte­

rised in transmission. Some dispersion was evident in the measurements for the 

lowest numbered dilutions. The dispersion suggested that the velocity was increas­

ing with frequency, which indicated that the measurement frequency was below 

the resonant frequency of the bubbles. This evidence gives added weight to the 

argument that the bubbles which persisted in the FSUPER were rather smaller 

than those which predominated in the Mastersizer. The velocity in the highest 

numbered dilutions was poorly resolved.
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F r e q u e n c y /  MHz

The measured ultrasonic velocity in air-free sample four as a function of frequency. 
Regression lines are drawn through the data, which are labelled with appropriate 
dilution number. The bar indicates the estimated accuracy o f the measurement, 
when applied to standard liquids under controlled conditions. The data points at 
MHz are shown for the low and high frequency transducers. There is agreement to 
within 0.5 m s'1.
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F r e q u e n c y /  MHz

Figure 4.20 The measured attenuation coefficient in air-free sample four as a ^ nctl°"  
quency. Regression lines are drawn through the data for selected dilution , 
indicated by the labels. The bar indicates the estimated accuracy of the measurement, 
when applied to standard liquids under controlled conditions. No ice g 
agreement between the measurements from different transducers.
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F r e q u e n c y /  MHz

Figure 4.21 The measured ultrasonic velocity in aerated sample four as a function of frequ cy.
Regression lines are drawn through the data for the dilutions which cou -
racterised. The labels indicate the dilution number. The bar indicates the estimated 
accuracy of the measurement, when applied to standard liquids under con ro 
conditions.



The attenuation was high in all the dilutions of aerated sample four (Fig. 4.22) and 

the dilutions were well resolved. This is in keeping with the larger volume fraction 

of air which is expected in the sample (because it was prepared with a lot of 

concentrated bubbly liquid). Notice that both the transducers in the FSUPER 

seemed to have an upper limit of attenuation of about 40 Np n r1, above which they 

were unable to characterise bubbly liquid using transmission measurements.

The densitometer was not able to discriminate between the air-free and aerated 

versions of sample four, even though the higher volume fraction of air should have 

been easier to detect. In the absence of any value for the volume fraction it was 

decided not to perform any theoretical calculations for sample four.

The volume fraction in the liquid examined by the FSUPER can be calculated 

from the ultrasonic measurements, assuming that the Wood equation can be 

applied and that no air dissolved during the dilutions, using the technique de­

scribed in Section 4.2.4.2. Accordingly, a fourth degree polynomial was fitted to the 

difference in the reciprocal squares of the velocities at 0.6 MHz in aerated and air- 

free sample four (Fig. 4.23). There was a very good fit to the data, because the 

differences between the two velocities were bigger, and the scatter in the meas­

urements was thus smaller. The coefficient d in Equation 4.10 was given here by 

6.32 X 108, which yielded a volume fraction of 9.0 x  106. This was rather higher 

than the volume fraction seen in sample two, and was in accordance with the larger 

amount of concentrated bubbly liquid used to prepare sample four. It would seem 

that, for this sample, the liquid in the densitometer was more like the liquid which 

was probed by the ultrasound. The higher volume fraction of air probably ac­

counted for the dispersion which was seen in the results.

The reflection coefficient of aerated sample four (Fig. 4.24) was markedly different 

from the reflection coefficient of the unaerated sample (Fig. 4.25). The form of the 

reflection coefficient of the aerated sample was similar to that of sample three 

(Fig. 4.17). The real part of the reflection coefficient had a negative slope, and a 

slight peak was discernible in the imaginary part, suggesting the presence of small 

bubbles. There was a lot of scatter in the measurements at frequencies below 0.5 

MHz, especially in the higher numbered dilutions. This scatter was also present in
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F r e q u e n c y /  MHz

Figure 4.22 The measured attenuation coefficient in aerated sample four as a function of fre­
quency. Regression lines are drawn through the data for the dilutions which cou 
characterised. The labels indicate the dilution number. The bar indicates the accura­
cy o f the measurement, when applied to standard liquids under control c con 1 

tions.
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Rela t ive  0 air

Figure 4 23 The difference in the velocities of aerated and air free versions of sample four (c and 
c ' respectively) are plotted as a function of the relative volume fraction. T  4 y 
5c is given by 1/c2 - 1/c'2. The line is the least squares fit of the polynomial gixen by
Equation 4.10.
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F r e q u e n c y /  MHz

Figure 4.24 The measured real part (upper curves) and imaginary part (low er curves) o f  the  
reflection coefficient o f aerated sample four as a function o f frequency. Regression  
lines are drawn through the data, which are labelled w ith the appropriate dilut ion  
number. The data points have been om itted in order to im prove clarity. T he ar 
indicates the estim ated accuracy o f the m easurem ent, when applied to stan ar 
liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.25 The measured real part (upper curves) and imaginary part (low er curves) o f the 
reflection  coefficient o f air-free sam ple four as a function o f  frequency. The curves 
are labelled with the appropriate dilution number. The bar indicates the estim ated  
accuracy o f  the m easurem ent, when applied to standard liquids under controlled  
conditions.



the measurements on the unaerated sample (Fig. 4.25). The reason for this scatter 

in the data is not known. The tendency for the imaginary part of the reflection 

coefficient to apparently become negative at high frequencies, which was noted in 

previous samples, was seen again for sample four.

4.2. 7 Sample five

Sample five was prepared with same amount of concentrated bubbly liquid as 

sample four, but the concentrated bubbly liquid contained more P1670. Sample 

five might reasonably be expected to have contained approximately the same 

amount of air as sample four.

The measured velocity in air-free sample five is shown in Fig. 4.26. The velocity in 

dilution zero was very close the velocity in dilution zero of sample four (cf Fig. 

4.19). A different dilution regime was followed for sample five, however, with the 

dilution factor being returned to 8/9 for all but the highest numbered dilutions. 

Dilutions two, four, six and so on should have corresponded approximately to 

dilutions one, two, three and so on of air-free sample four. Comparison of Figs. 

4.26  and 4.19  shows that this was indeed the case. The attenuation in air-free 

sample five was however slightly higher than in air-free sample four (Fig. 4.27). 

This can presumably be attributed to the presence of extra P1670.

The measured velocity in aerated sample five was, surprisingly, little different from 

the velocity in the air-free version (Fig. 4.28). The main difference between the two 

sets of curves was the slight dispersion seen in the aerated version. The various 

dilutions were therefore well resolved. As in sample four, the dispersion suggested 

that the m easurem ent frequencies were below the resonant frequency of the 

bubbles, which were therefore small. The attenuation in aerated sample five was 

rather higher than in the air-free version (Fig. 4.29), but it was somewhat lower 

than the values seen in sample four (Fig. 4.22) and was more like the attenuation 

in aerated sample two (Fig. 4.7). This suggested that the volume fraction of air in 

sample five was very low.

The predicted velocity in aerated sample five is shown in Fig. 4.30. This prediction 

seems to be in slightly better agreement with the observed data than the predic-
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7

The m easured ultrasonic velocity in air-free sam ple five as a function o f frequency. 
Regression lines are drawn through the data, which are labelled with the approprta e 
dilution  number. The bar indicates the estim ated accuracy o f  the m easurem ent, 
when applied to standard liquids under controlled conditions.
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0.3 0 .5 0.7 1 3 5 7

F r e q u e n c y /  MHz

T he measured attenuation coefficient in air-free sample> five as• a ^ J t i o n  o f  fre­
quency. R egression lines are drawn through the data, which are lab 
appropriate dilution number. Data points for higher numbered d.lutions havc been 
o m itte d  10 im p rove c larity . T he bar in d ic a .e s  th e  e s ttm a te d  accuracy  o f  th e  
measurement, when applied to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

The measured ultrasonic velocity in aerated sam ple five as a function o f frequency. 
Regression lines are drawn through the data which are labelled with the appropriate 
dilution  number. The bar indicates the estim ated accuracy o f  the m easurem ent, 
when applied to standard liquids under controlled conditions.



A
tt

en
u

at
io

n
/ 

N
p

-165-

F r e q u e n c y /  MHz

Figure 4.29 The m easured attenuation coefficient in aerated sam ple five as a fun  ̂
quency. R egression lines are drawn through the data, which are labelled  
appropriate dilution number. Data points for higher numbered dllutlon: hen
for clarity. The bar ind icates the estim ated  accuracy o f  th e  m easurem ent, w he  
applied to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.30 The predicted ultrasonic velocity in aerated sample five as a function of frequency.
The curves are labelled with the appropriate dilution number.



tions for aerated samples two and three. The predicted ultrasonic velocity for the 

highest numbered dilution is actually reasonably close to the observed value. Of 

course, the predictions for lower numbered dilutions are very different from the 

observed velocities. This can be attributed to the unexpectedly low volume fraction 

in the liquid in the FSUPER. The predicted attenuation coefficient (Fig. 4.31) 

bears very little resemblance to the measured values of the attenuation coefficient.

The reflection coefficient of aerated sample five is shown in Fig. 4.32. The scatter 

in the measurements at low frequencies which was seen in the measurements for 

sample four was also seen here. In fact the scatter was rather more marked, espe­

cially in the measurements on the higher numbered dilutions. The form of the 

predicted reflection coefficient (Fig. 4.33) is similar in some respects to the form of 

the measured reflection coefficient. The reliability of the reflection measurements 

is however too questionable to allow any conclusions to be drawn from this simi­

larity. It is most likely that the resemblance arises from fortuitous scatter in the 

measured values of the reflection coefficient.

Finally, consider the difference in the inverse squares of the velocity at 4 MHz in 

aerated and air-free sample five (Fig. 4.34). It will be recalled that the relationship 

between this figure and the total dilution of the sample can be used to obtain the 

volume fraction (Equation 4.10). Notice that the polynomial does not fit the data 

well at low relative volume fraction. The difference between the velocities at 4 

MHz in the aerated and air-free versions was very small, and any scatter in the 

velocity measurements was made more pronounced by the squaring of the velocity. 

The coefficient d in Equation 4.10 was given here by 4.0 x 10'9, which indicated a 

volume fraction of air of 5.7 X 10'7. This was very close to the value of the volume 

fraction in sample two.

4 .2 .8  Ultrasound as a probe o f the dilute model bubbly liquid  

The experimental measurements of velocity and attenuation do not agree with the 

predictions from theory. The theory relies upon measurements of volume fraction 

and bubble size from conventional techniques. The presence of bubbles with 

radius of 20 /xm at a volume fraction of 10'4 in the FSUPER can be ruled out cate­

gorically by this disagreement. The absence of resonant behaviour at frequencies
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F r e q u e n c y /  MHz

Figure 4.31 The predicted attenuation coefficient in aerated sample five as a function of fre­
quency. The curves arc labelled with the appropriate dilution number.
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F r e q u e n c y /  MHz

The measured real part (upper curves) and imaginary part (low er cu™ es) o f 
reflection  coefficient o f aerated sam ple five as a function o f frequency. R egression  
lines are drawn through the data which are labelled with the aPP.roPr,^ ^ * n 
number. The data points have been omitted for clarity. The bar indicates t h e  est mat- 
ed accuracy of the measurement, when applied to standard liquids under controlled
conditions.
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F r e q u e n c y /  MHz

Figure 4.33 The predicted real part (upper curves) and imaginary' part (lower curves) of the
reflection coefficient of aerated sample five as a function of frequency. The curves are
labelled with the appropriate dilution number.
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R e l a t i v e  cb^ a i r

Figure 4.34 The difference in the velocities o f aerated and air free versions o f  sample five (c and 
c' respectively) are plotted as a function of the relative volum e fraction. The quantity 
8c is given by 1/c2 - 1 /c '2. The line is the least squares fit o f  the polynom ial given by 
Equation 4.10.



below 8 MHz indicated that, according to the Minnaert equation, the bubbles had 

radii which were smaller than 4/xm. The conventional techniques may well have 

given reasonable values, but these values did not reflect the conditions within the 

ultrasonic equipment.

Although it was disappointing that the theory could not be shown to agree with 

measurements, it was at least possible to measure the volume fraction of gas. The 

serial dilution technique suggests that the volume fraction was of the order of 10 

in two samples, and of the order of 10 s in one sample. The serial dilution method 

was therefore a very sensitive technique for measuring small volume fractions of 

dispersed gas. In the absence of equally sensitive conventional techniques it is not 

possible to assess the accuracy of the ultrasonic technique for characterising the 

dilute model bubbly liquid.

4 .3  Concentrated model bubbly liquid
The volume fraction of gas in real aerated foods of interest is much higher than the 

volume fraction in the dilute model. Thus from a practical point of view the limited 

success of the measurements on the dilute model are not terribly significant. The 

measurements on the concentrated model are the ones which would be expected 

to be crucial in establishing if it is possible to relate ultrasonic measurements to the 

volume fraction or the bubble size in real foods. The concentrated bubbly liquid 

was much too attenuating to allow transmission measurements, so only the reflec­

tion coefficient (or the acoustic impedance) of the concentrated samples was 

determined.

4.3. 1 Measurements in the UPER

Concentrated model bubbly liquids were prepared using P1670 at concentrations 

of 0.5 and 1 wt%, resulting in volume fractions of air of 50-55 ± 1 %. Various 

amounts of these liquids were mixed with 70 wt% Sweetose to give dilute samples 

with volume fractions as low as 1.3 ± 0.1 %. The acoustic impedance of the con­

centrated and dilute liquids was measured in the UPER at 20 °C. The results for 

the systems prepared using 0.5wt% P1670 and 1.0 wt% P1670 are shown in Fig. 

4.35. As the volume fraction of air increased, the acoustic impedance of the aerat­

ed syrup became lower and lower. Unfortunately, the dilute systems were not very
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Figure 4.35 The measured acoustic impedance of aerated Sweetose as a function ol the volume 
fraction of air. The dispersions were stabilised by P1670 at concentrations of 0.5 w % 
( • )  and 1 wt% ( o  ) in the stock bubbly liquid. A  regression is drawn through the 
data points, and the dotted line shows the characteristic im pedance o f  air- ree 
wt% Sweetose. The bar indicates the estimated accuracy o f the measurement, wnen 
applied to standard liquids under controlled conditions.



-174-

Table 4.4 Measured properties o f the concentrated model bubbly liquid

Sample Surfactant r j tx m  '

1 PI 670 56 ± 1 —
2 P1670 58 ± 1 —
3 PI 670 53 ± 1 —
4 P1670 45 ± 1 —
5 P1670 49 ± 1 —
6 P1670 56 ± 1 —
7 P1670 55 ± 1 —
8 P1670 46 ± 1 17.2 ± 1.8
9 PI 670 53 ± 1 11.2 ± 1.0
10 P1670 44 ± 1 20.4 ± 2.8
11 P1670 55 ± 1 11.6 ± 2.6
12 P1670 56 ± 1 12.5 ± 1.5

average 52 ± 5 14.8 ± 4.3

1 Hyfoama 66 ± 1 —
2 Hyfoama 64 ± 1 —
3 Hyfoama 64 ± 1 —
4 Hyfoama 55 ± 1 —
5 Hyfoama 53 ± 1 —
6 Hyfoama 60 ± 1 —
7 Hyfoama 64 ± 1 48.5 ± 7.3
8 Hyfoama 62 ± 1 46.3 ± 5.9
9 Hyfoama 52 ± 1 38.3 ± 0.8
10 Hyfoama 66 ± 1 48.4 ± 3.7

average 61 ± 5 45.2 ± 6.2

f : average o f  3 or 4 measurements for each sample

stable to creaming, despite the high viscosity of the syrup. This approach was 

therefore dropped, and the remaining measurements on the model bubbly liquid 

were performed on the unadulterated concentrated form of the bubbly liquid.

4 .3 .2  Measurements in the FSUPER

Samples of concentrated bubbly liquid were prepared using the surfactants P1670 

and Hyfoama at a concentration of 1 wt% in the pre-mix. Table 4.4 lists the volume 

fraction of air (<b ) and, for selected samples, the Sauter mean radius ( r j ,  deter-
v-~air/

mined by the Mastersizer, of the bubbles in each sample. Notice that there was a 

clear difference in the distributions found in the bubbly liquids stabilised with the 

different surfactants. The bubbly liquid stabilised by Hyfoama had much larger 

bubbles, and the volume fraction was rather higher. The bubble sizes were meas­



ured by dispersing small amounts of the concentrated bubbly liquid in Sweetose 

syrup (see Section 3.2.6.1). The r32 values were in good agreement with the bubble 

sizes measured in the dilute model bubbly liquid. There was a fair degree of varia­

bility in the bubble size and the volume fraction of air in the concentrated bubbly

liquid.

4 .3 .2 .1  Ultrasonic measurements on systems prepared using P I670  

Inter sample variation, clearly seen in the volume fraction and particle size, was 

also observed in the ultrasonic measurement. The m easurem ents have been 

grouped in order to create clearer graphs and facilitate interpretation of the re­

sults. The grouping is thus somewhat arbitrary, and undue importance should not

be attached to it.

Samples one and two The results for these samples appeared to be unreliable and 

hence are not shown. Poor acoustic coupling between the transducers and the 

buffer rod was probably to blame.

Samples three & six and samples four & five The ultrasonic measurements for these 

samples are shown in Figs. 4.36 and 4.37  respectively. The form of the curves 

through the real and imaginary parts of the reflection coefficient was similar to 

that of the curves which are predicted by theory (Section 3.2.4.3), which indicated 

that resonant behaviour was being observed in these samples. However, the theo­

retical curves to which the measurements are most similar in form are those pre­

dicted for systems which have a very much lower volume fraction of air.

The samples have been grouped according to the volume fraction of air in the 

sample. The volume fraction of air in samples four and five was about 15 per cent 

lower than in samples three and six, which is well within the variability expected in 

bubbly systems (Calvert & Nezhati, 1987). The difference in the reflection beha­

viour of the two pairs of samples was clear. Samples four and five appeared to 

contain bubbles which were larger than those in samples three and six, because the 

resonance in the imaginary part of the reflection coefficient occurred at a lower 

frequency. It is not clear whether or not the possible difference in bubble size was 

related to the difference in volume fraction between the two samples.
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Figurc 4.36 The measured real part ( • )  and imaginary part ( o  ) °* * e ^ “ u° n '̂ T h e l i n e s  
concentrated bubbly liquid sam ples three and six, stabilised w ith P167( . 
represent the average o f the m easurem ents for the two sam ples. The bar •
the estimated accuracy o f the measurement, when applied to standard liqui s u
controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.37 The measured real part ( • )  and imaginary part ( O ) o f the reflectio 
concentrated bubbly liquid sam ples four and five stabilised wi h P1670 T he lines 
represent the average o f  the m easurem ents for the two sam ple . undcr
the estimated accuracy of the measurement, when applied to stan q 
controlled conditions.



Table 4.5 The thermophysical properties o f 70 w,%  Sweetose at 20 °C, os required for  
calculations o f effective medium theory

-178-

70 wt%  Sweetose 

1942.3 ± 0.5

1361.5 ± 0.1

1.0 ± 0.1

5.136 x IO*

Velocity of sound/ m s 
(measured in FSUPER)

Density/ kg m'3
(measured in Paar densitometer)

Dynamic (shear) viscosity/ Pa s 
(taken from Hodges, 1990)

Bulk modulus/ Pa 

All other properties taken as those of water (see Table 2.1)

S a m p l e s  seven, eight and nine The ultrasonic measurements for these three sam­

ples are shown in Fig. 4.38. Note that the ordinate scale runs from -1.0 to +1.0. 

The resonant behaviour of these samples was rather different from that of samples 

three to six. The curves through the real and imaginary parts of the reflect,on 

crossed each other as expected, but the crossing point occurred at a much Io 

frequency. The remaining high frequency par. of the curves deviated from the 

behaviour predicted theoretically, because both the real and imaginary parts of the 

reflection coefficient took on firstly large negative values and then large pos.t.ve 

values. There was a suggestion of this behaviour in Fig. 4.37, wherein the real part 

of the reflection coefficient appears to be dropping towards negative values at h.gh 

frequencies. Note that there was relatively little inter sample variation m the ultra­

sonic measurements for this group, despite the variation in the volume tract,on of

air.

Samples ten, eleven and twelve The ultrasonic measurements for these samples are 

shown in Fig. 4.39. The results for these samples were more like the results for 

samples three to six, and were similar in form to the theoretical curves for systems 

with a low volume fraction of air. There was a fairly marked inter sample variat.on 

in the ultrasonic measurements. The reflection coefficient in each of these samples 

was predicted using effective medium theory (EMT). The input parameters tor the 

computer model of the EMT were the thermophysical properties of the Sweetose 

and air (see Table 4.5), the volume fraction of air, and the bubble size distribution
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1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0 .4  
0.3 
0.2 
0.1 
0.0 

- 0.1 
- 0.2 
- 0 . 3  
- 0 . 4  
- 0 . 5  
- 0.6 
- 0 . 7  
- 0.8 
- 0 . 9  
-1 .0

0 .3  0 .5  0.7 1

F r e q u e n c y /  MHz

F igure4.38 The measured real part ( • )  and imaginary part ( O ) of^the ' ^ 5 7 0  The
concentrated bubbly" liquid samples seven, eight and n m e ,  s ta b r i i^  w th  
lines represent the average o f the m easurem ents
indicates the estim ated accuracy o f  the m easurem en , w PP narts 0 f the
liquids under control led condi t ions .  N o t e  that real and g y P‘
reflection coefficient both achieve very large negative values.
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F r e q u e n c y /  MHz

Figure 4 39 The measured real part ( • )  and imaginary part ( o o f the reflection oc  u  n u  l 
concentrated bubbly liquid sam ples ten, eleven and twelve, stab ilised  with P1670. 
The lines represent the average of the measurements for the three samples. The bar 
indicates the estim ated accuracy o f  the m easurem ent, when applied  to standard  
liquids under controlled conditions.



for each sample (see Fig. 4.40). The measured and predicted values of the reflec­

tion coefficient are compared for samples 10, 11 and 12 in Figs. 4.41, 4.42 and 4.43 

respectively. There was reasonably good qualitative agreem ent between the 

measured and predicted values, but very poor quantitative agreement. There are 

two main aspects to the discrepancy between the measured and predicted values 

of the reflection coefficient: the frequency at which the imaginary part of the re­

flection coefficient is maximal, and the magnitude of the predicted values.

The position o f  the maximum in the imaginary part o f  the reflection coefficient The 

theory predicted that this maximum occurred at a higher frequency than was 

actually observed. The frequency at which the maximum occurs (the peak fre­

quency) is related to the resonant frequency and is thus inversely proportional to 

the bubble size. There are five main reasons why the maxima in the measured and 

predicted curves do not coincide: use of inappropriate thermophysical properties 

in the theoretical model, the effects of surfactant, errors in bubble sizing, sampling 

discrepancies and collective effects.

The theoretical model requires values for several thermophysical properties of 

Sweetose and air. In the case of the Sweetose syrup, not all of these properties 

were known, and hence were assumed to be equal to those of water. The proper­

ties which most affect the resonant frequency are the density and, to a much lesser 

extent, the surface tension. The density of the syrup was known accurately, and test 

calculations showed that the value for the surface tension could be reduced to zero 

without significantly affecting the results. Therefore the use of assumed values is 

not expected to have a large effect on the position of the peak frequency.

Some discrepancy between the measured and predicted values of the peak fre­

quency would be expected due to the presence of surfactant at the interface. The 

surfactant is expected to increase the peak frequency, and this is not accounted tor 

in the theory. However, the measured peak frequencies were lower than predicted 

by the theory, so the effect of surfactant must have been relatively small compared 

to the other factors listed here.

-181 -

f : ie Effective Medium Theory, see Section 2.2.4
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D i a m e t e r /  f i m

Figure 4.40 The size distribution from the ^ astersizer  o f c° nc^ trate d js for 
with P1670. The solid line is the distribution in sam ple ten, tne uasn
sample eleven and the dotted line is for sample twelve.
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F r e q u e n c y /  MHz

Figure 4.41 The measured real part ( • )  and imaginary part ( o  ) o f the “  d u are
concentrated bubbly liquid sam ple ten, stablllsed^ *t\ Pa1r^ J iS e s  the accuracy o f  
the values predicted by effective medium theory The bar ^ ‘i(i s Y
the measurement, when applied to standard liquids under controlled condition ..
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Figure 4.42 The measured real part ( • )  and imaginary part ( o  ) ^  ;j*ep ê® ^ ^ e^ s S m e s  
8 concentrated bubbly liquid sam ple eleven, stabilised with P I 670 The

are the values predicted by effective medium theory. The bar mdica ,-Hons 
o^the measurement, when applied lo  s.anda,d liquids u n t o  controlled condm ons.
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Figure 4.43 The measured real part ( • )  and imaginary part ( o  ) ^  The dashed lines
concentrated bubbly liquid sam ple twelve, stabi secl wU the accuracy
are the values predicted by effective medium theory.T he ba^  condilions. 
of the measurement, when applied to standard liquids under control



It is possible that the bubble size distribution measured in the Mastersizer did not 

accurately reflect the bubble size distribution present in the FSUPER. This could 

be due to sampling errors, dilution effects, or the use of the wrong presentation 

code . Sampling errors are possible because the total amount of material which 

was removed for characterisation in the Mastersizer was very small. This small 

amount of material was greatly diluted, affording larger bubbles the opportunity to 

cream out of the measurement volume. The presentation code used in the calcula­

tion of the size distribution was the one which closest to that calculated from the 

properties of the bubbly liquid/50 wt% Sweetose system, but it is possible that 

using this code introduced a small error into the size distribution. Of these three 

possibilities, it seems most likely that it was the dilution step which had the most 

profound effect on the apparent bubble size distribution. If more large bubbles 

were to be added to the apparent bubble size distribution, the theoretical curves 

would be shifted towards lower frequencies and would thus model the experimen­

tal measurements more closely.

The discrepancy in the position of the measured and predicted peak frequencies 

could also be due to the way the FSUPER sampled the bubbly liquid. The precise 

nature of this sampling is not known. The interrogating ultrasonic pulse was re­

flected at the buffer rod/sample interface, and was probably only sensitive to the 

properties of a thin layer of the bubbly liquid near to this interface (because the 

bubbly liquid was very strongly attenuating). It is possible that the bubble size dis­

tribution near the buffer/rod sample interface was not representative of the bubble 

size distribution in the bulk liquid, which is the quantity that the M astersizer 

attempts to measure.

Finally, there is the possibility that collective effects, of the kind described in 

Chapter Two, had an influence on the resonant frequencies of the bubbles in the 

concentrated bubbly liquid. At a volume fraction of 50 %, with a bubble radius of 

20 Aim, there are about 1013 bubbles per cubic metre, or about 109 bubbles in the 

FSUPER itself. The spacing between the bubbles was therefore of the order of 

micrometres, and the possibility of collective effects is strongly suggested. The 

exact nature of these collective effects is hard to predict.
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Of these five possible reasons for the discrepancy between the m easured and 

predicted peak frequencies, the latter three are the most strongly suspected.

The magnitude o f the predicted values The theory overpredicts the value of the real 

part of the reflection coefficient, and underpredicts the imaginary part. The dispar­

ity may be due in part to the values taken for the thermophysical properties of 

Sweetose. In order to assess the impact of this assumption, the calculations were 

repeated several times using different values for the unknown properties, such as 

the thermal conductivity and the specific heat capacity. It was found that the values 

of some of the properties could be changed considerably without altering the 

predictions significantly. The key properties were the density, velocity and viscosi­

ty, which were all known. The use of the properties of water was not, therefore, a 

major source of error in the calculations. The poor quantitative prediction of the 

reflection coefficient is due mainly to shortcomings in the theoretical model. The 

collective effects mentioned above will have an effect on the ultrasonic properties 

which is hard to quantify.

Furtherm ore the factors described in Section 2.2.6 apply very strongly here. The 

volume fraction of air was well above the limit in which even the mathematically 

rigorous multiple scattering theories are valid. Furtherm ore, the assumptions 

made in the derivation of the single scattering coefficients (which are used in effec­

tive medium theory) are violated in concentrated systems: the thermal and viscous 

skin depths for some bubbles will be less than the bubble separation in this system.

The overprediction of the real part of the reflection coefficient indicates that the 

velocity in the bubbly liquid was not as low as predicted by the theory. The under­

estimation of the imaginary part of the reflection coefficient indicates that the 

attenuation in the bubbly liquid was lower than predicted by theory. Taking into 

account all the various factors which may be responsible for the difference be­

tween the measured and the predicted values of the reflection coefficient, the 

biggest factor is shortcomings in the theory.

4 .3 .2 .2  Ultrasonic measurements on systems prepared using Hyfoama 

Sam ple one The measurements on this sample, like those for P1670 samples one
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and two, were rejected as unreliable.

Samples two, three, fou r and five  The results for these samples are shown in Fig. 

4.44. The inter sample consistency seemed to be better for these samples, and the 
form of the curves through the real and imaginary parts of the reflection coeffi­

cient was very similar to that observed for the samples prepared using P I670.

Sample six The results for this sample (Fig. 4.45) seemed to show the same unex­

pected form which was observed for the P1670 samples seven, eight and nine (see 

Fig. 4.38).

Samples seven, eight, nine and ten The measured bubble size distributions for these 
samples are shown in Fig. 4.46. The measured size distributions were used, along 

with the thermophysical properties of 70 wt% Sweetose and air, and the measured 

volume fraction, in order to predict the reflection coefficient using EMT. The 

measured and predicted values of the reflection coefficient for samples seven to 

ten are shown in Figs. 4 .47  to 4.50 respectively. There was quite a lot of inter 

sample variation, and the ultrasonic measurements did not seem to be correlated 
with the measured volume fraction or bubble size. The Mastersizer indicated that 

the bubbles in the system prepared with Hyfoama were three times larger than 

those in the system prepared with P1670. This difference was not very clear in the 

ultrasonic measurements. The theoretical predictions again agree only qualitative­

ly with the experim ental m easurements. The use of a larger bubble size in the 

theoretical calculations has resulted in a better agreement in the frequency at 

which the imaginary part of the reflection coefficient reaches a maximum value. 

However, the value of the imaginary part of the reflection coefficient is again 

drastically underestimated, and the value of the real part is overestimated. It is 

clear that the curves for the predicted real and imaginary parts of the reflection 

coefficient do not intersect, whereas in all cases the measured curves crossed each 

other.

4 .3 .2 .3  Ultrasound as a probe o f concentrated model bubbly liqu id  

U ltrasonic m easurem ents showed limited promise in the concentrated model 

bubbly liquid. Even though the model itself was not perfect, the primary cause of
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F r e q u e n c y /  MHz

Figure 4.44 The measured real part ( • )  and imaginary part ( o  ) of the ‘ Hvfoa-
eoneentrated bubbly liquid samples two, three, four and five, stabilise The
ma. The lines represent the average of the measurements for the lour s p ■ 
bar indicates the estimated accuracy of the measurement, when applie c 
liquids under controlled conditions.
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Figure 4.45 The measured real part ( • )  and imaginary part ( o ) o f the reflection coefficient of 
concentrated bubbly liquid sample sue, stabilised with Hyfoama. Regression lines are 
drawn through  the data p o in ts. T he bar ind icates the estim a ted  accuracy o f  the  
m easurem ent, when applied to standard liquids under controlled  conditions. N ote  
that the ordinate scale runs from -1 to + 1.
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Figure 4.46

D i a m e t e r /  f i m

The bubble size distribution measured by the M astersizer in concentrated bubbly 
liquid sam ples seven, eight, nine and ten, stabilised with Hyfoama. The lines are 
labelled with the number of the corresponding sample.
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F r e q u e n c y /  MHz

Figure 4.47 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coelficient of  
concentrated bubbly liquid sample seven, stabilised with Hyfoama. The dashed lines 
are the predicted values from effective medium theory. The bar indicates the e sti­
mated accuracy o f the m easurem ent, when applied to standard liquids under con ­
trolled conditions.
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F r e q u e n c y /  MHz

Figure 4.48 The measured real part ( • )  and imaginary part ( O ) o f the reflection coeffic
concentrated bubbly liquid sample eight, stabilised with Hytoama. The das bed11m _ 
are the predicted values from effective medium theory. The bar indicates t 
mated accuracy o f the m easurem ent, when applied to standard liquids un 
trolled conditions.
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F r e q u e n c y /  MHz

Figure 4.49 The measured real part ( • )  and imaginary part ( o ) o f  the reflection coefficient of 
concentrated bubbly liquid sample nine, stabilised with Hyfoama. The dashed lines 
are the predicted values from effective medium theory. The bar indicates the esti­
mated accuracy o f the m easurem ent, when applied to standard liquids under con ­
trolled conditions.
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F r e q u e n c y /  MHz

Figure 4.50 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coefficient of 
concentrated bubbly liquid sample ten, stabilised with Hyfoama. The dashed lines arc 
the predicted values from effective medium theory. The bar indicates the estimate 
accuracy o f  the m easurem ent, when applied to standard liquids under contro ec 
conditions.
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the marked disagreement between theory and experiment is shortcomings in the 

theory. The discussion in Chapter Two explains why the theory cannot be expected 

to work at high volume fractions.

It would not be possible to m easure the volume fraction in the concentrated 

bubbly liquid. The m easurem ents did not discriminate very well betw een the 

bubbles in model liquid stabilised with Hyfoama, and liquid stabilised with P1670, 

despite the very marked difference in volume fraction and bubble size between the 

two liquids. Nevertheless, the results did indicate that resonant behaviour was 

occurring in a highly concentrated bubbly system. To the best of the author s 

knowledge, there are no similar reported ultrasonic measurements on concentrat­

ed bubbly liquids.

4 .4  Bubbled gel
The results for bubbled gel were rather poor, and are included here mainly for the 

sake of completeness. They do not add much to the understanding of propagation 

in bubbly liquids. They do however illustrate some of the pitfalls which are encoun­

tered in ultrasonic measurements.

A mixture of 50 wt% Sweetose, 2.50 wt% agar and 0.5 wt% P1670 was used to 

prepare various air free gels. The mixture was also used to dilute the concentrated 

model bubbly liquid (prepared using 0.5 wt% P1670), yielding a gel containing air 

at a volume fraction of 0.020 ± 0.005. The ultrasonic velocity was determined in 

the gel rig, at various pathlengths (Fig. 4.51). The velocity appeared to be strongly 

dependent on the pathlength of the gel, indicating that large phase shifts were 

occurring due to diffraction and wearplate effects. The apparently greatly elevated 

velocity in the aerated gel can be attributed principally to these effects. However, 

diffraction corrections alone were not sufficient to make the measurements coin­

cide (see Fig. 4.51). The temperature in the gel samples ranged between 15.4 and 

25.1 °C, and was not controlled during the m easurem ents. Such variations in 

temperature would be expected to alter the measured value by no more than 40 to 

50 m s'1. Nevertheless, the effect of the variation in tem perature seems to have 

been quite dramatic. The bubbled gel model was not pursued further because the 

results were so unreliable.
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F r e q u e n c y /  MHz

Figure 4.51 T he ultrasonic velocity o f  50 wt% Sw eetose gelled with agar, as m easured in the 
specially  constructed rig (sec Chapter Three). The solid data points are m easure­
ments on air-free gel, and the hollow data points are measurements on gel contain­
ing air at a volume fraction o f 2%. The legend indicates the separation of the trans­
ducers for the relevant set o f  data points. The bars indicate the m agnitude o f  the 
diffraction corrections given by the equations set out in Appendix I. The lines la­
belled G and S are the velocities in the air-free gel and in air-free 50 wt% Sweetose, as 
measured in the UPER.
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4.5  Yogurt
The rem ainder of this chapter is given over to the measurements on real foods. 

These were generally simpler than the measurements on the model systems, and in 

some respects easier to interpret. Despite the relatively disappointing behaviour of 

the model system, the measurements on real foods were surprisingly instructive.

The m easured group velocity and density of the unwhipped yogurts, and the 

volume fraction of the whipped yogurts are given in Table 4.6. No measurements 

on yogurt were found in the literature.

4 .5 .7 Un w h ip p ed  yogurt

The measured reflection coefficient of the unwhipped low fat yogurt and full fat 

set yogurt is shown in Figs. 4.52 and 4.53 respectively. The yogurts were not disper­

sive in the frequency range examined, and there was very good agreement between 

the measured reflection coefficient and the values predicted using the measured 

values of the density and group velocity.

4 .5 .2  W h ipped  yogu rt
The measured size distributions in the whipped yogurts are shown in Fig. 4.54. The 

measurements for whipped low fat yogurt are shown in Fig. 4.55. There was rea­

sonable inter sample consistency in the measurements, and the form of the curves 

through the real and imaginary parts of the reflection coefficient clearly demon­

strates resonant behaviour. The measurements for whipped full fat set yogurt are 

shown in Fig. 4.56. There was excellent inter sample consistency, and the measured 

bubble size distribution and volume fraction have been used in order to calculate 

the reflection coefficient according to effective medium theory. Where appropri­

ate, the thermophysical properties of water were used in the calculations, because 

some of the properties of yogurt were not known. The theoretical prediction 

agrees very well in terms of the position of the maximum in the imaginary part of 

the reflection coefficient. The reasons for the slight discrepancy are the same as 

those discussed previously: differences in the way in which the FSUPER and the 

light microscope sampled the liquid, deficiencies in the bubble sizing procedure 

and the presence of surfactant at the interface. The sizing procedure was known to 

have a slight bias, which favoured larger bubbles with accordingly lower resonant
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F r e q u e n c y /  MHz

Figure 4.52 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coefficient o f  
air-free low fat natural yogurt. R egression lines are p lotted through the data. The 
bar indicates the estimated accuracy of the measurement, when applied to standard 
liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.53 The measured real part ( • )  and imaginary part ( o ) o f  the reflection coefficient of 
air-free full fat set yogurt. R egression lines are plotted through the data. The bar 
indicates the estim ated accuracy o f  the m easurem ent, when applied to standard 
liquids under controlled conditions.
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D i a m e t e r /  m i c r o m e t r e s

Figure 4.54 The bubble size distribution measured using light microscopy in whipped low fat 
natural yogurt (top) and full fat set yogurt (bottom).
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F r e q u e n c y /  MHz

Figure 4.55 The measured real part ( • )  and imaginary part ( o ) o f the reflection coefficient of 
whipped low fat natural yogurt. Regression lines are plotted through the average o 
the data. The bar indicates the estimated accuracy o f the measurement, when app ie 
to standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.56 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coefficient of  
whipped full fat set yogurt. Regression lines (dotted) are plotted through the average 
of the data. The solid line is the predicted value from effective medium theory o f the 
real part o f  the reflection coefficient, and the dashed line is the predicted value o f the 
imaginary part. The bar indicates the accuracy o f the measurement, when applied to 
standard liquids under controlled conditions.
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Table 4.6 The measured physical properties of yogurt

Property Low fat natural yogurt 
Morrison’s

Full fat set yogurt 
Biogarde

Density/ kg nr3 

Group velocity/ m s'1 

Reflection coefficient* 

Volume fraction of air

1066 ± 3 1040 ± 3

1509 ± 2 1465 ± 3

r j f i m

0.34

38 ± 8 % 

79 ± 6

0.36

47 ± 5 % 

71 ± 6

: calculated using the characteristic acoustic impedance (— pc).

frequencies. The presence of surfactant at the interface is expected to have in­

creased the resonant frequency of the bubbles slightly.

4 .5 .3  U ltrasound as  a probe  o f  w h ipped  yogurt

If ultrasound were to be used as a non-destructive technique for the examination 

of whipped yogurt, then it would be of only limited use. The existing theory has 

been shown to fail at high volume fractions of air. The value of the imaginary part 

of the reflection coefficient is grossly underestimated, and the value of the real 

part is overestimated. At frequencies around the resonant frequency of the bub­

bles, the reflection coefficient cannot be related to the volume fraction of air. It 

should be possible to measure the volume fraction by employing frequencies well 

above resonance. Manetou et al (1991) have had some success at measuring the 

volume fraction of air in marshmallow and frappe using a buffer rod at high fre­

quencies, using an empirical technique.

The ultrasonic technique does show promise as a technique for bubble sizing in 

yogurt, because the position of the peak in the imaginary part of the reflection 

coefficient can be related to the bubble size. The discussion in C hapter Three 

showed that the effects of polydispersity on the shape of the curves through the 

real and imaginary parts of the reflection coefficient is quite subtle (see Fig. 3.17). 

It would be difficult then to determine the bubble size distribution unequivocally 

from the ultrasonic measurements, because of the experimental scatter and the



Table 4.7 The measured physical properties o f cream
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Property Whipping cream Double cream

Density/ kg m'3 1014 ± 3 1006 ± 3

Group velocity/ m s'1 1526 ± 3 1531 ± 2

Reflection coefficient’ 0.35 0.36

Volume fraction of air 53 ± 4 51 ± 3

*: calculated using the characteristic acoustic impedance ( — p c ) .

quantitative errors in the theoretical predictions. Nevertheless, it is possible that 

by normalising the ultrasonic measurements and the predictions, the bubble size 

could be measured ultrasonically. The process by which the bubble size would be 

determined is similar to the process by which the Mastersizer calculates the parti­

cle size distribution. An initial guess is made for the bubble size (or size distribu­

tion). The expected properties of a system with such a size are calculated, and 

com pared with the measured properties. On the basis of the com parison, the 

assumed bubble size is adjusted, the predicted properties recalculated and the new 

predictions are compared to measurement. This process is iterated until the disa­

greement between prediction and measurement is minimised.

4 .6  Cream
The velocity and density of unwhipped whipping cream and double cream are 

listed in Table 4.7. Reported measurements of attenuation at 20 °C exist for native 

single cream with a fat content of 18 wt% (Miles et al, 1990). The attenuation 

varies linearly from about 4 Np m 1 at 1.5 MHz, to about 15 Np m 1 at 7 MHz.

4 .6 . 1 Un w h ip p ed  cream

The measured reflection coefficient of native whipping cream and double cream is 

shown in Figs. 4.57  and 4.58 respectively. The results were very similar to the re­

sults for yogurt (Figs. 4.52 and 4.53). The creams were not dispersive in the fre­

quency range examined, and the reflection coefficient can be accurately predicted 

using the characteristic acoustic impedance. This is compatible with the relatively
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F r e q u e n c y /  MHz

Figure 4.57 The measured real part ( • )  and imaginary part ( o ) o f the reflection coefficient of 
air-free whipping cream. Regression lines are drawn through the data. The bar 
indicates the estim ated accuracy o f  the m easurem ent, when applied to standard 
liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.58 The measured real part ( • )  and imaginary part ( o  ) of the reflection coefficient of 
air-free double cream. R egression lines are drawn through the data. The bar indi­
cates the estim ated accuracy o f the m easurem ent, when applied to standard liqui s 
under controlled conditions.
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4 .6 .2  W h ipped  cream

The measured reflection coefficient of whipped whipping cream and double cream 

is shown in Figs. 4.59 and 4.60 respectively. There was a fair degree of scatter in 

the results, but the measurements indicated that the bubbles in the whipped cream 

resonated at frequencies higher than the ones used here. If whipped cream were 

treated as simply native cream containing bubbles with radii in the region 5 to 10 

fim  (cf Anderson & Brooker, 1988) then resonant behaviour would be expected in 

the frequency range which was examined. This could be due to the presence of 

much smaller bubbles than those seen by Anderson & Brooker, or due to non­

sphericity of some of the bubbles, or it could be an effect of the fat globule net­

work (see Chapter Three).

4 .6 .3  U ltrasound a s  a p ro b e  o f  conven tion a l w h ip p ed  cream

In the absence of accurate bubble size information for the whipped creams exam­

ined here it is not possible to be certain that there were no very small bubbles in 

the cream, but considering the relatively short whipping time and the low shear 

involved, the formation of very small bubbles does not seem very likely. Some of 

the bubbles were however almost certainly non-spherical, because of the presence 

of so many fat globules at the interface. The effects of non-sphericity would not be 

expected to shift the resonant frequency by a very large amount. The principal 

effect of the fat globule network is to dramatically increase the effective stiffness of 

the bubble wall. This certainly would be expected to cause a very large increase in 

the resonant frequency.

Without knowing the true bubble size distribution or the effects of the fat globule 

network, it is not possible to predict the reflection coefficient in the whipped 

creams. In theory, at frequencies well below resonance the velocity in bubbly liq­

uids is described by the Wood equation (see Chapter Two). The Wood velocity in 

whipped cream is around 20-30 m s'1, leading to a reflection coefficient of very 

nearly one. The observed real part of the reflection coefficient was rather lower 

than this, although the imaginary part was very close to zero at frequencies below 1 

MHz. It would not be possible therefore to estimate the bubble size or the volume

low attenuation measured by Miles et al (1990).
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F r e q u e n c y /  MHz

Figure 4.59 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coefficient of 
w hipped whipping cream. R egression lines are drawn through the average o f the 
data. The bar indicates the estimated accuracy of the measurement, when applied to 
standard liquids under controlled conditions.
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F r e q u e n c y /  MHz

Figure 4.60 The measured real part ( • )  and imaginary part ( o  ) o f the reflection coe ^ten °  
whipped double cream. Regression lines are drawn through the average o  e  . 
T he bar in d icates the estim ated  accuracy o f  the m easu rem en t, w hen  app 1 
standard liquids under controlled conditions.



fraction of air in whipped cream from ultrasonic measurements in the frequency 

range used here.

4 .6 .4  A n  un con ven tiona l w h ipped  cream : A nchor sp ra y  cream

The whipped whipping cream and double cream were stable for several days at 

5 °C. The measured real part of the reflection coefficient changed relatively little 

over the course of 24 hours. The behaviour of the imaginary part was less consist­

ent: in most samples it tended to level off to zero as time progressed, while in other 

samples it stayed the same or increased at higher frequencies. The behaviour of 

Anchor spray cream was markedly different. The volume fraction of gas in the 

cream was very high just after it was dispensed. The process of transferring the 

cream to the FSUPER reduced the volume fraction to roughly 0.75, and there was 

a lot of inter sample variation. The measured reflection coefficient of Anchor 

spray cream is shown in Fig. 4.61. Surprisingly, resonant behaviour was clearly 

observed. This may be due in part to the fact that the lamellae between the bub­

bles are thinner than in conventional whipped cream (see Section 3.1.6.3), or it 

could be due to the presence of larger bubbles than the electron micrograph 

shown here would suggest. Although the Anchor cream is stabilised by fat globules, 

it was not nearly as stable as conventional whipped cream^. The change in reso­

nant frequency, and hence bubble size, with time is clearly seen in Fig. 4.62, which 

shows the reflection coefficient of Anchor cream as a function of time over two 

hours. The ultrasonic technique may be useful therefore for characterising dynam­

ic systems such as spray cream, where the bubble size is changing rapidly, and 

where the sample would be adversely affected by the use of an invasive or destruc­

tive technique.

4 .6 .5  U ltrasound a s  a p ro b e  o f  sp ra y  cream

Ultrasonic measurements on spray cream in the FSUPER seem to be more useful 

than measurements on conventional cream. A rough idea of the bubble size can be 

gained by assuming that the frequency at which the curves through the real and 

imaginary parts of the reflection coefficient cross is ten times higher than the

t:  A nchor cream contains hydrocolloid stabilisers which increase the viscosity o f  the continuous  
phase in order to enhance the stability. The presence o f these stabilisers m ade it im possib le to 
obtain a satisfactory gas-free sample for ultrasonic analysis.

-211 -
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Figure 4.61 The measured real part ( • )  and imaginary part ( O ) o f  the reflection coefficient of 
A nchor spray cream. R egression lines are drawn through the average o f the data. 
T he bar in d icates the estim ated  accuracy o f  the m easu rem en t, w hen  ap p lied  to  
standard liquids under controlled  conditions. The kink in the curve through the 
imaginary part is due to scatter in the data.
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Figure 4.62 The measured real part (solid symbols) and imaginary part (hollow symbols) o f the 
reflection coefficient o f Anchor spray cream as a function o f time. Regression lines 
are drawn through the average of the data. The bar indicates the estimated accuracy 
o f the measurement, when applied to standard liquids under controlled conditions. 
• :  t =  0 (cream reaches 5 °C), ♦ :  r =  1 hour, ■: t =  2 hours.
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resonant frequency. Taking the density of the air-free Anchor cream  as 1000 

kg n r3, and the apparent resonant frequency as approximately 0.3 MHz, the 

Minnaert equation gives an approximate bubble radius of 10 ^m. This is in keep­

ing with the expected bubble size. The M innaert equation underpredicts the 

bubble size because the effect of material at the interface is not accounted for.

4 .7  Bread dough

4. 7. 7 U n y e a ste d  dough

The viscous and cohesive nature of bread dough made it very difficult to measure 

its density accurately. An approximate figure for the unyeasted dough was 1300 

kg nr3. The volume fraction of air in the unyeasted dough was very small, and the 

inaccuracy in the density determinations made it impossible to measure. A reason­

able estim ate would be in the range 1-3 %. The reflection coefficient of the 

unyeasted dough is shown in Fig. 4.63. Once again, resonant behaviour was clearly 

observed, and the real part of the reflection coefficient reached a stable value of 

about 0.25. This is concomitant with the behaviour expected in systems containing 

small amounts of air. The velocity above resonance should in theory be equal to 

the velocity in the air-free medium. If this is so, then the impedance of the medium 

becomes completely real, and the reflection coefficient can be related to the densi­

ty of the dough and its velocity. Taking the density as 1300 kg m'3, and the reflec­

tion coefficient as 0.25, this would indicate a velocity in the dough of about 1500 

m s4. This is about 20 m s4 higher than the velocity of water at 20 °C, and seems to 

be a reasonable figure.

Moorjani (1984) measured the velocity in unyeasted dough as 114 m s4, the bulk 

modulus as 16 X 106 Pa, and the density as 1240 kg nr3 at a tem perature of 20 °C 

and a frequency of 0.5MHz. At 0.5 MHz, the measurements made in this work 

show that resonance was occurring and the velocity was therefore elevated. If the 

reflection coefficient at 0.5 MHz is taken as (0.8 + 0.35/') and the density of air- 

free unyeasted dough is taken as 1300 kg m'3, the specific acoustic impedance and 

effective density (Equation 2.112) of the dough can be calculated. The velocity, c, 

and attenuation, a, in the dough are then given by the basic relationships

Z = we / k [4.1]
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F r e q u e n c y /  MHz

Figure 4.63 The measured real part ( • )  and imaginary part ( o  ) of the reflection coefficient of 
unyeasted bread dough. Regression lines are drawn through the average of the data. 
The bar indicates the estim ated accuracy of the m easurem ent, when applied to 
standard liquids under controlled conditions.



k — w /  c + ia
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[4.2]

where Z  is the specific acoustic impedance, a> is the angular frequency and k is the 

propagation coefficient. The calculated velocity and attenuation are around 1760 

m s 1 and 5200 Np nr1 if the volume fraction is taken as 1 %. These values change 

to 1865 m s 1 and 5000 Np nr1 if the volume fraction is taken as 3 %. The calculated 

velocity and attenuation should be treated with some caution however. Strictly 

speaking, they only apply to that portion of the bread dough which was sampled by 

the FSUPER (which was probably a relatively small proportion of the total 

dough). Also, the choice of expression for the effective density has a big effect on 

the calculated velocity and attenuation.

The very low velocity measured by Moorjani suggests that the measurements were 

made at sub-resonant frequencies. In systems containing small amounts of air, the 

velocity below resonance is accurately predicted by the Wood equation (Equation 

2.109). If the density of the air-free unyeasted dough is approximated by the densi­

ty of the native unyeasted dough, then the Wood equation gives a volume fraction 

of air of about 0.8 %.

The radius of the bubbles in the unyeasted dough can also be estimated. Taking 

the resonant frequency as 0.08 MHz, the Minnaert equation yields a radius of 

roughly 35 jam. This is consistent with the radii of the stable bubbles observed by 

Shimiya & Yano (1987,1988) and Kumagai et al (1991).

4. 7.2 Yeasted dough

The ultrasonic measurements on the yeasted dough were not consistent. The re­

sults for two different samples are shown in Figs. 4.64. The unusual character of 

the results is genuine (the measurements were made on different occasions, and 

other samples were satisfactorily characterised in the FSUPER in the interval). 

The dough did expand greatly over the course of fermentation, so that the volume 

fraction in the fermented dough was of the order of 60-70 %. The bubbles in the 

were several millimetres across, and the dough matrix itself was full of smaller 

bubbles of a range of sizes. It is suggested that the ultrasonic behaviour of this 

matrix was not straightforward. Ultrasonic measurements were made on the dough
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0.3 0 .5  0.7 1 3 5 7

0.3  0 .5 0 .7  1 3 5 7

F r e q u e n c y /  MHz

Figure 4.64 The measured real part ( • )  and imaginary part ( o  ) of the reflection coefficient of 
ferm ented bread dough after 24 hours. Regression lines are drawn through the 
average of the data. The bar indicates the estimated accuracy of the measurement, 
when applied to standard liquids under controlled conditions. Data are shown for 
two different samples, plotted separately to enhance clarity.
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0.3 0.5 0.7 1 3 5 7

F r e q u e n c y /  MHz

Figure 4.65 The measured real part ( • )  and imaginary part ( o ) of the reflection coefficient of 
fermented dough after 48 hours. Regression lines are drawn through the average of 
the data. The bar indicates the estimated accuracy of the measurement, when ap­
plied to standard liquids under controlled conditions.
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after a further 24 hours (see Fig. 4.65). The measurements had a form much more 

like that in the unyeasted dough. A possible explanation is that, once the supply of 

gas from the yeast had ceased, the normal disproportionation process resumed 

and the large bubbles shrank. The strange results could also be explained by way in 

which the FSUPER sampled the dough: the bubbles which were directly adjacent 

to the buffer rod surface might not have grown in the same way as the bubbles in 

the bulk dough. Similarly the shrinkage and collapse of these bubbles may have 

been unrepresentative.

4. 7.3 Ultrasound as a probe of bread dough

Clearly a great deal more experimentation would be required in order to establish 

the full usefulness of ultrasound as a technique for measuring the breadmaking 

potential of different flours, but the measurements indicate that the technique is 

sensitive to the tiny bubbles present in the worked, unfermented dough. It may 

well be possible to establish a correlation between the bubble size in a dough and 

the breadmaking potential of the flour used to prepare the dough.

The ultrasound technique is of little use for characterising the fermented dough. 

Ultrasound would be of use in the early stages of fermentation, when sensible 

results can be obtained. Useful information might be gained by using a wider range 

of frequencies. The way in which the FSUPER samples the dough would need to 

addressed, in order to gain meaningful results.

4 .8  Beer foam

The measurements on beer foam can be conveniently split between the low fre­

quency and high frequency transducers. This is because the transducers were 

located at different heights within the FSUPER. The low frequency transducer was 

nearest to the bottom of the FSUPER, and therefore primarily sampled the bulk 

beer. The high frequency transducer was located near the top of the instrument, 

and thus primarily sampled the beer foam.

4 .8 .7 L o w  frequency measurements on frothy beer

The measured reflection coefficient of Swan Light, Michelob and Smithwick’s beer 

are shown in Figs. 4.66 to 4.68 respectively. The measurements on John Smith’s
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Figure 4.66 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Swan light beer. The samples are shown separately for 
improved clarity. Regression lines are drawn through the data. The bar indicates the 
estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  t — 0 (immediately after pouring into FSUPER), •*■:* = 
30 seconds.
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F r e q u e n c y  /  MHz

Figure 4.67 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Michelob beer. The samples are shown separately for 
improved clarity. Regression lines are drawn through the data. The bar indicates the 
estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  t =  0 (immediately after pouring into FSUPER), ♦ :  t -  
30 seconds.
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0 .2  0 .4  0.6 0.8 1.0 1.2 1.4

F r e q u e n c y  /  MHz

Figure 4.68 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Smithwick’s beer. The samples are shown separately 
for improved clarity. Regression lines are drawn through the data. The bar indicates 
the estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  / = 0 (immediately after pouring into FSUPER), ♦  : t  = 
30 seconds.
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F r e q u e n c y  /  MHz

Figure 4.69 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy John Smith’s (top) and Bodington’s (bottom) beer. 
The samples are shown separately for improved clarity. Regression lines are drawn 
through the data. The bar indicates the estimated accuracy of the measurement, 
when applied to standard liquids under controlled conditions. • :  t =  0 (immediately 
after pouring into FSUPER), ♦ :  t -  30 seconds.
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and Bodington’s beer are shown together on Fig. 4.69. Unsurprisingly, there was a 

great deal of variation between the samples. The results for Swan Light (Fig. 4.66) 

were the most consistent, and will be discussed in a little detail.

Initial measurements There was evidence for the presence of large bubbles in the 

beer when it was first examined. Taking the density of the gas free beer as approx­

imately 1000 kg m 3, and the resonant frequency as approximately 0.03 MHz, then 

the calculated bubble radius is around 0.1 mm, which seems a reasonable figure. 

Very large bubbles were observed visually present in the freshly poured beer, but 

these do not seem to have affected the results. According to Stokes’ equation 

(Equation 1.1), a bubble with a radius of 1 mm will have a rise velocity of approxi­

mately 1.1 m s'1. The low frequency transducer sampled a cross section of the beer 

with a diameter of roughly five centimetres, and a bubble with a radius of 1 mm 

would cream through this distance in about 0.05 seconds. The ultrasonic data was 

collected over a period of about 10 seconds, so there was ample time for the big 

bubbles to cream, even though their motion was re ta rded  somewhat by the 

presence of the many neighbouring bubbles. A bubble with a radius of 0.1 mm 

would be expected to have a rise velocity of about 0.02 m s'1, so it would stay in the 

area probed by the transducer for at least 2.5 seconds.

Measurements after 30 seconds After the beer had settled somewhat, nearly all the 

large bubbles had risen out of the volume which was probed by the low frequency 

transducer. The beer appeared to be non-dispersive in the frequency range exam­

ined, and the reflection coefficient was completely real and approximately equal to 

0.4. At 5 °C, the ultrasonic velocity in water is about 1426 m s'1 (del Grosso & 

Mader, 1972), and the reflection coefficient is therefore approximately 0.39. The 

ultrasonic velocity of gas-free beer was not measured, but in this low alcohol beer, 

it would be expected to be slightly higher than the velocity of water, as would the 

density. This would lead to a reflection coefficient which is less than 0.39. The 

slight elevation in the reflection coefficient was probably due to the presence of 

small amounts of gas in the beer, which depressed the velocity.

Low  frequency measurements on the other beers The results for the other beers 

varied quite a lot from sample to sample and from beer to beer. The initial results



were the most varied. The measurements on Bodington’s (Fig. 4.69) were notice­

ably different. The presence of rather smaller bubbles was indicated, which is in 

keeping with the finely textured foam which was observed as a result of the 

presence of the nitrogen insert. After 30 seconds, the results for all beers tended 

towards those seen in the Swan Light, with a reflection coefficient in the range 0.38 

to 0.40.

4 .8 .2  High frequency measurements on frothy beer

The high frequency transducer primarily sampled the foam which formed on the 

top of the beer. The measurements on Swan Light, Michelob and Smithwick’s beer 

are shown in Figs. 4.70 to 4.72 respectively. The measurements on John Smith’s 

and Bodington’s are shown in Fig. 4.73. The high frequency results were much 

more consistent. Interestingly, these were the only measurements in which the 

curves through the real and imaginary parts of the reflection coefficient did not 

cross, despite the evidently resonant behaviour. This was presumably an effect of 

the very high volume fraction of gas in the foam. The results for John Smith’s and 

Bodington’s (Fig. 4.73) were rather different, and were much more like the results 

at low frequencies. The reasons for this behaviour are not clear. The results did 

not change a great deal after 30 seconds, which belies the aging of the foam, which 

was easily observed. This was probably a sampling effect, because foam which is 

adjacent to a solid surface ages differently to bulk foam. This effect is clearly 

observed when beer is drunk: foam persists on the sides of the glass long after the 

bulk foam has collapsed.

4 .8 .3  Ultrasound as a probe of beer and beer foam

On the basis of these measurements, ultrasound does not appear to be very useful 

for the characterisation of beer and beer foam. There was poor inter sample con­

sistency, and no clear difference was observed between beers, except for Boding­

ton’s. The FSUPER did not sample the beer foam satisfactorily, and the results 

were difficult to interpret. The presence of alcohol is known to have a marked 

effect on the ultrasonic velocity (Winder et al, 1970, Zacharias & Parnell, 1972), 

yet there was little difference between the results for the low alcohol Swan Light 

and Smithwick’s and the other normal beers. The poor quality of the results was 

partly due to the way in which the foams were prepared. A much more repeatable
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F r e q u e n c y  /  MHz

Figure 4.70 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Swan light beer. The samples are shown separately for 
improved clarity. Regression lines are drawn through the data. The bar indicates the 
estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  t =  0 (immediately after pouring into FSUPER), -»►:? = 
30 seconds.



R
ef

le
ct

io
n 

C
oe

ff
ic

ie
nt

 
R

ef
le

ct
io

n 
C

oe
ff

ic
ie

nt

-227-

1 .0 
0.9 
0.8 

0.7 
0.6 

0.5 
0 .4 
0.3 
0.2

0 . 1* 
0.0 

- 0.1
1 2 3 4 5 6 7 8

F r e q u e n c y  /  MHz

Figure 4.71 The measured real pari (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Michelob beer. The samples are shown separately for 
improved clarity. Regression lines are drawn through the data. The bar indicates the 
estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  t = 0 (immediately after pouring into FSUPER), ♦ :  t = 
30 seconds.
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F r e q u e n c y  /  MHz

Figure 4.72 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy Smithwick’s beer. The samples are shown separately 
for improved clarity. Regression lines are drawn through the data. The bar indicates 
the estimated accuracy of the measurement, when applied to standard liquids under 
controlled conditions. • :  t =  0 (immediately after pouring into FSUPER), ♦ :  / = 
30 seconds.
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Figure 4.73 The measured real part (solid symbols) and imaginary part (hollow symbols) of the 
reflection coefficient of frothy John Smith’s (top) and Bodington’s (bottom) beer. 
The samples are shown separately for improved clarity. Regression lines are drawn 
through the data. The bar indicates the estimated accuracy of the measurement, 
when applied to standard liquids under controlled conditions. • :  t =  0 (immediately 
after pouring into FSUPER), ♦  : t = 30 seconds.



method of dispensing the beer is required, such as sparging with a known volume 

of gas. Many more samples would need to be examined in order to draw firm 

conclusions about the usefulness of ultrasound in the testing of beers. As with the 

fermented dough, the use of a wider range of frequencies may be useful, and the 

way in which the FSUPER samples the foam would need to be addressed.

4 .9  Summary

Characterisation of the dilute model bubbly system by conventional techniques did 

not agree very well with the ultrasonic measurements. The ultrasonic measure­

ments indicated the stable existence of very small bubbles at a very low volume 

fraction. Ultrasound was a rather poor probe of the concentrated model bubbly 

liquid, because the theory of ultrasonic propagation was seen to fail at high volume 

fractions of air. Measurements on yogurt were rather more encouraging, and indi 

cated that ultrasound could be used to measure the bubble size but not the volume 

fraction of air. The resonant frequency of the bubbles in conventional whipped 

cream was rather higher than expected, and the FSUPER was not able to cha­

racterise the system. Useful measurements were obtained on spray cream, which 

may reflect a difference in the nature of the fat globules in this system. The 

presence of stable small bubbles in unfermented dough was revealed by the ultra­

sonic technique. Ultrasound was a poor probe of fermented bread dough, and of 

beer foam.

-230-



CHAPTER FIVE
Conclusions

5.1 Introduction

In contrast to the preceding chapter, this chapter is very brief. The summaries 

which run throughout the thesis provide a distillation of the key points of the 

theory and the experimental results, and it seems pointless to recapitulate them 

here. Instead, the two main findings of this work are outlined.

5.2  The model bubbly liquid

The model bubbly liquid stabilised with P1670 sucrose ester has been shown to be 

a very interesting system. Sucrose ester has been shown to promote bubbles which 

are very small and very stable. The formation of an unusual structured surfactant 

mesophase at the interface has been demonstrated. The properties of the meso- 

phase are largely unknown, and more investigation is called for. The long term 

stabilisation of bubbles by structured surfactant layers is thought to be novel.

5.3  Ultrasound as a probe of aerated foods

This thesis started with the implied question "Can ultrasound be used to characte­

rise aerated foods?". The answer to this question is a highly qualified "yes". The 

measurements on yogurt, on spray cream and on dough all showed a great deal of 

promise. However the measurements on the concentrated model, whipped cream 

and beer foam illustrated several drawbacks to the ultrasonic technique.

Two of these drawbacks are practical ones which could be fairly easily overcome. 

The frequency range measured by the FSUPER was not wide enough to characte­

rise whipped cream, and no doubt there are many other systems which would be 

poorly characterised in the FSUPER. However, a revised FSUPER could easily be 

constructed with a wider operating frequency range. The FSUPER did not always 

sample a representative cross-section of the liquid of interest. This could be recti­

fied by circulating the sample more effectively, or by periodically cleaning the face 

of the buffer rod.
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The biggest drawback with the ultrasonic technique was the failure of the theory to 

properly describe propagation in concentrated systems. Given the complex beha­

viour of bubbly liquids, it is unlikely that the existing theoretical approaches will 

ever be able to describe propagation in concentrated bubbly liquids. This means 

that the comparatively accurate ultrasonic characterisation which is possible for 

emulsions is not likely to be possible for their gaseous counterparts.

5 .4  Future work

Two possibilities for future work are proposed: a fuller investigation of dilute 

model bubbly liquid and an empirical investigation of bubbly foods.

By diluting large amounts of concentrated bubbly liquid it should be possible to 

obtain a solution containing stable bubbles with sub-micrometre radius at a 

volume fraction which is high enough to enable reliable characterisation by con­

ventional techniques. By employing measurements over a wide frequency range it 

should be possible to establish the influence of the surfactant layer at the interface 

on the ultrasonic properties. By preparing very dilute solutions it should be possi­

ble to measure the ultrasonic properties over the entire resonant frequency range. 

By increasing  the volume fraction it should be possible  to d e te rm in e  the 

concentration at which multiple scattering effects start to become important. By 

fu rther  increasing the volume fraction it should be possible to establish the 

concentration at which multiple scattering theory starts to break down.

Having established that the theory is of limited use, the experimenter has no 

option but to fall back on empirical techniques. By adjusting the measurement 

frequency, it should be possible to establish correlations between the ultrasonic 

properties and conventional measurements of the volume fraction of gas and/or 

bubble size. This approach is likely to be fruitful in aerated solid foods as well as in 

bubbly liquids. Ultrasonic measurements may yet prove useful in process control in 

the manufacture of aerated foods.
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APPENDIX I
Diffraction effects

1.1 Introduction

In theories of the propagation of ultrasound, the incident wave is assumed to be 

perfectly plane and of infinite extent. However, the transducers used to produce 
ultrasound are of finite size, and this has important consequences for the geometry 

of the ultrasonic beam which they produce. Consider a transducer (which, for 
convenience, is assumed to act as a perfect piston) situated in an infinite baffle. 

The ultrasonic beam produced by such a transducer can be treated as if it had 

been produced by a myriad of point sources located on the face of the transducer. 

Each of the point sources produces a spherically symmetric wavelet. These wave­

lets add together according to Huygens’ principle (Blitz, 1963), to produce a 

wavefront whose nature depends on the diameter of the transducer. This phe­
nomenon is termed diffraction. When the diameter of the transducer is small 

compared to the wavelength of the ultrasound it produces, the effects of diffrac­

tion on the ultrasonic beam are quite pronounced. The nature of diffraction effects 

(sometimes referred to as beam spreading) has been expounded by Papadakis 

(1975), and the following discussion summarises his treatment.

The ultrasonic beam can be divided into two areas, the near field or Fresnel zone, 

and the far field or Fraunhofer zone (Figure L.l). In the near field there are zeros 

of pressure along the central axis of the transducer, and there are local minima 

and maxima of pressure and phase across the beam. In the far field the ultrasonic 

beam is divided into a primary central lobe, and symmetrically positioned higher 

order lobes. In practical measurements, when the same transducer is used to 

generate and receive the ultrasound, diffraction effects add a non-monotonic loss 

to the amplitude of the received signal. The effect on the phase of the received 

signal is to add a monotonic but nonlinear increment to the phase as the distance 

from the transducer increases.

It is possible to make corrections for the effects of diffraction on the amplitude 
and phase of the received signal (Seki et al, 1956, Papadakis, 1967, Benson & 

Kiyohara, 1974). Indeed, if it desired to make accurate measurements of velocity
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Figurc 1.1 The sound pressure as a function o f distance along the central axis o f  a transducer, 
illustrating the near and far fields. From Blitz, 1963.

and attenuation, then diffraction corrections must be applied. In this work, the 

approach of Khimunin (1972, 1975) has been adopted.

1.2 Assumptions made in the calculation of the diffraction corrections

It is assumed that, as a source of ultrasound, the transducer acts as a perfect piston 

in an infinite baffle. As a detector of ultrasound, the transducer is assumed to be 

acoustically transparent, and uniformly sensitive across the face of the transducer. 

These assumptions are necessary in order to achieve tractable equations. Real 

transducers will deviate from this ideal behaviour to some unknown extent, and 

the calculated diffraction corrections will therefore be in error by an unknown 

amount. Nevertheless, the success of the method in practice would suggest that the 
assumptions are not too restrictive.

The calculation of diffraction corrections is something of a circular process, be­

cause the full expressions require values for the velocity and the attenuation coef­

ficient of the sample, the very quantities whose true values are sought. Since these



are unknown, the following approximations are made: the attenuation coefficient of 

the sample is small and can be ignored, and the value of c used in the calculations 

can be taken as the group velocity. It is not expected that the diffraction correc­

tions calculated in this way will be perfect, especially if the sample is particularly 

attenuating or dispersive.

1.3 Expressions for the diffraction corrections

Consider a circular transducer of radius a, arranged coaxially with a receiver 

transducer with the same radius, in an infinite uniform isotropic liquid with no 

intrinsic absorption. The average pressure on the receiver transducer, P, is given 
by
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* 77-/2

P =  P c v ne ^ - 4 p c v j 7 r x exp [-ik (z2 + 4a2cos20 ) ,/:] sin20  d® [I-l]

where p, c and k have their usual meanings, z  is the distance between the transduc­

ers and vo is a constant given by the normal velocity on the surface of a piston 

source oscillating harmonically in an infinite baffle. P \  is defined as the pressure 

which would be experienced by the receiver if the source transducer produced a 

perfect plane wave. P  can be extracted from Equation 1.1

P' = p,cvoexp( iwt - ikz) [1.2]

The modulus of the ratio of the two pressures is given by

\ P / F  | = (A2 + B2)« [1.3]

where A  = 1 - 4 /7 r (C cos kz + D sin kz) [1.4]

B = 4 /7t (D cos kz - C  sin kz) [1.5]
* tt/2

C =

D =

cos [/: (z2 + 4fl2cos20 ) y2] sin2© d@

t t /2

sin [k (z2 + 4tf2cos20 ) ,/!] sin20  d@

[1.6]

[1.7]

The difference in phase angle, 0, caused by diffraction is given by

cf) = tan \ B / A )  [1.8]



1.4 Diffraction corrections in the UPER and FSUPER

In the UPER and FSUPER, the separation of the transducers is replaced by the 

pathlength of the signal, because the same transducer acts as both source and 

receiver. It is necessary to calculate the diffraction corrections, | P /  P' \ and 0, at 

two different pathlengths, zo and z  , corresponding to Echo 1 and Echo 2. The kz 

terms in Equations 1.4 and 1.5 are replaced by (kz)'n, and in Equations 1.6 and 1.7, 

the k term is replaced by (kz)’n / zn. The term (kz)’n is given by

(kz)\ = M[2i / c [, + ft - z j / c |  [1.9] 

z, = 2 d r [1.10]

z ,=z .  + 2d [1.11]

where d f is the length of the Perspex buffer rod, d s is the length of the sample 

liquid, cp is the ultrasonic velocity in Perspex, cs is the velocity in the sample and 

n = 0 for Echo 1, n = 1 for Echo 1. This leads to two values for the pressure ratio,

| P I P '  | # and | P I P '  | i . Similarly, two values are calculated for the phase angle, 
0  and 0 .^0 M

1.4. 1 Applying the corrections: the UPER

In the UPER, the calculation is performed for a frequency of 2.1 MHz, and the 

corrections are applied as follows: In Equation 3.7, the ratio A is / A7s is multiplied 
by M, where

M = [ \ P i r \ o] i \ p i r \ t

In Equation 3.8, the time Ss is reduced by an amount At, where

At =  (0 | - 0 o) / 0}

1.4.2 A pplying the corrections: the FSUPER  

In the FSUPER, the diffraction corrections are calculated over a range of fre­

quencies appropriate to the transducer being considered. At each frequency, the 

corrections are applied in the same way. In Equation 3.15, the ratio M / M?s is 

multiplied by M, where M  is defined as before. In Equation 3.17, the value of 50 is 

given by ( 0 , - 0 o).
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1.5 Summary

Accurate measurements of ultrasonic velocity and attenuation require a considera­

tion of the diffraction effects associated with the transducer(s) used for the meas­

urement. A scheme for the approximate correction of diffraction effects has been 

outlined. The deviation between the unknown true diffraction correction and the 

present approximate value is not known, but measurements on liquids of known 

velocity suggest that the deviation is acceptably small.



APPENDIX II

Spreadsheet for the FSUPER

11.1 Introduction

When measurements were made in the Frequency Scanning Pulse Echo Reflec­

tometer (FSUPER), the results for each sample were stored in data files. In order 

to obtain the velocity and attenuation as a function of frequency it was necessary to 

analyse the results according to the equations which were set out in Chapter 

Three. The analysis was carried out using a spreadsheet package^, Lotus Sympho­

ny, on a personal computer. A copy of the spreadsheet, which was developed by 

Dr Julian McClements and the author, is provided separately. The spreadsheet 

can be split into various sections, according to the function performed by each 

section (Figure II. 1). Note that where a matrix element contains a formula, only the 

result of the calculation is displayed on the spreadsheet (ie the formula itself does 

not appear) . All the required formulae are available in C hap ter T hree  and 

Appendix One. The functions performed by each of the various sections are ex­

plained in more detail below.

11.2 Analysis of the spreadsheet by section

II. 2. 1 Section  t (times)

The oscilloscope measures the time elapsed from the trigger event (which in this 

case is the electronic spike which initially excites the transducer) for each of the 

echoes returning from the interfaces in the FSUPER. These times are recorded by 

the computer, and by subtracting the delay for the first echo from the delay for the 

second echo, the time taken by the pulse to travel across the cell and back again 

can be calculated. This section calculates the transit time for the pulse, for each 

transducer, for both calibrant (water) and sample.
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f: A spreadsheet package is a program which is intended to facilitate calculations on large groups 
of numbers. The user is presented with a computerised version of a large two dimensional matrix. 
Using a simple programming language, it is possible to enter data into appropriate elements of the 
matrix and perform calculations on the data, the results of which are available in other elements of 
the matrix. The computer automatically re-evaluates all the calculations when any matrix element 
is changed, and the results of calculations can be exported into data files for storage. For more 
information about spreadsheets, see for example the Lotus Symphony reference manual (1987).



-239-

Figure A3.1 The spreadsheet used to analyse the measurements obtained using 
the FSUPER.

II. 2 .2  Section i (impedances)

In this section, the characteristic acoustic impedances of the calibrant and the 

backplate are recorded. The impedance value for the calibrant is calculated from 
the velocity and density of the calibrant (using Z = pc).

11.2 .3  Section d (densities)

The readings from the Paar densitometer, for water, air and sample, are entered in 

this section, and the density of the sample is calculated from the readings accord­
ing to Equations 3.19-21

11.2.4 Sections wl and  wm (water lo w  and water medium)

These sections contain the Fourier transforms of echoes one and two for water, for 

both the low frequency and the medium frequency transducers. The results are 

tabulated as columns containing, respectively, the frequency, the magnitude and 

phase of the transform of echo one, and the magnitude and phase of the transform 
of echo two.
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II. 2 .5  Section dw (diffraction, water)

This section contains the corrections to account for diffraction effects, as a func­

tion of frequency for each transducer.

II. 2 .6  Section cw (calculations, water)

The reflection coefficients at the interface between the buffer rod and the water, 

and at the interface between the water and the aluminium, are calculated using the 

known properties of Perspex, water and aluminium. The rest of the section calcu­

lates the true phase difference between the transforms of the echoes, taking into 

account the phase difference due simply to the delay between the echoes, the 

diffraction correction, and the 180° phase shift. The value of the phase shift is 

converted to a value in the range 0 to 360°, by adding 360° if necessary.

II. 2. 7 Section tw  (times, water)

In this section, the transit time of the pulse is calculated as a function of frequency, 

and the average is calculated, excluding the values for the extremes of frequency. 

The pathlength of the cell is calculated from the average transit time and the 

known velocity of ultrasound in water. The pathlength for each transducer is slight­

ly different because the buffer rod for one transducer was not completely flush 

with the wall of the FSUPER cell. The apparent attenuation is also calculated as a 

function of frequency. The transducers do not behave ideally, so the diffraction 

corrections are not completely successful. The apparent attenuation is thus 

somewhat higher than expected in water.

II.2 .8  Sections si and sm (sample, lo w  and sample, medium)

The Fourier transforms of echoes one and two for the sample are entered in this 

section, in the same format as the measurements for water.

II. 2 .9  Section ds (diffraction, sample)

The corrections to be applied to the measurements on the sample in order to 

account for diffraction are entered in this section. These corrections depend on the 

velocity of the sample, and are obtained from a look-up table which contains cor­

rections appropriate to a variety of velocities.



II. 2. 10 Section c (calculations)

In this section, the reflection coefficients at the buffer rod/sample and sample/ 

reflector plate interfaces are calculated, using the velocity in the sample and the 

known densities of the sample. The true phase difference between the transforms 

of the echoes for the sample is calculated as a function of frequency, and these 

values are used to calculate the apparent time of flight of the pulse as a function of 

frequency. In dispersive samples it may be necessary to add or subtract an amount 

of time equivalent to one period at the appropriate frequency. This is necessary 

when the group velocity is significantly different to the phase velocity at the fre­

quency in question.

II. 2. 11 Section sp (sample properties)

The properties of the sample (ie the velocity and attenuation) are calculated in this 

section. The velocity is calculated using the apparent transit time of the pulse at 

each frequency, the equivalent transit time for water, and the known velocity of 

water. The attenuation is calculated using the formula given in Chapter Three, 

with correction for diffraction effects. The apparent attenuation in water is sub­

tracted from the attenuation, in order to account to some extent for the imperfec­

tions in the diffraction corrections.

//. 2. 12 Section dt fdiffraction, table)

This sections contains a look-up table for the diffraction corrections which should 

be applied at various values of ultrasonic velocity.

//.2. 13 Section m l (macro 1)

A macro is an area of the spreadsheet which contains a simple control language. 

The macro ml is used to copy the data files which contain the FSUPER measure­

ments for water, into an area of the spreadsheet set aside for this purpose (not 

shown on diagram). Since the data files usually contain some unwanted informa­

tion, the macro copies only the relevant values into the sections wl and wm, 

whereupon the computer automatically updates the values in sections cw and tw.

II. 2. 14 Section m2 (macro 2)

This macro copies the data files containing the FSUPER measurements for the
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sample into the area of the spreadsheet mentioned above. Again the appropriate 

part of the data is copied into the areas si and sm. The sections ds and dm are then 

updated with appropriate diffraction corrections obtained from the table dt. The 

calculations in sections c and sp are automatically updated, and graphs of velocity 

and attenuation as a function of frequency can be reviewed. The properties of the 

sample can be stored in an output file if required.
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111.1 Oral Presentations

Various elements of this work have been presented as papers at the follow­

ing conferences:

Review of Progress in Physical Acoustics and Ultrasonics, September 1989, 

University of Bath, United Kingdom.

Review of Progress in Physical Acoustics and Ultrasonics, September 1990, 

University College London, United Kingdom.

First British Colloid and Surface Science Student Meeting, March 1991, 

University of Nottingham, United Kingdom.

Acoustics ’91, April 1991, University of Keele, United Kingdom, published 

as:

Fairley P, McClements DJ and Povey MJW (1991) Ultrasonic characterisa­

tion of some aerated foodstuffs Proceedings of the Institute o f Acoustics 13(2) 

63-70.

Ultrasonics ’91, July 1991, Le Touquet, France, published as:

Fairley P, McClements DJ and Povey MJW (1991) Ultrasonic characterisa­

tion of aerated foodstuffs Proceedings of Ultrasonics International ’91 But- 

terworth-Heinemann, Oxford, United Kingdom 79-82.

111.2 Poster Presentations

Posters describing various aspects of this work have been shown at the fol­

lowing conferences:

Procter Department of Food Science Centenary Meeting, September 1991, 

University of Leeds, United Kingdom.
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Review of Progress in Physical Acoustics and Ultrasonics, September 1991, 

University of Leeds, United Kingdom, to be published in 

Developments in Acoustics and Ultrasonics Institute of Physics Publishing, 

Bristol, U.K.

III.3 Publications

The following papers have resulted partly or wholly from the work in this 
thesis:

McClements DJ, Fairley P and Povey MJW (1990) Comparison of the effec­

tive medium and multiple-scattering theories of predicting the ultrasonic 

properties of dispersions Journal o f the Acoustical Society o f America 87(5) 
2244-2246.

McClements DJ and Fairley P (1991) Ultrasonic pulse echo reflectometer 
Ultrasonics 29 58-62.

Contreras NI, Fairley P, McClements DJ and Povey MJW Analysis of the 

sugar content of fruit juices and drinks using ultrasonic velocity measure­

ments, to appear in International Journal o f Food Science and Technology, 
October 1992.

Fairley P, McClements DJ, Bee RD and Povey MJW An ultrasonic study of 

two aerated liquid foods, submitted to Ultrasonics.

McClements DJ and Fairley P Frequency scanning ultrasonic pulse echo 
reflectometer, to appear in Ultrasonics.
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Absorption cross-section The absorption coefficient, cr , of an inhomogeneity is 

defined as the ratio of the power absorbed by an inhomogeneity to the total inten­

sity. Thus for a beam of cross-sectional area S and power W, the power absorbed 

by the scatterer is given by aW/ S  (Bamber, 1986).

Attenuation coefficient In the far field, the amplitude of an ultrasonic wave, A,  

decreases exponentially with distance, x, according to A  = A oexp(-ax), where A q is 

the amplitude at x = 0. The factor a  is defined as the attenuation coefficient, and 

has units Neper (Np) nr1.

BIA When the amplitude of the incident acoustic wave is small, the propagation 

medium usually responds linearly to the stresses associated with the passage of the 

wave. Depending on the amplitude of the incident wave and the nature of the 

propagation medium, the response may be non-linear, such that the pressure 

fluctuations,/?, and corresponding density fluctuations, p, are related by

p  =  c2 [p + (£/24)(p2/po)]

where c is the ultrasonic velocity, po is the density in the undisturbed medium and 

the ratio B/A is known as the non-linearity parameter. A completely linear medium 

has a B/A value of -2. The higher the value of B/A, the more the ultrasonic velocity 

depends on acoustic pressure amplitude (Bamber, 1986).

Back fat thickness The thickness of the subcutaneous fat layer on the back of food 

animals such as pigs can be correlated with the total fat content of the carcass. 

Measurements of the back fat thickness are therefore a convenient means of clas­
sifying carcasses.

Bandwidth A transducer converts most of the applied electrical energy into ultra­

sonic energy at a characteristic resonant frequency, known as the centre frequency. 

A proportion of the electrical energy is transformed in ultrasonic energy at fre­



- 246 -

quencies which are slightly lower and higher than the centre frequency. The spread 

of energy around the centre frequency is termed the bandwidth. The more heavily 

damped the transducer, the greater the bandwidth.

Capacitive transducer Consider a capacitor made up of two parallel plates, one of 

which is fixed and the other of which is free to vibrate. A high d.c. voltage can be 

applied (in series with a very high resistance) across the plates, and they will 

become charged. If the free plate is caused to oscillate, the capacitance of the 

system is changed, and this results in an alternating current with the same frequen­

cy as the oscillations of the plate.

Cleaning-in-place In food processing, the equipment must be sanitised thoroughly. 

Complex equipment cannot easily be dismantled for cleaning, so cleaning solution 

is circulated through the equipment. This operation is referred to as cleaning-in- 

place.

Colloidal dimensions A dispersed phase is described as colloidal if its characteristic 

dimension is in the range 1 nm to 1 /xm (Dickinson, 1992). In practice the upper 

limit of this definition is rather loosely interpreted. The fat globules in cream could 

reasonably be described as colloidal, despite having a typical diameter of 3-4 /xm.

Disulphide bond The covalent bond which is formed between sulphur atoms in the 

amino acids found in protein molecules and polypeptides is often referred to as a 

disulphide bond. Disulphide bonds occur both within and between molecules, and 

are responsible for the structure of some proteins. The addition of ‘improvers’ to 

bread dough is chiefly aimed at breaking down the existing intramolecular disul­

phide bonds in gluten, and promoting the formation of new intermolecular disul­

phide bonds.

Dispersion 1. In ultrasonics, dispersion is said to occur when the velocity is a func­

tion of frequency. Dispersion is always associated with a large frequency depend­

ent attenuation. A bubbly liquid is highly dispersive around the resonant frequency 

of the bubbles within it. 2. In colloid science, a dispersion is an inhomogeneous 

system consisting of a dispersed phase (droplets, bubbles or particles) and a con­
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tinuous phase (typically a liquid). The two phases are immiscible, so dispersions 

are usually unstable. A bubbly liquid is a gas-in-liquid dispersion.

Echocardiography, Echocardiology By means of the addition of a contrast agent to 

the blood (such as tiny gas bubbles) the heart and its blood vessels can be imaged 

using ultrasound. This imaging is known as echocardiography or echocardiology.

Fourier Transform Any arbitrary waveform can be regarded as being composed of 

the summation of an infinite series of sine waves of different amplitudes and 

frequencies. The Fourier transform performs this decomposition, and converts the 

information contained in the waveform from the time domain to the frequency 

domain.

Gibbs-Marangoni effect When a film between two gas cells is draining into the 

Plateau borders, the flow of liquid can sweep surfactant molecules along the inter­

face. This produces a surface tension gradient which in turn opposes the move­

ment of the surfactant molecules. The system therefore acts to keep the surface 

tension constant over the entire interface, and resists local thinning of the film. 

This phenomenon is called the Gibbs-Marangoni effect (Dickinson, 1992), and is 

an important mechanism by which low molecular weight surfactants stabilise 

lamellae against rupture.

Hamaker’s constant A constant used in the calculation of the van der Waals forces 

between bubbles (see Van der Waals Forces, below). It accounts for the chemical 

nature of the gas in the bubbles and the liquid in between them.

HLB number The Hydrophile-Lipophile balance (HLB) number is an indicator of 

the type of emulsion promoted by a particular emulsifier. Emulsifiers with low 

HLB numbers (4-6) promote water-in-oil emulsions (such as margarine), and 

those with high HLB (8-18) numbers promote oil-in-water emulsions (such as 

salad cream) (Dickinson, 1992).

Lithotrypsy The use of high power ultrasound to shatter kidney stones, resulting in 

particles which can be excreted normally, is known as lithotrypsy. The ultrasonic
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beam is focussed to minimise damage to the surrounding tissues.

Micelles Molecules of low molecular weight surfactant can self associate to form 

spherical bodies, where the molecules are aligned so that the part of the molecule 

with the greatest affinity for the continuous phase is on the outside of the sphere. 

Micelles are usually of nanometre dimensions, and form spontaneously when the 

surfactant concentration exceeds a critical value, which is rather low. The P1670 

used here would be found in the form of micelles (and other structures which 

result from self-association) at concentrations above about 0.1 wt%.

Palmitic acid A straight chain saturated hydrocarbon molecule, containing 16 

carbon atoms, terminating in a carboxyl (COOH) group.

Polypeptide A molecule made up of a number of amino acids, which through their 

various hydrophobicities confer amphiphilic properties on the molecule. Protein 

molecules are giant polypeptides.

Propagation Coefficient The propagation coefficient, k, is given by w/c + ia, where 

co is the angular frequency (27rf), c is the speed of sound and a  is the attenuation 

coefficient.

Q factor The Quality (Q ) factor of a vibrating system indicates the degree of 

resonance. It is defined as the ratio of the energy supplied per cycle to the energy 

dissipated per cycle. Broadband highly damped transducers have low Q factors, 

freely resonating quartz crystals have high Q factors (Blitz, 1963).

Reynolds number The flow of a liquid of density p and viscosity 77 is described by 

the Reynolds number, which is a dimensionless group given by pva/rj, where v is the 

velocity of the liquid and a is a characteristic dimension such as the diameter of a 

tube (CRC Handbook, 1987). In this work, a is taken as the diameter of a bubble 

moving with velocity v through stationary liquid. At low values of the Reynolds 

number the flow of liquid over the bubble is laminar (streamline).



Scattering cross-section The scattering cross-section, ct, of an inhomogeneity is 

defined as the ratio of the power scattered out of the beam to the incident intensi­

ty. The power scattered by one inhomogeneity out of a beam of total power W  and 

cross-sectional area 5 is thus aW/ S  (Bamber, 1986).

Solid fat content (SFC) At any particular temperature, a certain proportion of the 

fat in a food is crystalline (solid) and a certain proportion is disordered (liquid). 

The proportion of the total fat which is solid is known as the solid fat content, and is 

an important functional parameter of the fat. For example, the SFC of margarine 

governs the texture and spreadability.

Sonochemistry High power ultrasound produces transient tem peratures and 

pressures of the order of thousands of degrees Centigrade and hundreds of atmos­

pheres respectively. When cavitation occurs there is also greatly enhanced mixing 

due to the shock waves associated with bubble collapse. In sonochemistry, these 

conditions are exploited to enhance the rate of many reactions.

Stearic acid A straight chain saturated hydrocarbon molecule, containing 18 

carbon atoms, terminating in a carboxyl (COOH) group.

Surfactant A surfactant is any molecule which displays surface activity ie an ability 

to lower interfacial tension or surface tension. Surfactants can be broadly classed 

as low or high molecular weight, and they are amphiphilic molecules which adsorb 

strongly at the interface in dispersions. Low molecular weight surfactants typically 

consist of a hydrophilic head group and a (larger) hydrophobic tail group. They 

may also be charged. High molecular weight surfactants typically consist of a 

mixture of hydrophobic and hydrophilic regions. In the context of bubbly liquids, 

surfactants are often referred to as foaming agents.

Syneresis The process whereby the matrix of a gel shrinks, and forces some liquid 

out of the bulk of the gel. Syneresis is commonly observed on the top of set yogurt.

Transducer A transducer is a device which converts energy from one form to 

another. Ultrasonic transducers convert electrical energy into mechanical energy
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(sound or ultrasound) and vice versa. The transducers used here employ the 

piezoelectric effect: when a voltage is applied to the active element of the trans­

ducer, it produces a stress which makes the element expand or contract. When a 

stress is applied to the active element a corresponding voltage is produced.

Van der Waals Forces In this thesis, the term van der Waals forces has been used 

in a rather loose sense, to describe the weak, long-range attractive force which acts 

between bubbles. Hamaker’s approach states that this attractive force arises from 

the summation ot the true van der Waals forces acting between all the pairs of 

molecules within each of the bubbles. For gas molecules these are the so-called 

dispersion (London) forces, which arise as a result of transient dipole/induced 

dipole interactions (Tabor, 1991).
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8 9 . 5 0 0 15 . 780 8 1 . 5 0 0 1 . 1 3 5 8 . 6 5 4 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 1 8 9 . 0 0 0 5 1 5 . 2 0 0 - 4 7 . 1 4 6 3 1 2 . 8 5 4 3 1 2 . 8 5 4
- 1 . 6 0 0 1 4 . 3 9 0 1 7 3 . 2 0 0 1 . 0 9 9 7 . 9 5 2 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 1 8 8 . 4 0 0 2 1 1 . 5 0 0 1 4 8 . 9 4 8 2 1 1 . 0 5 2 2 1 1 . 0 5 2
8 8 . 4 0 0 1 2 . 7 3 0 9 8 . 8 0 0 1 . 1 0 7 7 . 0 8 8 0 .  574 1 . 4 8 0 0 . 8 4 0 1 8 7 . 2 0 0 1 0 9 . 8 0 0 • 2 5 0 . 3 1 2 1 0 9 . 6 8 8 1 0 9 . 6 8 8

1 7 5 . 0 0 0 1 0 . 8 1 0 1 0 . 8 0 0 1 . 0 8  7 6 . 2 0 3 0 .  3 74 1 . 4 8 0 0 . 8 4 0 1 8 5 . 8 0 0 8 .100 3 5 1 . 4 9 7 8 . 5 0 5 8 . 5 0 3
9 5 . 3 0 0 8 . 8 5 0 7 8 . 0 0 0 1 . 0 8 8 6 . 0 8 2 0 . 3 7 4 1 . 4 8 0 0 . 8 4 0 1 8 6 . 7 0 0 2 6 6 . 4 0 0 • 9 4 . 2 1 8 2 6 5 . 7 8 2 2 6 5 . 7 8 2

2 . 5 0 0 6 . 8 6 0 1 6 8 . 5 0 0 1 . 0 8 0 5 . 2 6 5 0 .  374 1 . 4 8 0 0 . 8 4 0 1 8 9 . 0 0 0 164 . 7 0 0 • 1 9 9 . 0 3 5 1 6 0 . 9 6 5 1 6 0 . 9 6 5
0.000 4 . 8 1 0 1 0 1 . 4 0 0 1 . 0 7 6 5 . 5 0 8 0 . 3 7 4 1 . 4 8 0 0 . 8 4 0 1 0 1 . 4 0 0 6 5 . 0 0 0 • 2 1 3 . 0 9 2 1 4 6 . 9 0 8 1 4 6 . 9 0 8

1 7 9 . 3 0 0 3 . 0 9 0 1 3 . 5 0 0 1 . 0 7 4 4 . 7 2 ’ 0 . 3 7 4 1 . 4 8 0 0 . 8 4 0 1 9 4 . 2 0 0 5 2 1 . 3 0 0 - 4 8 . 1 7 9 3 1 1 . 8 2 1 3 1 1 . 8 2 1
8 9 . 1 0 0 1 . £ 8 0 • 7 5 . 2 0 0 1 . 0 6 7 4 . 6 8 2 0 .  374 1 . 4 8 0 0 . 8 4 0 1 9 5 . 7 0 0 2 1 9 . 6 0 0 • 151 . 4 1 8 2 0 8 . 5 8 2 2 0 8 . 5 8 2
- 0 . 9 0 0 1.  150 - 1 5 9 . 0 0 0 1 . 0 6 9 4 . 5 6 8 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 2 0 1 . 9 0 0 1 1 7 . 9 0 0 - 2 5 9 . 6 3 2 1 0 0 . 3 6 8 1 0 0 . 3 6 8
88.100 0 . 6 9 0 122.100 1 . 0 6 2 4 . 1 8 8 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 210.200 1 6 . 2 0 0 - 3 6 9 . 8 1 2 - 9 . 8 1 2 3 5 0 . 1 8 8

1 . 0 6 3 4 . 0 9 1 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 0.000 0 .000 - 1 7 5 . 9 0 9 1 8 4 . 0 9 1 1 8 4 . 0 9 1
1 . 0 5 9 3 . 8 2 2 0 . 5 7 4 1 . 4 8 0 0 . 8 4 0 0.000 0 .000 - 1 7 6 . 1  78 1 8 3 . 8 2 2 1 8 3 . 8 2 2

S a mp I e

A/np. P h a s e
0 .200 1 . 4 1 0 - 1 6 1 . 9 0 0 1 . 2 6 0 3 9 . 5 0 0
0 . 4 0 0 9 . 6 6 0 1 0 4 . 6 0 0 1 4 . 2 5 0 • 60 . 9 0 0
0 . 6 0 0 1 5 . 8 3 0 - 6 . 7 0 0 2 7 . 2 5 0 17 8 .600
0 . 8 0 0 1 5 . 9 2 0 7 4 . 7 0 0 2 7 . 1 3 0 106.200
1 .000 18 .  120 - 1 3 9 . 0 0 0 3 1 . 2 4 0 4 0 . 7 0 0

1 .200 1 6 . 6 0 0 1 4 6 . 5 0 0 2 9 . 5 9 0 £ 0 0

1 . 4 0 0 1 0 . 4 6 0 7 7 . 3 0 0 1 8 . 6 9 0 1 0 8 . 7 0 0

D i f f r a c 11on  

C o r r e c  t i o n s

1 . 8 2 9  

1 . 0 9 6  

1 . 0 7 1  

1 . 154 

1 . 1 2 3  

1 . 0 7 5  

1 . 0 9 0

P h a s e  

3 2 . 8 4 0  

2 2 . 0 9 0  

1 2 . 3 1 0  

8 . 3 0 0  

9 . 4 7 0  

8 . 5 1 0  

6 . 3 2 0

T i m e  m e a s u r e m e n t s

AVG

2d

0 . 3 6 6 1 . 5 0 7 0 . 8 3 7 201 . 4 0 0 1 0 8 . 7 2 0 - 2 3 9 . 8 4 0 1 2 0 . 1 6 0 120.160 6 6 . 6 6 9
0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 4 . 5 0 0 2 1 7 . 4 4 0 - 1 3 4 . 9 7 0 2 2 5 . 0 3 0 2 2 5 . 0 3 0 6 6 . 5 6 3
0 .  3 6 6 1 . 5 0 5 0 . 8 3 7 1 8 5 . 3 0 0 3 2 6 . 1 6 0 - 2 6 . 8 3 0 3 3 3 . 1 7 0 5 3 3 . 1 7 0 6 6 . 5 4 2
0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 8 0 . 9 0 0 7 4 . 8 8 0 ■ 2 7 7 . 7 2 0 8 2 . 2 8 0 8 2 . 2 8 0 6 6 . 5 3 6
0 . 3 6 6 1 . 5 0 5 0 . 8 5 7 1 7 9 . 7 0 0 1 8 3 . 6 0 0 1 6 6 . 6 3 0 1 9 3 . 5 7 0 1 9 3 . 5 7 0 6 6 . 5 5 7
0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 7 6 . 8 0 0 2 9 2 . 3 2 0 - 5 5 . 9 7 0 3 0 4 . 0 3 0 5 0 4 . 0 3 0 6 6 . 5 5 7
0 . 3 6 6 1 . 5 0 5 0 . 8 5 7 1 7 4 . 0 0 0 4 1 . 0 4 0 3 0 6 . 6 4 0 5 3 . 5 6 0 5 3 . 5 6 0 6 6 . 5 5 4

1 .000 6 7 . 4 2 8 0 . 3 3 5

1 . 5 0 0 6 7 . 4 3 6 0 . 3 2 7

2.000 6 7 . 4 3 5 0 . 7 6 8

2 . 5 0 0 6 7 . 4 3 5 1 . 5 0 5

5 . 0 0 0 6 7 . 4 3 5 2 . 1 9 0

3 . 5 0 0 6 7 . 4 3 5 5 . 1 2 0

4 . 0 0 0 6 7 . 4 3 5 5 .  >64

4 . 5 0 0 6 7 . 4 5 3 5 . X 0

5 . 0 0 0 6 7 . 4 8 2 6 . 2 5 5

5 . 5 0 0 6 7 . 4 3 0 7 . 2 4 4

6 . 0 0 C 6 7 . 4 3 0 S .  310

6 . 5 0 0 6 7 .  *.28 8 . 7 2 1

7 . 0 0 0 6 7 . 4 2 5 10.100

7 . 5 0 0 ERR ERR

8 . 00G ERR ERR

6 7 . 4 3 8

G.600 
C . 8 0 0  

1 . 0 0C 

1.200 

1 . 4 3 0

• - S ? . 369 

’ - 3 7 . 1 8 1  

’  - 9 7 . 0 7 7  

1 4 9 7 . 1 4 5  

1 4 9 7 . 0 9 5  

1 4 9 7 . 0 3 6

1 0 0 0  6 . 7 8 0  6 2 . 9 0 0  1 1 . 0 4 0

1 . 5 0 0  8 . 4 3 0  1 7 1 . 2 0 0

2 . 0 0 0  8 . 2 5 0  9 0 . 7 0 0

2 . 5 0 0  7 . 8 6 C  1 . 1 0 0

3 . 0 0 0

3 . 5 0 0

4 . 0 0 0

4 . 5 0 0

5 . 0 0 0

5 . 5 0 0

6 .0 0 0

6 . 5 0 0

7 . 00' J

1 3 5 . 0 0 0  1 . 1 8 8  1 2 . 2 7 1

2 3 . 9 0 0  1 . 1 3 1  1 2 . 0 2 3

8 . 6 5 0  

8 . 0 8 6  

7 . 0 7 6  

6 . 3 0 4  

6 . 0 9 3  

5 . 3 2 5

5 . 3 5 2  

4 . 7 3 8  

4 . 7 5 0  

4 . 3 6 1  

4 . 2 6 1  

4 . 0 8 5  

3 . 8 7 9

0 . 5 6 6 1 . 5 0 5 0 . 8 3 7 1 9 7 . 9 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 5 . 1 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 4 . 4 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 5 . 0 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 5 . 6 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 5 . 6 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 1 9 8 . 1 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 2 0 1 . 6 0 0

0 . 3 6 6 1 . 5 0 7 0 . 8 3 7 2 0 5 . 9 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 2 0 9 . 7 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 3 7 2 1 4 . 4 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 5 7 2 2 3 . 0 0 0

0 . 3 6 6 1 . 5 0 5 0 . 8 5 7 2 3 0 . 1 0 0

ERR ERR ERR 0.000
ERR ERR ERR 0 .000

275 . 4 0 0 9 0 . 2 2 9 2 6 9 . 771 2 6 9 . 771

53 .100 - 5 0 9 . 9 7 7 50 . 0 2 3 50 . 0 2 3

190 . 8 0 0 •174 . 9 5 0 185 . 0 5 0 185 . 0 5 0

5 2 8 . 5 0 0 58 . 414 321 . 5 8 6 321 . 5 8 6

106. .200 - 2 6 2 . . 324 9 7 , . 6 7 6 97 . . 6 7 6

24 5 . 9 0 0 •125. 396 2 3 4 . 604 234 604

21 .. 6 0 0 - 3 5 0 . . 4 0 7 9 . 5 9 3 9. 593

v/
' •0 , 5 0 0 - 2 1 6 . , 977 1 4 3 . 023 143. 023

■0 000 8 3 . 5 4 8 2 7 6 . 4 5 2 2 7 6 . 452
7 4. 700 - 3 1 0 . 262 4 9 . 738 4 9 . 738

212 . 4 0 0 - 1 7 7 . 250 1 8 2 . 750 1 8 2 . 750

5 5 0 . 100 - 4 8 . 539 3 1 1 . 461 3 1 1 . 461

1 2 7 . 8 0 0 2 7 8 . 0 3 9 81 . 961 31 . 961

0 . 000 - 1 7 5 . 915 1 8 4 . 0 85 184. 085

0 . 000 - 1 7 6 . 121 183 8 7 9 183. 8 7 9

6 6 . 7 4 9  1 . 0 0 0  1 4 9 7 . 1 5 8

6 6 . 7 5 9  1 . 5 0 0  1 4 9 7 . 3 2 2

66 . 75 7 2 .  COO 1 4 9 7 . . > 97

6 6 . 7 5 7  2 . 5 0 0  U 9 7 . : 8 9  

6 6 . 75 7 3 . 0 0 0  1 4 9 7 . i i 1

6 6 . 7 5 8  3 . 5 0 0  1 4 9 7 . 5 1 9  

6 6 . 7 5 7  4 . 0 0 0  1 4 9 7 . 5 0 7  

6 6 . 7 5 5  4 . 5 0 0  1 4 9 7 . 2 6 2  

6 6 . 7 5 4  5 . 0 0 0  1 4 9 9 . 4 6 6  

6 6 . 7 5 2  5 . 5 0 0  1 4 9 7 . 2 0 9  

6 6 . 7 5 1  6 . 0 0 C  1 4 9 7 . 2 2 0  

6 6 . 7 4 8  6 . 50*~ 1 4 9 7 . 1 7 7  

6 6 . 7 4 7  7 . 0 0  1 4 9 7 . 5 8 9

ERR 7 . 5 0 1  ^RR

e r r  5 . 0 0 C  : rr

1 3 . 6 3 0

1 3 . 2 9 0  - 7 4 . 9 0 0  1.135

1 1 . 9 1 0  1 6 5 . 9 0 0  1 . 1 0 0

7 . 4 4 0  8 4 . 6 0 0  1 0 . 4 4 0  1 1 1 . 0 0 0  1 . 1 0 8

6 . 9 0 0  - 1 7 0 . 5 0 0  8 . 8 7 0  2 5 . 1 0 0  1 . 0 8 7

6 . 1 2 0  9 9 . 8 0 0  7 . 1 8 0  - 6 2 . 1 0 0  1 . 0 9 0

5 . 1 7 0  7 . 7 0 0  5 . 5 9 0  - 1 5 0 . 7 0 0  1 . 0 7 9

4 . 0 4 0  8 5 . 5 0 0  5 . 7 1 0  1 2 2 . 4 0 0  1 . 0 7 7

2 . 8 9 0  1 7 2 . 2 0 0  2 . 5 2 0  3 7 . 5 0 0  1 . 0 7 4

1 . 9 3 0  9 8 . 1 0 0  1 . 4 2 0  - 4 7 . 5 0 0  1 . 0 6 8

1 . 2 7 0  7 . 5 0 0  0 . 8 6 0 - 1 2 9 . 5 0 0  1 . 0 6 9

0 . 8 3 0  7 9 . 2 0 0  0 . 5 0 0  1 5 0 . 9 0 0  1 . 0 6 3

1 . 0 6 4

1 . 0 5 9

V e I = 1 4 8 5  ms - 1 Ve I <s 1490 m s - 1 V c l '•= 1495 ms • 1 (M E N U ) E u m  (ME N U )E S I - ( M l n u )E Sm

S OF AIR 0.200 1 . 8 2 0 3 2 . 5 4 5 1 . 8 2 4 3 2 . 4 1 6 1 . 8 2 9 5 2 . 8 4 0 ( GOT  0 ) 0 -

3 3 . 0 4 3  A 8 2 3 . 2 8 9 0 . 4 0 0 1 . 0 9 3 2 1 . 8 6 4 1 . 0 9 4 2 1 . 9 8 1 1 . 0 9 6 2 2 . 0 9 0 ( M E N U ) E A -

B 1 0 9 0 . 8 5 6 0 . 6 0 0 1 . 0 7 3 1 2 . 1 5 0 1 . 0 7 3 12.221 1 . 0 7 3 1 2 . 5 1 0 T3 » * 8

0 . 0 0 1  g c m- 3 0 . 8 0 0 1 . 1 5 5 8 . 2 8 6 1 . 1 5 4 8 . 2 9 3 1. 154 8 . 3 0 0 C h a n g e  t h e  d i r e c t o r y  t o  t h e  one c o n t a i n 1 ng  y o u r  d a t a  f i l e s - ( B E E P )

1 .000 1 .121 9 . 4 4 8 1.122 9 . 4 6 3 1 . 1 2 3 9 . 4  70 ( S E R V I C E  S ) F D ( 7 ) -

1 .200 1 . 0 7 3 8 . 5 9 1 1 . 0 7 4 8 . 4 5 6 1 . 0 7 5 8 . 5 1 0 E n t e r  t h e  name o f  t h e  f i l e  c o n t a i n i n g t h e  low f r e q u e n c y  w a t e r  d a t a - ( B i E P )

1 . 4 0 0 1 . 0 9 1 6 . 2 5 8 1 . 0 9 1 6 . 2 8 9 1 . 0 9 0 6 . 3 2 0 ( S E R V I C E S ) M S O I S T U A T  . L 0 2 ( , > -

20C 1 .000 1 . 1 8 9 1 2 . 2 2 6 1 . 189 1 2 . 2 4 8 1. 188 1 2 . 2 7 1 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g t h e  f r e q u e n c y  0 . 2 - ( B E E P )

1 . 5 0 0 1 . 129 1 1 . 9 0 1 1 . 1 3 0 11 . 9 6 2 1 . 1 3 1 1 2 . 0 2 3 ( GOT 0 ) A 9 1 - ( 7 ) (H E  N U ) - ( DOWN 6 ) < R 1 G MT  4 > - -wi

2.000 1 . 1 3 5 8 . 6 5 5 1 . 1 3 5 8 . 6 5 1 1.  135 8 . 6 5 0 (B LA N K  0 > ( E N O ) ( D O V N ) ( E N D ) ( U O U N ) ( U P  D

2 . 5 0 0 1 . 0 9 9 7 . 9 8 0 1 . 100 8 . 0 3 5 1. 100 8 . 0 8 6 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g t h e  l o w e r  t i m e  v a I u c - ( B E E P ) ( DOWN ’ )

3 . 0 0 0 1 . 1 0 7 7 . 0 8 6 1 . 1 0 7 7 . 0 8 1 1 . 108 7 . 0 7 6 ( ? ) ( M E M U ) - - T U 1 1 -

3 . 5 0 0 1 . 0 8 7 6 . 2 2 4 1 . 0 8 7 6 . 2 6 4 1 . 0 8 7 6 . 3 0 4 ( R I G H T  1 ) ( M E M U ) - - T U L 2 -

0 . 9 9 8 4 . 0 0 0 1 . 0 8 8 6 . 0 8 5 1 . 0 8 9 6 . 0 9 0 1 . 0 9 0 6 . 0 9 3 ( G O T O ) O -

1 .000 4 . 5 0 0 1 . 0 7 9 5 . 2 7 7 1 . 0 7 9 5 . 2 9 9 1 . 0 7 9 5 . 3 2 5 ( M E N U ) E A -

1 .000 5 . 0 0 0 1 . 0 7 6 5 .  519 1 . 0 7 6 5 . 5 5 6 1 . 0 7 7 5 . 3 5 2 E n t e r  t h e  name o f  t h e  f i l e  c o n t a i n i n g t h e  m e d i u n  f r e q u e n c y  w a t e r  d a t a - ( BE

1 .0 0 0 5 . 5 0 0 1 . 0 7 4 4 . 7 2 4 1 . 0 7 4 4 . 7 3 0 1 . 0 7 4 4 .  738 ( S E R V I C E S ) F 1 S 0 I S T U A T  M E 2 C > ) -

1 .000 6 .000 1 . 0 6 8 4 . 6 9 7 1 .068 4 .  724 1 . 0 6 8 4 .  750 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g t h e  f r e q u e n c y  l . O - ( B E E P )

1 .000 6 . 5 0 0 1 . 0 6 9 4 . 5 6 6 1 . 0 6 9 4 . 3 6 3 1 . 0 6 9 4 . 3 6 1 ( G 0 T 0 ) A 9 2 - C ? ) ( M E N U } - ( E N D > ( D 0 U * O  ( R I G H T 4 ) - WM-

1 . 0 0 0 7 . 0 0 0 1 . 0 6 2 4 . 2 0 3 1 . 0 6 3 4 . 2 3 2 1 . 0 6 3 4 . 2 6 1 (B L A N K  Q ) ( E N D) ( DOWN) ( E N O ) ( DOWN > ( UP 1 )

7 . 5 0 0 1 . 0 6 4 4 . 0 9 1 1 . 0 6 4 4 . 0 8 8 1 . 0 6 4 4 . 0 8 5 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g t h e  l o w e r  t i m e  v a l u e - ( B E E P ) ( D O W N  1)

8 .000 1 . 0 5 9 3 . 8 5 5 1 . 0 5 9 3 . 8 5 5 1 . 0 5 9 5 . 8 7 9 C > ) ( M E N U ) - - T U M 1 -

( R I G H T  1 } < M E N U > —  T U M2 -

V e l = 1 5 0 0 ms - 1 V e l := 1505 ms - 1 V e I := 151 0 ms • 1

0 .200 1 . 8 3 3 3 2 . 5 6 1 1 . 8 3 8 3 2 . 6 3 2 I . 8 4 3 3 2 . 7 0 3

0 . 4 0 0 1 . 0 9 7 2 2 . 2 1 3 1 . 0 9 9 2 2 . 3 2 8 I . 100 2 2 . 4 4 3

0 . 6 0 0 1 . 0 7 2 1 2 . 4 0 6 1 . 0 7 2 1 2 . 4 9 8 1 . 0 7 2 1 2 . 5 9 0

0 . 8 0 0 1 . 1 5 4 8 . 3 1 0 1 . 154 8 . 5 1 9 1 . 1 5 3 8 . 3 2 9

1 .000 1.000 1 . 1 2 4 9 . 4 8 9 1 . 1 2 5 9 . 5 0 0 I . 126 9 . 5 1 1

1 .000 1.200 1 . 0 7 5 8 . 5 8 2 1 . 0 7 6 8 . 6 4 5 1 . 0 7 6 8 . 7 0 7

1 .000 1 . 4 0 0 1 . 0 9 0 6 . 3 5 5 1 . 0 9 0 6 . 5 8 7 1 . 0 9 0 6 . 4 2 2

1 .000 1 .000 1 . 1 8 8 1 2 . 2 9 5 1. 188 1 2 . 5 1 9 1 . 187 1 2 . 3 4 5

1 .000 1 . 5 0 0 1 . 1 3 2 1 2 . 0 8 5 1 . 1 3 3 1 2 . 1 4 1 1 . 134 1 2 . 1 9 9

1 .000 2 .000 1 . 155 8 . 6 5 0 1 . 135 8 . 6 5 0 1 . 1 3 5 8 . 6 5 2

1 .000 2 . 5 0 0 1 .101 8 . 158 1. 101 8 . 1 8 9 1.102 8 . 2 4 0

1 .000 5 . 0 0 0 1 . 1 0 8 7 . 0 7 1 i . 108 7 . 0 6 6 1 . 1 0 9 7 . 0 6 1

0 . 9 9 9 5 . 5 0 0 1 . 0 8 7 6 . 5 4 5 I . 0 8 7 6 . 5 8 7 1 . 0 8 7 6 . 4 2 9

1 .000 4 . 0 0 0 1 . 0 9 0 6 . 0 9 4 I . 0 9 1 6 . 0 9 4 1 .010 6 . 0 9 3

1 .000 4 . 5 0 0 1 . 0 7 9 5 . 5 4 8 1 . 0 7 9 5 . 5 7 6 1 . 0 7 9 5 . 4 0 5

1 .000 5 . 0 0 0 1 . 0 7 8 5 . 3 6 5 1 . 0 7 8 5 . 5 7 6 1 . 0 7 9 5 . 3 8 5

1 .000 5 . 5 0 0 1 . 0 7 4 4 .  748 1 . 0 7 4 4 . 7 6 0  11 . 0 7 3 4 . 7 7 4

ERR 6 . 5 0 0 1 . 0 6 9 4 . 3 6 1  1 . 0 6 9 4 . 3 6 1  11 . 0 6 9 4 . 3 6 4

ERR 6.000 1 . 0 6 9 4 .  774 1 . 0 6 9 4 . 7 9 6  11 . 0 7 0 4 . 8 1 4

ERR 6 . 5 0 0 1 . 0 6 9 4 . 3 6 1  1 . 0 6 9 4 . 3 6 1  11 . 0 6 9 4 . 3 6 4

7 . 0 0 0 1 . 0 6 3 4 . 2 8 9  1 . 0 6 3 4 . 3 1 6  1 . 0 6 4 4 . 3 4 3

7 . 5 0 0 1 . 0 6 4 4 . 0 8 2  1 . 0 6 5 4 . 0 7 8  1 . 0 6 5 4 . 0 7 5

8.000 1 . 0 5 9 3 . 9 0 4  1 . 0 5 9 3 . 9 3 0  1 . 0 5 9 3 . 9 5 6

AT Tf cN.  a . v / f

v e l  - - 1515 ms - 1 V e l = 1 5 2 0 m s - 1 V e l ;- 1 5 2 5 ms 1

• 0 . 2 4 0 C .002

000

1 . 8 4 7 3 2 . 7 7 4 1 . 8 5 2 5 2 . 8 4 4 1 . 8 5 6 5 2 . 9 1 4

•0 .110 - c .000
000

1 . 101 2 2 . 5 5 7 1 . 1 0 3 2 2 . 6 7 1 1 . 104 2 2 . 7 8 4

0 . 1  14 ■ 0.000 0 . 6 0 0 1 . 0 7 2 1 2 . 6 8 4 1 . 0 7 2 1 2 . 7 7 7 1 . 0 7 2 1 2 . 8 7 0

• 0 . 1 1 6 • 0.000 0 . 8 0 0 1 . 1 5 3 8 . 3 4 0 1 . 1 5 3 8 . 5 5 1 1.  153 8 . 5 6 3 ( ONERROR E R R O R , 0 ) ( G O T O ) D - E n t e r  t h e  t i m e  r e a d i n g  f r o m  t h e  d e n s i t o m e t e r  f o r

- 0 . 0 5 9 - 0.000 1.000 1 . 1 2 8 9 . 5 2 1 1 . 129 9 . 5 5 0 1.  130 9 . 5 3 9 ( G O T O ) Q -

- 0 . 0 7 2 - 0.000 1 .200 1 . 0 7 7 8 . 769 1 . 0 7 8 8 . 8 5 0 1 . 0 7 8 8 . 8 9 0 ( M E N U ) E A -

0 . 0 4 6 0.000 1 . 4 0 0 1 . 0 8 9 6 . 4 5 8 1 . 0 8 9 6 . 4 9 5 1 . 0 8 9 6 . 5 3 5 E n t e r  t h e  name o f  t h e  f i l e  w i t h  t h e  l o w  f r e q u e n c y  d a t a - ( B E E P )

1 .000 1 . 187 1 2 . 3 7 2 1 . 186 1 2 . 4 0 0 1. 186 1 2 . 4 2 9 ( S E R V I C E S  H I  S S A M P l E ( ’ ) . L 0 2 ( ’ ) -

1 . 5 0 0 1 . 135 1 2 . 2 5 6 1 . 136 1 2 . 5 1 1 1 . 1 3 7 1 2 . 3 6 6 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g  t h e  f r e q u e n c y  0 . 2 - ( B E E P )

2.000 1 . 135 8 . 6 5 4 1 . 135 8 . 6 5 8 1 . 1 3 5 8 . 6 6 2 ( G 0 T 0 ) A 9 1 - C > ) ( M E N U ) - ( D 0 W N  6 X R I G H T  4 ) - S l -

2 . 5 0 0 1 . 102 8 290 1 . 103 8 . 3 4 0 1. 103 8 . 3 8 8 ( 8 1 ANK 0 ) ( F N O ) ( D O W N ) ( E N D > ( D O W N ) ( U P  1>

3 . 0 0 0 1 . 109 7 . 0 5 6 1 . 109 7 . 0 5 1 1 . 109 7 . 0 4  7 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g  t h e  l o w e r  t i m e  v a l  u e -  ( B E E P M D O W N  1)

3 . 5 0 0 1 . 0 8 7 6 . 4 7 2 1 . 0 8 7 6 . 5 1 5 1 . 0 8 8 6 . 5 5 8 ( ■ > ) ( « [  N U ) - - T S L  1 -

4 . 0 0 0 1 . 0 9 2 6 . 0 9 2 1 . 0 9 2 6 . 0 8 9 1 . 0 9 2 6 . 0 8 5 ( R I G H T  1 ) ( M E N U ) - - T S l 2 ~

4 . 5 0 0 1 . 0 7 9 5 . 4 3 5 1 . 0 7 9 5 . 4 6 7 I . 0 7 9 5 . 5 0 0 ( G O T O ) O -

5 . 0 0 0 1 . 0 7 9 5 . 3 9 3 1 . 0 8 0 5 . 3 9 8 1 . 0 8 0 5 . 4 0 1 ( M E N U ) E A -

5 . 5 0 0 1 . 0 7 3 4 . 791 1 . 0 7 3 4 . 8 1 0 1 . 0 7 3 4 . 8 3 0 E n t e r  t h e  name o f  t h e  f i l e  w i t h  t h e  me d i u m f r e q u e n c y  d a t a - ( B E E P )

- 0 . 1 0 5 • 0.000 6 .000 1 . 0 7 0 4 . 8 3 5 1 . 0 7 1 4 . 8 4 8 1. 071 4 . 8 6 1 ( S E R V I C E S ) F I S S A M P L E ( ’ ) . H E 2 ( ’ ) -

0 . 0 3 5 0.000 6 . 5 0 0 1 . 0 6 9 4 . 369 1 . 0 6 9 4 . 3 7 5  11 . 0 6 9 4 . 3 3 4 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g  t h e  f r e q u e n c y  I . O - ( B E E P )

0 . 0 2 5 0.000 7 . 0 0 0 1 . 0 6 4 4 . 3 6 7 1 . 0 6 4 4 . 3 9 0  11. 065 4 . 4 1 1 ( G O T O ) A 9 2 - ( ? ) ( M E N U ) - ( E N D ) ( D O W N ) ( R 1GHI  4 >- SM~

0 . 11- 0.000 7 . 5 0 0 1 . 0 6 5 4 . 0 7 3 1 . 0 6 5 4 . 0 7 1  1 . 0 6 5 4 . 0 7 1 ( B I A N K  Q ) ( E N D)  ( DOWN> ( E k O > ( DOWN>( U P  1 )

0 . 2 2 5 0.000 8 .000 1 . 0 6 0 3 . 9 8 3 1 . 0 6 0 4 . 0 0 9  1 . 0 6 0 4 . 0 3 4 P u t  t h e  c u r s o r  o n  t h e  c e l l  c o n t a i n i n g  t h e  l o w e r  t i m e  va I u e - ( B E E P ) ( DOWN 1)

0 . 3 6 3 0.000 ( ? ) ( H E N U ) — T S M1-

0 . 4 0 6 0.000 V e l = 1 5 3 0 ms 1 V e l * 153 5 ms - 1 1 4 9 7 . , 273 ( R I G H T  1 ) ( M E M U ) —  T S M 2 - ( P A N E L O F  F )

0 . 6 1 3 0.000 0.200 1 . 8 6 1 3 2 . 9 8 5 1 . 8 6 5 3 3 . 0 5 2 0.000 ( I F  A R 2 2 > ( M E N U > - 1 5 3 5 1 - O C l - ( M E N U ) - 1 5 3 5 M - O C M ~ ( B R A N C H  G R A P H S )
0 . 7 0 3 0.000 0 . 4 0 0 1 . 106 2 2 . 8 9 7 1 . 1 0 7 2 3 . 0 0 9 1.000 0 ( I F  A R 2 3 > ( M E M U ) - 1 5 3 0 l - O C l - ( M E N U ) - 1 5 3 0 M ~ O C M - ( B R A N C H  G R A P H S )
1 . 0 6 9 0.000 0.600 1 . 0 7 2 1 2 . 9 6 3 1 . 0 7 2 1 2 . 0 5 7 1.000 0 ( I F  A R 2 4 ) ( M E N U ) - 1 5 2 5 L - 0 C L - ( M E N U ) - 1 5 2 5 M - 0 C M - ( B R A N C H  G R A P H S )

1 . 2 3 2 0.000 0 . 8 0 0 1 . 152 8 . 376 1 . 152 8 . 3 9 0 1 .000 0 ( I F  A R 2 5 > ( M E N U ) - 1 5 2 0 l - O C l - ( M E N U ) - 1 5 2 0 M - O C M - ( B R A N C H  G R A P H S )
1 . 3 4 1 0.000 1 .000 1 . 1 3 1 9 . 5 4 6 1 . 131 9 . 5 5 3 1.000 0 ( I F  A R 2 6 ) ( M E N U ) - 1 5 1 5 L - O C L - ( M E N U ) - 1 5 1 5 M - O C M - ( B R A N C H  G R A P H S )
1 . 188 0.000 1 .200 1 . 0 7 9 8 . 9 5 0 1 . 0 8 0 9 . 0 0 9 1 .000 0 ( I f  A R 2 7 ) ( M E N U > - 1 5 1 0 I - O C I - ( M E N U ) - 1 5 1 0 M - O C M - ( B R A N C H  G R A P H S )

ERR ERR 1 . 4 0 0 1 . 0 8 9 6 . 5 7 1 1 . 0 8 8 6 . 6 1 1 1 .000 0 ( I F  A R 2 8 ) ( M E N U ) - 1 5 0 5 1 - O C L - ( M E N U ) - 1 5 0 5 M - O C M - ( B R A N C H  G R A P H S )
1 .000 1 . 185 1 2 . 4 5 8 1.  185 1 2 . 4 8 9 1 .000 0 ( I F  A R 2 9 ) ( M E N U ) - 1 5 0 0 l - O C L - ( M E N U ) - 15 0 0 M - O C M - ( B R A N C H  G R A P H S )

ERR 1 . 5 0 0 1.  138 1 2 . 4 1 9 1.  139 1 2 . 4 7 2 1 .000 1 ( I F  A R 3 0 ) ( M E N U ) - 1 4 9 5 l - O C l - ( M E N U ) - 1 4 9 5 M - O C M - ( B R A N C H  G R A P H S )

2.000 1 . 135 8.668 1.  135 8 . 6 7 4 0.000 0 ( I F  AR 3 1 ) ( ME N U ) - 14901 - O C l * ( M E  N U ) - 1 4 9 0 M - 0 C M - ( B R A N C H  G R A P H S )

2 . 5 0 0 1 . 104 8 . 4 3 6 1.  104 8 . 4 8 3 ( M E N U ) - 1 4 8 5 1 - 0 C l - ( M E N U ) - 1 4 8 5 M - 0 C M -

3 . 0 0 0 1 . 109 7 . 0 4 3 1.  109 7 . 0 4 0 ( PANE L O N ) ( ME N U ) G 1NUA T T E N - O P  1N U V E I O C  1 T T - O P O

3 . 5 0 0 1 . 0 8 8 6 . 6 0 0 1 . 0 8 8 6 . 6 4 3 ( G O T O ) Z - ( ’ )

4 . 0 0 0 1 . 0 9 3 6 . 0 8 1 1 . 0 9 3 6 . 0 7 7 ( S E R V I C E S ) P S O f S A M P l E ( » )  P R 2 ( ’ ) - O G O

4 5 0 0 1 . 0 7 9 5 . 5 3 4 1 . 0 7 9 5 . 5 6 9 ( B RA N C H S )

5 . 0 0 0 1 . 0 8 1 5 . 4 0 5 1 . 0 8 1 5 . 4 0 4

5 . 5 0 0 1 . 0 7 3 4 . 8 5 5 1 . o n 4 . 8 7 7

6.000 1 . 0 7 2 4 . 871 1 . 0 7 3 4 . 8 8 0

6 . 5 0 0 1 . 0 6 9 4 . 3 9 5 1 . 0 6 8 4 . 4 0 8

7 . 0 0 0 1 . 0 6 5 4 . 4 3 0 1 . 0 6 6 4 . 4 4 7

7 . 5 0 0 1 . 0 6 5 4 . 0 7 3 1 . 0 6 5 4 . 0 7 7

8.0 0 0 1 . 0 6 0 4 . 0 5 8 1 . 0 6 1 4 . 0 8 1


