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SUMMARY

Ultrasonics has not found widespread use in the food industry, despite having considerable
potential for characterising food materials. This is due to the complexity and diversity of
food materials, the lack of suitable instrumentation and a poor understanding of how
ultrasound interacts with many food components. In this work it is shown how a good
appreciation of the theories describing ultrasonic propagation in heterogencous matenals,
coupled with careful experimental design, leads to many new applications of ultrasonics for
characterising fats and emulsions. Ultrasonic measurements were made using either a pulse
echo technique (1-10MHz), or a pulse echo interferometric technique (5-5SMHz).

The ultrasonic velocities of a series of 0-30% w/w glyceride/oil mixtures and some
commercial fats were measured with varying temperature (0-70°C) at 1MHz. Ultrasonic
scattering was not important in these systems and so empirical equations or simple

(SFC)
theoretical formulaicould be used to relate the measured velocities to the solid fat contentskof

the samples. There were very significant correlations between the SFCs determined using
ultrasonics and those determined using pulsed NMR (r > 0.99), and so ultrasonics should
prove a useful adjunct or alternative to NMR. Velocity measurements also pr;wed useful for
characterising vegetable oils since the velocity of an oil could be related to its glyceride
composition.

The ultrasonic velocity and attenuation of a series of sunflower oil and water emulsions
were measured with varying frequency (l-SSMHQ;:(?rl:)plet size (0.1-0.9um), disperse phase
mass fraction (0-0.5) and emulsion type (O/W and W/O). Scattering was significant in these
emulsions and could be used to measure their disperse phase mass fractions and particle size
distributions. Ultrasonics has important advantages over existing techniques for this type of

measurement since it can be used in emulsions which are optically opaque, in a

non-intrusive, non-invasive manner.
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ASIDE

The fundament upon which all our knowledge and leaming rests is the
inexplicable. It is to this that every explanation, through few or many
intermediate stages, leads; as the plummet touches the bottom of the sea

now at a greater depth, now at a less, but 1s bound to reach it somewhere
sooner or later.

Arthur Schopenhauer
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Chapter 1
INTRODUCTION

1.1  Ultrasonlics

Ultrasonics is the name given to the study and application of sound waves having
frequencies higher than those to which the human ear can respond (= 16kHz) (Blitz 1963).
A general history of its development can be found in the review article by Karl Graff (1981),
whilst its development in the food industry is discussed in the articles by McCann (1986),
Javanaud (1988) and Povey and McClements (1988a).

The use of ultrasonics in the food industry can be divided into two distinct areas: high
and low intensity applications. High intensity ultrasound is characterised by relatively high
power levels (10mW-1kW) and low frequencies (usually < 100kHz) and often causes
permanent changes in the materials through which it propagates. Typical applications of
high intensity ultrasound in the food industry include emulsification (Sajas et al 1978) and
cleaning (Lambert 1982). Low intensity applications use lower power levels (1uW-100mW)
and higher frequencies (0.5- 100MHz) and leave the material through which they propagate
unaltered. Typical applications of low intensity ultrasonics are level detection (Asher 1982,
Kress-Rogers 1986), doppler flow metering (Lynnworth 1979, Sanderson 1982), molecular
relaxation studies (Wyn-Jones et al 1982) and non-destructive testing (NDT) (Povey and

McClements 1988a, Povey 1988). It is this latter application which is of interest in this
work.

Low intensity ultrasonic waves can be used to determine various characteristics of
materials through which they propagate. In the food industry ultrasonic compressional
waves are most frequently used for this purpose, however, shear and surface waves may also

be used for certain applications (Asher 1983). Compressional waves pass through matenals
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by successive compressions and rarefactions (figure 1.1) and leave the material unaltered if
the amplitude of the deformations is small enough to be within the elastic region of the
material. Compressional waves are usually generated using piezo-electric transducers,
however other methods are also available, and these have been reviewed by Silk (1984).
The two ultrasonic parameters which are most frequently measured are ultrasonic velocity
and attenuation. These parameters are characteristic of a material and can be related to its
physical propertics e.g. elastic constants, density, composition and micro-structure (chapter
2). There are a variety of techniques available for measuring the ultrasonic velocity and
attenuation of materials and the choice of a particular technique depends on the matenal
under test and the requirements of the investigator. Detailed accounts of the techniques
available for ultrasonic NDT in general are contained in the articles by Breazeale et al (1981)
and Papadakis (1976), whilst McCann (1986) and Povey and McClements (1988a) have

reviewed a number of the techniques most suitable for use in the food industry.

——— ) ———

Expansion Expansion
| l l
I
Compression Compression Compression
A Ao

Figure 1.1: Propagation of a compressional wave in a material. Layers
expand and contract as wave passes through.

(A= Wavelength of compressional wave)
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1.2  Ultrasonic sensors In the food Industry

Sensors are required in the food industry in order to provide information about the properties
of food materials. This information is essential in the competitive environment of the food
industry today, since it helps manufacturers to develop new products, improve existing
products and optimise manufacturing costs. Sensors are needed in the laboratory to establish
the factors which influence product quality and in the factory, to monitor these factors during
processing. At present there is a lack of suitable sensors for use in the food industry and so
there is considerable interest in the development of new sensors or the adaptation of existing
fsensors (Agricultural Research Council 1982, Food and Drink Federation 1985).

A number of workers have highlighted the potential of ultrasonics as a probe of food
maternials (e.g. McCann 1986, Povey and McClements 1988a, Javanaud 1988). The
technique can be used to measure the physical properties of materials in-line, in a
non-invasive, non-intrusive manner (Asher 1982, 1983). It can be fully automated; is
capable of rapid and precise measurements; is robust; has relatively low capital and running
costs and is non-hazardous (Povey and McClements 1988a). It also lends itself well to
translation from the laboratory to a factory environment (Papadakis 1976). Ultrasonics
would therefore scem to have many of the qualities of the 'ideal sensor’ outlined by the Food
and Drink Federation (1985). However, the complexity and diversity of food materials,
coupled with the lack of information on the interaction between food components and
ultrasound, means that a considerable amount of research is still required before the

technique can be applied successfully to many food materials.

1.3  Ultrasonic measurements In fats and emulsions

Over the past 30 years or so there have been a variety of applications of ultrasonics to food
fats and emulsions (see sections 4.1 and 5.1). The majority of these have been preliminary
experiments whose aim was to establish whether ultrasonics was suitable for a particular

application. With the exception of meat inspection, few of these preliminary investigations
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have led to the development of ultrasonic techniques for use in the food industry. This is
surprising since ultrasonics is a well established means of characterising materials in other
areas such as medical physics, geology and materials testing. There are a number of reasons
which might explain this apparent discrepancy. Firstly, many of the ultrasonic instruments
which are suitable for measurements in the laboratory are not suitable for use in the
environments often encountered in the food industry. Secondly, many investigators
working in this area are not aware of the theories describing ultrasonic propagation in
heterogeneous systems. Finally, food emulsions and fats contain a variety of different
components and it is often difficult to isolate the effect each component has on ultrasonic
measurements.

The aim of this work was to establish the factors which affect ultrasonic propagation in
fats and emulsions and thus highlight the potential of the ultrasonic technique as a tool for
characterising these systems. For this reason a significant proportion of this work was spent
developing a reliable measuring technique (chapter 3) and in understanding the theories
which describe ultrasonic propagation in heterogeneous materials (chapter 2). The majonty
of the experimental measurements were carried out using simple binary fat/oil mixtures
(chapter 4) and oil/water emulsions (chapter S) rather than multi-component food systems
since the factors which affect measmmcnﬁ could be isolated more eastly. However, a
number of experiments were also carried out using commercial fats, margarines and low fat

spreads to demonstrate the usefulness of the technique for charactenising real food materials.




Chapter 2
ULTRASONIC PROPAGATION IN EMULSIONS AND
SUSPENSIONS

2.1 Introduction

There have been many applications of ultrasonics to non-food emulsions and suspensions
over the past 50 years or so. The majority of these have involved comparisons between
experimental measurements of ultrasonic velocity and attenuation and various theoretical
formulations (e.g. see the articles by Allegra and Hawley 1972, Kuster and Toksoz 1974,
Anderson and Hampton 1980, McClements and Povey 1987a, Harker and Temple 1987). A
number of workers have also examined specific applications of the technique, such as
particle sizing (Ohsawa 1969, Rozhlenko et al 1974, Ballaro et al 1980, Javanaud et al 1986,
Rokhlenko 1986), determination of disperse phase volume fractions (Hussin and Povey
1984, Howe et al 1986, Hibberd et al 19873a,b) and measurement of particle compressibilities
(Unck 1947, Barret-Gultepe et al 1980, 1983, Shung et al 1982).

To measure any of these properties it is necessary to relate some parameter which can
be measured using ultrasonics (e.g. velocity or attenuation) to the property of interest. This
can either be done by carrying out many experiments and establishing empirical
relationships or by using theoretical equations available in the literature. In complex
systems or in systems where there is no appropriate theory the former approach may be the
only altemative. However, a theoretical approach should be used where possible since it
leads to a better appreciation of the factors which influence measurements and because it has
predic-tive power.

There are many theoretical equations available in the literature which attempt to

describe the propagation of ultrasound in emulsions and suspensions. Different equations
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can be categorised by the mathematical approach used to derive them, the assumptions
underlying them and the systems they apply to. Useful reviews of the subject can be found
in the articles by Ahuja (1971), Anderson and Hampton (1980), McClements and Povey
(1987a) and Harker and Temple (1987). The most comprehensive treatments of the problem
for dilute systems appear to be those based on scattering theory, and this approach is
discussed in some detail in section 2.4. The mathematical approach required to describe
ultrasonic scattering is fairly complicated and tends to obscure the physical significance of
the results. For this reason the origin of the various scattering mechanisms is also discussed
in section 2.4 and their practical significance is highlighted by numerical calculation of the
velocity and attenuation in some model systems. Before considering ultrasonic scattering
theory, however, it is useful to examine ultrasonic propagation in isotropic, homogeneous
materials (section 2.2) and in simple two phase systems which do not scatter ultrasound
(section 2.3) so as to establish the basic relationships which will be used in the later sections.
In section 2.5 a number of other factors which may effect ultrasonic measurements in food
dispersions are discussed. These include propagation in concentrated systems, the effects of
particle interaction and the presence of air cells and strong scatterers. A list of symbols used

in the equations in this chapter is included in Appendix I.

2.2  Propagation through isotropic homogeneous materials

2.2.1 Ultrasonlc velocity

To obtain a relationship between the ultrasonic velocity and the physical properties of a

material a mathematical description of the propagation of ultrasonic waves is necessary. By
consideration of plane compressional waves travelling through an isotropic liquid it is
possible to show that (Appendix II):

3% 8% 8t _(p\8%
8x2+8y2+522 (8)812 (2.1)
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where & is the displacement of an element of the liquid from its equilibrium position, X, Y,
and z are directions in three dimensional space, t is the time, p is the density of the material

and € is the appropriate elastic modulus. The general differential equation for the

propagation of waves in three dimensions is:

2¢
_é 5%, _é (£ ) 2% 3% 2.2)

)’
where k is the wave number and ® is the angular frequency. For non-attenuating media
= -(f-. where v is the velocity of ultrasound in the material. By comparing equations 2.1

and 2.2 a simple relationship between the ultrasonic velocity and the physical properties of a

material can be derived:

_ \/_3 (2.3)

p
For compressional waves propagating in a liquid or a gas the appropriate elastic

modulus is the bulk modulus K (which is the reciprocal of the adiabatic compressibility x),

and for bulk solids it is E+-§-Go Shear waves will propagate through most solids (€=G),

hox:vcver. they are highly attenuated in liquids and gasses and usually do not travel far
enough to be detected (=jun). Emulsions and suspensions are predominantly liquid and so it

is compressional waves which are of primary concem to this work.

2.2.2 Absorption

As an ultrasonic wave travels through a material it is attenuated, i.e. its amplitude decreases

with distance travelled. The major causes of attenuation in general are due to absorption of
ultrasound by the material it passes through and deflection of ultrasound out of its original
path by scattering, reflection, refraction or diffraction (Blitz 1963). In isotopic homogeneous
materials absorption is the predominant form of attenuation. Absorption occurs to some
extent in all materials and is due to mechanisms which convert energy from the ultrasonic

wave into some other form, ultimately heat. In liquids and gasses the most important forms
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of absorption are due to shear and bulk viscosity, thermal conduction and molecular

relaxation (Bhatia 1967). In solids the situation is more complex and there are many more

forms of absorption which have to be considered (Bhatia 1967).

The wave number of an attenuating material is complex: k= L +io. Here a is the
v

attenuation coefficient which has units of Nepers per metre (Np/m) when defined by the

equation:

A= Aoe-m (2.4)

where x is the distance the wave has travelled through the material (in m), A, is the initial

amplitude of the wave and A is the amplitude at position x. By convention the attenuation

coefficient is usually defined in units of decibels per metre (dB/m), where 1dB = 8.686Np.

223 Frequency dependence of velocity and absorption

The overall absorption of a material increases with increasing frequency. The absorption
due to the classical absorption mechanisms, viscosity and thermal conduction, increases with
the square of frequency, whilst absorption due to molecular relaxation has a maximum value
of absorption per cycle (0xA) at some characteristic frequency, which depends on the
relaxation time of the absorption process. The ultrasonic velocity of a material also varies
with frequency due to molecular relaxation. At low frequencies the velocity has a constant
value, as the frequency increases the velocity increases until it reaches another constant
value at high frequencies. For solids and liquids the high frequency limit is usually only a
few percent larger than the low frequency limit (Bhatia 1967). The dependence of ultrasonic

velocity on frequency is called velocity dispersion.
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2.3  Propagation In non-scattering emulsions and suspensions

2.3.1 Veloclty
Assuming that the wavelength of sound is much greater than the particle size, the velocity of

a non-scattering system can be described by an equation derived by Wood (1941):

V2= ‘folPo (2.5)
where

X, = K¢ + k(1-9) (2.6)

Po=P¢+p(1-9) 2.7)

Here x;, and p, are simply the volume average values of adiabatic compressibility and

density of the component phases and ¢ is the disperse phase volume fraction. Thus if the
adiabatic compressibilities and densities of the component phases are known the variation of
velocity with ¢ can be calculated using equation 2.5. Figure 2.1 shows a graph of velocity
versus ¢ for a model emulsion where the velocity of the disperse phase is larger than that of
the continuous phase. It can be seen that by measuring the velocity through the emulsion it
IS possible to determine its disperse phase volume fraction. Alternatively, the adiabatic
compressibility of a disperse phase of an emulsion or suspension could be calculated by
measuring the velocity through it, once the values of x, p’, p and ¢ are known. This may be
useful for measuring compressibilities of materials which cannot be measured directly in
their bulk form e.g. blood cells (Shung et al 1982), powders or granular material (Urick
1947, 1948).

The velocity dispersion in a non-scattering system is due to the velocity dispersion of
the component phases and is therefore independent of factors such as particle size and the
relative theromophysical properties of the component phases. For many emulsions,
ultrasonic scattering is important, and the velocity is dependent on these factors (section

2.4).
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Figure 2.1:

Ultrasonic velocity of a non-scattening emulsion. Variation of
ultrasonic velocity with disperse phase volume fraction was
calculated using equation 2.5 and the parameters: v' = 1500 m/s, v

= 1000 m/s, p’=p = 1000 kg/m’
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23.2 Attenuation

The attenuation of ultrasound in a non-scattering system is given by the equation (Allegra

and Hawley 1972):
0,=a'd + o(1-9) (2.8)
Where o, is the volume average value of the intrinsic absorption coefficients of the

component phases. Once the absorption coefficients of the component phases are known, it
Is simple to calculate the variation of the overall attenuation with ¢ (figure 2.2). By
measuring the attenuation of an emulsion or suspension it should therefore be possible to
determine its disperse phase volume fraction. For real systems the overall attenuation is due
to both absorption and scattering of ultrasound and may be considerably larger than that
predicted by equation 2.8. Unlike absorption, when ultrasound is scattered, the ultrasonic
energy is not converted into some other form of energy, but is redirected in directions which
are different from that of the incident wave. The difference between the overall attenuation
and that due to absorption alone (equation 2.8) is termed the excess attenuation and is made

up of contributions from a number of scattering mechanisms (section 2.4).
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2.4  Scattering by emulslons and suspenslions

2.4.1 Introduction

When an ultrasonic wave is incident on a particle some of the ultrasound passes through the
particle and some is scattered (figure 2.3). The theories discussed in this section are only
applicable to weakly scattering particles, i.e. the amplitude of the scattered wave is much
smaller than the amplitude of the incident wave. Scattering reduces the amount of ultrasonic

energy detected in the forward direction and so increases the attenuation. It also effects the

ultrasonic velocity since scattered waves interact with the incident wave, altering the phase

of the detected wave.

-------

I‘.

InCident ! ‘ /  Detected
Wave \-.‘ _--! ‘.‘. ," Wﬂve

-----

Dinole Radislisg Fiold

Monopole Ragi_lﬂhn Field

Hi 11 l:} " N

Figure 2.3: Ultrasonic scattering by a spherical particle.

The major developments in scattering theory from the pioncering work of Rayleigh to
the early 1970's have been reviewed by Allegra and Hawley (1972), whilst more recent

work has been reviewed by Harker and Temple (1987). One of the most important
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publications in this area was that of Epstein and Carhart (1953) dealing with ultrasonic
propagation in acrosols and emulsions. They showed that the two most important sources of
scattering were due to viscous and thermal transport mechanisms which occur at the
interface of the inhomogenities. Chow (1964) extended this work to include the effects of
surface tension, and demonstrated that these were significant for gas bubbles suspended in
fluid media, but were not important for emulsions due to the low compressibility of emulsion
droplets. Allegra and Hawley (1972) further extended the formulations of Epstein and
Carhart to include solid particles suspended in liquid continuum. All of these workers
considered the problem of scattering from a single particle suspended in a fluid continuum
and assumed the effects of scattering were linearly related to the number of particles present,
and so their formulations are only strictly applicable to dilute systems. For more
concentrated systems, ultrasound scattered from one particle may be incident on another and
so the effects of multiple scattering must be considered (Waterman and Truell 1961,
Twersky 1962, and Lloyd and Berry 1967). A number of workers have used ultrasonic
scattering theory to describe ultrasonic propagation in a variety of disperse systems (e.g.
Davies 1978, Datta and Pethrick 1980, Hay and Burling 1982, Lin and Raptis 1983, Habeger
1982, Hay and Mercer 1985, Gladwell et al 1987). |

In this work scattering coefficients were calculated from the formulations of Epstein
and Carhart (1953) and the velocity and attenuation were calculated from these using the
multiple scattering theory of Lloyd and Berry (1967). This approach is slightly different
from that which 1s usually used, since the multiple scattering theory of Lloyd and Berry
(1967) was used rather than that of Waterman and Truell (1961). This was because Lloyd

and Berry (1967) have shown that the Waterman and Truell approach is a limiting case of

their more general approach.
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2.4.2 Determination of scattering coefficlents.

When a compressional wave is incident on a particle it gives rise to a reflected
compressional wave, a compressional wave in the particle and viscous and thermal waves in
both the fluid and particle. Wave equations for the propagation of these waves in viscous
isotropic heat conducting media are derived from the conservation laws, a stress-strain

relation and two thermodynamic equations of state (Allegra and Hawley 1972) and can be

written as follows:
(V*+ £ =0
(V2 + k:')¢ =0

(V2 +EHA=0

These equations are solved in spherical co-ordinates in terms of series expansions of

spherical Bessel functions and spherical harmonics with undetermined coefficients.

In the continuous phase:

¢y = zi" (2n+1)j (k)P (cos)

=)

o = ) i(2n+ 1A h (k r)P (cos6)
oy

&= ) i'(2n+1)B h (kr)P (cosb)
n={)

A=) {"(n+1)C h (k )P (cosO)
=0
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In the disperse phase:

¢, =Y 1A’ j (K 1P (cosb)
a=()

¢,= ) I@nt1)B’ j (K'[)P (cosb)

i)

A’= ) {'(2n+1)C ALY 'r)P:(cose)

n=l()

By considering the boundary conditions at the surface of the droplet - the velocity and
stress components, the temperature, and the heat flow are continuous - a set of six complex
simultaneous equations are obtained which can be solved for the unknown coefficients,

A,B,C,A",B ,C, as shown below.

af (a}+A ak’ (ay+B bl (b}-C n(n+1)h (c) = A’ &f (@B’ b (b)-C n(n+1)j (c)
j (@A h (a+B h (b)-C [h (cHch ()]=A’ j@HB’ j(b)Y-C [ (cHcT ()]
gl (aHA h (QIHGB h (b)) =g'A", j (A HG'B j (D)
t{glaf (aHA ak’ (a)HGBbK (b)) =T (g'A" @ (& HG'B b (b)) (2.9)
n(laj" (@) (a)l+A [ak’ (a)-h (a)]+B [b h'_(b)—h,(b)]--%- C [’ (cYHn"+n-2)h (c)])

=0 (A’ [a7 (@) (@)B’ [T ,(b')-f,(b’)l-%-c' [ (YA +m=2)j (D))

(c)

T ((c* J. (a)—2a “(@HA (ch (a)-2a *n (a)]+B [Mc ’h (b)-2b Y (O)+2n(n+1)C [ch’ —h (o)1}

=0'{A" [ ()22} (@B’ [M'c] (b)-2b77" (BYH2n(n+ 1)C” [ ()i (NN
where the following abbreviations have been used for both primed and unprimed quantities:

g= gex'(tl)
G= .W_[ (_.. ...4‘_“"1.)5;]

M=1-2-
0}
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T g’
C K
For the special case when n = 0, the second and fifth equations of equation 2.9 are not

Y=1+

valid, and all the other n terms vanish from the remaining equations. In this case the
problem reduces to four equations with four unknowns. Equation 2.9 is suitable for
determining the scattering coefficients of fluid particles suspended in fluid media i.e.

emulsions. For suspensions the equations of Allegra and Hawley (1972) should be used.

’

These can be obtained from the above equations by making the substitution N’ = —H'— where
—i(

ever 1’ appears, and by multiplying the right hand side equations of equation 2.9 by —iw.
The Bessel functions used in equation 2.9 are included in Appendix IIL.

243 Relatlonship of scattering coefficlents to veloclty and attenuation
Once the scattering coefficients of a single particle have been determined they need to be

related to the velocity and attenuation of an emulsion or suspension. This is done using the
complex propagation constant B (=-%)- +ia), denved from consideration of multiple

scattering effects of a random assembly of spherical particles (Lloyd and Berry 1967):

[ = I 1+—-;"(—l —L ) -f(O)—]

-i-f’(e)de (2.10)

c 4kr —
o=osm29

where {(0) and f(x) are the far-field scattering amplitudes:

=
0= ;(mm,

fimy= == (if 1A,

¢ »0
The term containing ¢ in equation 2.10 describes the contribution due to single scattering
(Foldy 1945) whilst the terms containing ¢* describe the contribution due to multiple
scattering (Lloyd and Berry 1967). These multiple scattering terms become increasingly

important as the particle concentration increases.
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The majority of ultrasonic measurements carried out in this work were in the frequency

range 1-10 MHz. In this range the wavelength of ultrasound (A = 1500-150wm for water) is

considerably larger than the radius of the dispersed particles (usually less than 5§ pm) and so
the long wavelength approximation is valid (i.e. @ << 1). The orders n = 0 and 1 are then
sufficient to describe the problem since every additional A_ term contains an extra a@* factor

and convergence of the series is rapid. Equation 2.10 can then be rewritten in the following

form, by substituting in the far-field scattering amplitudes:

By2_, 3ib 270" 2
=) =1 A, +3A AA +24 2.11)
(k‘_) (kcr)s( ot 34, (kcr)'s( A 1 (

This equation is the same as that calculated by Waterman and Truell (1961) apart from

the additional 2A? term contained in the multiple scattering contribution. Lloyd and Berry

-cOme increases
(1967) have shown that this term may beh significant as the volume fraction‘\‘. The

ultrasonic velocity and attenuation of an emulsion or suspension are calculated from

@

Re(B)
used for numerical solution of equations 2.9 and 2.11 is discussed in Appendix IV.

equation 2.11 using the relationships: v=

and a=Im(B). The computer program

It is useful to list the assumptions implicit in equation 2.11. These are a) the particles
are spherical, weak scatterers whose radii are much smaller than the compressional
wavelength in the continuous phase (r << A); b) the distance between the particles d, is much
greater than the viscous and thermal wavelengths in the continuous phase

(d>> 0, and d >> d); ¢) no relaxation or mass transfer mechanisms occur; d) the distribution
of the particles in the emulsion or suspension is random. It should also be noted that
equation 2.11 does not define the medium surrounding the particles self consistently and

may thus only have limited application at higher particle concentrations (section 2.5.2).
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2.4.4 Physical significance of scattering mechanisms
An examination of equations 2.9 and 2.11 reveals that the ultrasonic velocity and attenuation
of an emulsion or suspension depends on the thermophysical properties of its component
phases, the volume fraction of particles present, the particle size and the frequency used.
However, the rigorous mathematical approach required to formulate a general theory of
ultrasonic scattering in these systems tends to obscure the physical significance of the
scattering mechanisms. To gain an intuitive understanding of the factors which influence
scattering in emulsions and suspensions it is necessary to highlight the physical processes
involved.

Thermal scattering An adiabatic pressure wave passing through a medium causes
fluctuations in temperature around the equilibrium value due to pressure-temperature
coupling. In a two phase system, where the thermal properties of the component phases are

different, the temperature fluctuations in the particle and the surrounding fluid will be

different and a temperature gradient will exist in a layer of thickness 8, from the interface.

As a result the particle will pulsate, and heat energy will flow between the components. If

this heat flow is not in phase with the incident compressional wave, the effective
compressibility of the emulsion becomes a complex quantity and velocity dispersion and
excess attenuation occur (Ahuja 1973). The magnitude of the resultant thermal scattering

depends on the difference in temperature between the particle and the surrounding fluid,

’ 2
which is contained in the term [F% - F%] . The ultrasound scattered by a pulsating
I 4 4

particle is spherically symmetric i.e. it is monopole (figure 2.3).

Visco-inertial scattering Visco-inertial scattering occurs when particles have a different
density to the surrounding fluid. In the presence of a compressional wave a net inertial force
acts on the particles which causes them to oscillate, and this oscillation is damped by the
viscosity of the surrounding fluid. When the oscillations of the particle are out of phase with
the incident wave the effective density of the system becomes a complex quantity and

visco-inertial scattering occurs which also leads to velocity dispersion and excess attenuation
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(Ahuja 1972a,b). The magnitude of visco-inertial scattering depends on the density
difference between the component phases. The ultrasound scattered by an oscillating

particle has a cos¢ dependence on angle i.e. it is dipole (figure 2.3).

2.4.5 Explicit expressions for ultrasonic propagation parameters
In general the effects of visco-inertial and thermal scattering are intermingled, however, In
the long wavelength regime (r << A) they can be considered to act independently of one

another and explicit expressions for the A, terms can be obtained (Allegra and Hawley

1972). Examination of these expressions revealjﬂlat thermal scattering is associated with the
A, term, whilst visco-inertial scattering is associated with the A, term (Ahuja 1973). By
inserting these expressions into the complex propagation constant calculated by Waterman
and Truell (1961) (which is equivalent to equation 2.11 at low particle concentrations),

expressions for the effective compressibility and density of an emulsion (or suspension) can

be dernived:
‘oC
X=X, - éfﬁz‘f‘_l)[ -ﬂ%z.]z (2.12)
b’F 3oC,
. HE=p)
P= Py~ Trin: (2.13)

Similarly the contributions of the visco-inertial and thermal scattering mechanisms to the
overall excess attenuation can be isolated assuming the multiple scattering contribution 1is

negligible, i.e. the droplet concentration is small.

L] 1 2.14)
2b°F BPC,
’ 2
o o1 _sep) (2.15)
ve 9 (pr +T, p)2 +32p2

where the following abbreviations have been used:

(1-L2)

F=—n
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The values of T and s are for rigid particles (i.e. -%-—)m); for viscous particles the values of

T and s must be modified (Ahuja 1972a,b).
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Ultrasonic velocity of a scattering emulsion. Three dimensional

plot of velocity against ¢ and Vfr for a hexadecane in water
emulsion. |



g,\
om
RS
®
2 C
49
D oy
-
20
L) Py
" 3
8(0
33
5 X

Figure 2.5:

-23 -

Attenuation of a scattering emulsion. Three dimensional plot of

excess attenuation per cycle against ¢ and \f_?r for a hexadecane in
water emulsion.
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2.4.6 Numerlcal calculations of ultrasonic propagation parameters

Figures 24 and 2.5 show three dimensional plots of ultrasonic velocity and excess

attenuation per cycle versus disperse phase volume fraction and Vfr for a hexadecane in
water emulsion where both visco-inertial and thermal scattering are important. The

thermophysical properties of hexadecane were taken from Allegra and Hawley (1972). The

velocity and attenuation were plotted against V7 since this term is proportional to the b, b', C
and ¢’ terms which determine the magnitude of visco-inertial and thermal scattering. The
graphs show that the velocity and attenuation of a system which scatters ultrasound depend
on the particle size and frequency as well as the disperse phase volume fraction (cf. figures

2.1 and 2.2). The velocity is independent of particle size and frequency for small values of

\b-‘r. but increases as \G’r Increases until it reaches an upper limit where it is again

independent of particle size and frequency. The excess attenuation per cycle is small for
very small and very large values of \U‘r but has a maximum value in the intermediate region.

The dependence of the ultrasonic velocity and attenuation on Yfr means that it should be
possible to determine both the particle size and ¢ of an emulsion or suspension using
ultrasonic measurements depending on which parameters are known. Figures 2.4 and 2.5

show the overall velocity dispersion and excess attenuation of an emulsion. It is useful to

isolate the contributions of the visco-inertial and thermal scattering mechanisms to the

overall scattering.

2.4.6.1 Emulsion where scattering Is appreclable

To demonstrate the practical significance of the v{sco-merﬁal and thermal scattering
mechanisms the dependence of the various ultrasonic propagation parameters (equations
2.12-2.15) on frequency and droplet size is presented graphically (figures 2.6 and 2.7) for a
hexadecane in water emulsion where visco-inertial and thermal scattering are appreciable.
The values of velocity, effective compressibility and effective density were normalised with

respect to their non-scattering values (equations 2.5-2.7) so as to illustrate the effects of

scattering more clearly.
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Figure 2.6 shows that as the frequency or droplet size decreases the effective density
tends to its volume average value (equation 2.7) whilst the effective compressibility tends to

a value which is greater than its volume average value:

1c-1c°+1cq>('r—1)pc [ &CL]' (2.16)

Be’C
Thus the velocity has a lower limit, for small droplet sizes and low frequencies, which
depends on the difference in thermal properties of the component phases, and is below that
predicted assuming no scattering. As the frequency or droplet size increases the effective
compressibility tends to its volume average value (equation 2.6), whilst the effective density

tends to a value which is lower than its volume average value:

2

p=p,- 222 2.17)
P
Thus the velocity also has an upper limit for large droplet sizes and high frequencies, which
depends on the density difference between the component phases, and is greater than that
predicted assuming no scattering. In the intermediate region the ultrasonic velocity depends
on the relative magnitude of the visco-inertial and thermal scattering mechanisms.

The dependence of the visco-inertial (o, A) and thermal (o,A) attenuation per cycle on
droplet size and frequency is illustrated in figure 2.7. The excess attenuation per cycle is
small for hi gh and low values of frequency and droplet size, but has a maximum value in the
intermediate region. The magnitude of the visco-inertial attenuation depends on the density
difference between the droplets and surrounding fluid, and its maximum value occurs when

the viscous skin depth §, is approximately equal to the droplet radius (Ahuja 1973). The

magnitude of the thermal attenuation depends on the magnitude of the [-EE,L —%]
term, and its maximum value occurs when the thermal skin depth o, is approximately equal

to the droplet radius (Ahuja 1973). The overall excess attenuation in the emulsion is the sum

of the visco-inertial and thermal attenuations.
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After examining the predictions for a model system where both visco-inertial and
thermal scattering are important it is useful to examine some of the systems which were used

in the experimental work in this thesis (see chapters 4 and 5).

Table 2.1: Thermophysical properties of component phases

Values for water were taken from Kaye and Laby (1986), the rest of the values
were taken from section 4.2.2.5. All values are quoted at 20°C and 1.25 MHz.

Water Sunflower Paraffin Tristearin

oil oil

v (m/s) 1482.3 1469.9 1472.0 2077.4
p (kg/m3) 998 .2 919.6 876.3 1082.6
7 (kg.'”m"s'f") 0.001 0.054 0.1064 ™

Co (Jﬁggjk*n 4182 1980 2135 1488
r (Jis'm'K)  0.591 0.170 0.125 0.18
B (/K) 0.00021 0.00071 0.00070 0.00035
a (dB/m) 3.6 15 35 390

24.6.2 Sunflower oll In water emulsion

Theoretical predictions of the normalised propagation parameters of a 0.1 volume fraction
sunflower oil In water emu;sion are plotted in figures 2.8 and 2.9. The effective
compressibility and density were calculated using equations 2.12 and 2.13, and the resultant

velocity by substituting these values into equation 2.5. « . and o, were calculated using

equations 2.14 and 2.15. The thermophysical properties of the sunflower oil and water used

in the predictions are listed in table 2.1.
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Figures 2.8 and 2.9 show that visco-inertial scattering has little effect on the velocity

and attenuation of ultrasound in sunflower oil in water emulsions. This is because the

densities of the component phases are similar (-% = (.92) and therefore scattering due to the

viscous transport processes is negligible. The effects of thermal scattering, however, are
significant, and may lead to appreciable excess attenuation and velocity dispersion,

especially at the lower frequencies and droplet sizes. The dependence of the velocity and

attenuation on Vfr means that it should be possible to determine the particle size of a

sunflower o1l and water emulsion from ultrasonic measurements.

2.4.6.3 Tristearin in paraffin oll suspension

Similar calculations as those described above were carried out for a 0.1 volume fraction solid
tristearin in paraffin oil suspension using the properties of the component phases shown in
table 2.1. The results are plotted in figures 2.10 and 2.11. The theoretical predictions show
that both visco-inertial and thermal scattering make significant contributions to the overall
velocity dispersion and excess attenuation. However, the magnitude of the scattering effects
is much smaller than for the emulsions examined. In the frequency (I-IOMHz)Iand particle
size (0.3-10(Lm) ranges of interest in this work (e.g. 3-10* < \U"r<3-10%s =tl'he velocity
dispersion is less than 1m/s. This is because the densities and thermal properties of the solid
fat and liquid oil phases are similar and so scattering is not significant. To measure the
particle size of the crystals in this system accurate velocity measurements are needed (%

0.1m/s). In practice the effects of scattering can usually be ignored and the simple Wood

equation, which assumes no scattering, may be used to interpret velocity measurements

(equation 2.5).
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Figure 2.10: Ultmsoqic propagation parameters of a tristearin in paraffin oil
suspension.  Normalised ultrasonic  velocity, adiabatic

compressibility and density are plotted against Vfr (¢ = 0.1) at
20°C.
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Figure 2.11: Attenuation of a tristearin in paraffin oil suspension. Excess
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2.5 Other factors which effect ultrasonic propagation

In section 2.4 the effects of visco-inertial and thermal scattering on the velocity and
attenuation of ultrasound in dilute emulsions and suspensions were examined. In this section
a number of other factors which may have an effect on ultrasonic propagation in disperse

systems are discussed.

2.5.1 Particle shape

The scattering theory presented in the previous section was applicable to spherical particles.
Due to the effects of surface tension, emulsion droplets can usually be considered to be
spherical, however, they may be deformed under shear flow or in concentrated systems
where they are close packed. Solid particles are rarely spherical; more often they are
granular, crystalline or fibrous. The effects of non-sphericity on ultrasonic propagation in
dispersions has been demonstrated by a number of workers theoretically and experimentally.
Blue and McLeroy (1968) have measured the absorption coefficients of disk-like and needle
shaped particles whose density was much larger than that of the surrounding media and
have shown that they may have attenuations up to 40% less than those of spheres of
equivalent volume. For systems such as these the effects of non-sphericity must be included
in the formulations describing ultrasonic propagation.

Due to the formidable calculation required for a treatment of irregularly shaped
particles, orientated at various angles in an acoustic field, workers have tended to use
systems with simpler geometries. Ahuja and Hendee (1978) have used a phenomological
approach to examine the effects of oblate and prolate spheroids suspended either parallel or
perpendicular to an acoustic field. They showed that the effective density of an emulsion or
suspension could still be calculated using equation 2.13, by modifying the values of the

parameters T and s. For small density differences between the component phases (e.g. blood

cells suspended in plasma, %= 1.03) they were able to show that the effects of particle

shape are negligible, however, for systems where the density difference between the phases
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1s relatively large (e.g. kaolin in water, %= 2.5) then the shape and orientation of the

particles can have a significant effect on velocity and attenuation. Due to the complexity of
the mathematics involved it is more difficult to include non- spherical particles in scattering
theory formulations, however, a number of workers have extended the formulations of
Allegra and Hawley (1972) to include infinitely long cylindrical particles (Habeger 1982,

Lin and Raptis 1983).

2.5.2 Multiple scattering and self consistency

Multiple scattering occurs when ultrasound scattered from one particle is incident on a
neighbouring particle. This extra excitation of the particle must be included in the
calculations of velocity and attenuation for concentrated systems. It was included in
equation 2.11 by using the multiple scattering formulations of Lloyd and Berry (1967). This
approach was used since it is more mathematically precise than the approaches of either
Waterman and Truell (1961) or Twersky (1962), which are more frequently used to interpret
results (e.g. Davies 1979, Datta and Pethrick 1980, Gladwell et al 1987). Other workers to
have considered ultrasonic scattering and its effects on velocity and attenuation
measurements include Sayers (1980), Davies (1979), Mehta (1983) and Schwartz and
Johnson (1984).

Scattering theory does not define the medium surrounding the particles in a
self-consistent manner and may therefore be limited to fairly dilute systems. Itis assumed in
the calculations that the medium surrounding the particles consists of continuous phase only,
and so its thermo-physical properties are the same as those of the continuous phas¢. For
practical purposes this may be true for dilute systems, however, as the concentration
increases the particles pack closer together and the medium surrounding them will contain
more and more of the neighbouring particles. Thus its thermophysical properties will be
different from those of the pure continuous phase. Scattering theory does not take this

phenomena into account and therefore tends to over estimate the degree of scattering in
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concentrated emulsions and suspensions. The lack of self-consistency is demonstrated
clearly at volume fractions of 1.0, since the equations do not predict the velocity and
attenuation of the pure disperse phase.

A number of workers have attempted to describe emulsions and suspensions
self-consistently using a variety of mathematical techniques (Berryman 1980). Due to the
complexity of the problem, a number of assumptions have to be made which often limit the
range of application of the formulations and frequently it is only possible to obtain upper and
lower limits for the effective density and moduli of a system. Recently however,
McClements and Povey (1987a) have shown that an equation derived by Ahuja (1973) can
be used to define the effective density of emulsions and suspensions self consistently in the

long wavelength regime:

PRV -
—p — P —P)
P Po” o Trips o )0 19

similarly, the attenuation due to visco-inertial scattering can also be defined self-consistently
(Ahuja 1973):
E(6-0)s(0™p)"

2A(E"+Tp—4(p~p)) +s'p]
Equations 2.18 and 2.19 give similar predictions to those of 2.13 and 2.15 for dilute

o . (2.19)

v

emulsions and suspensions but may give significantly different values at larger particle
concentrations. Sayers (1980) has attempted to define the effective compressibility of a
medium self consistently using scattering theory, however, his formulations are limited in
practice, since they only apply to systems where the particle and the surrounding media have

the same density and shear modulus.
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2.5.3 Particle Interaction

As the concentration of suspended particles in an emulsion or suspension increases, the
particles get closer together until eventually they touch. Contact between particles will
introduce a frame bulk modulus into a system. A number of workers have considered the
effects of particle interaction on ultrasonic propagation. Anderson and Hampton (1980)
have reviewed much of the work in this area and have shown that particle interaction may
have a significant effect on both the attenuation and velocity of ultrasound. They
demonstrated that a simple equation derived by Gassman (1951) could be used to estimate
the frame bulk modulus of a sediment from ultrasonic velocity and density measurements.
Another popular approach often used to describe the propagation of ultrasound in systems
where the particles touch is that of Biot (1956 a,b, 1962a,b). Biot used a phenomological
model to consider ultrasonic propagation through porous media and saturated sediments,
where the solid particles form a matrix of interconnecting particles. Many workers have
since utilised Biot's formulations for describing ultrasonic propagation in systems containing

interconnecting particles e.g. Stoll (1971), Ogushwitz (1985), Johnson and Plona (1982) and

Schwartz and Johnson (1984).

2.5.4 Strong scattering

Strong scattering occurs when the amplitude of an ultrasonic wave scattered by a particle is
of the same order as the amplitude of the incident wave. This occurs when the scattering
particle and the surrounding media have appreciably different acoustic impedances. All the

equations discussed so far are applicable to systems of weak scatterers and may break down
when applied to strongly scattering systems. For systems such as fats and emulsions strong
scattering is not important, however, for systems such as sugar crystals suspended in fat (as
“in chocolate), strong scattering may be appreciable. Indeed it may be impossible to get a
signal through chocﬁlate at normal ultrasonic frequencies (Povey 1988). This is because the
ultrasonic energy in the sample bounces around between individual scatterers and so the

scattered wave becomes in-coherent and phase correlation between different parts of the
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signal is lost. Under these circumstances the ultrasonic energy, whilst still being present in
the system is undetectable by normal means. In addition, strong scattering problems are
difficult to describe theoretically. For this reason one must be extremely careful when

interpreting measurements from systems which contain strong scatterers.

2.5.5 Resonant scattering by gas bubbles

Experimental and theoretical work has shown that the presence of gas bubbles can have a
significant effect on the propagation of ultrasound in materials (Anderson and Hampton
1980). Since many foods contain gas bubbles it is useful to examine the work carried out in
this area. In the presence of an acoustic field gas bubbles are capable of vibratory motion
with a sharply peaked resonance at their fundamental pulsation frequency. This resonance
has a dramatic effect on both the ultrasonic velocity and attenuation (figure 2.12). The
frequency at which resonance occurs depends on the physical properties of the component
phases and the bubble size. The larger the bubble size the lower is the resonant frequency.
Gaunaurd and Uberall (1981) have shown that for large bubbles (r > 3jun) the resonance is
most intense at the Minnaert frequency ®,_:

éfi"; (2.20)
4por

e
Il

Here p’ is the bubble density, p is the density of the fluid continuum, r is the bubble radius
and v' is the velocity of sound in the bubble. For smaller bubbles the effects of fluid
viscosity, thermal conductivity and surface tension have to be included in equation 2.20

(Nishi 1975).
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Figure2.12; Ultrasonic velocity and attenuation of a bubbly liquid. ( ¢ =
0.00001, r=1 um).
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Figure 2.12 illustrates the variation of normalised ultrasonic velocity and excess

attenuation with frequency for bubbly water calculated using the formulations of Gaunaurd
and Uberall (1981). In practice the resonant peaks may not be so sharply defined due to
bubble size distribution. The attenuation of sound in bubbly liquids is greatest at frequencies
near resonance. The ultrasonic velocity is independent of frequency far below resonance
and can be descnibed approximately by the Wood equation; its value being lower than that of
the pure fluid by an amount depending on the volume fraction of gas present. In the vicinity
of resonance the ultrasonic velocity is highly frequency dependent. At frequencies above
resonance the velocity tends to the continuum value. These theoretical observations have
been confirmed experimentally by a number of workers using air bubbles suspended in water
(e.g. Gibson 1970, Medwin 1974). Recently, Gaunaurd and Uberall (1982, 1983) have
generalised their theory so as to include resonance in perforated solids and in particulate
materials, and so their formulations can be used to model the ultrasonic behaviour of a wide
range of matenals.

In some food systems gas bubbles may be undesirable to ultrasonic measurements since
they interfere with the measurement of some other quantity. In these systems it may be
necessary to remove the gas bubbles if possible or to reduce their effect by measuring the
ultrasonic velocity and attenuation at a frequency much larger than the resonant frequency of
the gas bubbles. On the other hand, ultrasonics may prove useful as a means of
characterising aerated materials such as foams, doughs, fruits, vegetables and animal
tissues. By measuring the velocity and attenuation as a function of frequency it should be

possible to estimate both the volume fraction and particle size distribution of the gas bubbles

present.
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2.6 Implicatlons of ultrasonic scattering

The work presented in this chapter has demonstrated the complex nature of ultrasonic
propagation in emulsions and suspensions; the velocity and attenuation depend on many
factors. If the technique is to be applied successfully to these systems it is essential to
understand the basic physical processes occurring and to appreciate the theories describing
these processes. For some systems, simple theoretical equations may be used to interpret
results since scattering is negligible (e.g. fat/oil mixtures). For others, where scattering is
important, it i1s necessary to use more complex equations e.g. emulsions. It is also essential
to appreciate the range of applicability of the equations used and to be aware of the many

other factors which may influence measurements.
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Chapter 3
ULTRASONIC MEASUREMENTS

3.1 Introduction

As well as a good understanding of the theories describing ultrasonic propagation in
materials (Chapter 2), a successful application of ultrasonics also relies on the development
of a suitable measuring technique. There are a variety of techniques which can be used for
ultrasonic measurements and the choice of a particular technique depends on the material
under test, the property to be measured and the requirements of the investigator e.g. cost,
accuracy, measurement time, environmental conditions. A technique which is suitable for
one type of measurement may be unsuitable for another. Often techniques have to be
tailored for each particular application. A number of techniques which are frequently used
for non-destructive testing (NDT) in general have been reviewed by Breazeale et al (1981)
and Papadakis (1976), whilst those techniques which are suitable for use in the food industry
have been reviewed by McCann (1986) and Povey and McClements (1988a).

Most of the techniques used for NDT utilize either continuous wave (c.w.) or pulsed
ultrasound. Instruments which utilise c.w. ultrasound are capable of the most accurate
measurements (Inoue et al 1986), however, they are sophisicated in design, rely on precise
mechanical adjustments and are time consuming to operate. Consequently c.w. techniques
are not usually suitable for use in industrial environments. Although pulsed techniques are
less accurate than c.w. techniques, the variability of most food materials means that they are
still accurate enough for most applications in the food industry. Pulse techniques are simple
to design and operate, are robust and are capable of rapid and precise measurements in a
non-intrusive, non-invasive manner, They are therefore more suitable for use in industrial

applications than c.w. techniques. For these reasons a pulse echo technique, which is
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described in section 3.2, was used for most of the measurements carried out in this work. A
small number of measurements were also made using a pulse echo interferometry technique
similar to that described by Andreae et al (1958). The actual apparatus used was 2 modem
version of the Andreae technique and was designed and developed at the AFRC Institute of

Food Research, Norwich (Rahalkar et al 1986). This technique is described in more detail in

section 5.2.2.

3.2 Description of pulse echo technique

The pulse echo technique used in this work is based on the standard pulse echo technique
described in many text books (e.g. Blitz 1963), however there are a number of points which
are specific to this particular application of the technique and these are discussed below.
Initial measurements were carried out at a frequency of 1 MHz using the experimental
arrangement illustrated in figure 3.1. A Hewlett Packard Function generator (3312A) was
used in conjunction with two 1 MHz piezo-¢electric transducers and a Tektronix 468 digital
storage oscilloscope (DSO). As the work proceeded it became apparent that measurements
would have to be made over a range of frequencies and so transducers of different resonant
frequency would have to be used (table 3.1). In some cases there was only one transducer of
the appropriate frequency available in the laboratory and so later measurements were made
using a single transducer as both generator and receiver. For these experiments a Sonatest
Ultrasonic Flaw Detector (UF.D. 1) was used as the signal generator and the Tektronix
D.S.O was used to display the signal (figure 3.2). In practice velocity and attenuation

measurcments can be made in exactly the same way using either technique.
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Figure 3.1: Block diagram of double transducer pulse echo technique
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Figure 3.2: Block diagram of single transducer pulse echo technique
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Table 3.1: Characteristics of transducers used in experiments.

The wavelength A, of ultrasound is calculated assuming that the sample is
distilled water at 20°C (i.e. v = 1482.3 m/s).

Manufacturer £ D D2/4A D/
(MHZz) (mm) (mm)

Mateval 1.0 10 17 7

Sonatest 1.25 20 84 17

Sonatest 2.25 10 38 15

Mateval 6.0 5 25 20

Mateval 10.0 10 170 68

Samples were contained in small glass cuvettes which had path lengths of about 10mm

and held about 12cm’ of material. During measurements the cuvettes were held between the

transducers using a specially designed perspex sample holder. The cuvettes could be easily
slipped in and out from the sample holder which meant that measurements of successive
samples could be made quickly and simply. The temperature of the samples was controlled
by placing them in water baths equilibrated to the appropriate temperature (£ 0.1°C).
Precise temperature control 1s important since the ultrasonic velocity of many materials is
particularly sensitive to temperature, e.g. for water and oil the temperature coefficient of the
velocity is about [3] mET“’C:" The technique was optimised for velocity measurements since
these can be measured more accurately than attenuation measurements and are easier to

interpret.

3.2.1 Double transducer technique

A sinusoidally varying electrical potential is produced by the Hewlett Packard frequency
generator whose frequency is chosen to be equivalent to the resonant frequency of the
Wuwm. This sine wave is electronically ‘chopped’ into pulses of a few cycles duration,
with a repetition rate of between about 1-100 kHz. Each pulse i1s converted into a
mechanical pulse by a piezo-clectric transducer (the generator) and passes through the

cuvette wall and into the sample. The pulse propagates through the sample until it reaches
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the opposite cuvette wall where it is partially transmitted, partially reflected. After passing
through the cuvette, the transmitted portion is detected by another piezo-electric transducer
(the receiver) where it is converted back into an electrical pulse and displayed on an
oscilloscope. The reflected part travels back through the sample until it reaches the initial
cuvette wall, where it is again partially reflected, partially transmitted. An ultrasonic pulse
therefore travels backwards and forwards across the sample, its amplitude decreasing due to
attenuation in the sample, transmission at the sample/cuvette interface and diffraction. The
part detected by the receiver is displayed on the oscilloscope as a series of echoes of

decreasing amplitude (figure 3.3).
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Velocity measurements. Each echo observed on the oscilloscope has travelled a

distance twice the cuvette path length (d) further than the previous one and so the ultrasonic
velocity v can be calculated by measuring the time difference (t) between similar positions
on successive peaks (v = 2d/t). This time difference is measured accurately by using the
cursors on the oscilloscope and by resolving successive echoes (figure 3.3). The quality of
the signal 1s improved by using the digital averaging facility of the oscilloscope. Any
background noise which is randomly distributed in time and amplitude is then averaged out
leaving the genuine signal. The cuvette path length is determined precisely by calibration
with a liquid 6f known ultrasonic velocity (see worked example below). In many
.commercial ultrasonic instruments, the ultrasonic velocity is calculated from the time a pulse
takes to travel from the generator to the receiver transducer, after allowing for corrections for
the time the pulse spends in the cuvette walls and the transducers. The advantage of
measuring the time between successive peaks is that no correction to the measured time is
required; the only difference in time between successive peaks is the time it takes a pulse to
travel twice the length of the sample.

Attenuation measurements. The attenuation coefficient () of a sample is calculated by

measuring the amplitude of successive echoes (e.g. figure 3.3), and finding the best least

squares fit of the measurements to the equation: A_ = A e~ , where A, is the amplitude of the
initial peak, A_ is the amplitude of the n™ peak and x is the distance between the initial and

the n® peak. The measured attenuation of a sample includes losses due to transmission at the

sample/cuvette interface and diffraction which have to be accounted for. This was done by

calibrating each cuvette with distilled water (see worked example below).

Worked example of velocity and attenuation measurements. To demonstrate how the
velocity and attenuation were calculated an example calculation is worked through.

Measurements of the time difference (t) between successive echoes and the relative
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A
amplitudes (f) of the echoes for distilled water and a 8.4% w/w sunflower oil in water
0

emulsion (Sauter mean radius = 0.748un) at 20°C and 1.25 MHz are presented in table 3.2.
Only measurements in the far-field are included, i.e. echoes which have travelled further
than 80 mm (see section 3.3.2). Distilled water was used as a calibrant since the velocity of
ultrasound in it has been measured accurately to within 0.003% using an interferometric
technique (Del Grosso and Mader 1972) and its attenuation coefficient is also known (Kaye
and Laby 1986).

Table 3.2: Time and amplitude measurements for water and an emulsion

The measurements for distilled water and a 8.4% w/w sunflower oil in water
emulsion are at 20°C and 1.25 MHz.

Water Emulsion
Peak
no. X t (us) A, /A, t (us) A./Aq
0 0 - 1.00 - 1.00
1 2d 13.49 0.89 13.54 0.78
2 4d 13.48 0.78 13.52 0.63
3 6d 13.48 0.69 13.54 0.50
4 8d 13.47 0.61 13.52 0.42
5 10d 13.49 0.56 13.54 0.34
6 l12d 13.48 0.50 13.53 0.26
7 14d 13.47 0.47 13.53 0.20

The path length (d = -%vt) of the cuvette was calculated to be 9.991 + 0.003 mm from

the known velocity of distilled water (1482.34 = 0.02 m/s at 20°C) and the measured time

difference between successive echoes (¢ . = 13.480 £ 0.011 ps). The ultrasonic velocity of

the emulsion was then calculated (v = 2d/t) from the mean time difference between

successive echoes (t = 13.532 £ 0.00915) and the cuvette path length and was found to be

1476.6 = 1.1 m/s.
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The major source of error in the velocity measurements is the accuracy to which the

time and the cuvette path lengths can be measured (v = 2d/t). The error in the time
measurements is determined by the accuracy to which the oscilloscope can measure time
differences (0.05%). The error in the cuvette path lengths is determined by the accuracies of
the literature value of ultrasonic velocity (0.01%) and the time measurements (0.05%). The
overall accuracy of the ultrasonic velocity measurements was therefore about 0.1%, which
corresponds to an error in velocity of about 1.5 m/s. If the error in the measuring
temperature is 0.1°C then there will be an additional error due to the temperature coefficient
of the velocity. For oils and water this value is about '3 m/s/°C and so the overall accuracy
is about 1.8 m/s. The reproducibility of the velocity measurements was calculated from the
average of at least five measurements per sample and was found to be typically about 1.0
m/s (e.g. see velocity of emulsion calculated above).

The attenuation coefficient of the samples was determined by calculating the best least

A
squares fit of the measured values of -A—"- (table 3.2) to the equation: A ,=A,e . The
0

attenuation coefficients of the distilled water and the emulsion calculated from these
measurements were 5.5 £ 0.2 Np/m (48.0 £ 1.7 dB/m) and 11.2 £ 0.2 Np/m (97.3 £ 1.7
dB/m) respectively. These measured values (¢, .0 are partly due to the attenuation of the

sample (¢,,,.,,) and partly due to transmission which occurs at the sample/cuvette interface

and diffraction (@) i.€. O pres™ Qi + Oypmys,- These additional sources of attenuation

are accounted for by subtracting the known attenuation of distilled water from the measured

value (0, = O, res— ) The attenuation coefficient of distilled water at 20°C is 0.35

dB/m (Kaye and Laby 1986) and so the value of o, ,is 47.7 £ 1.7 dB/m. By subtracting this

value from the measured attenuation of the emulsion, the attenuation due to the emulsion
alone can be calculated: 49.6 £ 2.6 dB/m. This approach can only be used if the value of

a__ is the same for the distilled water and for the emulsion. In fact the value of e, will be

expt

different since the velocity and acoustic impedances of the sample and distilled water are
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different and so the extent of the diffraction and transmission losses will be different.

However, the difference in the acoustic properties of the water and the samples used in this

work are not large and therefore a,_, is not expected to vary much.

It is difficult to assess the absolute accuracy of the attenuation measurements since
there are many factors which contnbute to the overall attenuation which are difficult to
quantify. In general the reproducibility of the attenuation measurements was worse than that
calculated for the emulsion above. This was because the energy losses at the interface
between the transducer and the cuvette were sensitive to the thickness of the thin layer of
water between the cuvette and the transducer (section 3.3.3) and this was difficult to control
precisely. The overall reproducibility of the attenuation measurements was calculated to be

about 10-20%, which is considerably worse than that of the velocity measurements (0.1%).

3.2.2 Single transducer technique

The measuring principle of the single transducer technique (figure 3.2) is exactly the same as
that described for the double transducer technique (figure 3.1). However, the way the pulses
are generated is different. For the single transducer system it is necessary to isolate the
initial electrical excitation from the received signal so that the oscilloscope is not saturated
by the relatively large amplitude of the excitation signal. The Hewlett Packard function
generator does not have this facility and so a Sonatest UF.D. 1 was used. The Sonatest
U.F.D. 1 uses high voltage shock excitation to produce the electrical excitation pulse, which
therefore contains a broad band of frequencies. The appropriate ultrasonic frequency 1s then

selected by the resonant frequency of the transducer.

3.3 Practical considerations
In principle the ultrasonic measurements described in section 3.2 are fairly straightforward to
carry out; in practice, however, there are a number of factors which have to be considered

when designing the technique if it is to be applied successfully.
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3.3.1 Cholce of transducer

Choice of a suitable transducer is central to any successful application of ultrasonics. There
are many types of ultrasonic transducer which can be used for the NDT of materials (Silk
1984). Piezo-electric transducers are the most commonly used at present, however there is
considerable intcrcst“ in the development of altemative types, such as laser and
electromagnetic transducers (Silk 1984), and these may become of greater importance in the
future. In this work lead zirconate titanate (PZT) piezo-electric transducers were used, since
they could be purchased off-the-shelf at relatively low costs (< 100 . -« € /transducer).
These transducers operated at single frequencies between 1 and 10 MHz (see table 3.1) and
were purchased from either Balteau Sonatest (Milton Keynes, U.K.) or MatEval Ltd (U.K.).
The transducers were highly damped in order to produce pulses of short time duration
which could be resolved on the oscilloscope. They were also water-proofed so that they
could be immersed in a water bath during measurements. Transducers of different resonant
frequency were used so that the velocity and attenuation could be measured as a function of
frequency. The lower limit of frequency was determined by the ratio of sample size to
ultrasonic wavelength; as the frequency decreases the wavelength increases and it becomes
more difficult to resolve successive pulses. The upper limit of frequency 1s determined by
the attenuation coefficient of the sample; as the frequency increases the attenuation
coefficient may become so large that the signal cannot be detected. This is accentuated
when samples are contained in cuvettes because the transmission of ultrasonic energy from

transducer to sample is reduced as the frequency is increased.

3.3.2 Ultrasonlc diffraction

The theoretical formulations discussed in chapter 2 assume that the ultrasonic wave passes
through a material in the form of a plane, compressional wave. In practice, the finite size of
an ultrasonic transducer means that the ultrasonic beam spreads out into a diffraction field
(figure 3.4). Various methods of describing diffraction fields have been reviewed by Silk

(1984). The most common approach is to assume that the transducer consists of a disc
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oscillating in a piston-like manner which exerts pressure in the direction of wave
propagation. Such a device produces a parallel beam of plane waves which diverge after

travelling a distance d from the source. This distance depends on the diameter of the

transducer face D and the wavelength of the ultrasound in the sample (d= %). The

parallel portion of the beam is called the near-field or Fresnel Zone, and the divergent part

the far-field or Fraunhofer Zone. If the ratio of the transducer diameter to the ultrasonic

wavelength (-II)-) is greater than about 10 the influence of diffraction effects can usually be

ignored and it can be assumed to a first approximation that the field produced is about the

same as that of an ideal plane wave. The values of % for the transducers used in this wark

are included in table 3.1. With the exception of the 1 MHz transducers all the transducers

satisfy the condition -l-)-> 10, and even for the 1MHz transducers the condition is almost

A
satisfied.
Source Rt
Fresnel zone
Fraunhofer zone
Figure 3.4: Beam spreading by a piston-like transducer source. The radius of

the transducer face is a.
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The average intensity over any given cross section in the near field remains constant
(assuming no absorption occurs), but there are cyclical intensity changes along any line in
the direction of wave motion (see figure 3.5). In the far-field the intensity decreases
inversely with the square of the distance from the source. Due to the sensitivity of the
intensity to distance in the near-field it is usually advisable to make measurements in the
far-field. However, measurements at 6 and 10 MHz had to be made in the near-field due to
the relatively large attenuation of some of the samples at these frequencies. These
measurements could still be used because the signal detected by a transducer is an average
over the whole of its face and since the transducers were aligned to a high degree of
parallelism and had similar diameters the intensity of the beam should remain fairly
constant. Indeed there was no evidence of cyclical intensity changes when the separation

between the receiver and generator was varied in the near field.

Fresnel zone ————s1e—Fraunhofer zone —

a?/22 a?/2 d

Figure 3.5: Intensity along the axis of a vibrating piston-like source. (Blitz
1963)
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3.33 Coupling of the transducer to the sample

The fraction of ultrasonic energy transferred from a transducer to a sample (and visa versa)
depends primanly on the acoustic impedances of the sample and transducer and the
thickness and impedances of any intervening materials (Asher 1982, 1983). The fraction of

acoustical energy transmitted (F) on nomal incidence of a plane wave at a boundary

between two matenials a and b can be calculated from the acoustic impedances of the two

materials (w, and w,) (Blitz 1963);

4wlwb
Fl = —_— (3.1)
(w. + wb)

This equation shows that optimum transmission is obtained when the materials have similar

acoustic impedances. In practice materials have different impedances and it is the aim of the

ultrasonicist to obtain the best possible acoustic match between the materials. Values of F,

from 0.1 to 1.0 are often considered to constitute good acoustic coupling (Blitz 1963).

In this work the transducer and sample were separated by a glass cuvette. There is also
a thin layer of water between the cuvette and the transducer face since the samples were
contained in a water bath. Thus transmission through a multi-layer system must be
considered. Kinsler and Frey (1950) have calculated the fraction of energy transmitted when
an ultrasonic wave passes through three media separated by plane parallel boundanies. For

nomal incidence:

4w w

F = _..__..__._1_""_;_____ (3.2)

!
W W
(w_+ wb)zcoszk'l + [w’ +—:’—,i Isinzk'l

Here 1, w' and k' are the thickness, impedance and wave number of the intervening layer.
Equation 3.2 shows that the amount of energy transmitted depends on the thickness of the
intervening material, as well as the relative magnitude of the impedances of the three
materials. When the intervening material is very thin (i.e. k1 << 1) then equation 3.2
reduces to that of 3.1 and the intervening material should have no effect on the overall

transmission. This is only the case when the three materials have similar acoustic
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impedances. If the intervening material is air, which has a much lower acoustic impedance

than either solids or liquids the energy transmitted may be much less than that predicted by
equation 3.1 even when k'l << 1 (Blitz 1963). In this work the cuvettes and transducers were
submerged in a water bath during measurements and so there is a thin layer of water between
the cuvette and the transducer face. The value of k' for water at 20°C and 1 MHz is 4238.8
m and so for k'1 to be less than 0.1 the thickness of the water layer will have to be less than
0.02 mm. Although the transducers were held against the side of the cuvettes by the perspex
sample holders the gap between a transducer face and a cuvette may still be of the order of
0.02 mm or greater and so the water layer may have an effect on the fraction of energy
transmitted. It was difficult to control the thickness of this gap precisely and so the fraction
of energy transmitted may vary slightly depending on the relative positions of a transducer
and a cuvette. As mentioned in section 3.2 this may cause varnation in the attenuation
measurements.

For Opﬁm;m transmission of ultrasound the acoustic impedance of the cuvette should
be equal to the geometric mean of the acoustic impedances of the surrounding materials and
its thickness should be equal to an odd number of quarter wavelengths (Blitz 1963). The
thickness of the cuvettes used in this work (1.5 mm) was chosen as a compromise between
optimum transmission and the robustness of the cuvettes (section 3.3.5). Ultrasonic
transducers are usually manufactured with a thin epoxy coating over the piezo-clectric
crystal. By varying the type of material used as a coating and its thickness  a transducer
can be acoustically matched to a particular type of material. Most commercial transducers
are either matched to water or to steel. In this work samples are contained in glass cuvettes
and so it is best to use transducers which are acoustically matched to steel, since this has an
acoustic impedance similar to that of glass.

Once the pulse has entered the cuvette it passes through the sample and is partly
reflected, partly transmitted at the cuvette walls. To obtain a series of echoes we do not want

100% transmission at the walls (i.e. 0% reflection), nor do we want 0% transmission (or the
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signal will never be detected). An intermediate value is required which depends on the

amplitude of the signal and the number of echoes required. The fraction of energy
transmitted at an oil-glass boundary was calculated to be about 0.67, and this value was
sufficient to give a number of easily distinguishable echoes on the oscilloscope (see figure
3.3). Indeed in low attenuating samples such as water up to 20 peaks could be observed.
Other sources of error associated with the coupling of the transducer to the sample include,
variable delays, pulse broadening, dispersion and sample loading and these are considered
by McSkimin (1961) and Papadakis (1976).

3.34 Velocity dispersion

In a dispersive material, such as an emulsion, different frequency components travel at
different velocities. Thus the velocity measured is the group velocity which may be different
from that of the phase velocity (the velocity of a single frequency component) (Pierce 1981).
The pulses used in this work were of short duration (= 2 to 3 cycles) and so contain a range
of frequency components. Velocity dispersion may therefore lead to errors in both velocity
and attenuation measurements. A Fast Fourier Transform of the echoes received from an
emulsion which was known to be dispersive was carried out using a Lecroy oscilloscope.
These measurements indicated that the majority of the signal observed was at the stipulated
frequency. Also measurements of the time difference between successive echoes of a
dispersive emulsion showed no apparent effects of velocity dispersion; the time differences
between consecutive peaks were similar. Thus it was assumed that errors due to velocity

dispersion were small.

3.3.5 Cuvette design

Rather than having the samples in direct contact with the transducers, they were contained in
cuvettes. This was so that many samples could be prepared and measured together, the
apparatus did not have to be cleaned after each measurement, and because it is easier to align

the sides of a cuvette to a high degree of parallelism than it is to align the faces of
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transducers. Imtially it was hoped that some existing spectroscopic cuvette might be
utilised. A number of these were obtained from various manufacturers, however none
proved to be suitable and so it was necessary to design and manufacture the cuvettes
specially. After some consideration it was decided to use glass cuvettes of the following

specification 1.5mm thick walls, 10mm path length, 30mm wide and 50mm high which

contained about 12 cm’ of sample. These were manufactured by Chandos Intercontinental
U.K. The factors considered when designing the cuvettes are discussed below.

Material for cuvette 1deally, the material used to construct a cuvette should be fairly
low cost, robust, chemically unreactive, easily manufactured and have a suitable acoustic
impedance. There are a number of materials which may be suitable e.g. glass, quartz and
some types of metals and plastics. Glass proved to be a convenient material for the samples
used in this work, which was useful since it meant cuvettes could be manufactured by
existing glass-ware suppliers.

Cuvette path length The longer the path length of a cuvette the greater is the time
difference between successive echoes and so the better is the resolution of the time
measurements. However, small cuvettes are easier to handle and manufacture; are more
robust and require smaller sample sizes. A path length of 10mm was a good balance
between accuracy and convenience.

Cuvette width Better signals were obtained when the face of a transducer was narrower
than the width of a cuvette. This was probably because less of the ultrasonic energy can pass
through the side walls of the cuvettes and be detected by the receiver, thus obscuring the
signal which has travelled directly through the sample. It 1s also necessary to have the
cuvette sufficiently wide to reduce the possibility of side wall reflections produced by beam
spreading in the far field region (figure 3.4). This effect can also be reduced by roughening
the inside faces of the cuvette side walls so that any diffracted ultrasonic waves are scattered
in all directions rather than being directed, thus reducing the possibility of interference with
the wave which has travelled directly through the sample.
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Cuvette wall thickness For optimum transmission of ultrasound from transducer to

sample it is best to have a cuvette thickness of an odd number of quarter wavelengths of
ultrasound in glass (section 3.3.3). Taking the velocity of ultrasound in glass to be 5660 m/s
(Kaye and Laby 1986) the optimum cuvette thickness was calculated to be 1.4mm at IMHz,
1.Imm at 1.25 MHz, 0.63mm at 2.25 MHz, 0.24mm at 6 MHz and 0.14mm at 10 MHz. It
would therefore be best to use different cuvette thicknesses for each frequency used which is
impractical. Experiments with a number of cuvettes of different thickness, indicated that the
best transmission was achieved for cuvettes with thin walls. This 1s probably because for
thin walled cuvettes less of the ultrasonic signal can pass through the cuvette walls and
obscure the signal which has travelled directly through the sample. However, cuvettes with
thin walls are difficult to manufacture and are fragile. The thickness chosen (1.5mm) was a
compromise between the optimum transmission of acoustic energy and the robustness of the
cuvetle.

FParallelism It is essential to have the front and back cuvette walls aligned to a high
degree of parallelism so that phase cancellation does not occur; phase cancellation can cause
appreciable errors in velocity and attenuation measurements (McSkimin 1961). For this
reason cuvettes were manufactured to a high degree of parallelism; the angle between the

opposite faces of a cuvette was less than 0.02°,
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Chapter 4
ULTRASONIC MEASUREMENTS IN FATS AND OILS

4.7 Introduction

4.1.1 Edible fats and olls

Fats and oils play a vital role in the human diet. They provide an important source of
energy, having a higher calorific value than either proteins or carbohydrates, and contain a
number of fatty acids which are essential to human health but which cannot be synthesised
by the human metabolism. They are also used extensively for their characteristic heat
transfer, organoleptic and rheological properties (Pomeranz 1985). Edible fats and oils are
usually obtained from animal, marine or vegetable sources, the latter being the most
important at present (Weiss 1983). Chemically, they are esters of the trihydric alcohol
glycerol and fatty acids and belong to the group of compounds called lipids’. Different
members of the lipid group have little in common with each other apart from the fact that
they are all insoluble 1n water but soluble in organic solvents (Fox and Cameron 1970). By
definition a fat is solid (01: semi-solid) at the temperature of interest, whilst an oil is liquid.
Triglycerides are the major constituents of most edible fats and oils and largely
determine their overall bulk properties (Hampson and Hudson 1961). However, small
amounts of mono- and diglycerides may also be present and these can play an important role
in some applications ¢.g. emulsification (Dickinson and Stainsby 1982). The physical and
chemical properties of glyceride molecules depend on the type, the number and the position
of the fatty acid molecules attached to the glycerol. The fatty acids found in natural fats and
oils are generally straight chained with an even number of carbon atoms in the range 4-24

per molecule, and may be either saturated or unsaturated. The most commonly occurring



-62 -

saturated fatty acids in edible fats and oils are mysteric, lauric, palmitic and stearic acids,
whilst the most common unsaturated fatty acids are oleic, linoleic and linolenic acids
(Hampson and Hudson 1961). Processing of natural fats and oils may alter the structure of
some of the fatty acids present. During catalytic hydrogenation some of the unsaturated
molecules may be converted from a cis to a trans configuration and some iso-acids may also

be formed (Hampson and Hudson 1961). The chemical composition of edible fats and oils is
therefore extremely complex (Walstra 1987a).

4.1.2 Physical properties of fats

Many of the physical properties of fats which are important commercially, such as texture,
spreadability and consistency, depend on their characteristic plastic properties (Prentice
1984). Plasticity occurs in fats because they contain a mixture of triglycerides each with its
own melting point and so a range of temperatures exists)\where some of the triglycerides are
crystalline and the rest are liquid. In this range the fat consists of a matrix of inter-locking
crystals surrounded by a liquid oil phase. Below a certain yield stress this matrix behaves
elastically, however, when the yield stress is exceeded the crystals slide over on¢ another
and permanent deformation occurs. The plasticity of fats depends primarily on the type and
proportion of triglycerides present as well as their thermal and shear history (Walstra
1987a).

If the tempering procedure used to prepare a fat is kept constant, its consistency is
directly related to the amount of solid fat present; the so called ‘solid fat content’ (SFC)
(Lefebvre 1983). The variation of SFC with temperature is an important property of many
commercial fats and often determines their suitability for particular applications. For
example, margarines must not collapse under their own weight, yet spread upon application
of a given stress and ‘melt’ in the mouth. Consequently, there has been considerable interest

in the development of techniques for measuring SFC and a number of these are discussed in

section 4.1.3.
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The physical properties of fats also depend on their thermal and shear history; two fats
which have the same SFC may have different rheological properties due to the method used
to prepare them. This is because fat crystals can exist in more than one crystalline form -
they are polymorphic (Lutton 1972). The polymorphic form of fat crystals depends on the
tempering procedure used to produce them, their tendency towards a particular polymorphic
form and the presence of various additional ingredients (Gunstone and Norris 1983). An
increasing number of polymorphic forms are being identified, however, the three principle
forms are the o, B’ and B forms. The o form has the lowest melting point and is the least
stable, the B form has the highest melting point and is the most stable, whilst the §’ form is
an intermediate form. In general rapidly cooled, stirred samples tend to form matrices of
small needle like crystals, whilst slower cooled, unstirred samples tend to form larger
isolated crystals. In margarines and some other edible fats these large crystals are
undesirable since they impart a ‘grainy’ mouth-feel to the product (Merker et al 1958). The
polymorphic form of fat crystals is characterised by the way the molecules are packed in the
crystal lattice, and is usually determined by one of the spectroscopic techniques X-ray,
infra-red, ultraviolet (Chapman 1969), however, other techniques can also be used e.g.

microscopy, melting point and differential thermal analysis.

4.1.3 Instrumental methods of determining SFC

The methods available for measuring SFC can be divided into two groups: ‘traditional' and
'modem’ methods. The traditional methods include vanious melting point techniques,
penetrometer measurements and dilatometry (Rossel 1986). Although these methods
proved useful in the past they are time consuming, laborious and subjective and are therefore
not suitable for modem process control purposes, which rely on rapid and precise
measurements. Consequently, there has been interest in the development of altemative
instrumental techniques for measuring SFC. The essential requirements of any new
technique have been discussed by Waddington (1986). He suggests that new techniques
should be capable of rapid and reliable measurements over a range of temperatures and

should be easy to operate and calibrate.
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Differential thermal analysis (DTA) was initially proposed as an alternative to the
traditional methods of determining SFC (Hannewijk and Haighton 1958, Lavery 1958).

However, DTA measurements require minute sample sizes (=10ig) and the value of SFC
determined depends on the type and amount of fat crystals present as well as their thermal
and shear histones (Hagemann et al 1972). Thus the technique is not really suitable as a
routine quality control device, but is still useful in research laboratories where precise
measurements of the enthalpy-temperature profiles of fats are important (Sleeter 1985).

The technique which is most widely used for SFC determinations in the food industry at
present is low resolution nuclear magnetic resonance (NMR). The first commercial
instruments utilising this technique were based on continuous-wave NMR, however, these
have largely been replaced by pulsed NMR instruments which are capable of faster sampling
ratcs and have greater sensitivity (Sleeter 1985). Pulsed NMR has been used to estimate
SFCs in a wide variety of partially solidified fats and emulsions over the past 15 years or so
(Sleeter 1985). The technique is rapid, non-intrusive, easily adaptable to in-line
measurements and has proved reliable. It does, however, have a number of limitations: it is
relatively expensive to purchase, it is not applicable to some systems of interest and it cannot
determine the SFC directly due to the inherent 'dead’ time of the instrument (Waddington
1986). The limitations of this technique and the fact that alternative techniques may offer
wider scope and better insight into particular problems has led to renewed interest in the

development of techniques for determining SFCs (Sleeter 1985).

4.1.4 Application of ultrasonics to fats and olls

In recent years there has been increasing interest in the use of ultrasonics as a means of
charactensing fatty matenals. The most frequent application of ultrasonics in this area 1s for
the determination of back-fat thickness and tissue composition in animals (Lister 1984).
Due to the complex structure of animal tissue worl;ers have usually tried to establish

empirical relationships between the ultrasonic velocity and the composition of the animal

tissue. Recently however, Povey (1984), Hussin and Povey (1984) and Miles et al (1985)
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have used simple theoretical equations, which assume no scattering of ultrasound by the

systems, to predict the vanation of ultrasonic velocity with SFC for a number of animal and
vegetable fats. Their results suggest that ultrasonics may prove a useful means of
determining SFCs in these matenals.

The ultrasonic technique has also been used to investigate various properties of liquid
oils. The ultrasonic velocity of a number of liquid triglycerides and fatty acid methyl esters
has been empirically related to their chemical formula (Gouw and Vlugter 1964, 1967,
Javanuad and Rahalkar 1988). Empirical formula have also been used to relate the
ultrasonic velocity of vegetable oils to their constituent components (Javanuad and Rahalkar
1988). The dependence of the ultrasonic velocity and attenuation on temperature and
frequency has been measured for a number of animal and vegetable oils (Hustad et al 1970,
Kuo 1971, 1975, Grigorev et al 1976, Bhattachayra and Deo 1981, Hussin and Povey 1984,
Gladwell et al 1985, Miles et al 1985, Javanuad and Rahalkar 1988) and the technique has
been used to detect adulteration in oils (Rao et al 1980).

4.2  Ultrasonic Investigations of glyceride/oll mixtures

4.2.1 Introduction

The majority of the investigations discussed in section 4.1.4 concentrated on naturally
occurring animal or vegetable fats, whose principal constituents are the glycerides. To
appreciate the factors which influence ultrasonic measurements in these fatty materials it is
useful to examine ultrasonic propagation in their constituent glycerides. For this reason the
ultrasonic velocity of a series of glyceride in oil mixtures was measured with varying
temperature (0-70°C) and glyceride type and concentration (0-30% w/w). The glycendes
were diluted with liquid paraffin oil or with sunflower oil so that the amount of glycende
present could be controlled and to prevent vacuole formation (Hvolby 1974) which can
cause large attenuation of ultrasound. The aim of the experiments presented in this section

was to identify the factors which affect ultrasonic measurements in fat/oil mixtures and thus
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highlight the potential of the ultrasonic technique for characterising these systems. Some of
the results presented is this section, as well as some complementary results have recently

been published (McClements and Povey 1987 b,c, 1988 a,b,c).
4.2.2 Materials and Methods

4.22.1 Materials

Tristearin (SSS), tnpalmitin (PPP), trilaurin (LLL), Glycerol 1,3 dipalmitate-2-oleate (POP),
Glycerol 2,3 dipalmitate-1-oleate (OPP), Glycerol 1,3 dipalmitate-2-stearate (PSP), Glycerol
1- palmitate 2-oleate 3-stearate (POS), Glycerol 1,3, distearate-2- oleate (SOS) and
distearate (SS) were supplied by Unilever Research Laboratories (URL), Colworth House,
U.K. Stearic acid (SA) and triolein (OOO0) were obtained from BDH Chemicals Ltd., UK.
The purity of the mono-acid saturated triglycerides was determined at URL using high
pressure liquid chromatography of the fatty acid methyl esters (FAME). The results are

presented in table 4.1.

Table 4.1: FAME analysis of mono-acid saturated triglycerides

Results are presented as the weight percentage of fatty acids determined (tr =

trace amounts found).

10:0 12:0 14:0 16:0 17:0 18:0 18:1 20:0
SSS - - tr 0.5 - 98.8 - 0.6
PPP - - 0.4 97.7 tr 1.2 — -
LLL 0.4 96.2 0.5 1.1 -~ 1.7 tr -

Paraffin oil was obtained from Boots Company, Nottingham, UK. Silica treated
sunflower oil was obtained from URL. The physical properties of these oils varied slightly
from batch to batch, and so each batch was characterised individually before use. Com oil,
grape seed oil, ground nut oil, olive oil, palm oil, rape seed oil, safflower oil and soybean oil

were obtained from Wm. Morrisons Ltd., U.K.



-67 -

422.2 Sample preparation

The physical properties of fat/oil mixtures depend on their thermal and shear histories and so
samples were prepared using a constant tempering procedure. Solid glyceride and/or liquid
oil were weighed into a glass cuvette and mixed thoroughly. This mixture was melted at
80°C in a vacuum oven, stirred to ensure homogeneity and then placed under vacuum at 650
mmHg for 30 mins to remove any air. The sample was then cooled rapidly by placing it in a
5° C water bath, where it was left overnight to ensure complete crystallisation. Ultrasonic
velocity and attenuation measurements were then made with increasing temperature. The
samples were allowed to equilibrate for at least 30 mins at each temperature before
measurements were made.

This tempering procedure produced samples which contained a fine matrix of glyceride
crystals surrounded by a liquid oil phase (photograph 4.1). The formation of a matrix is
useful since it prevents fat crystals from sedimenting during measurements. The most
significant problem encountered when preparing the samples was due to vacuole formation
in some of the larger SFC samples (>15% w/w). Vacuoles are cavities formed in the samples
due to the contraction or expansion of fats on cooling (Hvolby 1974). They have a large
acoustic mismatch with fats and can attenuate the ultrasonic signal so much that it cannot be
detected. This problem was partially overcome by rapidly removing heat from the bottom of
the sample; any cavities formed are then filled in by the hot o1l above.

Samples of solid tristearin and tripalmitin were prepared using the same technique,
however, some important difficulties were encountered. On solidification both the tristearin
and tripalmitin expanded slightly (Hvolby 1974) which caused the glass cuvettes they were
stored in to break. Thus the samples had to be removed from their cuvettes before
measurements were made. The samples were left for at least four weeks at room
temperature before ultrasonic measurements were made so that the crystals had time to
convert from the unstable a polymorphic form, which is formed on rapid cooling of these

pure triglycerides, to the stable B form (Garti et al 1982).
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4.21.3 Characterisation of samples

Polymorphic form. The polymorphic forms of the crystalline tristearin, tripalmitin and
trilaurin in oil mixtures were determined using X-ray diffraction and differential scanning
calorimetry (DSC). X-ray measurements were carried out at 20°C using a Phillips Constant

Potential Generator which utilises Cu_, radiation (A = 0.1541nm). Wide angle diffraction

measurements were made using a proportional counter at a scan rate of 2°/min. Figure 4.1.
shows a typical wide angle diffraction pattern obtained for the samples, whilst table 4.2
summarises the results for the three triglycerides investigated. The d-spacings were
calculated from Bragg diffraction angles and comespond to the B polymorphic form
(Chapman 1969). These results were confirmed using a Perkin-Elmer DSC-2. A few
micrograms of triglyceride in oil mixture were placed in a small aluminium pan and heated
from 10-80°C at a rate of 10°C/min. A typical DSC curve obtained is shown in figure 4.2.
Similar, curves were also obtained for the other triglycerides. The large exothermic peak at
about 65°C corresponds to the B polymorphic form of the crystals (taking into account the
solubility of tristearin in paraffin oil, Lutton 1955). The rapid transformation of these
triglycerides to their most stable form in binary triglyceride/oil mixtures has also been noted
elsewhere in the literature (Van Boekel 1981, Norton et al 1985). The polymorphic form of
the pure solid triglycendes was determined from their melting point. Both were found to be

in the B form at the time of measurements.
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Figure4.l:

X;ra)y diffraction pattern of tristearin in paraffin oil mixture. (45%
w/w
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Table 4.2. D-spacings of tristearin, tripalmitin and trilaurin in paraffin oil mixtures

D-spacings (A)

Tristearin 3.72 3.88 4,63
Tripalmitin 3.73 3.88 4.62
Trilaurin 3.75 3.88 4,65

Microscopic examination of fat crystals The crystalline tristearin, tripalmitin and
trilaurin in paraffin oil mixtures were examined using polarised light microscopy. Samples
were prepared using the modified smear technique first suggested by Hoerr (1955). A small
amount of sample (=10pg) was placed on a glass slide using a micro-spatula and a cover slip
was carefully pressed down on it so as to reduce distortion of the crystal structure. The
sample thickness was controlled by placing narrow strips of sellotape at either side of the
sample, between the cover slip and the slide. The depth of the sample was then equal to the
thickness of the sellotape. Polarised light allows the solid and liquid phases to be
distinguished since solid fat is anisotropic and is therefore birefringent whereas liquid oil is

isotropic and appears dark in polarised light (Berger et al 1979).
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DSC thermogram of 45% w/w tristeann in paraffin oil mixture

Figure 4.2:



Photograph 4.1. Photograph of 5% tristearin in paraffin o1l mixture at room

temperature under polarised light (x 500 magnification). Notice matrix of

interlocking needle-like crystals.
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Photograph 4.2. Photograph of 10% tnstearin in paraffin oil mixture at room

tecmperature under polanised light (x 500 magnification). Spherulites start to

appear.
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Photograph 4.3. Photograph of 5% trilaurin in paraffin oil mixture at room

temperature under polarised light (x500 magnification).

For SFCs between about 1 and 10% the tristearin in paraffin oil mixtures formed a gel
matnx of needle-like crystals surrounded by liquid oil (photograph 4.1). Above SF<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>