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Preface

For many decades the interplay between the rheology, texture and overall
structure of foods and their functionality has been extensively studied.
Recently, research in this area has received increasing interest not only
because of the consumer-driven need to ‘re-invent’ certain foods labelled
as ‘unhealthy’ (high fat, sugar, salt) but also because of industrial desire
to introduce foods with ‘novel’ functionalities. Consequently, there have
been a growing number of studies focusing on the complex interplay
between food structure and rheological and textural behaviour and food
functionality. In addition, besides its huge potential to change the way we
design and formulate foods in the future, this research field has proved to
be extremely exciting as it brings together scientists from a wide range
of different disciplines, including food engineering, chemistry, physics,
sensory sciences, physiology, nutrition and even medicine.

Many of the current food rheology books tend to be aimed either at
the beginner or at the specialist, leaving practitioners either short of the
information they require, or feeling rather confused by an overwhelming
display of equations and mathematics. On the other hand, many food
rheology books approach the subject from the individual food ingre-
dient standpoint, fitting data to various mathematical models to then
extrapolate the behaviour to that of the overall food structure. Often,
what is required is a simpler approach, i.e. a practical interpretative look
at food rheology and how it relates to a given system. This approach
will guide the reader, regardless of whether he/she is an industrial food
developer/rheologist, student, or academic, through the interpretation
of rheological data in a clear and concise manner and link these to the
actual perceived functionality of the food. The functionality may relate
to texture, structure and mouthfeel, and may result as a function of tem-
perature, pH, flocculation, concentration effects and mixing. The aim
of this book is to fill this gap and consider how rheology can be used
to select the right ingredients and design using these as food structure
having a required sensory impact. This book meets its aim by providing
a comprehensive overview of some of the most important research ar-
eas currently associated with what is broadly termed as ‘food rheology’.
This is achieved by firstly giving an overview of those techniques used to
monitor/measure rheological properties, then secondly by considering
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xii Preface

the links between food microstructure and rheological/textural proper-
ties, and finally by discussing how such properties can be used to alter
texture and product performance, thus leading to the design of functional
foods. Through the collection of chapters from recognised experts in the
field of food rheology, microstructure mechanics and engineering, and
food texture, the reader will be guided through the interpretative ‘forest’
of rheological data and hopefully be led to enlightenment and inspiration
for their own work.

We thank all the authors of each of the chapters in this book for
taking valuable time out of their already busy schedules to contribute
to this project. We also thank all the excellent, editorial and other, staff
at Wiley-Blackwell for their invaluable efforts and help that have made
this book possible. Lastly, we thank our families, friends and colleagues
for all their support and help throughout the process of editing this book.
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1 Introduction – Why the Interpretive
Approach?

Niall W. G. Young

The interpretive approach is a new way of looking at rheology, and it
stems from the benefits to be gained from the multidisciplinary approach
(Wassell and Young, 2007). Sole focus on single aspects – viscosity,
shear rate and shear stress – can blink the view of the data and cause ei-
ther misconstrued interpretations or incomplete analysis of the system.
The interpretive approach, whilst placing demands on the rheologist,
however allows for a fuller interpretation and analysis of the system.
The rheologists must maintain their scientific foundation, but also pos-
sess the skills of the journalist and studio presenter. In short, today’s
rheologists are tasked with being required to deliver their message to
the professional and layman in clear, concise terms. The interpretive
approach is the key to value creation for the industrial rheologist’s cus-
tomers, or the academic’s funding applications, and as such equips the
rheologist with ‘alchemic’ powers to turn ‘worthless’ rheological graphs
into ‘gold’. This sentiment is echoed in the analogy that, for most food
ingredient and food producing companies, rheology is not a key busi-
ness, but it is the key to the business. Successful implementation of the
interpretive approach into the role of the industrial rheologist (Young,
2007) ultimately pays dividends for the company. But what is rheology?

1.1 RHEOLOGY – WHAT IS IN IT FOR ME?

Classically, the term ‘rheology’ dates back to the late 1920s and is
credited to Bingham, who expanded on the ancient Greek philosophers’
musings of παντα ρει or everything flows. The definition of rheology
therefore came to be the study of the deformation and flow of matter.
Barnes et al. (1989) claim, quite rightly, that rheology is a difficult sub-
ject, and one can lose one’s audience quickly. Focusing on the key words
of the definition in isolation – deformation, flow and matter – suggests

Practical Food Rheology: An Interpretive Approach
Edited by Ian T. Norton, Fotios Spyropoulos and Philip Cox
© 2011 Blackwell Publishing Ltd.  ISBN: 978-1-405-19978-0
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that rheology is, by nature, multidisciplinary. Hence, it is rooted in math-
ematics, physics, mechanics, but it is also rooted in life, and therefore
everybody has fundamental experience with the basic concepts of rhe-
ology. Here, one can think of the daily non-food application of shampoo
to one’s hand before rubbing it into the scalp. Subconsciously, one mea-
sures the viscosity as the shampoo moves between the fingers and, quite
wrongly, associates this viscosity with quality – the thicker the sham-
poo, the better it cleans one’s hair. Hence, most shampoos on the market
are viscous in nature. It is this ‘human rheometer’ experience, which
fills us with perceptions as to what the world around us should feel like,
that drives the rigorous rheological control of materials. This perception
is so strong that if the rheological control fails we enter into the abnor-
mal, and the world about us feels wrong. Demands are therefore placed
on the food industry to control the flow and viscoelastic properties of
all our foods as much for practical reasons as for upholding consumer
perceptions.

Achieving this rheological control over the food materials requires a
dialogue between the rheologist and the food developer, and for them to
agree on the conditions of the measurements to be made. Therefore, this
prompts a list of questions that need answers before the measurements
can be started:

(i) Why should the measurement be performed, and to what aim?
Here, the purpose and need of the measurement are established,
and begin to shape the manner in which the results can be used.
Decision as to small or large deformation is taken, as is holding
temperature constant or varied, or stress or shear rate, or frequency
of oscillation. Does the measurement require a viscosity curve or a
viscoelastic profile? Essentially, the experimental set-up is founded
in this stage, and competent understanding here leads to a greater
degree of first-time success with the measurement.

(ii) Are there any special criteria that should be considered? One
has probed the manner in which the material is to be tested. But
now consideration of the material itself is required, i.e. does the
material undergo a state change as a function of temperature? This
could have implications as to the choice of measuring geometry.
Other examples could include the effect of pH over time; does the
material have particles (large or small) present; how fast should
temperature or shear rate be ramped to reflect reality or account
for temperature or shear gradients? It is worth noting that we may
not be interested in obtaining measurements in the steady state,
because this may not describe the ‘reality’ we wish to explain,
and this can raise questions as to the validity of results. Thus,
through additional fine-tuning to the measurement profile, positive
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influence is exerted on the results. This can be thought of as an
extra lens available to the magnifying glass analogy to sharpen the
image.

(iii) How will the results be used? Here, one considers the final audience
who will receive the results, should they be journal article readers,
conference delegates/fellow rheologists, colleagues, customers or
the layman. Whichever group, the intended audience alters the
manner in which the data are presented, to what level it is discussed
and which form the interpretive style will take. This requires the
rheologist to possess sound and robust communication skills to be
adept at presenting material in the different styles needed.

Assimilating all the information from the questions asked earlier, the
rheologist should now be able predict what the outcome of the results
will look like. This can be sketched out as a guide, and if the measured
results match the predicted results, then the theory and set-up of the
rheometer were likely correct. From these basic tenets, the rheologists
are now ready to begin measuring their sample, and subsequently explore
their data to explain their findings using the interpretive method. In order
to demonstrate this approach, a worked case study is presented in the
following section.

1.1.1 Case study

Wine gums and the art of making them are governed by the setting
temperature of the system. High-ester pectin can be used to make ex-
cellent wine gums, but the setting temperature is high, typically around
70–80◦C. This in itself presents possible application limits on the use of
wine gum syrup, i.e. it makes filling it into chocolate cups unrealistic.
How can this problem be solved, quantified and controlled?

High-ester pectin sets in the presence of a co-solute (sugar) as a
function of temperature or pH (acidity). Cold setting of pectin is pos-
sible and has been documented, but has focused on low-ester pectin
(Gilsenan et al., 2000; Lootens et al., 2003), typically not used in wine
gums. Controlling the acidification of the wine gum mass by means of
glucono-δ-lactone (GDL) allows gelation of high-ester pectin to occur
over ambient temperatures (Madsen and Thulin, 2002; Young, 2007).

Discussion now, as regards the rheology, centred on how to measure
this gelation profile. Small deformation oscillation is performed with
constant small strain; within the linear viscoelastic region, temperature
is kept constant – room temperature (23◦C) – and the frequency of
oscillation is kept constant, 0.5 Hz.

Predictions were made of the type of curve to be seen. Focusing on
the phase angle curve against time, we expect to see a high phase angle
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Fig. 1.1 The gelation profile of high-ester pectin with 2% GDL at 23◦C. Open and closed
symbols indicate replicate experiments. For a colour version of this figure, please see the
colour plate section.

at time zero, forming an initial plateau – parallel to the x-axis – before
dropping off as time progresses, and finally showing signs of levelling
off, again parallel to the x-axis. G′ will start below G′ with the gap
between them being constant. G′ and G′′ then converge and cross, and
finally deviate from each other until there is again a constant gap. The
real results are given in Fig. 1.1.

Immediately apparent is that the predicted results conform to the
actual results obtained, suggesting good agreement between theory –
measurement – and material. Interpretation of the graph allows char-
acterisation of the gelling process: from time 0 to 1800s little or no
structure formation is occurring. The 1800s mark the onset of gelation,
which proceeds until 5500s, where the G′ and G′′ profiles cross, the
phase angle value is 45◦, and this is termed the gel point. After 5500s,
the gel is building in structure and the graph does not extend far enough
to show the gelled plateau.

In terms of the material and what this means for the customer, one
can reinterpret the graph to say that between 0 and 1800s the wine gum
syrup can here be pumped, moved and deposited into the chocolate
cups or moulds. Between 1800s and 5500s, it is recommended that the
material is not disturbed, so that the gel is allowed to form. Beyond
5500s, the system has set, and a fruit flake, chocolate bead or other
material can be deposited on the surface where it will remain without
sinking into the wine gum.

Questions may now arise from the customer about the time allowed
for filling and depositing, namely 1800s. Could this be altered to op-
timise the process? The gelation process is controlled by the speed at
which the pH is reduced, and therefore governed by the concentration
of GDL. Hence, by varying the GDL concentration, the initial 1800s
plateau can be shortened or extended. This can be monitored simply by
following the pH decrease over time immediately after the addition of
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Fig. 1.2 pH curves versus time for varying GDL dosages at 23◦C indicating the onset
of gelation and gel point taken from rheology measurements. For a colour version of this
figure, please see the colour plate section.

GDL to the system, simultaneously with the rheology measurements.
Fig. 1.2 presents the pH reduction curves over time for four GDL con-
centrations. The beauty and simplicity of this pH reduction measurement
is that, after coupling to and aligning with the rheology measurements,
it allows the gelation process to be accurately followed using only a pH
meter and a stopwatch – equipment every confectionery manufacturer
will have access to. Thus, the need for expensive rheological equipment
investments is not required.

This example demonstrates two important points, which highlight
the elegance and simplicity of the interpretive approach, and how this
benefits food rheology:

(i) Simple measurements can lead to extensive process characterisation
and material understanding.

(ii) Rheological measurements can be monitored by simpler techniques,
allowing the non-specialist to manage the process.

Step I is the initial value creation step where earnings are generated.
Here, the process can be described and the response of the material un-
der investigation during the process is explained. Such knowledge brings
understanding and therefore creates flexibility, which in turn generates
earnings. Step II demonstrates that simpler methods can be used to fol-
low rheological processes – given the right conditions – which allows
for ease of operation and does not require extensive investments. This is
particularly beneficial in industry. Therefore, industry benefits from the
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interpretive approach through increased process understanding, leading
to flexibility and boosted earnings. Academia, in turn, benefits from the
interpretive approach through demonstrating their ability to deliver the
knowledge and the understanding to the industry, either directly or
through scientific and popular publications. Indeed, a successful inter-
pretive approach is a key to successful knowledge transfer schemes of
the university.

This book, with chapters on diverse topics including ultrasound-based
rheology, hydrocolloids, dairy systems, emulsions and the link between
rheology control and health, aims to provide the readers with the tools
and the evidence to take on the interpretive role in their own work and
to see the difference.
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2 Viscosity and Oscillatory Rheology
Taghi Miri

2.1 INTRODUCTION

The work of the polymaths Hooke and Newton forms the basis of the
field of rheology. In 1678, Hooke offered a description for an elastic
solid. Nine years later, Newton’s famous hypothesis on fluid behaviour
appeared in his Principia (Walters, 1999; Barnes, 2000).

All materials have rheological properties, and the area is rele-
vant to many fields of study such as concrete technology (Skalny,
1982; Banfill and Tattersall, 1983), soil mechanics (Keedwell, 1984;
Ene and Cristescu, 1988), plastics processing (Lenk, 1968; Prentice,
1995; Shenoy and Saini, 1996), polymers and composites (Ferry, 1980;
Advani, 1994; Shenoy, 1999; Gupta, 2000), blood (Ghista, 1979; Platt,
1988), bioengineering (Fryer et al., 1985), electrorheology (Williams
et al., 1993), cosmetics and toiletries (Sherman, 1970) and food (Muller
Hans, 1973; DeMan, 1976; Prentice, 1984; Bourne, 1992; Rao and
Steffe, 1992; Shoemaker and Borwankar, 1992; Lareo et al., 1997;
Mankad and Fryer, 1997; Rao, 1999; Kasapis et al., 2000). The focus of
this chapter is on food rheology, where understanding of flow behaviour
is crucial for optimising product development, processing methodol-
ogy and final product quality (Tabilo-Munizaga and Barbosa-Cánovas,
2005).

There is a large body of general food rheology literature; examples
include the work of Muller Hans (1973), Rao (1977), Baird (1981), Rao
and Steffe (1992), Lareo et al. (1997), Mankad and Fryer (1997), Lareo
and Fryer (1998), Gallegos and Franco (1999), Rao (1999), Kasapis
et al. (2000), Tabilo-Munizaga and Barbosa-Cánovas (2005), Genovese
et al. (2007) and Fischer et al. (2009).

Practical Food Rheology: An Interpretive Approach
Edited by Ian T. Norton, Fotios Spyropoulos and Philip Cox
© 2011 Blackwell Publishing Ltd.  ISBN: 978-1-405-19978-0
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2.2 FOOD RHEOLOGY

Foods can be classified in different ways, such as solids, gels, homoge-
neous liquids, suspensions of solids in liquids and emulsions (Gallegos
and Franco, 1999; Fischer et al., 2009). Foods that do not retain their
shape but take the shape of their container are fluids. Such materials
may contain amounts of dissolved or suspended solids, and exhibit
non-Newtonian behaviour (described in detail in the later parts of the
chapter), which classifies them as semi-fluids (Baird, 1981; Decindio,
1994). Many of these exhibit both viscous and elastic properties and
can be described as viscoelastic materials. In contrast, if fluids con-
tain dissolved low-molecular-weight compounds (e.g. sugars) and no
polymer or insoluble solids, they may show Newtonian behaviour (Rao,
1977). However, a small amount (∼1%) of a dissolved polymer can
substantially increase the viscosity and alter material behaviour from
Newtonian to non-Newtonian (Blair, 1954).

Rheometry helps in understanding the responses of food structure
to applied forces or deformation and also provides information on the
dependence of food structure on overall composition and interaction
between the components (Shoemaker and Borwankar, 1992). Many ap-
proaches to rheometry are possible depending on what is expected from
the measurements; i.e. is it for prediction of flow behaviour of mate-
rial in a process or for characterising the material without damaging its
structure?

The classification of rheological behaviour and the measurement of
rheological properties of fluid foods have been reviewed by Blair (1954),
Muller Hans (1973), Baird (1981), Ross-Murphy (1984), Borwankar
(1992), Rao and Steffe (1992), Stanley and Taylor (1993), Decindio
(1994), Steffe (1996), Lareo et al. (1997), Mankad and Fryer (1997),
Rao (1977, 1999, Lareo and Fryer (1998), Kasapis et al. (2000) and
many others. Techniques for measuring rheological properties, espe-
cially flow properties, are covered by Van Wazer et al. (1963) and those
of viscoelastic properties by Whorlow (1980) and Macosko (1994). Rao
(1999) in his book discussed in detail the rheological properties of fluid
and semi-fluid foods.

2.3 DIRECTIONS OF RHEOLOGICAL RESEARCH

Ferguson and Kemblowski (1991) have described the focus in rhe-
ological research, in terms of four branches: (i) phenomenological
rheology, (ii) structural rheology, (iii) rheometry and (iv) applied
rheology.
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2.3.1 Phenomenological rheology or macrorheology

This domain of rheology is concerned with real bodies on a macroscopic
level, and disregards the molecular nature of the material. Therefore,
the equations describing the observed phenomena contain coefficients
called rheological parameters, which have to be determined experimen-
tally. Phenomenological rheology tries to explain the complex phenom-
ena happening during the deformation of real bodies, and to formulate
rheological equations of state that define these.

2.3.2 Structural rheology or microrheology

Structural rheology is concerned with the connections between the bulk
rheological properties of a substance and its actual microscopic struc-
ture. It tries to predict the properties of macromolecular compounds
based on mathematical models of structure and dynamics. In microrhe-
ology, the rheological behaviour of two-phase and multiphase systems
is derived from the known rheological behaviour of their elements.
However, the actual composition of dispersed systems makes a mathe-
matical approach unworkable outside the simplest of cases. In these, a
mechanical model replaces the unknown structure and is assumed to be-
have in an analogous fashion. Such models consist of different elements
such as elastic springs (Hookean springs), viscous dashpots (Newtonian
dashpots) or a combination of these two, but in general these have no
exact counterpart within the real material. Structural rheology has been
successful in describing the behaviour of solid elastomers and dilute
polymer solutions. However, it has been hardly applicable to concen-
trated solutions.

2.3.3 Rheometry

Rheometry is concerned with the quantitative determination of rheo-
logical properties of the investigated system in an experimental way.
There are five principal types of rheometers: (i) the concentric cylin-
der or coaxial cylinder rotary viscometer, (ii) the rotating cylinder in
an ‘infinite’ medium, (iii) the cone-and-plate (and plate–plate) rotary
rheometer, (iv) the vane rheometer (v) and the capillary tube rheometer.
The first four rheometers are usually applied to obtain rheological prop-
erties of liquids or fairly soft pastes (Nielsen, 1977). The last can be used
to measure the rheology of stiffer (more rigid) pastes. In theory, funda-
mental rheological properties should be independent of the instruments
on which they are measured, so different instruments should yield the
same results. However, this is an ideal concept and different instruments
rarely give identical results. Therefore, it is important to distinguish the
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true rheological material properties from the subjective (empirical and
generally instrument-dependent) material characterisations. Rheometry
can be broadly divided into two categories:

(i) Steady shear characterisation. This provides viscosity data of fluid
materials and/or simulates a process shear rate. It provides infor-
mation about the material’s response to varying flow rate regimes
by measuring its viscosity, which is usually shear-rate dependent.

(ii) Dynamic or oscillatory shear. This provides structural informa-
tion, time dependency and temperature stability/dependency of the
material. It facilitates the distinction between elastic and viscous
contributions to a measured stress as a function of frequency by
measuring storage and loss moduli. These tests can also be non-
destructive to the structure of the samples, as the amount of strain
applied to the sample is very small.

2.3.4 Applied rheology

Applied rheology is concerned with deformation and flow of com-
plex material in geometries of practical interest. Many problems of this
kind occur in chemical and process engineering, such as flow of non-
Newtonian fluids in channels of various geometries, flow through gra-
nular beds, mixing of non-Newtonian fluids and extrusion (Tabilo-
Munizaga and Barbosa-Cánovas, 2005).

2.4 STEADY-STATE SHEAR FLOW BEHAVIOUR: VISCOSITY

By definition, rheology is the deformation and flow of matter, and rhe-
ological properties are based on the flow and deformation responses of
a substance when subjected to stress (Barnes, 1999; Rao, 1999). Defor-
mation is the relative displacement of points of a body. This deformation
may be viscous flow, elastic deformation or a combination of the two.
Viscous flow is an irreversible deformation, which means that when
the stress is removed the material does not return to its original form;
i.e. work is converted to heat. Fig. 2.1 shows common types of flow
curves, plotted as shear stress against shear rate. Shear-thinning and
shear-thickening flows are shown by curves and a Newtonian flow by
a straight line. Any yield stress is shown by interception on the stress
axis. The yield stress is the stress which must be exceeded before flow
starts.

The existence of yield stresses is controversial as some authors con-
sider them to be artefacts resulting from high Newtonian viscosity at
low shear rates (De Kee and Chan, 1983; Barnes and Walters, 1985;
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Fig. 2.1 Flow curves (shear stress vs shear rate) for different types of flow behaviour.

Evans, 1992). Barnes and Walters (1985) insisted that the yield stress
is a myth, because ‘if a material flows at high stresses it will also flow,
however slowly, at low stresses’. Nonetheless, this viscosity in many
dispersed systems is so high that the material would take years to flow.
Therefore, in practice, yield stress is an engineering reality (Spaans and
Williams, 1995), and this parameter can be quite useful in characterising
materials, within the range of shear rates and time scales encountered
in commercial processes (Papanastasiou, 1987).

2.4.1 Rheological models for shear flow

Modelling offers a means of representing a large quantity of rheological
data in terms of a simple mathematical expression. Flow models are
frequently encountered in the literature. They are useful for the treat-
ment and summarising rheological data. However, none of the available
models could possibly fit the rheological behaviour of a material under
a wide range of conditions, for example, when using a wide range of
shear rates.

2.4.1.1 Time-independent flow models

The flow of most materials is independent of time. For a Newtonian
liquid, viscosity is equal to shear stress divided by shear rate, and it
is independent of both time and shear rate; however, it may vary with
temperature and pressure.
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Table 2.1 Rheological models used to describe the
behaviour of fluids

Flow model name Equationa

Newtonian σ = ηγ̇

Bingham (plastic body) σ − σ0 = ηγ̇

Power law σ = kγ̇ n

Herschel–Bulkely σ − σ0 = kHγ̇ n

Sisko η = η∞ + k′γ̇ n−1

Casson (Casson, 1959) σ1/2 = k0 + k1γ̇ 1/2

Prandtl σ = Asin−1
(

γ̇

C

)

Eyring σ = γ̇

B
+ C sin

( σ

A

)

Powell-Eyring σ = Aγ̇ + B sin−1(Cγ̇ )

Williamson σ = Aγ̇

(B + γ̇ )
+ η∞γ̇

Ellis
1
η

= 1
η0

+ m−1/n(σ2)(1−n)/2n

a k, k′, k1 and n are arbitrary constants and power indices, respec-
tively, determined from experimental data.

Table 2.1 shows some flow models among the many proposed. The
simplest model is the Newtonian:

η = σ

γ̇
(2.1)

where η is the viscosity, σ is the shear stress and γ̇ is the shear rate
(Goodwin and Hughes, 2008). The flow behaviour of water, fruit juice,
milk, honey and vegetable oil solvents can all fit this model over a wide
range of shear rates (Steffe, 1996).

The Bingham model extends the Newtonian law to include the yield
value, σ0:

σ − σ0 = ηγ̇ (2.2)

This model predicts constant viscosity (similar to Newtonian model)
above a certain yield stress. A number of dispersions, including mar-
garine, tomato paste and chocolate paste, comply with this model.

The power law is widely used as a model for materials of non-
Newtonian behaviour:

σ = kγ̇ n (2.3)

where k is the consistency index and n is the flow behaviour index. The
model can describe a Newtonian, shear-thinning and shear-thickening
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Fig. 2.2 The flow curve of a typical shear-thinning material (reproduced from Steffe,
1996).

behaviour, depending on the value of the flow behaviour index, n. For
a Newtonian material, n is equal to 1, and the equation reduces to the
Newtonian model. If n is less than 1, the fluid is shear thinning, whereas
if it is greater than 1, then the fluid is shear thickening (dilatant).

Shear-thinning behaviour is very common in concentrated juices,
vegetable products and creams. Shear-thinning materials may demon-
strate three different regions during their flow, as shown in Fig. 2.2. At
high shear rates, they have a tendency towards a Newtonian viscosity,
η∞, called the limiting viscosity at infinite shear rate. At low shear
rates, they tend towards either a yield point or a Newtonian viscosity,
η0, called the limiting viscosity at zero shear rate. At intermediate shear
rates where the apparent viscosity is changing (see decreasing for shear-
thinning materials) with shear rate, the power law or the Casson model
is a useful approximation.

The Herschel–Bulkley model is an extension to the power law to
include the yield value, σ0:

σ − σ0 = kHγ̇ n (2.4)

This model is appropriate for many foods and is very convenient be-
cause Newtonian, power law (shear-thinning or shear-thickening) and
Bingham plastic behaviour may be considered as special cases (Steffe,
1996). Other extended power law models are the Sisko model:

η = η∞ + k ′γ̇ n−1 (2.5)
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where η∞ is the Newtonian limiting viscosity, and the Casson equation,
which is useful, for example, in establishing the flow characteristic of
chocolate flow behaviour (Steffe, 1996; Aguilera and Stanley, 1999):

σ 1/2 = k0 + k1γ̇
1/2 (2.6)

The power law, Bingham, Herschel–Bulkley and Casson models ef-
fectively describe the rheology of a wide variety of foodstuffs (Steffe,
1996).

2.4.1.2 Time-dependent flow models

In addition to the non-ideal behaviour described previously, many ma-
terials exhibit time-dependent effects, which have more complex re-
sponses. There are two types of time-dependant flow: thixotropy and
rheopexy. If the viscosity of the material decreases with time, when
sheared at a constant shear rate, this behaviour is termed as thixotropy.
On the other hand, if the viscosity of the material increases with time,
again when sheared at a constant shear rate, this behaviour is called as
rheopexy. These effects can occur in materials with or without yield
stress. Rheopexy is a rare phenomenon, but thixotropic materials are
common. Examples of thixotropic materials are starch pastes, gelatine
and mayonnaise (Steffe, 1996).

Irreversible changes, such as cross-linking, coagulation, degradation
and mechanical instabilities, cause the time-dependent behaviour, and
so the sample does not recover when the stress is removed. However,
if reversible changes occur, for example, the breakage and reformation
of colloidal aggregates, the material can recover if left at rest. Mod-
els describing time-dependent behaviour are less satisfactory and more
controversial than those of shear-dependent behaviour (Prentice, 1984).

Experimentally, it can be difficult to detect differences between a
shear-thinning fluid, in which the viscosity decreases with increasing
shear, and a thixotropic material, in which the viscosity decreases with
time, because of the combined shear and time effects that occur during
measurement. This is especially true if only a small number of data
points are collected. In addition, most materials which are thixotropic
are also shear thinning. In fact, one definition suggests that for a material
to be described as thixotropic, its viscosity should be a function of both
shear rate and time (Donald and Gary, 1971; Aral and Kalyon, 1994).

Constitutive models such as the Herschel–Bulkley equation may
be adapted to allow for thixotropic effects by introducing a structural
parameter λ (Steffe, 1996):

σ = λ(τy + K (γ̇ )n) (2.7)
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with λ having a value of 1 at t = 0 and overall described by a first-order
decay equation:

dλ

dt
= −k1(λ − λe) for λ > λe (2.8)

where λe is the final value for complete breakdown of the structure and
k1 is the rate constant which depends on the shear rate.

2.4.2 Wall slip

Slip happens during the flow of multiphase systems by the displacement
of the disperse phase away from solid boundaries and walls. As a result,
a thin layer adjacent to the wall will be rich in continuous phase, which
is usually less viscous in comparison to the bulk viscosity of the system.
Consequently, the fluid will flow (slip) much easier near the wall(s), as
the formed thin layer will induce some lubrication effect (Barnes, 1995;
Bertola et al., 2003).

In terms of rheometry, if a system exhibits wall slip, then its viscosity
becomes a function of the size of the measuring geometry, the gap
size used as well as the magnitude of the applied stress (Meeker et al.,
2004). A sudden ‘break’ in the flow curve can be an indication of slip.
The presence of large particles in the fluid coupled with smooth walls
and flow of small dimensions can increase the risk of slip (Barnes, 1995).
Fig. 2.3 shows photographs of a sample that slips during a rheometry
test. In order to see the slip effect, the sample and both upper and lower
plates were marked before any shear applied (Fig. 2.3a). Fig. 2.3b shows
the same sample after a few seconds of applying shear and what can be

Upper plate Upper plate

Paste

Paste

Lower plate

Lower plate

(a) (b)

Fig. 2.3 Depiction of wall slippage by tracing a mark in rheological measurement of
mycoprotein paste at a shear rate of 20 per second, using 4 cm roughened parallel plates
(Miri, 2003).
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clearly seen is that it does not flow between the plates, but slips. The
same figure also shows that the sample slips on both sides of the plates.

As such slip effects can also occur during manufacturing processes,
when a smooth surface such as a pipe is used, it is necessary to charac-
terise these by calculating the slip velocity and correcting the shear rate
(Barnes, 1995). To calculate slip velocity, the size of the used geom-
etry should be changed and obtained results should be extrapolated to
a very large size (see for example Yoshimura and Prud’homme, 1988;
Chakrabandhu and Singh, 2005; Ahuja and Singh, 2009).

Changing the physical or chemical characteristics of the walls, by
physically roughening or profiling the surface, can be a way of eliminat-
ing or minimising slip effects. Another alternative is to use a vane system
or a squeeze flow system (Barnes, 1995); both rheological systems are
described later in this chapter.

2.5 VISCOELASTICITY AND OSCILLATION

The previous section focused on flow curves for non-Newtonian ma-
terials under steady shear conditions. Every food has a unique flow
curve, and these data are critical to a large number of industrial applica-
tions. Clearly, from an engineering point of view, the steady flow curve
is the most valuable way to characterise the rheological behaviour of
foods. Steady shear viscosity is a property of all materials, irrespective
of whether they do or do not demonstrate elastic behaviour. However,
many phenomena cannot be described by the viscosity definition alone,
and elastic behaviour must be taken into consideration (Steffe, 1996).

Elastic flow is reversible; i.e. by removing the stress, the deformed
body recovers its original shape, and the applied work is mostly recov-
ered. However viscoelastic materials, such as dough, cereal extrudates
and cheese, show both flow and elasticity and, in terms of modelling,
viscoelastic materials provide special challenges.

Transient experiments, such as oscillatory and creep tests, generate
data, which can quantify viscoelasticity. In the oscillatory technique, a
sample is subjected to harmonically varying (usually sinusoidal) small-
amplitude deformations in a simple shear field. This is a non-destructive
test, which is able to characterise viscoelastic behaviour. Oscillation can
also be used to determine structural changes occurring in the sample. It
is also a useful tool for measuring rheologically complex samples such
as semi-solids and food pastes (for example, see Ferry, 1980; Tsardaka,
1990; Rao and Steffe, 1992; Steffe, 1996; Reilly, 1997).

These types of experimental testing lead to the simultaneous mea-
surement of numerous viscoelastic properties such as complex viscosity
(η∗), dynamic viscosity (η′), phase (out-of-phase) angle (δ), complex
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Fig. 2.4 Linear and non-linear stress–strain behaviour.

shear modulus (G∗), shear storage modulus (G ′), shear loss modulus
(G ′′), complex shear compliance (J ∗), shear storage compliance (J ′)
and shear loss compliance (J ′′). The ones most commonly used are the
moduli terms; storage modulus is the elastic component, which indicates
the amount of energy stored, and loss modulus is the viscous component,
which indicates the amount of energy dissipated through a generated
heat. The complex modulus is defined as

√
G ′′2 + G ′2 and defines the

overall stiffness of the sample. Another popular material function used
to describe the viscoelastic behaviour is the tangent of the phase shift
or phase angle (called tan delta), which is a function of frequency:

tan δ = G ′′

G ′ (2.9)

The phase angle (δ) varies between 0 and 90◦; it is zero in case of a
purely elastic material and 90◦ for a purely viscous fluid.

Critical to these studies is the identification of the linear viscoelastic
region (LVR), within which material properties do not depend on the
magnitude of the stress, the magnitude of the deforming strain or the
rate of application of the strain. Within the LVR, depicted in Fig. 2.4,
an applied stress will produce a proportional strain response; therefore,
for example, doubling the stress will double the strain response. The
linear range of testing is determined from experimental data. Testing
can easily enter the non-linear range if excessive strain (usually greater
than 1%) or high deformation rates are applied to the sample.
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Fig. 2.5 Simplified schematic of an oscillatory test.

2.5.1 Oscillatory testing

The rheological behaviour of viscoelastic materials can be determined
from dynamic testing. In rheological terms, dynamic or oscillatory test-
ing always refers to process during which the material is subjected to
either a stress or frequency that varies harmonically with time. Typi-
cally, a sinusoidal strain is applied to the sample, causing some levels of
stress to be transmitted through the material. The magnitude and phase
lag of the transmission will depend on the viscoelastic properties of
the specimen. In viscous materials, most of the stress is dissipated by
friction, whereas the stress is transmitted in highly elastic materials.

For simplicity let us consider a thin sample of material contained
between two parallel plates (Fig. 2.5). As the lower plate is fixed while
the upper plate oscillates horizontally in a sinusoidal mode and at an
angular frequency ω (rad/second), the position of the plate at time t is
given by:

x = x0 sin ωt (2.10)

where x is the position of the plate at the time t and x0 is the amplitude
of the plate oscillation. The sinusoidal shear strain γ , of amplitude γ 0,
is imposed on the material and given by:

γ = γ0 sin ωt (2.11)

Using low strain amplitudes, within the LVR, an out-of-phase sinu-
soidal shear stress response σ is produced:

σ = σ0 sin(ωt + δ) (2.12)

where σ0 is the shear stress amplitude and δ is the phase lag.
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The phase lag, δ, and the amplitude ratio depend on the material
being tested; δ is 0◦ for purely elastic materials (no phase lag) and 90◦

for purely viscous materials (out of phase due to viscous losses).
Equation 2.12 can be written as follows:

σ = σ0 cos δ sin ωt + σ0 sin δ cos ωt (2.13)

This allows for the following quantities to be defined:

G ′ = σ0 cos δ

γ0
= in-phase stress amplitude

strain amplitude
(2.14)

G ′′ = σ0 sin δ

γ0
= out-of-phase stress amplitude

strain amplitude
(2.15)

and

tan δ = G ′′

G ′ (2.16)

and therefore the stress response can be written as follows:

σ = G ′γ0 sin ωt + G ′′γ0 cos ωt (2.17)

where G ′ is the storage modulus and G ′′ is the loss modulus. The storage
modulus is an indicator of the degree of elasticity of the material, and
G ′′ is a measure of the degree of viscous behaviour. A large value of G′,
in comparison to that for G′′, indicates that the product being analysed
has predominantly elastic properties. The tan δ is directly related to the
energy lost, per cycle, divided by the energy stored per cycle; because
this can vary from zero to infinity, 0◦ ≤ δ ≤ 90◦.

Fig. 2.6 shows a typical viscoelastic behaviour as identified by a
frequency sweep within the LVR. Frequencies are an indicator of the
time scale of process, i.e. the higher the frequency, the shorter the time
scale of the process and vice versa.

The crossover frequency is the frequency where the G ′ and G ′′ curves
intersect, i.e. the frequency at which the elastic and viscous responses are
equal. The crossover frequency is an important rheological parameter
and is inversely proportional to the relaxation time (the time at rest
required for the sample to relax a stress received from an external body),
i.e.:

fcrossover ∝ 1

relaxation time
(2.18)
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Fig. 2.6 A typical graph of viscoelastic modules and their frequency dependency.

2.6 PROCESS, RHEOLOGY AND MICROSTRUCTURAL
INTERACTIONS

The microstructure of complex food products is greatly influenced by
the type of processing employed, and in particular the shear processes
and thermal processes, such as freezing. However, the effects are not
always well understood or easily quantifiable. As food processing oper-
ations are usually designed to create a microstructure that gives the food
product its characteristic properties, understanding of the microstructure
and the route to its formation is imperative (Aguilera and Stanley, 1999;
Aguilera, 2000). In rheometry also, the manner in which the material
interacts with the testing instrument varies according to the flow config-
uration used. This can lead to different microstructural rearrangements
that may result in different rheological responses. Therefore, a funda-
mental understanding of the relationship between processing, rheology
and microstructure is important for the control of product quality and
rheology (Guell and Papathanasiou, 1997). However, most of the work
on the effects of processing on food materials has been limited to inves-
tigations of flow behaviour, without consideration of the accompanying
structural changes (Cheyne et al., 2001).

2.7 RHEOLOGY OF SOFT SOLIDS

Concentrated pastes are used in a variety of industrial applications, such
as ceramic manufacture, as well as food processing. In food manufac-
ture, the ‘ideal paste’ is one that will undergo sufficient plastic or viscous
flow, so that it can be formed, and yet be rigid enough to retain its shape
during subsequent processing and handling. Therefore, food pastes are
generally complex heterogeneous materials with microstructure that
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Fig. 2.7 Schematic representation of a capillary system.

specifies final product quality, and which is affected by processing.
The rheological behaviour of many paste materials has not been fully
characterised, due to their complexity, both in terms of bulk behaviour
and of microstructure (Barnes, 1995). For characterising soft solid foods,
both capillary and squeeze flow rheometers are useful. Nonetheless,
these rheometers are less commonly used in food research and as such
they are only briefly described here.

2.7.1 Capillary rheometer

Capillary rheometers can perform both flow and elasticity experiments
(such as stress relaxation) by using a ram to force material through a
die of known dimensions and measuring the pressure drop across the
die by a pressure transducer. Fig. 2.7 schematically shows a capillary
rheometer, where the material being measured is contained in a barrel
with diameter D0 and is forced through a die of diameter D and length
L by using a ram, moving with a linear speed of S.

As the material enters from the barrel to the die, the cross-section
decreases and as a result the sample extends and elongates along
the flow direction. The apparent wall shear rate (γ̇w) and the wall
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shear stress (σw) are calculated from the commonly used standard
formulae:

σw = �P · D

4L
(2.19)

and

γ̇w = 8D2
0 · S

D3

(
3

4
+ 1

4

d ln Q

d ln σw

)
(2.20)

where �P is the pressure drop across the die and Q is the flow rate.
The term in the parenthesis is called the Rabinowitch correction (Reilly,
1997) and accounts for the fact that the flow profile in the die departs
from a true parabolic profile as in Newtonian fluids.

The apparent viscosity (η) of the paste can be calculated as follows:

η = σw

γ̇w
(2.21)

To extract the true viscosity from the apparent viscosity, the Bagley
correction has to be applied (Halliday and Smith, 1995). This correction
is used to calculate the true shear stress in the capillary and corrects
for the pressure losses at its entrance and exit. This correction needs to
be applied if the pressure is not directly measured at the orifice. The
correction requires shear rate data from at least two dies, of the same
diameter but of different aspect ratios, to extrapolate pressure drop at
zero die length, P0. Then, shear stress can be corrected as follows:

σ = (�P − P0)D

4L
(2.22)

More details on the theory of rotational and capillary rheometry can be
found in Steffe (1996).

2.7.2 Squeeze flow rheometer

Squeeze flow rheometers have long been used to study highly viscous
material, such as polymer melts, food pastes and polymer compos-
ites, mainly due to their relative simplicity and the ease by which a wide
range of shear rates can be realised in a single run. However, the squeeze
flow geometry, whilst apparently simple, provides a complex flow field
involving both shear and extensional flows as well as evolving bound-
ary conditions (Sherwood and Durban, 1996; Gibson and Toll, 1999;
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Engmann et al., 2005). Squeeze flow is encountered in various pro-
cesses, for example, filtration, pressing, rolling compression moulding
and rheometry (Steffe, 1996).

In squeeze flow test equipment, the material is placed between rigid
parallel plates, which are then moved together. The material exits radi-
ally, and the radial fluid velocity is a function of the position z between
the plates at any radial position, r (Sherwood et al., 1991). The plates
can be driven together at constant velocity, constant load or constant
strain rate. As deformation proceeds, a pressure distribution develops
within the tested material, which depends on the material properties
and the prevailing wall boundary conditions (Gibson and Toll, 1999;
Engmann et al., 2005). The force required to squeeze a thin cylindrical
shaped sample between two approaching parallel circular plates depends
on the material rheology and also on the friction characteristics at the
material–plate interface (Laun et al., 1999). As the deformation energy
is transmitted to the bulk of the material via the wall, the interfacial
boundary environment must be described as accurately as possible; in
practice, this may be as important, if not more so, than the bulk behaviour
(Corfield, 1996).

It should be noted that due to the complex nature of the flow fields
produced by using this technique, there is no universal model available
for application to all materials.

2.8 MEASURING INSTRUMENTS – PRACTICAL ASPECTS

2.8.1 Choosing the right measuring system

The choice of instrumentation and the measuring system requires care-
ful consideration of the particular fluid being analysed and the rheolog-
ical properties being studied. Without the knowledge of the parameters
influencing the rheology of a material, measurements can easily be
misleading and sometimes completely incorrect.

There are two main types of rotary rheometers, namely controlled
stress and control strain rheometers (Fig. 2.8a). Here, a set of commonly
used rheometers are described and compared. More detail can be found
in Macosko (1994).

2.8.1.1 Cone-and-plate rheometry

Cone-and-plate rheometry has the benefit of having a well-defined flow,
and hence accurate interpretation is possible (Fig. 2.8). It requires a
small sample volume, and it is easy to clean. The main advantage is
that the shear rate applied is uniform throughout the sample. However,
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Cone-and-plate Parallel plate Concentric Concentric  Double gap 

(a)

(b)

Air bearing 

Position sensor |    Load cell 

Measurement 

geometry 

Drag-cup motor 

Controlled stress Controlled strain 

Fig. 2.8 Schematic of two types of rotary rheometers and related geometries (reproduced
from Goodwin and Hughes, 2008): (a) controlled stress versus control strain and (b) cross
sections of common measuring geometries.

in the cone-and-plate rheometry, the size of any particles present within
the sample should be limited to 10–20% of the truncation height of this
geometry; i.e. particles should typically be smaller than 5–20 µm in size
to avoid jamming the gap and irregularities in the data. Care must be
taken when measuring at high shear rates as material can ‘escape’ from
between the plates. Furthermore, this geometry is very susceptible to
sedimentation.

2.8.1.2 Parallel plate rheometry

Similar to the cone-and-plate, parallel plate geometry (Fig. 2.8) has a
well-defined flow, and accurate interpretation is, in principle, possible.
It requires only a small sample volume, and it is easy to clean. The main
advantage of this geometry is that the user can define the gap which can
be set to values considerably larger than those of typical particles in the
material to be tested. This gap can also be varied to probe wall slip effects
(Barnes, 1995). The parallel plate geometry has the disadvantage that the
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( ) yrσ σ≤
Torque

( ) yrσ σ≤  

Fig. 2.9 Schematic diagram of a vane rheometer with pseudo-infinite vessel arrangement
for a suspension with a yield stress (σy); i.e. the shear stress falls below the yield stress before
the wall, which prevents slippage at the outer boundary of the rheometer.

shear field varies with radial position; therefore, the reported shear rate
is an average value. This geometry is also susceptible to sedimentation.

2.8.1.3 Concentric cylinder rheometry

Concentric cylinder geometry (Fig. 2.9) has a well-defined flow, with
small annular gaps, and accurate interpretation is possible. It does not
expel suspension even at high shear rates, and it is more sensitive to
low viscous material than the cone-and-plate and parallel plate systems.
However, its narrow gaps are inappropriate for solid particles, as they
may compact particles and jam the instrument; settling and slippage of
solids may occur (Bongenaar et al., 1973).

2.8.1.4 Vane rheometry

This approach to rheological measurements has been employed by a
number of authors, and has been suggested as a reliable and largely
reproducible method for characterising biological broths (Tucker and
Thomas, 1993; Riley et al., 2000). The success and attraction of this
method lies in the use of a turbine as the moving rotor so that the sus-
pension is forced to shear rather than slip at the moving surface (Barnes
and Nguyen, 2001). For a suspension exhibiting a yield stress, or which
is very shear thinning, the turbine can be contained in a vessel large
enough so that the shear stress falls to below the yield stress before the
wall (Fig. 2.9). Thus, it is a so-called pseudo-infinite vessel arrangement,
which also prevents slippage at the outer boundary of the rheometer. This
equipment has a significant disadvantage of having a poorly defined flow
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field. Hence, only an approximate analysis of non-Newtonian systems
is possible, which relies heavily on the method of calibration.

2.8.1.5 Capillary rheometry

Capillary rheometry has a well-defined flow, and it is more sensitive
for high viscous material than the cone-and-plate and parallel plate
systems. In addition, it can reach high shear rates, and it is possible to
correct raw data to account for any wall slip. Its main disadvantage is
that temperature control is difficult; hence, only approximate analysis
of non-Newtonian systems is possible. This geometry is susceptible to
phase separation in material, which could lead to wall slip.
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3 Doppler Ultrasound-Based Rheology
Beat Birkhofer

3.1 INTRODUCTION

3.1.1 Overview

The principle of the technique described in this chapter is simple: the
shape of the symmetric velocity profile in laminar, stationary pipe flow
depends on the rheological characteristics. For example, Newtonian
fluids have a parabolic flow profile, while for shear-thinning fluids it is
steep close to the wall and flat towards the centre (Fig. 3.1). Thus, being
able to measure this velocity profile allows a characterisation of the
rheological properties of the fluid. Combining the velocity profile with
pressure drop results in a non-invasive in-line rheometer, which allows
to measure the shear rate-dependent viscosity.

Pulsed ultrasound1, a flow measurement method applied since the
early 1970s in the medical field, can be used to obtain the velocity
profile. Compared to magnetic resonance imaging, it is relatively simple
and far less expensive. In contrast to laser Doppler anemometry (LDA)
or particle image velocimetry (PIV), the technique can be applied in
opaque fluids.

The main benefit of the combination of ultrasonic velocity profiling
(UVP) and pressure drop (PD) is the applicability as in-line rheometer
for complex fluids. The necessary basic installation – a straight pipe
with the fluid flow – is quite ubiquitous in the relevant industries such
as food, pharmaceutical, cosmetic or chemical. As the rheological
properties are measured directly in-line, there are the obvious advan-
tages of avoiding complicated measurements in the laboratory and

1 The question as to whether pulsed Doppler ultrasound makes use of the Doppler effect depends
on the definition of the Doppler effect (Cobbold, 2007, Chapter 10). For Jensen (1996, Chapter 6),
the classic Doppler effect is only an artefact in pulsed systems.
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Fig. 3.1 Pipe flow velocity profiles with the geometric sizes used in Equations 3.14 to
3.23. The typical profiles for Newtonian (n = 1), power law shear thinning (n < 1), power
law shear thickening (n > 1) and Herschel–Bulkley with plug radius R* are shown from left
to right.

having a continuous product quality monitoring. In addition, it becomes
possible to measure under conditions (pressure, temperature, shear
history) not reproducible in a conventional rheometer, and it allows to
measure suspensions containing particles of a size that would not fit in
a conventional rheometer gap.

In spite of all those advantages and four completed doctoral works on
the topic since 1993, there is still no known commercial installation of
a UVP-PD-based in-line rheometer in the industry. This is probably due
to several reasons: the fact that many components are yet custom-made
and that for a successful implementation know-how is needed in the
fields of acoustics, electronics, software programming, signal process-
ing, ultrasound transducers and of course rheology. So this chapter tries
to give an overview of the technique and describes the single compo-
nents of the measurement system from the transducer to the rheometry
calculations.

Another interesting application of ultrasound velocimetry, not further
described here, is the measurement of the flow profile in the gap of a
rotational rheometer described by Manneville et al. (2004, 2005) and
Sandrin et al. (2001).

3.1.2 History of ultrasonic velocimetry

Historically, the development of the Doppler velocimetry started in
the medical field in the 1950s (Satomura, 1957) with continuous wave
devices. The first pulsed range gate systems were introduced at the
beginning of the 1970s (Wells, 1969; Baker, 1970; Brandestini, 1978;
Peronneau, 1992). Outside the medical field, ultrasonic velocimetry
was applied to measurements of liquid metal flow by Fowlis (1973),
using continuous wave ultrasound, while Pinkel (1979) utilised pulsed
ultrasound at low frequencies to measure ocean currents. Garbini et al.
(1982a, 1982b) characterised turbulence using the spectral broadening
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of the echo signal. Takeda (1986) investigated pipe and Taylor vortex
flows. He also applied the UVP technique for flow mapping in mercury
(Takeda, 1987).

A short overview of the UVP method including the signal processing
for the Doppler shift frequency estimation and application was given
by Lemmin and Rolland (1997). An extensive coverage of Doppler
ultrasound can be found in three textbooks (Jensen, 1996; Evans and
McDicken, 2000; Hill et al., 2004) from the medical field, which de-
scribe many aspects also relevant for engineering applications of ul-
trasonic measurements. Also, Cobbold (2007) contains one chapter on
pulsed ultrasound for velocimetry.

3.1.3 Existing literature on UVP-based rheometry

An overview of the publications on ultrasound velocimetry-based
rheometry carried out by various research groups is given in the text
and Tables 3.1 and 3.2.

3.1.3.1 Polish Academy of Sciences, Warszawa, Poland

In his often overlooked publication, Kowalewski (1980) describes mea-
surements in suspensions and two different emulsion types with con-
centrations varying from 5 to 50% using a pulsed ultrasound-based
machine (Nowicki, 1979). The ‘blunting’ of the profiles as a function of
the particle concentration was characterised with a power law exponent
(Equation 3.18).

3.1.3.2 University Erlangen-Nürnberg, Germany

The idea of combining the velocity profile measured with ultrasound
and pressure drop for in-line rheometry was first mentioned by Brunn
et al. (1993). In this publication actual rheometry data are only shown
for measurements where laser Doppler is used to obtain the veloc-
ity profile. Then, Müller et al. (1997) calculated shear rate-dependent
viscosities from simultaneous measurements of ultrasonic velocity pro-
files and pressure drop in a Newtonian glycerin/water solution, a non-
Newtonian aqueous polyacrylamide solution and a non-Newtonian hy-
droxypropyl guar gum solution. The velocity profile-based flow curves
(shear rate-dependent viscosity) were compared with those measured
using a rheometer. Later Wunderlich and Brunn (1999) also measured
a polyacrylamide solution and fitted the measured profiles with polyno-
mial, power law and Ellis fluid functions. Brunn et al. (2004) presented
results of UVP-PD measurements of a body lotion (concentrated sur-
factant solution).
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3.1.3.3 Swiss Federal Institute of Technology (ETH) Zurich, Switzerland

At the laboratory of food process engineering, the UVP-PD technique
was developed and tested from 1994 onwards (Windhab, 1994). Af-
ter finishing his PhD (Ouriev, 2000), Boris Ouriev published several
articles. Ouriev et al. (2000) deal with measurements of fat suspen-
sions with different solid fat concentrations and flow rates. Ouriev and
Windhab (2002) applied power law and Herschel–Bulkley models to
a shear-thinning suspension of cornstarch in silicon oil and a shear-
thickening suspension of cornstarch in glucose syrup. Ouriev (2002)
gave details on wall slip measurements of shear-thickening suspension.
UVP-PD measurements in chocolate suspension and the influence of
seeding with pre-crystallised cocoa butter were presented by Ouriev
et al. (2003). Ouriev and Windhab (2004) investigated transient flows
of non-Newtonian model suspensions. Ouriev et al. (2004) presented
results on measurements in partly pulsating chocolate flow and corre-
sponding power law fits. Fischer et al. (2009) compared in- and off-line
measurements in a viscoelastic surfactant solution. Due to a limited
spatial resolution and missing velocity profile data towards the pipe
walls, it was not possible to detect the expected banding flow. During
a stay at ETH Zurich, J. Wiklund and M. Johansson made measure-
ments in shear-thinning surfactant solutions and cellulose suspension
and fitted the results to power law and Herschel–Bulkley models. The
results were also compared with off-line rheometer measurements. A
part of the findings were presented by Wiklund et al. (Wiklund et al.
2001, 2002). In the course of his PhD work, Birkhofer (2007) made
in-line measurements of the acoustic properties and rheology of cocoa
butter crystal suspensions (Birkhofer et al., 2004, 2008) as well as model
suspensions.

3.1.3.4 Swedish Institute for Food and Biotechnology (SIK)
Gothenburg, Sweden

Wiklund continued with a PhD work (Wiklund, 2007) at SIK develop-
ing the UVP-PD technique mainly for the food industry. Wiklund et al.
(2006) presented a comparative LDA-UVP study on highly concentrated
cellulose fibre suspensions. Results showed that the UVP-PD method
can be used to determine the yield stress of such suspensions, directly
in-line, and that an important concentration gradient exists close to the
wall, which was confirmed later by Wiklund et al. (2008). Wiklund et al.
(2007) presented results of the UVP-PD measurements of various food
systems such as cheese sauce, fruit yoghurt and a vegetable sauce. The
aim of those trials was to test the applicability of the UVP-PD method
to highly concentrated polydisperse suspensions containing anisotropic
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particles of various shapes and sizes up to several centimetres in length.
Rheological and structural changes due to processing were also studied.
That article also contains an overview on the UVP-PD methodology in
addition to details of the signal processing and statistical methods such
as low pass filtering of the velocity information obtained by the time
domain algorithm and singular value decomposition methods to deter-
mine the wall position by channel correlation. Young et al. (2008) show
measurements in fat suspensions of varying crystal content. Wiklund
and Stading (2008) show measurements in many different suspension
types including their acoustic properties.

3.1.3.5 University of California Davis, USA

The group started with magnetic resonance imaging-based flow profil-
ing and pressure drop for in-line rheometry including power law fitting
(McCarthy et al., 1992), a technique described earlier by Sinton and
Chow (1991) for non-Newtonian fluids. Choi et al. (2002) compared
this technique with the UVP-PD method for corn syrup solution and to-
mato juice flow. Dogan et al. (2002) presented results on measured
properties of diced tomatoes suspended in tomato juice including yield
stress, consistency index and apparent wall slip. Dogan et al. (2003b)
investigated the flow of tomato concentrates with different solid content,
the shear-thinning behaviour with a yield stress being fitted to power
law and Casson models. In addition, the viscosity and plug radius (yield
stress) were also determined directly from the profile. Subsequently,
they (Dogan et al., 2005a, 2005b) investigated chemically modified and
native cornstarch and polymer melt flows. Choi et al. (2005) described
the software and data processing procedure for the UVP-PD measure-
ments. Choi et al. (2006) reported on the in-line monitoring of tomato
concentrate during evaporation by measuring velocity profiles and sound
velocity, the latter being used for the determination of the concentra-
tion. Powell and Pfund (2005), in collaboration with the Battelle Pacific
Northwest National Laboratory, applied the UVP-PD method to the flow
of slurry suspensions.

3.1.3.6 Pacific Northwest National Laboratory (U.S. Department
of Energy), Richland, USA

The UVP-related work started with Shekarriz and Sheen (1998) who
characterised the shear-thinning fluids by just fitting the power law
exponent n using the velocity profile and flow rate. Pfund et al. (2006)
investigated the flow of a non-Newtonian solution of Carbopol EZ-1
with sodium hydroxide, which forms a gel.
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Fig. 3.2 Scheme of the transducer and the pressure field (xfzb and xfze, focal zone begin
and end; dfp, diameter of the beam at the focus point) with the divergence half angle δ.

3.1.3.7 Cape Peninsula University of Technology, Cape Town, South Africa

This research group applied UVP-PD mainly for the measurements in
highly concentrated mineral suspensions of kaolin and bentonite (Kotzé
et al., 2008b).

3.2 ULTRASOUND TRANSDUCERS

The transducer is a converter between the electrical and ultrasonic signal
and works in both directions. It consists, as also illustrated in Fig. 3.2,
of the piezoelectric element which is usually round and has a diameter
of a few millimetres, a front plate made of epoxy which has usually
a thickness of λ/2 (λ is wavelength), backing material which has a
damping function to avoid reverberations, the housing and the electrical
connection. The main design parameters of a transducer are the central
frequency f0 and the diameter of the piezoelectric element D, also known
as active diameter, which is usually smaller than the visible diameter of
the front plate. These two parameters are important for the pressure field
(Fig. 3.2) generated by the transducer, which consists of the near field,
focal zone and the far field. The length of the near field lN is equal to
D2 f0/4c, where c is the sound velocity. Although it is possible to make
measurements inside the near field, it is not advisable as the pressure
field is irregular and has a not very well defined diameter. Another
parameter to be considered is the half-divergence angle δ = arcsin(0.51
λ/D). Thus, a large active element has the advantages of an increased
sensitivity and a reduced beam divergence but the disadvantage of a
long near-field length. The central frequency influences the near-field
length, the beam divergence and the attenuation respectively. For most
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Fig. 3.3 Four different transducer installation possibilities. For the first option (from left),
the transducer is in direct contact with the fluid in the pipe, for the second, only if no
membrane is installed. The third alternative with a coupling fluid can be used as an ad hoc
solution if no flow adapter is available. The fourth option shows the change of the beam
path at the interface to the fluid with the incident angle θ i and the transmittance angle θ t.

fluids, the attenuation increases as the square of the frequency. Thus, for
each applications those parameters have to be optimised.

An additional transducer property is the bandwidth which describes
the frequency-dependent characteristics. This is interesting in cases
where the same transducer should be used with different frequencies,
for example 2 and 4 MHz. There is no standardised procedure for the
measurement of the bandwidth of a transducer, which makes it difficult
to compare the available data from the manufacturers.

In the operational temperature range, the sensitivity of a transducer
can vary, usually decreasing with temperature.

For special applications also, focused transducers can be of interest
as they allow to customise to a certain degree the near-field length, the
focal zone and the beam diameter.

A good overview of problems and paradoxes of transducer design is
given in Hunt et al. (1983). Also, Papadakis (1999) contains information
on the different transducer types.

3.3 FLOW ADAPTER

The flow adapter or flow cell is the mechanical construction needed to
fix the ultrasound transducer relative to the pipe with fluid flow inside.
There exist several different approaches (Fig. 3.3), and the best solution
will depend on the acoustic properties of the fluid, pipe dimensions,
process conditions and other parameters.
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Direct contact of the transducer with the fluid in the pipe (‘wetted’)
was described by several authors (Shekarriz and Sheen, 1998; Choi et al.,
2002; Ouriev and Windhab, 2003). Mounting the transducer in flush with
the pipe wall makes it usually impossible to have a realistic measurement
in the wall region, as the ringing of the transducer from the pulse emis-
sion is superimposed on the first received echo. Depending on the design
of the electronics, the receiving part is also oversteered for some time
after sending a pulse. In addition, as mentioned by Hoeks et al. (1991),
measurements inside the near field are affected by an inhomogeneous
pressure distribution and a variation in the Doppler angle (Bascom et al.,
1986). If the transducer is pulled away from the flow to have the focal
point of the pressure field in the region of the pipe wall, a cavity is
formed which can accumulate air bubbles or sediments. This method
has additional disadvantages if the fluid is highly attenuating, as the
available penetration depth is reduced accordingly. Improved set-ups
were shown by Lemmin and Rolland (1997) and Wiklund and Stading
(2006) involving a film in front of the cavity to minimise influences on
the pipe flow streamlines. In this case it is also possible to fill the cavity
between the transducer and the film with ultrasound gel or another fluid
matched acoustically to the fluid in the pipe to minimise the refraction
and Doppler angle change at the interface between the two fluids. It
is important to avoid the inclusion of air bubbles in the liquid in front
of the transducer, as this would lead to unreproducible artefacts in the
measured profile.

It is also possible to measure through the pipe wall, especially for
materials such as Plexiglas (Yamanaka et al., 2002). The effects of a
layer of Plexiglas or polyethylene on the ultrasound beam as a function
of the incidence angle for longitudinal and shear waves were investigated
in detail, theoretically and experimentally, by Thompson et al. (2000).
The influence of the curvature of the pipe on the pressure field was
investigated by Thompson and Aldis (1996) and Tortoli et al. (1999).
Regarding flow adapter material selection, Nowak (2002) and Hung
and Goldstein (1983) are of interest as they give sound velocities and
densities for various relevant materials (e.g. nylon, PEHD, PET (Mylar),
PMMA (Plexiglas), POM (Delrin), PVC and Teflon).

Steel pipes (Kishiro et al., 2004; Wada et al., 2004) are quite diffi-
cult to penetrate; many authors used, for example, a wedge transducer
(Tezuka et al., 2006) to improve the measurements.

3.3.1 Doppler angle

Two different definitions of the Doppler angle are used in the literature.
In the medical field, it is common to use the angle between flow direc-
tion and ultrasound direction, as indicated in Fig. 3.3. This is also the
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definition used in this text. The fluid mechanics field partly prefers the
angle between the normal to the flow and the transducer which corre-
sponds to the incident angle θi in Fig. 3.3.

If the transducer is in direct contact with the fluid in the pipe, there is
mainly the velocity range which is of interest to determine the Doppler
angle. Small angles (e.g. 60◦) allow the measurement of low flow ve-
locities, while larger angles are preferred for fast flows. The averaging
decreases with the Doppler angle (McArdle and Newhouse, 1996).

When measuring through the pipe wall or some kind of delay line
or wedge, the corresponding refraction angles and losses have to be
considered (Messer and Aidun, 2009). The angle can be calculated
according to Snell’s law:

c1 sin θt = c2 sin θi

where c1 and c2 are the sound velocities in the two media and θ i and
θ t are the incidence and transmittance angles, respectively. Thus, the
closer the sound velocities of the two materials, the smaller the angle
change. The ratio of the amplitudes of transmitted and incident waves
Tθ also depends on the material densities ρ1 and ρ2 and is (Hill et al.,
2004) as follows:

Tθ = ρ2c2 cos θi − ρ1c1 cos θt

ρ2c2 cos θi + ρ1c1 cos θt
(3.1)

= 2ρ2c2 cos θi

ρ2
c2 cos θi + ρ1

√
c2

1 − c2
2 sin2 θi

Mounting the transducer either with or against the flow direction
should not influence the measured flow profile seen from the sign of the
velocity.

3.4 ACOUSTIC PROPERTIES

The measurement of the acoustic properties of particulate suspensions
and other food systems has been investigated by many researchers in
the past decades. The acoustic properties comprise mainly of ultrasonic
velocity, attenuation coefficient and acoustic impedance (McClements,
1997).

3.4.1 Propagation

There are different modes of sound propagation, the three most im-
portant being compression, shear and surface waves. The velocity
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measurements are made with compression waves; at the pipe–fluid in-
terface shear waves can also be involved (Kishiro et al., 2004).

3.4.2 Attenuation

Ultrasound transducers are phase sensitive; thus, a low measured signal
is not certainly due to attenuation but possibly scattering. This is one of
the reasons why the measurement of the attenuation is less reliable than
the sound velocity measurement. In addition, there are diffraction, losses
at interfaces and relaxation effects. The attenuation coefficient can be
calculated by fitting the data from a measurement of the amplitude as a
function of the distance from the transducer to following equation:

ξ = ξ0e−αz (3.2)

where ξ is the amplitude, z the distance in beam direction and ξ 0 the
original amplitude at z = 0.

3.4.3 Sound velocity

The velocity of sound is a function of the density and the adiabatic
compressibility of the medium. For most materials, with the exception
of water, it decreases with increase in temperature. As the pressure
waves propagate through the medium, the volume and density fluctuate
locally about the normal values. This can be expressed as dilation:

D = �V

V0
(3.3)

and condensation:

s = �ρ

ρ0
(3.4)

The adiabatic compressibility κ is then defined as follows:

κ = − 1

V

∂V

∂p
∼= D

�p
(3.5)

The bulk modulus of elasticity is then:

B = −�p

D
= 1

κ
(3.6)
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Wood (1964) showed that the velocity of sound c in homogeneous
liquids and gases is independent of frequency and is given by the Wood
equation:

c =
√

B

ρ
=

√
1

κρ
(3.7)

A simple approach to calculate the velocity of sound in a dispersion is
the Urick equation (Urick, 1947) in which κ and ρ in the Wood Equation
3.7 are replaced by the following:

κ =
∑

φiκi , ρ =
∑

φiρi (3.8)

where i is the ith component of the mixture. This is called a homo-
geneous description because the properties of each phase contribute
independently to the properties of the system (Povey and Mason, 1998,
Chapter 3). By adding a second transducer opposite to the one for the
velocimetry, this simple relation of concentration and sound velocity
can be used to determine approximately the composition, for example
solid concentration, in the pipe (Birkhofer et al., 2008; Wiklund and
Stading, 2008).

In order to consider scattering effects, Pinfield and Povey (1997) pro-
posed a modified Wood equation. The Urick equation and its extensions
were reviewed by McClements and Povey (1987).

3.4.4 Scattering

The scattering of ultrasound in dispersions depends on the size ratio of
the wavelength and the particle diameter. Thus, the scattering charac-
teristics can also be used for particle size analysis (Epstein and Carhart,
1953; Allegra and Hawley, 1972; Harker and Temple, 1988; Riebel and
Löffler, 1989; Holmes et al., 1993, 1994; Pinfield and Povey, 1997;
Storti et al., 2000; Dukhin and Goetz, 2002). Regarding velocity profile
measurements, study of Atkinson and Kytömaa (1993) is of interest, as
it describes the development of the ultrasonic pressure field, attenuation
and sound velocity in suspensions of different concentrations (up to the
maximum packing density) and relates it to velocimetry.

3.4.5 Backscattering

The backscattering or the echogenicity of suspensions is investigated
mostly in the medical field. For the velocimetry, this property is quite
crucial as it decides if and with which penetration depth a measurement
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Fig. 3.4 The plot of the backscattering coefficient versus haematocrit for porcine red
blood cells suspended in saline (�). The smooth curve represents the Percus–Yevick theory
for the packing of hard spheres. (Results from Mo et al., 1994.)

is possible. In blood flow, it is assumed that the red blood cells (erythro-
cytes) far outnumber the other possible scatterers both in quantity and
volume (Shung et al., 1976) and are thereby the main source of scat-
tering in blood. A theoretical analysis of scattering by Angelsen (1980)
was based on the assumption that blood is an isotropic continuum and
that the scattering arises from fluctuations in the compressibility and
mass density of the continuum. This explains the development of the
backscattering coefficient as a function of the haematocrit, shown in
Fig. 3.4. Until about 20% haematocrit, the backscattering coefficient
increases with the concentration of the scatterers. Above this, if the
concentration is high enough, the waves scattered by the individual par-
ticles will interfere, which leads to phase cancellation. This is why the
overall scattering depends on the configuration of the set of scatterers.
The more regular is the distribution (higher isotropy), the lower is the
backscattering coefficient. So, towards the maximum packing density,
the backscattering coefficient reaches its minimum. Also, the flow itself
influences the particle fluctuation and therefore the backscattering prop-
erties (Sigel et al., 1983; Shung et al., 1984; Cloutier and Shung, 1993;
Cloutier and Qin, 1997; Lin and Shung, 1999; Rouffiac et al., 2004).

The models of Angelsen (1980) and Twersky (1988) were further
developed independently by Mo et al. (1994) and Bascom and Cobbold
(1995) by combining them with the voxel model. A voxel refers to an el-
emental volume that is small enough so that the incident ultrasonic wave
may be assumed to arrive with the same phase at every scatterer located
within it. Another model for the scattering in tissues was developed by
Jensen (1991) in which effects of flow disturbance and haematocrit on
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the backscattered Doppler signal were explained by means of a backing
dimension and a particle dimension.

Measurement techniques for the backscattering are described by
Sigelmann and Reid (1973), Madsen et al. (1984), Ueda and Ozawa
(1985), Insana et al. (1986), Berger et al. (1991), Madsen (1993) and
Chen and Zagzebski (1996).

3.5 ELECTRONICS, SIGNAL PROCESSING AND SOFTWARE

3.5.1 Electronics

The electronics is responsible for the generation of the electrical signal
sent to the transducer and the registration (in most cases digitalisation) of
the signal received by the transducer. The working principle is described
in several textbooks from the medical field (Jensen, 1996; Evans and
McDicken, 2000; Hill et al., 2004; Cobbold, 2007).

The details of the signal processing of the available devices are dif-
fering, for example some devices use an analogue demodulation and
digitise afterwards, while other recent devices digitise the original sig-
nal from the transducer at a high sampling rate and do the demodulation
with the digital signal. Parameters such as pulse length, gate (or channel)
distance, emission signal amplitude and amplification of the received
signal are adjustable for most devices.

3.5.2 Signal processing and profile estimation

There are several different signal processing approaches described in
the literature from the medical field to extract the actual flow velocity
profile from the echo signal received by the transducer. If and how the
signal processing can be customised depends on the hardware. Some
devices work rather as a black box and only allow access to the estimated
profile. It can be of advantage to have at least access to the complex
demodulated signal (I and Q), which allows to obtain the distribution
of the Doppler frequency for the individual channels via FFT (fast
Fourier transformation). This simplifies the identification of artefacts
influencing the profile shape (Jones, 1993). In addition, it is possible to
use different velocity estimation approaches such as central or maximum
frequency (Tortoli et al., 1995, 1996, 2006).

3.5.3 Software

For the data acquisition (flow profiles and pressure, maybe temperature
and flow rate), the rheological calculations and visualisation of the data,
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it is probably most efficient to develop custom software to automatise
everything. Such a software also allows nearly real-time data analysis
and visualisation, which is crucial for industrial applications. Usually,
development environments such as MATLAB (Choi et al., 2005) or
LabVIEW are used for implementation as they simplify the access to
the data acquisition hardware and also provide high-level function, for
example for non-linear fitting procedures.

3.6 PIPE FLOW AND FLUID MODELS

As mentioned in the introduction, the UVP-based in-line rheometry
makes use of the information contained in the shape of the flow velocity
profile. Frequently, the pressure drop over a straight pipe section is mea-
sured in parallel to the velocity profile. This allows the direct derivation
of the shear stress τ along the radius r, which is given by:

τ = �Pr

2L
(3.9)

where �P is the pressure drop measured over a distance L along the
axial direction of the pipe (Fig. 3.1).

3.6.1 Gradient method or point-wise rheological
characterisation

The shear rate γ̇ along the pipe radius is given by:

γ̇ = −dv

dr
(3.10)

where v is the flow velocity along the radius r. Thus, using the measured
pressure drop and velocity profile, it is possible to derive directly the
local viscosity using Equations 3.9 and 3.10:

η(r ) = τ (r )

γ̇ (r )
(3.11)

In the articles from the University Erlangen-Nürnberg (Müller et al.,
1997), this is described as ‘gradient method’, while the same principle
is described as ‘point-wise rheological characterisation’ in the articles
from the UC Davis (Arola et al., 1999; Dogan et al., 2005b), where the
measured flow profile was first fitted with a fourth-order polynomial
whose first derivative was then used to determine the shear rates.
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The advantage of the gradient method is that it does not require an a
priori flow model. The resulting usable shear rate range is rather limited
as the low shear rate region towards the centre of the pipe is given by
the velocity resolution of the measurement system, and due to averaging
effects it is also difficult to have an accurate measurement towards the
pipe wall, which limits the maximum shear rate.

3.6.2 Power law fluid model

The simple power law model

τ = K γ̇ n (3.12)

respectively

η = K γ̇ n−1 (3.13)

represents Newtonian (n = 1), shear-thinning (n < 1) or shear-thickening
(n > 1) non-Newtonian fluids, where K is the consistency index and n
is the flow exponent. Combination with Equation 3.9 and integration
results in an equation for the radial velocity profile:

v = R

(1 + 1/n)

(
R�P

2L K

)1/n (
1 −

( r

R

)1+1/n
)

(3.14)

Having measured the velocity profile and the pressure drop, Equation
3.14 can be used to fit n and K, usually by minimising the sum of the
squares of the differences of the measured and the calculated velocity
profile.

The local shear rate and viscosity are respectively given by:

γ̇ =
(

�Pr

2L K

)1/n

(3.15)

η = K

(
�Pr

2L K

)1−1/n

(3.16)

It would also be possible to derive only n when the volume flow rate
is Q, and thus the mean flow velocity v is known using (Wilkinson,
1960)

v = v

(
3n + 1

n + 1

) (
1 −

( r

R

) n+1
n

)
(3.17)
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Alternatively, the maximum flow velocity can be used (Kowalewski,
1980):

v = vmax

(
1 −

( r

R

)
n + 1n

)
(3.18)

Yet another approach to determine n is to use the wall shear rate γ̇w,
which can be expressed using the flow rate Q as:

γ̇w =
(

3n + 1

4n

) (
4Q

π R

)
(3.19)

3.6.3 Herschel–Bulkley fluid model

The analysis in the previous section can be extended to other rheological
models such as Herschel–Bulkley with the yield stress τ 0:

τ = τ0 + K γ̇ n (3.20)

The corresponding equation for the velocity is given by:

v = n R

1 + n

(
R�P

2L K

) 1
n

((
1 − R∗

R

)1+ 1
n

−
(

r

R
− R∗

R

)1+ 1
n

)
(3.21)

in which r > R∗ and R∗ = 2Lτ0/�P is the radius of the plug, which
can also be determined directly from the flow profile (Dogan et al.,
2003b). The local shear rate and viscosity are respectively given by

γ̇ =
(

�P

2L K

) 1
n

(r − R∗)
1
n (3.22)

η = τ

γ̇
= K

(
�P

2L K

)1− 1
n r

(r − R∗)
1
n

(3.23)

3.6.4 Other models

Power law and Herschel–Bulkley are the two most often applied models,
but literature also describes the use of Ellis (Wunderlich and Brunn,
1999), Casson (Dogan et al., 2003b), Eyring (Dogan et al., 2005b) and
Sisko (Birkhofer, 2007; Wiklund, 2007) models.
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3.7 RHEOMETRY

3.7.1 Averaging effects at the pipe wall

Often, profiles show an unrealistic sigmoidal shape close to the pipe
wall, while in theory one would expect the maximum shear rate at the
wall. This effect was already explained in the early 1970s (Jorgensen
et al., 1973; Jorgensen and Garbini, 1974) by the convolution of flow
velocity profile and the sample volume. The sample volume is gener-
ated by the ultrasound transducer and has approximately a drop-like
shape. The axial length and shape are determined by the pulse length
and the dynamic characteristics of the piezoelectric element. The di-
ameter of the sample volume depends on the pressure field. Thus, the
echo signal of one measurement channel is, simplified, an intensity-
weighted sum of all flow velocities covered by the pulse. In the men-
tioned articles, Jorgensen and later Hughes and How (1993, 1994) also
show a way to make a deconvolution of the two signals involving a
transfer to the frequency domain and back to the time domain using
(inverse) FFT. An alternative method for the deconvolution would be
a single value decomposition. Another approach to obtain a more re-
alistic profile at the pipe wall is shown by Tortoli et al. (1995). The
method, based on the maximum frequency fmax of the Doppler spec-
trum, involves a correction factor k for the sample volume shape, which
also depends on the transducer characteristics. To calculate the flow
velocities v, the following equation (Tortoli et al., 2006) which is a
variation of the classical Doppler equation is used (α is a Doppler
angle):

v = fmaxc

2 f0(cos(α) + k sin(α))
(3.24)

3.7.2 Fitting

When using the measured data and a model such as power law (Equation
3.14) or Herschel–Bulkley (Equation 3.21), there are a few critical points
to be considered. Usually, a non-linear optimisation is used to obtain
the parameters n, K and τ 0 (Herschel–Bulkley only). The result of the
fitting can be quite sensitive to several parameters such as the section of
the start and end point of the profile half used for the fitting (Birkhofer,
2007) or details of the profile shape which can depend on measurement
parameters such as the pulse length or even the emission voltage or
amplification.
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Fig. 3.5 The flow curve of a Carbopol suspension with the points measured with the
rheometer and the corresponding power law fit.

3.7.3 Gradient method

For the gradient method, the viscosity is calculated directly using Equa-
tions 3.9 to 3.11. The resulting minimum shear rate from the flat part
of the profile towards the pipe centre is limited by the resolution of
the velocity measurement and possible small distortions. Due to the
convolution (Section 3.7.1), the maximum measurable shear rate is
shifted away from the wall, therefore lower than the actual wall shear
rate γ̇w.

3.8 EXAMPLES

The application of the technique is demonstrated with two different
model fluids which have the advantage to be reproducible and mea-
surable with a conventional rheometer. The latter allows to verify the
in-line (UVP) measurement, which is a recommendable first step.

3.8.1 Carbopol solution

Aqueous Carbopol solution (0.5% wt) is a yield shear-thinning fluid.
The flow curve is shown in Fig. 3.5. In the double logarithmic plot, the
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Fig. 3.6 The velocity profile for Carbopol (grayscale, the frequency intensities; ∗, the
envelope profile).

relation looks linear, so it can be fitted to the power law (Equation 3.13).
With a log transformation and the limitation of the shear rate range to
the one expected in the pipe flow (maximum 10/second), the values
resulting from the rheometer are n = 0.170 ± 0.07 and K = 25.7 ± 0.4
Pa · sn. The errors indicate the 95% confidence interval.

The measurement set-up consisted of a pipe with an inner diameter
of 25 mm, which was mounted at the exit of a kind of capillary rheome-
ter. The pressure drop was not measured, but the volume flow rate is
very well known. The ultrasound transducer was fixed in the pipe wall
(rightmost option; Fig. 3.3).

The measured Doppler shift frequency distribution for each gate (or
channel) is shown in Fig. 3.6 as surface plot. The darker the level of grey,
the higher the corresponding frequency intensity. In the same figure, the
envelope (maximum frequency) is indicated by symbols. The second
half of the profile shows some artefacts such as the beginning of a ghost
profile which is due to multiple reflections.

At the next step, the first half of the velocity profile obtained from
Equation 3.24 (Fig. 3.7) and the known volume flow rate Q (or v) are
used to determine n by fitting Equation 3.17. For the Carbopol profile,
the result is n = 0.177 ± 0.07 which is quite close to the rheometer
result.
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Fig. 3.7 The measured velocity profile and the profile calculated with the rheometer
measurement.

3.8.2 Suspension of polyamide in rapeseed oil

The presented data were acquired during a measurement campaign at
SIK Gothenburg conducted together with J. Wiklund. The fluid was a
suspension of 25% polyamide particles with an average size of 10 µm in
rapeseed oil. A flow loop consisting of a vessel, a pump and pipes with an
inner diameter of 22.5 mm was used to circulate the fluid. The transducer
was mounted ‘wetted’ but pulled back (the second option from the left in
Fig. 3.3). The flow curve (Fig. 3.8) measured with the rheometer shows
a shear-thinning behaviour, which can be approximated with the Sisko
fluid model (η = K γ̇ n−1 + η∞). For this model, there is no analytical
solution of the flow profile analogue to Equation 3.14. Therefore, the
gradient or point-wise method (Section 3.6.1) is applied.

The measured profile is shown in Fig. 3.9. Although a time-
compensated gain was used for this measurement, the intensities clearly
decrease with depth which is due to the attenuation in the highly concen-
trated suspension. It is obvious that for this example the envelope profile
would be distorted due to this depth-dependent attenuation; therefore,
the central frequency was used for the profile estimation. Towards the
pipe walls, the profile shows a sigmoidal shape, and the maximum shear
rate is shifted a few gates towards the pipe centre. This is an artefact as
the highest shear rate is expected at the pipe wall. In addition to the con-
volution mentioned in Section 3.7.1, the disturbance of the streamlines
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caused by the cavity in front of the transducer could contribute to this
effect.

Fig. 3.8 shows the viscosity calculated with Equation 3.11 versus the
shear rate (in this case simply the first derivative of the velocity profile)
as symbols. The first few points resulting from the profile data towards
the wall below the shear rate maximum were removed. For the leftmost
points, the absolute value of the velocity difference is already close to
the resolution of the measurement.

3.9 SUMMARY

While the principle of the measurement is rather simple, it is not trivial to
obtain quantitative results. The most critical point is the measurement
of the velocity profile itself. In many disciplines, a rather qualitative
velocity profile measurement is sufficient, while for the UVP-PD method
the profile should be as quantitative as possible. But even if the profile is
influenced by various artefacts and it is not possible to obtain absolute
values characterising the rheological properties, the information on the
relative changes of the rheology of the fluid during the measurement
can be useful, especially for industrial product quality monitoring.
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4 Hydrocolloid Gums – Their Role
and Interactions in Foods

Tim Foster and Bettina Wolf

4.1 INTRODUCTION

Hydrocolloid gums are applied in foods mainly for their thickening and
gelling properties. As ‘hydrocolloid’ implies, these are water-soluble
gums and, therefore, tend to be applied in the water-continuous foods.
Additionally, low-fat spreads with a dispersed aqueous phase structured
and stabilised using hydrocolloids have also been designed. Inclusion of
the hydrocolloid is crucial in certain domains of the product microstruc-
ture to obtain a stable product with acceptable mouthfeel. Typically,
only relatively small amounts of hydrocolloid are required to impart the
desired rheological and/or textural properties of the food. This chapter
introduces fundamentals of rheology relating to the behaviour of hy-
drocolloid gums in solution as well as fundamentals of gel rheology
to cover the two types of actions of hydrocolloids in an aqueous envi-
ronment: thickening and gelling. Then, in Table 4.1 a general overview
of commonly applied hydrocolloids is provided. The majority of this
chapter has been dedicated to presenting the effect of hydrocolloid inter-
actions on the rheological/textural behaviour, followed by a discussion
of systems applied in foods.

4.2 BEHAVIOUR OF HYDROCOLLOID GUMS
IN SOLUTION

Introducing relatively small amounts of hydrocolloid gums into the
aqueous phase of food formulations can lead to a dramatic change in
food texture. The nature of the hydrocolloid gum combined with the
solvent conditions, for example the presence of salt and the temperature
history of the product, will determine whether a ‘simple’ thickening
effect or gelation has been achieved. The focus of this section is on
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Table 4.1 Hydrocolloid gums applied to affect rheology/texture of foods

Hydrocolloid Molecular structure Thickening conditions Gelling conditions

Pectin Polygalacturonic acid. Varying
amounts of methyl-substituted
carboxyl groups (Low M or
High M).

Lower η with increased
ionic strength.

Divalent ions, low pH (LM),
high soluble solids and low
temperature (HM).

Guar Gum Mannose backbone with single
galactose side chain. Typical
M:G = 2:1.

Random coil. η

determined by Mw.
Non-gelling. Viscosity
enhancement with xanthan.

Locust Bean
Gum (LBG)

Mannose backbone with single
galactose side chain. Typical
M:G = 4:1.

Random coil. η

determined by Mw.
Gels when mixed with
xanthan.

Carrageenan Repeating units of galactose
and 3,6-anhydrogalactose. Iota
carrageenan: 2 sulphates per
repeat. Kappa carrageenan:
1 sulphate per repeat.

Viscosify as fluid gel
particles at low polymer
concentration.

Sodium/potassium/
calcium ions

Potassium ions
Gellan gum Repeat uniting of glucose,

glucuronic acid, glucose and
rhamnose. The first glucose can
have glycerate and acetate
groups attached.

Viscosify as fluid gel
particles at low polymer
concentration.

gel with mono- and divalent
ions.

Alginate Guluronic and mannuronic
acid in different content and
distribution.

Lower η with increased
ionic strength.

Divalent ions, low pH

Xanthan Glucose backbone with three
sugar unit side chain (mannose,
glucuronic acid, mannose)
every second glucose. Internal
mannose may be acetylated
external mannose may be
pyruvylated.

Weak gel formation
providing suspending
properties, but flows
when sheared.

Gels with the addition of
LBG or konjac
glucomannan.

Agar Repeating units of galactose
and 3,6-anhydrogalactose.

Viscosify as fluid gel
particles at low polymer
concentration.

Thermoreversible gels

Cellulosics Cellulose backbone derivatised
to different extents with methyl
(MC), hydroxypropyl methyl
(HPMC) or carboxymethyl
(CMC) substituents.

MC/HPMC: η

determined by Mw; CMC
degree of substitution
determines decrease in η

with increased ionic
strength.

MC and HPMC gel upon
heating and revert to the
solution state upon cooling.

Starch Linear (amylose) or branched
(amylopectin) polymer of
glucose.

Starch granules swell
upon heating and
provide space fillings.

Retrogradation produces
gels whose textures are
determined by the
amylose/amylopectin ratio.
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(c)
(b)

(a)

Fig. 4.1 Principle structures for hydrocolloid polymers: (a) linear; (b) linear-branched
and (c) branched, with the diameter of gyration decreasing with the increasing degree of
branching, for equivalent molecular weights, as indicated by the circles.

the thickening ability of hydrocolloid gums and the fundamentals of
hydrocolloid behaviour in solutions. The dissolution medium for hydro-
colloids tends to be aqueous based, and future references to hydrocolloid
solutions in this chapter refer to their aqueous solutions.

The rheological behaviour of hydrocolloid solutions is affected by the
molecular weight and the conformation of the hydrocolloid molecule as
well as the solvent conditions. Dextran solutions, for example, can be
designed to show Newtonian flow behaviour (constant shear viscosity),
whereas guar gum and xanthan gum are classical examples of hydrocol-
loids forming shear-thinning solutions (shear viscosity decreases with
the increasing shear rate or shear stress). The features determining the
rheological behaviour of hydrocolloid gums are, in principle, the same
as for synthetic polymers. For hydrocolloid polymers, broad structural
variety is observed, and specific intra- and intermolecular conforma-
tions in solution result in a large spectrum of rheological behaviours.
At the individual molecule level, solution behaviour is affected by the
structural features of the hydrocolloid backbone and its side chains,
as well as the presence of charge, characteristics impacting on the de-
gree of chain stiffness. Fig. 4.1 illustrates three principle structures
observed for hydrocolloids and the consequence on the radius of gy-
ration, a measure used to describe the dimensions of the hydrocolloid
polymer chain. At equivalent molecular weights, hydrocolloids with a
linear non-branched backbone have a bigger radius of gyration than that
of branched hydrocolloids. An increase in the degree of branching, at
an overall equivalent molecular weight, leads to a decrease in the radius
of gyration. The radius of gyration is correlated with the hydrodynamic
resistance of the macromolecule to flow, and therefore, it is correlated
with the viscosifying capacity of a hydrocolloid gum.

In order to relate the behaviour of individual hydrocolloid chains to
solution viscosity, the intrinsic viscosity, [η], has to be introduced:

[η] = 1

c

η − ηs

ηs
for c → 0 (4.1)
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Compact sphere: a = 0

Random coil: 
a = 0.5 – 0.8

Rigid rod: a = 1.8

Fig. 4.2 Haug triangle representing extreme forms of macromolecular conformation and
associated values for the Mark–Houwink parameter, a. The case of a compact sphere is
not found for hydrocolloid gums; it is typical for globular proteins. The Mark–Houwink
parameter range provided for the random coil corresponds to the equivalent sphere model.
The model of the free-draining coil represents an intermediate case along the horizontal
hypotenuse with a = 1.0–1.2.

where η is the viscosity of the solution and ηs is the viscosity of the
solvent. The intrinsic viscosity has the dimension of an inverse concen-
tration, c, and is used to compare the viscosity of dilute solutions of
polymers. The value of [η] is generally obtained by measuring solution
viscosity at a range of concentrations as well as the solvent viscos-
ity, followed by extrapolation to zero concentration (c → 0). At these
very low concentrations, the solution behaviour of hydrocolloid gums is
usually Newtonian, and the viscosity values are close to the value of wa-
ter. Therefore, measurement method and equipment should be selected
appropriately. The hydrodynamic behaviour of hydrocolloid chains in
solution can be explained by considering each molecule as a flexible
chain or a rigid rod. Flexible chain behaviour shows two limiting cases:
the free-draining coil model and the equivalent sphere model (Mitchell,
1979). In the free-draining coil model, it is envisaged that the solvent
is unperturbed by the presence of the polymer. In the equivalent sphere
model, the solvent is entrained in the polymer coil, and the contribution
of the coil to solution viscosity is characterised by its radius of gyration.
Such models are useful and have led to the relationship between [η] and
molecular weight, M, given by:

[η] ∝ Ma (4.2)

where a is known as the Mark–Houwink parameter. The Haug triangle
shown in Fig. 4.2 is often used to represent the three extreme cases of
macromolecular conformation.

The solution behaviour of hydrocolloids is interdependent on ionic
strength, nature of the counterions, temperature and other solution con-
ditions. Particular attention to solution conditions, with regard to ions,
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High pH
Low salt concentration

Low pH
High salt concentration

Fig. 4.3 Molecular conformation of charged hydrocolloids in response to pH and salt
concentration, which affects rheological response.

should be paid in the application of charged hydrocolloids, since molec-
ular conformation can be drastically altered as indicated in Fig. 4.3.

With increasing concentration, macromolecules begin to interact as
sketched in Fig. 4.4; the critical concentration for the onset of interac-
tions is denoted as the coil-overlap concentration, c*. The nature and
extent of interaction is affected by the solvent conditions and the solu-
tion behaviour of the individual molecule. At c*, a change in the slope
of the specific viscosity, ηsp, defined as:

ηsp = η − ηs

ηs
(4.3)

where η is the viscosity of the solution and ηs is the viscosity of the
solvent, can be observed (note that ηsp is dimensionless).

The behaviour is linear with the slope for c > c* larger than for c <

c* with characteristic values for different hydrocolloids (see Table 4.1).
Plotting the dimensionless product c[η], also referred to as the coil-
overlap parameter, on the abscissa collapses the ηsp curves for a large
number of hydrocolloids (Morris et al., 1981). Values reported for the
slope are ∼1.4 and ∼3.3 for the dilute regime and the concentrated

c < c*
(dilute regime)

c = c*
Onset of overlap

c > c*
(concentrated regime)

c

ηsp

c*

Fig. 4.4 Macromolecular conformation and specific viscosity (ηsp) versus concentration
(c) relationships for random coil polymers, where c* is the coil-overlap concentration.
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regime, respectively, and c*[η] ∼ 4 (Morris et al., 1981). Exceptions
from this behaviour have been reported for hydrocolloid solutions in
which chain–chain interactions have been modified to attain ‘extreme’
solvent conditions (high/low pH, high ionic strength). Also, acquisition
of a large number of ηsp data around c* has, for some hydrocolloids, led
to the identification of two critical concentrations, c*′ and c** (Castelain
et al., 1987; Launay et al., 1997), with a slope of ∼2.3 in the transition
region (c*′ < c < c**).

The discussion so far has considered concentrated solutions as tem-
porary networks in which the physical junctions, the entanglements,
are continuously formed, disrupted and reformed among the chains. A
further class of molecular theory for hydrocolloids with flexible back-
bones is based on reptation models (de Gennes, 1971) in which each
macromolecule is confined in a tube-like region with contours varying
over time and the molecule can only move by diffusion along the tube.
Hydrocolloids with rigid backbones can be treated as long rods with
the relative orientation of each rod being random as long as the sys-
tem is not sheared; the whole system appears to be isotropic. Above a
critical polymer concentration formation of a liquid, crystalline phase
is observed for rigid rod molecules in which a preferred direction of
molecular orientation takes place as, for example, for xanthan gum (Lee
and Brant, 2002a, 2002b). As a consequence, the viscosity increases
drastically.

The shear viscosity of sufficiently dilute hydrocolloid solutions is
Newtonian. With increasing concentration, shear-thinning behaviour
is often observed, which can be fitted with the model functions. A
multitude of these can be found in rheology textbooks (see, for exam-
ple, Barnes et al., 1989; Macosko, 1994; Larson, 1998; Lapasin and
Pricl, 1999; Mezger, 2006), and nowadays the software packages of
rheometers tend to have these models programmed in as data-fitting
options. The simplest type of shear-thinning behaviour is the power law
or Ostwald–de Waele behaviour:

η = kγ̇ n−1 (4.4)

where k is the flow coefficient (or consistency constant) and n is the
power law index. For n = 1, the flow behaviour is Newtonian, and k
equals the viscosity of the solution. For n < 1, the hydrocolloid solution
is shear thinning, and n > 1 denotes shear-thickening behaviour (i.e.
an increase in shear viscosity with the increasing shear rate, which is
observed for structured liquids of suspension characters rather than for
single-phase hydrocolloid solutions).

The Cross model (4.5) considers power law behaviour at intermediate
shear rates. At sufficiently low or high shear rates, the shear viscosity is
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considered to be shear rate independent, and these regions are referred
to as the lower and the upper Newtonian plateaus respectively. The
respective viscosities are denoted as zero-shear viscosity, η0, and high-
shear or infinite-shear viscosity, η∞:

η = η∞ + η0 − η∞
1 + (kγ̇ )n

(4.5)

where k is the flow coefficient or Cross constant and n is the power
law index; η∞ and η0 have been introduced above. For η∞ values
considerably lower than η0 values, application of a simplified version
of the Cross model (4.6) often fits experimental data sufficiently well:

η = η0

1 + (kγ̇ )n
(4.6)

Some hydrocolloid solutions show a very pronounced shear-thinning
behaviour manifesting itself in a viscosity drop of many decades over
a fairly narrow range of low shear rates. Such behaviour is typically
interpreted as yield behaviour; there has been a vast debate in the lit-
erature over the existence or non-existence of a yield stress (Barnes,
2007), which is defined as the minimum stress required to act on the
sample to induce flow. A classical model to consider yield behaviour is
the Herschel–Bulkley model:

τ = τHB + kγ̇ n (4.7)

where τ is the shear stress, τHB is the yield stress according to the
Herschel–Bulkley model, k is the flow coefficient and n is the power law
index. Shear viscosity based on a Herschel–Bulkley fit can be calculated
by substituting τ in Equation 4.6:

τ = ηγ̇ (4.8)

Measuring yield stress presents a challenge, and data reported tend to
be extrapolated from flow curves (shear stress versus shear rate curves
extrapolated to zero-shear rate). It should be noted that flow behaviour
in the yield stress region is often thixotropic (time dependent) and,
therefore, yield stress values will vary depending on the shear history
of the sample.

Hydrocolloid solutions (whether their shear flow characteristics are
Newtonian or shear-thinning) may show a certain degree of viscoelas-
ticity which manifests itself in the development of normal stresses in
rotational shear and/or a storage modulus far in excess of the values
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of loss modulus analysed in dynamic oscillatory shear. Viscoelastic
solutions also show extensional viscosity, ηe, behaviour deviating from
Trouton’s law:

ηe = 3η (4.9)

where η is the shear viscosity.
In a dynamic oscillatory shear test, a sample is subjected to periodic

sinusoidal shear in the form of a shear stress or a shear strain. In a
shear stress controlled experiment, the shear strain is measured, and
vice versa. The frequency of oscillation is either kept constant or varied.
If the material response is in-phase with the deformation, the material
behaviour is fully elastic:

τ = Gγ (4.10)

where τ is the shear stress, G is the elastic modulus and γ is the
shear strain. Purely viscous material behaviour manifests itself in a
material response out-of-phase with the deformation (corresponding to
a phase shift of π/2 or 90◦), and shear stress is proportional to the
time derivative of the shear strain. Viscoelastic solutions show a phase
shift, δ, between 0 and π/2 or 90◦, and the elastic modulus will show
an in-phase component and an out-of-phase component corresponding
to the elastic and viscous contributions to the material behaviour. The
values of these two components are denoted as the storage modulus,
G′, and the loss modulus, G′′, respectively. It is customary to report
the tangent of the phase, tan δ, which is equal to the ratio G′′/G′. In
order to assess G′ and G′′ at a range of frequencies, it is important
to ensure that the material response is not additionally affected by the
deformation amplitude imposed. Therefore, so-called frequency tests
are carried out by applying a stress or strain amplitude chosen from the
linear viscoelastic domain which is evaluated in an ‘amplitude sweep’
conducted at a constant frequency. The linear viscoelastic domain is
recognised as the region where G′ is independent of the deformation
amplitude. Hydrocolloid solutions may show a highly extended linear
viscoelastic domain such as up to 100% strain, whereas simple emulsion
formulations tend to show much smaller critical strains in the order
of 1%.

4.3 HYDROCOLLOID GELATION AND GEL RHEOLOGY

Many random coil hydrocolloids possess the ability to form a physi-
cally cross-linked gel network, given appropriate solvent conditions or
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solution temperature. In the gelled state, the physical entanglements are
kinetically trapped. Temperature-induced gelation of polysaccharides
tends to be reversible; for example, agar gels form upon cooling of
agar solutions from near boiling to below ∼40◦C, and they will melt
upon reheating to near boiling. Temperature hysteresis between gelation
and melting is commonly observed for hydrocolloid solutions. Whilst
gelatin is a protein, its gel-forming behaviour is akin to that of many
polysaccharides with gelation imparted on cooling. A gelatin gel will
melt upon heating above ∼37◦C, and it is this melting temperature in the
region of the in-mouth temperature that has led to its wide applications
in foods. Globular proteins gel irreversibly upon heating through denat-
uration. More recently, cellulose derivatives have become more popular
since they originate from abundantly available cellulose. Cellulose is
not soluble in aqueous solutions; chemical, enzymatic or physical mod-
ifications need to be applied to achieve dissolution in aqueous media.
Some of the cellulose derivatives available from ingredient suppliers
form solutions in cold water and reversible gels upon heating.

Hydrocolloid gel formation can also be ion mediated. An increase
in ionic strength tends to increase the temperature of gelation (e.g.
for iota and kappa carrageenan, gellan gum) and can induce aggregate
formation, which in turn leads to thermal hysteresis. Also, the addition of
calcium ions to alginate can form thermo-irreversible gels. The transition
between a viscoelastic hydrocolloid solution and a hydrocolloid gel is
well defined in terms of their rheology characteristic as, for example,
displayed in a dynamic oscillatory shear test. On a more practical note,
for example in food product development laboratories, gels are often
identified as free-standing samples or samples that remain contained in
a beaker after it has been tipped over. Material behaviour is recognised
as being gel-like when the storage modulus as acquired in a dynamic
oscillatory shear test is larger than the loss modulus and the slope of the
storage modulus versus frequency approaches zero.

4.4 HYDROCOLLOID–HYDROCOLLOID INTERACTIONS

In food systems, hydrocolloids are rarely used as single ingredients.
Exceptions to this would be products such as table jellies and jams.
The properties of such food gels are determined by the fine structure of
the polymers (e.g. type A or B gelatins, degree of esterification (DE) of
pectin), the polymer concentration and the environment in which the gels
were formed (e.g. calcium level, pH, soluble solids, shear during the pro-
cess). More commonly, hydrocolloids in foods are present in mixtures.
Historically, as a function of product development and/or optimisation,
mixtures have been devised to confer product-specific attributes. These
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are to provide requisite viscosity (e.g. dressings and sauces), gel struc-
tures (e.g. milk gels) or stabilisation of particles (e.g. herbs in vinaigrette
dressings or cocoa particles in chocolate drinks). In mixed hydrocolloid
systems, these attributes are both a function of the individual polymer
fine structure and the characteristics of the interactions between them.
A classical representation of how hydrocolloids might interact in gelled
systems was given by Cairns et al. (1987), where two hydrocolloids are
depicted in one of four possible mixed ensembles: (i) a single (first)
polymer network containing the second polymer within its gel net-
work, (ii) interpenetrating networks, (iii) phase-separated networks and
(iv) coupled networks. In the following examples for these different
types of mixed ensembles, the rules for their creation as well as those
controlling their microstructure will be given. Microstructure control is
synonymous with control over properties imparted by microstructure,
and the following examples have been taken from an extensive body of
research in food material science.

Rheological measurements have been employed, often in combina-
tion with other techniques, to provide an understanding of hydrocol-
loid interactions. Techniques range from viscosity, creep compliance
measurements and acquisition of mechanical spectra to others relating
to polymer hydrodynamics, such as analytical ultracentrifugation, and
large deformation testing in compression or extension.

The study of hydrocolloid mixtures remains a very popular and active
research area due to the range of properties that such mixtures can pro-
vide. For example, in the field of coupled networks (or more commonly
known as synergistic mixtures), two polymer solutions can produce a
gel only when mixed together. Similarly, a hydrocolloid might appear
to lose its gelling properties once mixed with another non-gelling one
if the mixture phase separates and the gelling component becomes the
dispersed phase. It is the answers to these observations that have been
uncovered over the past three decades of study in the field.

Synergistic interactions have initially been described for mixtures of
galactomannans with either xanthan or kappa carrageenan. Locust bean
gum (LBG) solutions were found to gel when mixed with xanthan gum,
a weak gel-forming hydrocolloid (Dea and Morrison, 1975). Kappa
carrageenan gels were shown to be firmer or were able to form at con-
centrations lower than their critical concentration for gelation when also
mixed with LBG. The original models proposed for the gelation of these
two types of synergistic gels involved the binding of the galactomannan
to the rigid, ordered helices of either xanthan or kappa carrageenan.

Morris (1995) summarised the models for xanthan synergistic inter-
actions as an evolution in the understanding of the requirements of the
xanthan molecule in order for it to promote effective interactions with,
for example, LBG. Initially, it was believed that the xanthan molecule
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should be in the ordered conformation to promote interaction. This
was then questioned, indicating that disorder was required. The current
understanding is that heterotypic (xanthan–galactomannan) as well as
homotypic (xanthan–xanthan) interactions are required for gelation with
the heterotypic junction zones being formed with xanthan in the disor-
dered conformation. This model is based on viscosity evidence from
low concentration solutions prepared from two stock solutions mixed
in different ratios. The technique was developed from the early work
of Cuvelier and Launay (1988), but instead of selecting the two stock
solutions based on polymer concentration, the technique used was to
adjust their zero shear specific viscosity to 1 (twice the viscosity of
water). When mixed in different ratios, departure from the zero shear
specific viscosities of the two stock solutions provided direct indication
of interaction. Polymer-exclusion and phase-separation phenomena are
negligible at the low polymer concentrations involved, and therefore,
such events are not the origin of the observation, as they would be for
systems of higher polymer concentrations. Examples of polymer con-
centrations of xanthan and LBG required to give such starting stock
solutions are 0.007 and 0.06%, respectively, with a 60:40 blend pro-
ducing a sevenfold increase in the zero shear specific viscosity (Foster,
1992). In the latter study, it was also shown that deacetylation of xan-
than (DX) promoted the synergistic interaction with LBG, due to the
destabilisation of the ordered helix, which promoted the formation of
heterotypic junction zones and resulted in a 100-fold increase in vis-
cosity. On the other hand, for xanthan lacking the terminal mannose
unit in its side chain, and therefore the destabilising pyruvate group, the
helix was more stable and resisted heterotypic junction zone formation;
as a result no interaction was observed across the blending ratios used
(Foster and Morris, 1994; Morris and Foster, 1994). A change of the
co-synergist to konjac glucomannan (KM) showed a 30-fold and 500-
fold increase in the viscosity of xanthan and DX, respectively (Foster,
1992). Thus, comparison of the efficiency of the interaction, relating to
the conformation or type of co-synergist, provides not only the funda-
mental understanding of the nature of the interaction but also the tools
for optimising it.

The method was developed further to screen for molecular interac-
tions in mixed hydrocolloid systems, and in addition, it has been applied
to measure stoichiometry of interaction (Goycoolea et al., 1995a). Fur-
ther measurements of stoichiometry of interaction were based on rheo-
logical measurements to provide evidence of heterotypic binding. The
gel’s storage modulus (G′) and the enthalpy of transition showed a lin-
ear increase with increasing KM:DX to 1:1, with little further change at
higher ratios. It was also found that tan δ goes through a sharp minimum
at similar compositional ratios, indicating efficiency in the usage of the
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polymer chains of the co-synergists in the formation of heterotypic junc-
tions (Goycoolea et al., 1995b). Replacing KM by LBG (both having
a β-1,4-linked sugar backbone) shows the same trends; however, the
sol–gel transition is wider, producing a gel with a modulus thrice that of
a KM containing gel. Both these facts indicate that the LBG molecules
tend to form a greater number of shorter interactions rather than the
longer ones found in heterotypic junction zones containing KM.

The polymeric composition of galactomannans (galactose/mannose
with a galactose side-chain distributed on the mannan backbone) was
deemed to be a critical factor influencing heterotypic junction zone
formation. Guar has a high G:M ratio and it did not seem to interact
with xanthan. However, Goycoolea et al. (2000, 2001) have shown
that the G:M ratio is less important in low salt-containing mixtures of
mesquite gum and DX leading to a description of different types of
heterotypic junction zones. Mannion et al. (1992) also indicated two
modes of interaction between xanthan and LBG depending on the G:M
ratio. Smaller values for G:M were observed to lead to an increase
in the temperature of solubility. As a result of this, G′ data measured
for the mixtures depended not only on the G:M ratio but also on the
temperature of mixing, indicating that the fine structure of both polymers
affects the final gel properties. Indeed, Cronin et al. (2002) have shown
that enzymic debranching of galactomannans (removal of Gs) in the
presence of xanthan promotes the formation of strong gels. The influence
of temperature of mixing has recently been re-investigated, and while
the gels created upon cooling mixtures from high temperature are seen
to be stronger and more cohesive than those mixed at a temperature of
20◦C (which is below that of the xanthan disorder–order transition), the
enthalpy of melting the mixed gels appears to be independent of thermal
history (Fitzsimons et al., 2008b). Therefore, the lack of cohesiveness of
the gel created at low temperature is attributed to a disruption of network
formation during mixing. Agoub et al. (2007) have furthered the debate,
regarding the requirement of the xanthan molecule to be either ordered
or disordered, by comparing xanthan with low pyruvate content to a
commercial xanthan, which was progressively depyruvylated by low pH
treatment. While the overall conclusion is unclear, the findings from the
study by Agoub et al. (2007) demonstrated an interesting functionality
of low pyruvate xanthan when mixed with KM, as the resulting systems
produced melt-in-the-mouth gels.

The work on xanthan has recently received new evidence pointing
towards an interaction with xyloglucan (Kim et al., 2006a, 2006b).
The existence of such interactions might not be unexpected, since the
xyloglucan molecule has a β-1,4-glucan (cellulose) backbone; nonethe-
less, the high frequency of di- and tri-saccharide side chains could have
been taken as an indication for the absence of any interaction.
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Interactions in mixed biopolymers containing other β-1,4 glycans
have been discussed by Cui et al. (1995, 2006) and Wu et al. (2009)
and focussed on the interactions between water-soluble yellow mustard
mucilage with LBG. These latter studies indicate that there is still scope
to improve the understanding of synergistic interaction containing β-
1,4-linked backbones, demonstrating a need for an overarching study to
look for interactions with new commercial opportunities for renewable
biomass resources.

The synergistic interaction between alginate and high methoxy pectin
is another one which has recently gained renewed interest. This is at least
in part due to their ability to interact as pH is lowered, which is why
this system is of particular interest within the context of structuring food
in the gastric environment of the digestive tract; for example, to delay
gastric emptying and therefore promote an enhanced feeling of satiety
(Strom et al., 2010). Targeted design of network density also has the
potential to affect diffusion of inclusions for controlled delivery. Syn-
ergistic liquid mixtures of pectins (high and low methoxy pectin) have
been shown to create synergistic gels in which junction zone length, den-
sity, and pore size can be controlled depending on the calcium and sugar
level of the gelling environment (Lofgren et al., 2002). However, the
precise mode of interaction between alginate and pectin is still unclear,
but there has been phenomenological evidence to show a requirement
for alginate to contain high amounts of guluronic acid (high G alginate)
and for pectin to have high levels of methoxylation. On the basis of
a systematic study for a range of alginates and pectins, Walkenstrom
et al. (2003) showed that the strongest synergism is between high G
alginate and highly esterified pectin, creating the highest gel modulus
and showing the fastest kinetics of gelation with maximum values found
for a 1:1 mixing ratio. Microscopy revealed an effect on network density
and levels of branching.

Cairns et al. (1987) introduced the concept of interpenetration net-
works (IPNs), which have been shown in the work by Clark et al.
(1999) and Amici et al. (2000, 2002) for mixtures containing gellan–
maltodextrin, gellan–agarose and agarose–kappa carrageenan, respec-
tively. IPNs offer the opportunity to control pore size as well as network
strength and connectivity of gels for controlled release. The rheologi-
cal properties of these systems are complex, and at present, it does not
appear to be a constitutive model. For the agarose–kappa carrageenan
system, the first gelling component in the mixture depends on the level
of potassium ions present (Brown et al., 1995; Amici et al., 2002), as this
affects the gelation temperature of the kappa carrageenan. Such control
varies the ability to describe the modulus of the mixture from simple
summation of the pure components, which applies when carrageenan
gels before agarose, to a more complex situation when agarose gels
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first. Therefore, the physical environment experienced by the separate
polysaccharide chains at the point of gelation has to be considered in
modelling and when attempting to control the physical properties of
such mixtures. When agarose is added to gellan, the resultant gel is
reinforced, showing higher gel moduli and stress-to-break without af-
fecting the brittle nature of the gellan gel fracture (Amici et al., 2000).
In gellan–maltodextrin systems, crystallisation of maltodextrin occurs
within the pores of the gellan gels.

Another school of thought is that in mixed systems, the second poly-
mer present has a large impact on the behaviour of the first polymer.
However, gel network formation in the presence of a second polymer is
far from straightforward, and to date, no conclusive model exists. There
has been recent literature to indicate gel formation at lower concentra-
tions than expected for kappa carrageenan (Penroj et al., 2005), pectin
(Giannouli et al., 2004) and whey protein (Fitzsimons et al., 2008a)
in the presence of a second hydrocolloid in disordered conformation.
It appears that the entanglement of the two polymers in a one-phase
mixture impacts upon the gel formation. Therefore, consideration for
hydrodynamic volume in such mixtures must be given in any expla-
nation of gelation, as it will affect the gelling ability of the polymers
and the kinetics of the gelation process. There have been instances re-
ported for mixtures not too dissimilar to those showing evidence for
IPN formation, which have been shown to phase separate (segregation
into two phases), where the initiator for phase separation is the ordering
and gelation of one of the two constituent hydrocolloids. Kasapis et al.
(1999) and Lundin et al. (1999) have shown that this is the case for
mixtures of the same polymer type such as for mixtures of high and
low acyl gellan and iota- and kappa-carrageenan, respectively. Loren
et al. (2001) followed quenched mixtures of gelatin and maltodextrin
and found that phase separation was initiated when a certain amount
of gelatin helices had been formed during ordering. Gelation of gelatin
in the presence of a range of hydrocolloids has been shown to drive
segregation, leading to flocks or gel particles depending on the type of
hydrocolloid (Harrington and Morris, 2009).

The discussion above covers Cairns’ description of single hydrocol-
loid networks containing another hydrocolloid within them, whether the
second species can undergo gelation (IPN) or not, and phase-separated
networks which depend on the rate of gel structure formation when
quenched from a one-phase system. Thermodynamic phase separation
can occur when both hydrocolloids are in the solution state and it can be
associative or segregative. Associative phase separation can be seen in
a similar way to ‘coupled’ networks, only the structures created are
not through space-filling networks but separate into hydrocolloid-rich
and hydrocolloid-poor regions. Such associations tend to be induced
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when the two hydrocolloids carry opposite charge. Examples include
mixtures of gelatin and carrageenan (Michon et al., 1995, 2000; Haug
et al., 2003), gelatin and gum Arabic (Lemetter et al., 2009) and β-
lactoglobulin and gum Arabic (Schmitt et al., 1998). The properties of
such complexes change as a function of pH and salt, imparting structural
change triggers, which may be of use in their applications. Addition-
ally, gelatin and β-lactoglobulin are surface active, a property which
may be exploited for the incorporation of hydrophobic additives into
the hydrocolloid-rich complex (van Benthum et al., 2004) or for the
stabilisation of water and oil emulsion interfaces by the complex itself
(Schmitt et al., 2005). The formation of such complexes has been pro-
posed to take place by a nucleation and growth mechanism (Sanchez
et al., 2006).

Haug et al. (2003) have shown that upon cooling hydrocolloids which
were in equilibrium in the hydrocolloid-poor region, it can undergo
segregative phase separation, inducing a highly complex microstructure.

Clark et al. (1983) were the first to indicate the effect of phase sepa-
ration on the rheological properties of phase-separated mixtures. They
reported on mixtures of agar and gelatin and showed changes in phase
continuity via microscopy, composite gel modulus and melting pro-
files. A comprehensive study of gelatin:maltodextrin mixtures showed
incompatibility in solution (Kasapis et al., 1993a) and in gels (Kasapis
et al., 1993b), and the phase sense explained mixed-gel moduli (Kasapis
et al., 1993). Morris (1990) built on the work by Clark et al. (1983) by
using the Takianagi polymer blending laws to describe the composite
modulus using the isostress or the isostrain model.

Such analyses can often be used to explain the rheological prop-
erties of phase-separated systems. However, the work of Haug et al.
(2003) demonstrated that complexity of the microstructure might make
such simplistic descriptions indicative only. Butler (2002), Butler and
Heppenstall-Butler (2003) and Loren et al. (1999) have shown that,
depending on the quench depth, the initial phase-separation event can
be followed by a secondary phase separation induced by hydrocolloid
ordering. Normand et al. (2002) attempted to explain their rheological
results obtained for gelatin:maltodextrin mixtures in this way. Quench
depth also determines whether the mechanism of phase separation is that
of spinodal decomposition or nucleation and growth. This, in turn, can
influence the sharpness of the interface, which may also have an effect on
the rheological properties of the mixture. Indeed, Plucknett et al. (2001)
have shown that debonding at the interface of gelatin:maltodextrin mixed
gels occurred when the system was exposed to large deformations in
extension tests. Firoozmand et al. (2009) have shown that colloidal par-
ticles can accumulate at the interface of gelatin:oxidised starch phase-
separated mixtures, which results in a viscoelastic interface. This is an
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interesting finding and one which will undoubtedly be developed fur-
ther, as these rheological consequences appear to be attractive in terms
of development of new textures and texture control.

Rheological properties of phase-separated mixtures (known as water-
in-water (w/w) emulsions) at a temperature where neither hydrocolloid
is ordered can be described using an emulsion model (Capron et al.,
2001; Stokes et al., 2001; Simeone et al., 2002). This allows for the de-
duction of the interfacial tension in these systems. Values are in the order
of µN/m, which has been confirmed by direct measurement (Ding et al.,
2002; Simeone et al., 2004; Spyropoulos et al., 2008). In mixtures with a
gelling droplet phase, the shape of the gelled droplets can be controlled
by the flow stresses experienced during gelation (Wolf et al., 2000;
Erni et al., 2009). The rheological behaviour of the resulting suspen-
sion depends on the particle shape (Wolf et al., 2001). The rheological
behaviour of particles of different size and shape suspended in a hydro-
colloid solution, representative of a number of commercially applicable
semi-dilute dispersions, has been described with the Cross model mod-
ified to include yield stress behaviour (Rayment et al., 2000). Foster
et al. (1996) showed that high shear during gelation can induce phase
inversion of w/w emulsions, with the first gelling hydrocolloid form-
ing the dispersed phase and the starting phase volume being retained.
Therefore, high dispersed phase volume systems can be produced. If
the particles are able to interact, a string-of-pearls type of structure can
be created. Firoozmand et al. (2007) described a similar particle gel
network for another gelatin:oxidised starch composite formed in the
absence of shear.

Recent work on phase-separating materials has produced new in-
sights. Boyd et al. (2009) have shown that mixtures of xanthan with
other polyelectrolytes possess significantly lower viscosities than those
of xanthan solutions of the same concentration alone. This behaviour
appears to be less related to a loss of xanthan viscosity as this forms
the dispersed phase in the mixture, but more to the low-viscosity liquid
crystalline phase that xanthan is driven to form. Upon dilution, the xan-
than forms a conventional polymeric solution and the viscosity increases
dramatically. Lad et al. (2010) have indicated that a similar viscosity
reduction can be observed when xanthan is mixed with particulate hy-
drocolloids such as cold water swelling starch granules.

Foster (2007) and more recently Shrinivas et al. (2009) have shown
that the spectrum of rheological properties of w/w emulsions can be
enhanced further by entrapping oil or fat in the dispersed phase. Such
systems can be regarded as (oil-in-water)-in-water emulsions. Air may
also be used as the innermost phase, and the opportunity for the cre-
ation of a vast range of products with interesting behaviours is ob-
vious. Recent work by Ganzevles et al. (2006a, 2006b, 2008) has
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shown that the properties of the interface in a protein:polysaccharide
phase-separated system is determined by the interaction of the pro-
tein with the polysaccharide in the bulk solution, the mixing ratio, the
ionic strength and the order of adsorption (simultaneous adsorption of
protein/polysaccharide complexes or interaction of the polysaccharide
with a protein already adsorbed). Such stabilising effects could be close
to providing the viscoelastic interfaces created by hydrophobins (Cox
et al., 2009; Tchuenbou-Magaia et al., 2009).

Current trends in developing an increased understanding of the rhe-
ological properties of the respective phases in mixed systems have in-
volved the use of reporters within the phases. Dinsmore et al. (2001)
and Valentine et al. (2001) reported the use of multiple particle track-
ing, which has also recently been used for food-like microstructures
(Moschakis et al., 2006). Loren et al. (2009) have used NMR to track
the diffusion of small molecular weight dendritic polymers through
microstructures.

4.5 HYDROCOLLOIDS IN FOODS – ROLE
AND INTERACTIONS

The previous section has covered scientific developments in the inter-
actions of hydrocolloids with a view that such types of interactions
are experienced when the hydrocolloids are used in food products. The
predominance of the hydrophilic nature of hydrocolloids means that
they ordinarily reside in the water phase of foods. Foods can contain
high amounts of water, for example sauces, emulsions, or low levels,
for example baked goods and confectionary. The rheology of hydrocol-
loids varies, depending on water content, and has been summarised by
Kasapis et al. (2004), showing a mastercurve, spanning dilute solutions
through to the glassy state.

In identifying the role of hydrocolloids in foods, the mantra which
should be followed is one of hydrocolloid structure functionality. There-
fore, the choice of hydrocolloid should be determined by the position
of the hydrocolloid in the food microstructure and the function it has.
The functionality of the hydrocolloid is determined by the way it mixes
with other ingredients (covered in the previous section) and the proper-
ties of the individual polymer itself, as a function of its molecular fine
structure, which, as we have shown above, determines the viscosify-
ing or gelling potential of the hydrocolloid. Knowing these parameters
may then allow for replacement strategies if a particular hydrocolloid
becomes too expensive to use, ethically unacceptable or nutritionally
deficient.
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Taking a microstructural approach also appreciates the importance
of process impact on hydrocolloid location in the product and therefore
its functionality. Such process steps might include one or more of the
following: temperature changes, pressure changes, different ionic/pH
environments, high/low shear and varying points of addition of the
hydrocolloid in the process. Developments in microscopy techniques
have enabled for the determination of the exact location of hydrocolloids
in food microstructures.

Of the synergistic interactions mentioned in the previous section,
carrageenan–galactomannan interactions are used in milk-based prod-
ucts for thickening and particle stabilisation and as veggie–gel gelatin
replacers. The weak synergistic interaction between xanthan and guar
galactomannan is often used in formulations to maintain the required
viscosity/weak-gel properties, with a reduction in the amount of xan-
than compared to the properties of xanthan at higher usage levels when
used as a single ingredient. With guar being a much cheaper ingredient
than xanthan, this can often be a cost benefit to the manufacturer, with-
out compromising the consumer perception of the product. The firmer
xanthan–LBG gel has recently seen a re-emergence as the gelling agent
in the new jelly bouillons.

Associative phase separation has been used for encapsulation and
delivery vehicles (van Benthum et al., 2004), in which fat/oil has been
encapsulated for controlled release/digestion. Schmitt (2010) has shown
how coacervate particles can be used as stabilisers in ice cream foams.

Segregative phase separation is the most common occurrence in food
microstructures. An example is ice cream, which typically contains
polysaccharides LBG and kappa carrageenan, mixed with the milk pro-
teins from either whole milk or cream or solutions made with skimmed
milk powder. Schorsch et al. (1999) established a phase diagram for
skimmed milk protein and galactomannan and also identified that the
carrageenan was located in the protein phase. The inclusion of car-
rageenan in the milk thickens and slows down ‘wheying off’ (bulk sepa-
ration into two layers). The LBG phase gels in the ice cream process and
the small gel particles aid stabilisation of the ice cream microstructure.
An application of the galactomannan–milk protein phase diagram was
in the replacement of sahlep in Maras ice cream, enabling novel texture
control for frozen desserts. The unusual property of Maras ice cream
is its extensibility, which provides stretchy textures at frozen temper-
atures, at which conventional ice cream would fracture. Daniel et al.
(2000) measured the differences in texture by cutting dog-bone shaped
test samples at −25◦C, then loading and tempering the sample before
extension at −14◦C.

The surface activity of some hydrocolloids has been mentioned in
the previous section, due to the hydrophobic patches/stretches on the
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primary, secondary, tertiary or quaternary structure of the molecule. Bot
et al. (2002) have shown that understanding both surface activity and
hydrocolloid segregative phase separation can provide texture control in
dairy spreads, which are examples of (oil-in-water)-in-water emulsions.

The examples given above have shown that hierarchical microstruc-
ture control can be achieved. Burey et al. (2009) have indicated that
exciting new textures, flavours and appearances will provide scope for
innovation in the confectionary market. It appears that Holm et al. (2009)
have begun to meet such a challenge by creating layered gelatin gels in
which the sugar differs in amount in each of the different layers. Con-
trolling the distribution of sugar in the sample produces sweeter gels
while the sugar content is maintained at the same level.
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5 Xanthan Gum – Functionality
and Application

Graham Sworn

5.1 INTRODUCTION

The polysaccharide xanthan gum is produced by the microorganism
Xanthomonas campestris. Xanthomonas species are pathogenic organ-
isms which are responsible for blight diseases of a number of important
crop plants, including, beans, peas, cabbage and cotton. Xanthan gum
is soluble in cold water and forms highly viscous solutions. It is used in
a very wide variety of food products, including dressings, sauces, baked
goods, dairy desserts, beverages and frozen products. To understand
how to use xanthan gum in these many applications, one must first un-
derstand the functionality of the gum and how the molecular structure
can influence this. This can then be supported by knowledge of how
the main components of the food influence the functionality. These are
primarily water, salts, acids (pH), sugars and proteins. The processes
used to prepare the food, such as mixing, heating and freezing, must
also be considered. Finally, how the xanthan interacts with the structures
created in the food products will contribute to the final stability, texture
and, ultimately, consumer satisfaction.

5.2 XANTHAN MOLECULAR STRUCTURE AND
ITS INFLUENCE ON FUNCTIONALITY

Two of the key properties of xanthan gum that set it apart from other
hydrocolloid thickeners are its unique rheology and its ability to inter-
act synergistically with galactomannans. The rheology can be charac-
terised by the development of very high viscosity at low shear rates
and pseudoplastic flow. As illustrated in Fig. 5.1, xanthan solutions are
more pseudoplastic than must other thickeners and develop a higher
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Fig. 5.1 Comparison of the flow behaviour of thickening agents: 0.3% xanthan gum (•),
1% guar gum (◦), 1% LBG (♦), 1% alginate (�), and 1% cellulose gum (�).

viscosity at low shear rates at much lower concentrations. Behaviour at
low shear rates is important for suspension stability, whereas behaviour
at medium rates can provide information about cling and mouthfeel.
Viscosity at high shear rates can determine the behaviour in processes
such as filling, pouring, pumping and spraying.

The flow behaviour of xanthan gum is a result of intermolecular asso-
ciation among xanthan polymer chains which results in the formation of
a complex network of entangled rod-like molecules. These associations
are driven by the charges that are carried on the pyruvate group of the
terminal mannose and the glucuronic acid unit sandwiched between the
two mannose units of the trisaccharide side chain. This highly ordered
network of entangled stiff molecules gives rise to xanthan solutions hav-
ing the viscoelastic characteristics of a weak gel. This is illustrated in
Fig. 5.2, which shows that the xanthan solution has a dominant elastic
response to frequency in contrast to other polysaccharide thickeners,
such as guar, which have a dominant viscous response. These rheo-
logical characteristics provide suspension stability to finished products,
combined with the ease of filling, pouring and pumping.

Xanthan gum also has the ability to interact with galactomannans
such as guar gum, cassia gum, tara gum and locust bean gum (LBG)
and with structurally similar polysaccharides such as the glucoman-
nan konjac (Kovacs, 1973; Pettitt, 1982; Dalbe, 1992; Urlacher and
Noble, 1999; Sworn, 2000). The specific binding between the extracel-
lular polysaccharide and typical components of plant cell walls, such
as galactomannans and other polysaccharides having a β-1,4-linked
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Fig. 5.2 Viscoelastic profile of 0.6% xanthan gum (�G′, �G′′) and 0.6% guar gum
(G′•, G′′◦).

backbone, may suggest a part in the host–pathogen relationship. It has
been suggested that the extracellular polysaccharide could represent a
‘molecular holdfast’ to recognise the site at which the bacteria are finally
to attach themselves. The simplest of such functions would be to locate
the bacteria at the plant cell surface in a single layer. A more elaborate
possible function of this type, suggested by the selectivity of binding,
in vitro, could be to identify a particular area of the surface of a par-
ticular type of plant cell by means of the characteristic polysaccharide
composition of its wall (Morris et al., 1977).

The interaction with galactomannans results in either a synergistic
increase in viscosity in the case of guar gum, or the formation of strong
self-supporting gels as seen with LBG. With LBG, xanthan is able
to form a very elastic gel with optimum strength at a ratio of 60:40
Xanthan:LBG. At low gum concentration, this synergy can be used
to increase the thickening impact of xanthan or LBG and create fluid
systems with gel-like viscoelastic properties.

With guar gum, an increase in viscosity can be seen beyond the value
predicted for a simple mixture. The optimum synergy occurs at a ratio
of 80:20 guar:xanthan. The addition of xanthan gum to guar gum signif-
icantly increases the viscoelasticity of the solutions. This is illustrated
in Fig. 5.3: as the xanthan content in the mixture is increased, the elastic
modulus is increased and becomes less dependent on frequency, indicat-
ing a more gel-like rheology. This is particularly relevant to suspension
stability in finished products.
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Fig. 5.3 Elastic modulus for 0.6% solutions of 100% guar (�), 80:20 guar:xanthan (•)
and 50:50 guar:xanthan (◦).

The primary structure of xanthan gum is shown in Fig. 5.4. It consists
of a cellulosic backbone of β-1,4-linked D-glucose units substituted on
alternate glucose residues with a trisaccharide side chain.

The trisaccharide side chain is composed of two mannose units sep-
arated by a glucuronic acid (Jansson et al., 1975; Melton, 1976). Ap-
proximately half the terminal mannose units are linked to a pyruvate
group, and the non-terminal residue usually carries an acetyl group. The
carboxyl groups on the side chains render the gum molecules anionic.
Xanthan gum has a molecular weight of about 2 × 106 Da.

X-ray diffraction studies on xanthan gum fibres have identified a
right-handed fivefold helix conformation (Moorhouse et al., 1977). In
this conformation, the side chains are aligned with the backbone and
stabilise the overall conformation. In the solution, the side chains wrap
around the cellulose-like backbone, thereby protecting it. For example,
although the xanthan gum has a cellulosic backbone, it is very resistant
to enzymatic degradation by cellulases because, due to the presence of
the side chain, they are unable to access the main β-1,4-linked chain.

The role of the acetate and pyruvate groups in the molecular structure
of xanthan gum and their impact on functionality are probably the most
widely studied aspect of the structure–function relationship. Particular
emphasis has been given to their role in controlling the rheology of the
xanthan gum and their influence on interactions with the galactoman-
nans. Assuming only one acyl group per side chain, the stoichiometric
amounts of acetyl and pyruvate are 5.0 and 8.1%, respectively (Shatwell
et al., 1990). However, the levels in commercial xanthan gum are typi-
cally lower than this.

It has been shown in several studies that increasing the pyruvate
content of xanthan increases the viscosity (Sanford et al., 1977; Smith
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et al., 1981; Cheetham and Norma, 1989; Hassler and Doherty, 1990).
It has been suggested that there is no continuous relationship between
pyruvate content and viscosity, but rather, that there is a steep increase
when going from below 2% to above 3% pyruvate (Flores Candia and
Deckwer, 1999). It has also been demonstrated that the viscosity of low
pyruvate xanthan is less sensitive to the addition of salts (Cheetham and
Norma, 1989).

There is one published paper that contradicts this and claims that
pyruvate content has no significant effect on solution viscosity, and the
authors attributed the differences observed in other studies to possible
differences in molecular weight (Bradshaw et al., 1983). However, in
this study, viscosity was measured at shear rates between 8.8 and 88.8
per second. These relatively high shear rates may account for the lack
of difference in measured viscosity. Generally, the viscosity differences
are far more marked at shear rates below 0.1 per second. Christensen
et al. have shown that the terminal β-mannose is relatively susceptible
to acid hydrolysis. Thus, low pyruvate samples prepared in this way
may also have reduced molecular weight due to removal of this sugar
(Christensen et al., 1993). The presence of acetate, on the other hand,
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tends to reduce xanthan gum viscosity (Hassler and Doherty, 1990). It
has been shown that an acetate-free xanthan has higher viscosity than
native xanthan.

Initial studies on the mechanism of xanthan gum synergy with galac-
tomannans proposed a model in which the unsubstituted, galactose-free
(smooth) regions of the galactomannans bind to xanthan in its ordered
state (Morris et al., 1977). This model has been used to explain the dif-
ference in the degree of interaction between galactomannans of differing
degrees of substitution. Subsequent studies, which showed that interac-
tions were enhanced after heating the mixture to temperatures above the
coil–helix transition of the xanthan, were interpreted as evidence that
the binding occurred with the cellulosic backbone of the xanthan gum in
the ordered state (Cairns et al., 1986, 1987). An alternative explanation
was that when the hydrocolloids are mixed at temperatures below the
setting point of the gel, they form an inferior, disrupted network with
melting and resetting giving a stronger, coherent gel (Morris, 1990).
More recent studies tend to support this interpretation and favour the
original model of Morris et al. (Morris and Foster, 1994; Cronin et al.,
2002; Fitzsimons et al., 2008; Sworn and Kerdavid, 2009).

The strength of gels of xanthan and LBG or konjac mannan have
been shown to be very dependent upon the degree of acetyl substitution
and have generally concluded that the interactions increase with de-
creasing acetylation (Shatwell et al., 1991a, 1991b; Wang et al., 2002;
Morrison et al., 2004). The result of which is stronger gels with LBG
and konjac mannan. It has also been suggested that low-acetate xanthan
has stronger interactions with guar gum compared with that of stan-
dard xanthan (Lopes et al., 1992; Morris and Foster, 1994; Milas et al.,
1996; Morrison et al., 2004). For example, evidence for this was demon-
strated in the form of increased viscosity at 1 per second in low-acetate
xanthan/guar mixtures compared with standard xanthan/guar mixtures
(Morrison et al., 2004). There is very little published evidence to suggest
that the pyruvate content of xanthan has an influence on interactions with
galactomannans. Gel strength with LBG has been shown to be reduced
slightly with the reduction of pyruvate level, but results were not con-
clusive because the molecular weight of the low-pyruvate samples was
lower than standard xanthan (Shatwell et al., 1991a). They also showed
that a xanthan sample from a mutant strain of Xanthomonas campestris,
believed to lack the terminal mannose residue from the trisaccharide side
chains, formed very weak gels, suggesting that the side chain may play
an important role in the interaction with LBG. However, recent work has
identified a xanthan gum with high pyruvate content that has exception-
ally high synergy with galactomannans (Sworn et al., 2009). This work
also showed that the synergy was not increased by selective removal of
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the acetate group by alkali hydrolysis. These results appear to question
the conventional thinking on xanthan gum structure and synergy and
suggest that the pyruvate group, and perhaps the acetate/pyruvate ratio,
plays a more important role than previously thought.

The structure of the galactomannan also has an influence on the syn-
ergy with xanthan gum. The degree/strength of associations is increased
as galactose substitution is decreased. For example, LBG, which has
a galactose content of 17–26%, forms self-supporting gels with xan-
than gum, whereas guar gum, which has a galactose content of 33–40%,
forms weak gel networks, resulting in a synergistic increase in viscosity.
The molecular weight of the galactomannans is also known to influence
their interactions with xanthan gum. The lower the molecular weight,
the weaker the interactions seen with xanthan gum (Schorsch et al.,
1997; Sworn, 2009).

5.3 THE CONFORMATIONAL STATES OF
XANTHAN GUM

Solutions of xanthan gum undergo a conformational transition during
heating, which is associated with the change from a rigid, ordered state at
low temperature to a more flexible, disordered state at high temperatures.
This conformational change was first observed as a sigmoidal change
in viscosity (Jeanes et al., 1961). This is illustrated in Fig. 5.5 using a
0.5% solution of xanthan gum in 0.1% NaCl. The temperature of the
conformational transition increases with increasing ionic strength of the
solution as shown for NaCl concentration in Fig. 5.6.
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Fig. 5.5 The conformational transition of 0.5% xanthan gum solution in 0.10% NaCl
measured by viscosity.
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Fig. 5.6 The midpoint temperature of the thermal transition of 0.5% xanthan gum as a
function of NaCl concentration as measured in Fig. 7.5.

Xanthan gum has been described as having three conforma-
tional states (Holzwarth and Prestridge, 1977; Milas and Rinaudo,
1984):

(i) Native, ordered form
– Never heated

(ii) Denatured, ordered form
– Heated to transition temperature or above, then cooled

(iii) Disorderd form
– Present at high temperature or low salt concentrations, or both

The native, ordered form (i) is the typical form of the xanthan gum
in the broth at the end of fermentation which has not been subjected
to a heat treatment. It has been shown to have lower relative viscosity
and intrinsic viscosity compared with that of the denatured, ordered
form (ii), but the same molecular weight, suggesting a more compact
conformation. During the production of commercial xanthan gum, the
fermentation broth undergoes a thermal treatment to kill the bacteria
prior to the precipitation of the gum. This means that solutions prepared
with commercial xanthan gum can be considered to be predominantly in
the denatured, ordered form (ii). The impact of the conformational tran-
sition on the rheological properties of xanthan gum in relation to food
ingredients and processes will be discussed in detail in the subsequent
sections.
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5.4 FOOD INGREDIENTS AND THEIR EFFECTS
ON XANTHAN GUM FUNCTIONALITY

Xanthan gum is an anionic polysaccharide. Food components such as
salts and acids will influence the ionic strength of the environment,
which will, in turn, influence the functionality of the xanthan gum
through changes in the balance of the charges. Other charged molecules
such as proteins also have the potential to influence the functionality of
the xanthan gum.

5.4.1 Salts

The hydration rate of xanthan is decreased in the presence of salts.
Fig. 5.7 shows that after 30 minutes of mixing at 650 rpm with a
propeller-type mixer, full viscosity is not developed above approxi-
mately 2% NaCl. It is recommended that, when possible, xanthan is
hydrated in the water before the addition of salt. However, continued
mixing will eventually lead to full development of the viscosity at higher
salt levels. Once hydrated, xanthan has very good salt tolerance and up
to 20–30% salt can be added without adversely affecting the viscosity.

The effect of salts on the viscosity is dependent upon the concen-
tration of the xanthan gum. At low concentrations of xanthan, below
approximately 0.3%, addition of salts results in a slight decrease in the
viscosity. At concentrations above 0.3%, addition of salts results in an
increase in viscosity (see Table 5.1). The viscosity of the xanthan gum
solution is equivalent in deionised water and 1% KCl at 0.3% gum.
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Fig. 5.7 Viscosity of 0.3% xanthan gum after 30 minutes mixing at medium shear
(650 rpm propeller mixer).
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Table 5.1 Xanthan gum concentration and the effect of salt on solution
viscosity

Brookfield viscosity (12 rpm)

Xanthan conccentration (%) Deinised water 1% KCl

0.1 130 60
0.3 712 750
0.5 1550 1 830
1 3920 7 040
2 9050 31 000

Below this concentration, xanthan has a higher viscosity in deionised
water. Above this concentration, the xanthan has a higher viscosity in
the salt solution. The viscosity of xanthan gum is stabilised with the
addition of approximately 0.1% sodium chloride. Additional salt will
have little or no further effect on the viscosity (see Table 5.2).

Addition of salt to hot xanthan gum solutions can have an impact on
the final rheology. For example, addition of 0.5% NaCl to a hot solution
in which the xanthan is in the disordered form (iii), at sufficient levels
to induce the disorder–order transition to occur immediately, results in
lower viscosity upon cooling compared with that of a solution which is
heated and cooled in the presence of the same level of NaCl (see Fig.
5.8). It has been suggested that the salt addition at high temperatures
drives the xanthan molecule partially into the native, ordered state (i),
which results in a viscosity intermediate between the form (i) and (ii)
(Milas and Rinaudo, 1986).

As with viscosity, the addition of salts to hot solutions of
xanthan–LBG can have a negative impact on the strength of the gels. For
example, addition of 1% NaCl when the xanthan–LBG mix is hot and
the xanthan is in the disordered form results in weaker gels compared to
that when the salt is added before heating (see Fig. 5.8). The quality of
mixed xanthan–LBG gels is greatest when the xanthan is maintained in
the ordered form throughout the preparation process (Sworn and Ker-
david, 2009). Hydrating the gums in the presence of at least 0.4% NaCl

Table 5.2 Effect of salt concentration on the viscosity of xanthan gum solutions

Brookfield viscosity, 12 rpm (mPa · s)

NaCl concentration (%) 0.1% xanthan 0.5% xanthan 1.0% xanthan

0.001 130 1560 3 920
0.01 115 1820 9 800
0.1 100 2010 10 600
0.5 85 — —
1 90 1900 10 600
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Fig. 5.8 Effect of preparation procedure on the viscosity of 0.5% xanthan gum in 0.5%
NaCl and the gel strength of 1% 60:40 xanthan:LBG gels in 1% NaCl, (� NaCl added
prior to heating and � NaCl added at 87◦C).

or other salts of equivalent ionic strength will raise the transition tem-
perature to greater than 90◦C, which is the temperature required to fully
hydrate the LBG and will maximise the gel strength.

When mixed xanthan–LBG gels are made under optimum conditions
(salt addition prior to heating), the gel strength increases with increas-
ing salt concentration up to ∼100 mM for the monovalent ions. This
is equivalent to ∼0.58% as sodium chloride and 0.75% as potassium
chloride (see Fig. 5.9). Gels prepared with potassium ions are slightly
stronger than those with sodium. Gels prepared with calcium are signif-
icantly weaker.

5.4.2 Acids (pH)

There are two questions that need to be answered when considering the
effect of pH on a gum solution:

(i) How does the viscosity change as a function of pH?
(ii) How stable is the viscosity as a function of time at any given pH?

The first can be considered to be a question of sensitivity, and the second
can be considered to be a question of stability.
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Fig. 5.9 The effect of sodium (�), potassium (◦) and calcium (�) on the gel strength of
1% 60:40 xanthan:LBG gels.

5.4.2.1 The pH sensitivity of xanthan gum solution viscosity

Early product literature for xanthan gum reported that solution viscosity
was insensitive over a very broad range of pH (Pettitt, 1979, 1982).
The measurements were made at high gum concentrations (1%) and
relatively high shear rates (Brookfield viscometer at 30 rpm). On the
basis of this data, it is often assumed, wrongly, that this insensitivity can
be applied to all xanthan gum concentrations and across the complete
rheological profile of the solution. This has been revised in more recent
texts to show that some reduction of viscosity occurs at pHs below 2.5
(Urlacher and Noble, 1999; Sworn, 2000). In fact, Fig. 5.10 illustrates
that the viscosity at low shear rates is particularly sensitive to changes in
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Fig. 5.10 Effect of pH on gel strength of 1% 60:40 xanthan:LBG gels in 0.5% NaCl (◦)
and viscosity at 0.01 per second of 0.3% xanthan gum in 1% NaCl (•).
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Fig. 5.11 The pH sensitivity of 0.3% xanthan in 1% NaCl measured at 0.01 per second
(♦), 0.1 per second (�), 1 per second (�), 10 per second (�) and 100 per second (◦)
different shear rates (pH adjusted with a solution of citric acid or NaOH).

pH below 4. This effect, however, is completely reversible upon neutral-
isation, indicating that it is due to changes in molecular conformation
rather than degradation. The effect of pH on the viscosity is much less
marked at higher shear rates, which would indicate that mouthfeel would
be affected less than suspension stability (see Fig. 5.11).

The effect of pH on the synergy of xanthan gum with galactomannans
shows a similar trend to the viscosity of the xanthan at low shear rates
(Sworn and Kerdavid, 2009). The gel strength of the xanthan–LBG
mixed system remains relatively unchanged between pH 7 and 4, but as
the pH is decreased below 4, a progressive drop in the gel strength is
observed (see Fig. 5.10).

Xanthan is a charged polymer and so the pH sensitivity of the low
shear viscosity and synergy is to be expected, since changes in the
pH will result in changes to the charge density of the xanthan, which
will, in turn, influence the molecular associations between the xanthan
molecules themselves and between xanthan and other food ingredients.
Reducing the pH of xanthan gum solutions progressively converts the
carboxylate groups from the ionised to the un-ionised form (COO− +
H+ = COOH), with consequent suppression of electrostatic repulsion
between xanthan side chains (Agoub et al., 2007; Rinaudo and Moroni,
2009). This could reduce the stiffness of the molecule, allowing adoption
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Fig. 5.12 Schematic representation of the reversible change in xanthan viscosity below
pH 4.

of a more compact molecular shape, resulting in the observed reduction
in viscosity. Neutralisation would re-ionise the carboxylate groups and
allow the xanthan to return to the original conformation at neutral pH
with the associated recovery of the original viscosity. This is illustrated
schematically in Fig. 5.12.

It is important to understand that between pH 4 and 2, the low shear
viscosity of xanthan and the synergistic interactions with galactoman-
nans will decrease with decreasing pH. The practical implications of
this are that small changes in pH in this range could result in changes in
the suspension power, and hence stability, in some acidic food products
such as dressings and vinaigrettes. However, since the viscosity at higher
shear rates is less sensitive to the pH, it is likely that the mouthfeel of
the products will remain relatively unaffected.

5.4.2.2 The stability of xanthan at low pH

Although it has been shown that the viscosity of xanthan gum is sen-
sitive to pH below 4, the stability with time in acidic conditions is still
excellent. Xanthan is widely used in acidic food products such as salad
dressings and vinaigrettes, where it shows exceptional long-term sta-
bility. This is illustrated in Fig. 5.13 in a model vinaigrette solution at
pH 2.5, which has a virtually constant viscosity at low shear rate during
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Fig. 5.13 Variation with time of the low shear viscosity of xanthan gum in a model
vinaigrette (0.3% xanthan, pH 2.5, 1% NaCl).

the 13 weeks storage at room temperature. This translates into good
stability throughout the shelf life of the product.

5.4.3 Xanthan and proteins

The incompatibility of polysaccharides with milk proteins is well
known. It is the result of depletion flocculation, is dependent on the
concentration of polysaccharide and milk protein and often results in
phase separation. Xanthan gum is no exception (Hemar et al., 2001).

For example, when low concentrations of xanthan gum (0.01%–
0.1%) are added to milk and stored at 5◦C for 3 days, phase sepa-
ration occurs (see Fig. 5.14). Using rheological measurements, it can
be shown that the upper phase is enriched with the polysaccharide evi-
denced by the typical pseudoplastic flow characteristics of xanthan gum,
whereas the Newtonian flow of the lower phase indicates that it is en-
riched with the protein (see Fig. 5.15). A simple phase diagram of milk
content (protein) and xanthan concentration identifies two principal re-
gions (see Fig. 5.16). The continuous line separating the two regions is
called the binodal curve. In the monophasic (stable) region, below the
binodal curve, the two polymers coexist in one single phase. There is
thermodynamic compatibility. In the biphasic (unstable) region, above
the binodal, the system separates spontaneously into two phases. There
is thermodynamic incompatibility. At high levels of xanthan, a single
phase is seen. Flocculation may occur in this region, but the phase sep-
aration is not visible due to the stabilising effects of the viscosity from
the xanthan gum.
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Fig. 5.14 Phase separation after addition of xanthan gum to semi-skimmed milk. For a
colour version of this figure, please see the colour plate section.

In practice, many dairy products such as desserts are manufactured
very successfully with xanthan gum. These are typically formulated with
xanthan gum concentrations between 0.1% and 0.3% and often contain
other gelling and thickening agents such as starch and carrageenan,
which, together with the viscosity of the xanthan gum, provide product
stability. This enables the formulation of smooth, creamy-textured dairy
desserts.
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Fig. 5.15 The flow curves of the upper (◦) and lower (•) phase 3 days after addition of
0.05% xanthan gum to semi-skimmed milk.
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Fig. 5.16 Phase diagram for xanthan compatibility with milk.

5.4.4 Xanthan and starch

Starches are very widely used in food, and addition of low levels of
xanthan gum to starch-based products can improve their properties.
Xanthan gum does not significantly affect the gelatinisation of the starch
but can inhibit retrogradation, making the starch solutions more stable.
Xanthan gum is also effective at improving the freeze–thaw stability
of starches by controlling syneresis (Arocus et al., 2009). Xanthan is
widely used in baked goods where its benefits are seen as better water
retention and lower crumb firming during storage. The high viscosity
of the xanthan gum also helps with suspension of particulates such
as fruit and chocolate pieces during the baking process. This gives an
even distribution throughout the product. The viscoelastic properties
of the xanthan gum help to increase the volume through better crumb
structure. Xanthan gum can also reduce liquid separation (syruping) in
refrigerated doughs (Simsek, 2009).

5.5 FOOD PROCESSING AND ITS IMPACT ON XANTHAN
GUM FUNCTIONALITY

5.5.1 Thermal treatment

Heating of food products during their manufacture and/or prior to con-
sumption is common practice. Its purpose is to preserve the product
through destruction of the microorganisms and enzymes responsible
for spoilage and to improve the texture and palatability of the product.
The heat treatment can vary from cooking to sterilisation according to
the type of product and the shelf life required. Sterilisation refers to the
complete destruction of microorganisms, including spores, and typically
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requires that the whole food is heated to at least 121◦C for 15 minutes.
For solid and canned foods, this is often performed in static or agitat-
ing retorts. Rapid heating of liquids can be performed in a plate heat
exchanger. Often referred to as Ultra High Temperature (UHT) sterili-
sation processes, they involve heating the liquid to as high as 150◦C, in
some cases for 1–2 seconds, and then rapidly cooling. Pasteurisation is a
much less severe heat treatment typically carried out at temperatures be-
low the boiling point of water. For example, batch pasteurisation of milk
requires heating to 62.8◦C (145◦F) for 30 minutes. High temperature-
short time pasteurisation (HTST) is also commonly used in which the
milk is heated to 71.7◦C (161◦F) for at least 15 seconds.

It is essential to understand the effect of thermal treatments in terms
of the conformational transition of the xanthan gum, as this can have an
effect on the final solution rheology. In general when there is:

� no conformational transition during heat treatment:
◦ low shear viscosity is maintained (see Fig. 5.17a);
◦ degradation at low pH is minimised during heating;
◦ synergy with galactomannans is maximised (see Fig. 5.8).

� a conformational transition during heat treatment:
◦ low shear viscosity is reduced (see Fig. 5.17b);
◦ degredation at low pH is a greater risk during heating;
◦ synergy with galactomannans is reduced (see Fig. 5.8).

To maximise the stability of the xanthan gum and minimise any effects
of thermal treatment on its rheology, it is recommended that any salts
present in the formulation are added to the xanthan gum solution prior
to the thermal treatment. As discussed earlier, the conformational tran-
sition of xanthan gum is dependent upon the concentration of salts, so
whether or not the xanthan solution will pass through the conforma-
tional transition will be dependent on the ionic strength of the system
and the temperature of the treatment. Fig. 5.6 can be used as a guide. It
is to be noted that in the vast majority of applications, there are sufficient
salts present, in the form of sodium, potassium and/or calcium, to raise
the transition temperature of the xanthan gum above that of the typical
processing temperatures. This means that the xanthan gum solution vis-
cosity is very stable during heat treatments and can provide suspension
at high temperatures.

5.5.2 Homogenisation

Xanthan gum solutions are very stable during high shear mixing. Xan-
than gum solution viscosity is unchanged after homogenisation in equip-
ments such as colloid mills.
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Fig. 5.17 (a) The flow curve of 0.5% xanthan solution in 1% NaCl measured at 20◦C
before (◦) and after (•) heating to 85◦C. (b) The flow curve of 0.5% xanthan solution in
0.1% NaCl measured at 20◦C before (◦) and after (•) heating to 85◦C.

5.5.3 Freezing

Xanthan gum has no effect on the freezing point of a given system,
but is able to help stabilise the systems to freeze/thaw cycles because
its solutions are stable to freezing and thawing. It also helps to limit
the growth of ice crystals, which are one of the principal causes for
the loss of quality in frozen foods. Addition of xanthan can also min-
imise syneresis when products are thawed by increasing the viscosity of
the liquid phase.
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5.6 FOOD STRUCTURES

5.6.1 Emulsions

One of the main food applications of xanthan gum is in salad dressings.
These are oil in water emulsions that vary considerably in their compo-
sition and texture. Oil content may vary from 75 to 84% in mayonnaise,
35 to 50% in spoonable dressings and 30 to 40% in pourable dressings.
Low fat dressings and vinaigrettes may contain between 0 and 3%. A
large part of the texture in these products is brought by the emulsion
itself. Table 5.3 summarises the factors that influence the rheology of
dessings. A more detailed discussion of the rheology of emulsions can
be found in Chapter 3.

It is often argued that the xanthan stabilises the emulsions due to the
yield stress imparted to the product by the xanthan gum. This has been
shown to be incorrect as xanthan solutions, at concentrations used in
dressings, do not exhibit a yield stress (Parker et al., 1995). The flow
curves of xanthan gum solutions in Figs. 5.1 and 5.17a and b all tend
towards a lower Newtonian plateau at low shear rates. The presence of
a yield stress would be indicated by a tendency of viscosity to infinity
at low shear rates. It is believed that the yield stress is developed with
the help of the xanthan gum through flocculation of the oil droplets.
This, together with the thickening effect on the aqueous phase, sta-
bilises the system in terms of creaming and coalescence over the shelf
life of the product. The flow curve of a typical 30% oil dressing for-
mulated with 0.3% xanthan (see Table 5.4) compared with that of 0.3%
xanthan solution in 1% NaCl shows that the dressing has a much higher

Table 5.3 A summary of the factors that influence the rheology of dessings

Factor Action
Influence on the rheology of
the dressing

Oil content Influence on the phase volume Viscosity increases with the phase
volume fraction of the dispersed
phase

Oil droplet size Contribution to interfacial rheology Viscosity increases with
decreasing droplet size

Increased flocculation/aggregation
in finer emulsions

Xanthan gum Increases viscosity of aqueous phase Imparts non-Newtonian rheology
to emulsion

Induces flocculation/aggregation Increases viscosity/structure,
creates yield stress

Stabilises against coalescence and
creaming
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Table 5.4 Formulation for a
30% oil dressing

Ingredient (%)

Water 59.10
Oil 30.00
Salt 1.50
Sugar 2.00
Starch 1.00
Xanthan gum 0.30
Egg yolk 4.00
Vinegar 12% 2.00
Potassium sorbate 0.10
Antimicrobials 0.02
Total 100.00

viscosity than that of the xanthan solution but a very similar profile (see
Fig. 5.18).

5.6.2 Gels

Addition of xanthan gum to gels made with other hydrocolloids such as
carrageenan or gellan gum tends to reduce the break strength, but does
not affect the brittleness. This can in some cases improve the mouthfeel
by imparting a smoother texture to the gel. The xanthan gum can also
help to reduce syneresis. For these reasons, xanthan is widely used in
water jellies and dairy desserts.
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Fig. 5.18 Flow curve of a 30% oil dressing formulated with 0.3% xanthan (◦) compared
to a 0.3% xanthan gum solution in 1% NaCl (•).



c05 BLBK342-Norton November 9, 2010 17:40 Trim: 244mm X 172mm Char Count=

106 Practical Food Rheology

5.7 APPLICATIONS

A particularly interesting application for xanthan gum, which takes
advantage of many of the properties described here, is its use in the
management of the rheology of liquids for patients suffering from swal-
lowing disorders known generally as dysphagia (Sworn et al., 2008).
Swallowing is a very complex neuromuscular process, and there are
many disorders that can cause dysphagia. These include neurological
disorders, stroke, traumatic brain injury, Huntingdon’s disease, mul-
tiple sclerosis, Parkinson’s disease and cerebral palsy. Approximately
10 million Americans are evaluated with swallowing difficulties every
year and figures suggest that ∼14% of those aged over 60 are affected
by dyspahgia. Dysphagia is not directly associated with aging but is a
symptom of the degenerative diseases common in old age. Apart from
the obvious problems of potential dehydration and malnutrition due to
reduced food and fluid intake, other problems such as aspiration can
occur. Aspiration, which is the entry of food or fluids into the airway,
can lead to complications with the respiratory system, such as chronic
obstructive pulmonary disease or aspiration pneumonia.

The rheological properties of the bolus significantly influence the
swallowing process, and the use of hydrocolloids to control the rheology
can greatly help in the management of the condition. Hydrocolloid
thickeners are ideal for controlling the consistency of liquids and foods
and are an obvious choice for use in the management of dysphagia. To
be an effective thickener for this application, the following properties
are important:

� Easy dispersion at low mixing speeds.
� Fast hydration (cold and hot).
� Stable viscosity as a function of:

◦ time;
◦ temperature.

In addition to this, the thickener must perform in a variety of media such
as water, fruit juice, milk, tea and coffee.

The most widely used thickeners are modified starch (E1442), xan-
than and guar gum. Although all three are very effective thickeners, they
have very different rheological profiles. Products for this application are
often described in terms of consistency and some standards have been
proposed by the National Dysphagia Diet project based on viscosity at 50
per second. These are thin (1–50 mPa · s), nectar-like (51–350 mPa · s),
honey-like (351–1750 mPa · s) and spoon-thick (>1750 mPa · s). Us-
ing these criteria, the xanthan-based products are able to cover the
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Fig. 5.19 (a) Complex viscosity as a function of frequency for 1.2% xanthan (�) and
2% modified starch (◦) in tap water. (b) Mechanical spectrum of 1.2% xanthan (� G′,
� G′′) and 2% modified starch (• G′, ◦ G′′) in tap water.

nectar-like and honey-like consistencies, but because of the highly pseu-
doplastic nature of the viscosity, very high concentrations are needed to
reach the spoon-thick consistency. The starch products must be used at
higher concentration than the xanthan and, based on this measurement
criterion, are more able to create the spoon-thick consistency.

The consistency categories are based on a single point viscosity mea-
surement and do not reflect the overall texture of the products. The
viscoelastic properties of xanthan and modified starch at concentrations
that give approximately equivalent viscosity at a shear rate of 50 per
second are shown in Fig. 5.19a and b. The dynamic viscosity of the
products is very similar at 50 rad per second, but the xanthan has a
constant slope approaching −1, which is typical of a gel, whereas the
starch tends towards a Newtonian plateau at low frequencies, which is
more typical of an entanglement network. Similarly for the moduli, the
xanthan response is typical of a weak gel with the elastic modulus (G′)
dominating across the measured frequency range and both moduli show-
ing very limited frequency dependence. The starch has a profile typical
of an entanglement network: both moduli show frequency dependence
with the viscous modulus (G′′) dominating at lower frequencies and
the elastic modulus (G′) dominating at higher frequencies. The ideal
rheology for swallowing has yet to be established, but perhaps the most
important factor in the choice of the thickener will be the palatability
of the product, after all, if the product is not acceptable from a sensory
standpoint, then patients will not eat the products.

Recent work on the miscibility of solutions thickened with different
hydrocolloids has revealed some interesting differences that could be of
relevance to this application. It has been shown that solutions prepared
with particulate thickeners such as starch mix more easily with water
than do those thickened by polymer solutions such as guar gum and
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xanthan gum (Mitchell et al., 2008). The implications of this and food
perception are discussed in chapter 8, but in this application, the effects
on viscosity are of interest. In the case of starch, easy mixing with
the saliva could lead to dilution and loss of viscosity in the mouth
prior to swallowing, whereas with xanthan, the poorer mixing may
mean that the gel-like rheology would be more likely to remain intact
during swallowing. This could potentially offer better protection against
aspiration. Starch systems are also susceptible to amylase degradation
upon contact with saliva. This can result in a loss of viscosity and a risk
to the patient. Amylase-resistant systems have been developed by adding
gums such as xanthan to the starch, and it has been demonstrated that this
reduces viscosity loss (Sliwinski et al., 2009). Although the mechanism
is not clear, it is likely that the reduction in the miscibility due to the
gums offers some protection to the starch from the amylase attack by
limiting the contact time before swallowing.

5.8 FUTURE TRENDS

The differentiation of commercial xanthan grades has been based pri-
marily on their physical characteristics such as solution clarity, disper-
sion and hydration. Differentiation in dispersion and hydration has been
achieved through control of the particle size distribution of the pow-
der by milling, sieving or agglomeration. As discussed previously, the
functionalities of xanthan gum that set it apart from other hydrocolloid
thickeners are its unique rheology and its ability to interact synergis-
tically with galactomannans. Effective suspension and stabilisation of
many food products requires a high viscosity at low shear rates, and this
can vary according to the type of thickener used (see Fig. 5.1) and can
also vary from batch to batch and supplier to supplier for the different
thickeners. Xanthan gum is well known as the most effective thickener
for creating, at low concentrations, high viscosity at low shear rates, and
this is recognised as being critical for the functionality of xanthan gum
in many applications. Xanthan gum has for many years been sold on a
viscosity value specified at high concentrations (1% gum in 1% KCl)
and high shear rates (Brookfield viscometer, spindle 3 at 60 rpm) as
described in the Food Chemical Codex (FCC). According to the FCC,
this value must be a minimum of 600 mPa · s, and virtually all xan-
than sold for food applications today are specified between 1200 and
1800 mPa · s using this test method.

It can be shown that, for typical in-use concentrations of xanthan
gum, there is no correlation between their FCC viscosity value and
their viscosity at low shear rates (see Fig. 5.20). The lack of correlation
means the FCC viscosity offers no guideline to the end user in terms of



c05 BLBK342-Norton November 9, 2010 17:40 Trim: 244mm X 172mm Char Count=

Xanthan Gum – Functionality and Application 109

R2 = 0.2

1200

1400

1600

1800

0 20 40 60 80

Viscosity at 0.01 per second  (Pa.s) 
F

C
C

 v
is

co
si

ty
 (

m
P

a.
s)

Fig. 5.20 Correlation between Xanthan FCC viscosity (1% gum in 1% KCl) and low
shear viscosity of 0.3% xanthan gum in 1% NaCl.

performance in the application and no opportunity for the manufacturers
to differentiate on one of the main functional properties of xanthan gum.

Recently, a new approach to the specification of xanthan gum has
been taken by Danisco with the introduction of a xanthan gum range
with application-related specifications linked to key functionalities such
as low shear viscosity and synergistic interaction with galactomannans.
This approach provides for the first time a range differentiated on these
properties (see Fig. 5.21a and b) and specifications that provide the end
user with a guarantee of consistent performance. In addition, focus on
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the functionality has enabled the development of higher performance
products which offer the possibility of optimising dosage.
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Alginate has been widely investigated since it was first isolated and
described in 1881 by Stanford (E.C.C Stanford, 1881) and has since
become a vastly utilised polymer with a variety of applications. Algi-
nate is exploited not only in the food industry, but also in the paper and
textile industries, and for pharmaceutical and, more recently, biomed-
ical applications. The versatility of alginate has led to it being a fairly
well-understood material and has been subject to a great number of
systematic rheological investigations, information from which has been
subsequently utilised in food applications. More recently, their ‘high
value’ pharmaceutical and biomedical applications have driven the de-
velopment and understanding of alginate further. This chapter intends
to provide a brief overview of the chemical properties of alginates and
to review the influence of molecular structure on the physical, func-
tional and, more specifically, rheological properties which are exploited
in food systems. Specific applications in foods are also covered, which
highlight the multi-functional nature of alginate and its future potential.

6.1 ALGINATE SOURCE AND MOLECULAR STRUCTURE

Alginate is the major structural component of brown seaweed (Phaeo-
phyceae), providing both mechanical strength and plasticity to seaweed
that is analogous to pectins in plants. There are different species of brown
seaweed that contain alginates; however, the species that are most com-
mercially exploited for alginate production are Laminaria hyperborea,
Macrocystis pyrifera, Saccharina japonica and Ascophyllum nodosum
(Gomeza et al., 2009), with an estimated annual industrial production of
30,000 metric tonnes (Draget et al., 2006b). Alginate composition and
hence physical properties vary depending on the area of the plant the al-
ginate is extracted from (Jothisaraswathi et al., 2006). This can also vary
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with respect to different growth conditions and seasons (Andresen et al.,
1977; Indergaard and SkjakBraek, 1987). Several publications have de-
scribed the process of alginate extraction in detail (Nussinovitch, 1997;
Owusu-Apenten, 2005). As a basic guide, however, extraction of al-
ginate from seaweed can be achieved using the following procedure:
Seaweed is milled (either wet or dry) and washed with acid before ex-
traction with hot alkali. The alginate is then filtered, precipitated with
calcium and acidified to produce alginic acid. The insoluble alginic acid
can afterwards be treated with metallic carbonate, hydroxide or oxide
to produce the desired salt form of alginate.

In addition to seaweed, it should also be mentioned that bacterial
exopolysaccharides similar to alginate can be produced by fermenta-
tion of several species of bacteria, which include Azobacter vinelandii
(Gorin and Spencer, 1966) and Pseudomonas aeruginosa (Carlson and
Matthews, 1966; Linker and Jones, 1964). Indeed, these species have
helped scientists elucidate the mechanisms of alginate biosynthesis.

On a molecular level, alginate is described as a linear polysaccharide
consisting of two uronic acid residues 1,4-linked β-D-mannuronic (M)
acid and 1,4-linked α-L-guluronic acid (G), which occur along the
polymer chain as blocks of mannuronate, blocks of guluronate and
heteropolymeric blocks of both monomers (Fig. 6.1).

During the biosynthesis of alginate, polymer chains consisting solely
of mannuronate are initially produced, some of which are then con-
verted to α-L-guluronate by enzymatic epimerisation at C(5). With
regard to molecular conformation, this epimerisation results in convert-
ing the inter-residue linkages from 1,4 equatorial to 1,4 axial, having
the effect of altering the geometry throughout the polymer chain. Poly-
mannuronate blocks have what is described as flat, extended ribbon
geometry due to the 1,4 equatorial bond, with polyguluronate blocks
having ‘buckled ribbon’ geometry due to the 1,4 axial configuration
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and heteropolymeric regions having an irregular geometry, which can-
not pack together uniformly. The overall molecular conformation of the
alginate molecule is described as a ridged rod (Tombs and Harding,
1998), with the relative stiffness of the polymer chain reported to in-
crease in the order MG<MM<GG (Smidsrød et al., 1973). This, how-
ever, has been challenged recently by Vold and co-workers (Vold et al.,
2007), who argued that individual block types in natural and in vitro
epimerised polymannuronans showed no significant difference in chain
stiffness.

Several alginate derivatives have been developed, although only
propylene glycol alginate (PGA) is licensed for food use. First prepared
by Steiner (Steiner, 1947), it is produced by partial esterification of the
carboxyl group on the uronic acid residues in a reaction with propylene
oxide (Moe et al., 1995). The main benefit of PGA is witnessed in low
pH solutions, where native alginate would precipitate.

6.2 ALGINATE HYDROGELS

The most interesting feature of alginate with regard to academic inter-
est and industrial applications is the formation of ionotropic hydrogels,
consequently the process of which is well understood. First described by
Grant (Grant et al., 1973), the ‘egg box model’ is widely accepted as the
gelation mechanism of alginate (and pectin), whereby intermolecular
junction zones are formed by direct binding of divalent cations to car-
boxylate groups on the guluronate residues of adjacent polymer chains.
This binding has been shown to be highly selective towards differing
divalent cations generally in the order Pb2+ > Cu2+ > Ba2+ > Sr2+

> Ca2+ > Mn2+ > Mg2+ (Haug and Smidsrod, 1965). The affinity of
binding and strength of alginate gels produced are directly related to the
polymer composition. Taking this into account, a major consideration
prior to using alginate is the sequential structure, in particular, the total
content of guluronate residues and the average length of G blocks along
the polymer chain (Kohn and Larsen, 1972). This is because alginates
rich in G blocks generally produce stronger gels than those rich in M
blocks. More recently, it was reported that mixed junctions occurred be-
tween G and MG blocks, highlighting the importance of MG repeating
units in alginate gelation (Donati et al., 2005).

Generally, calcium ions are the favoured cross-linking species used in
alginate gelation due to the acceptability and relative safety in food and
pharmaceutical products. The commercial availability of alginates con-
sisting of almost 100% polymannuronate to 70% guluronate can provide
physical properties that are flexible and diverse, ideal for applications
in the food industry.
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Calcium can be introduced to the polymer in a variety of ways and
forms. Indeed, the method used for introducing the calcium ions can
produce different types of gels described as homogeneous and inhomo-
geneous gels. When calcium chloride is added to a solution of alginate,
localised instantaneous gelation or precipitation occurs, which makes it
extremely difficult to attain homogeneous gels.

To overcome this problem, an internal gelation mechanism developed
by Draget et al. (1990) can be used. This method utilises calcium in an
insoluble form (such as calcium carbonate) that can be mixed through-
out the alginate solution. The calcium carbonate is then dissociated by
slowly reducing the pH by the addition of glucono-δ-lactone (GDL),
which hydrolyses over a period of 40–60 minutes. This controlled re-
lease of the Ca2+ is known as internal gelation (Fig. 6.2).

The acidity, gelation time and strength of the resulting gels can be
regulated by carefully adjusting the ratio of CaCO3 to GDL. Rheo-
logically, an example of the typical mechanical spectra exhibited by a
2% (w/v) alginate sample prior to and following cross-linking by inter-
nal gelation is shown in Fig. 6.3a and b, respectively. These examples
show spectra as expected for a typical entangled polymer solution and a
cross-linked gel network. Gelation rate and final gel strength, however,
are also affected by alginate concentration, molecular weight and MG
sequence (Draget et al., 1990). Particle size of the insoluble calcium
salt can also be used to control gelation rate without affecting the final
gel strength, with smaller particle size favouring a more rapid gelation
(Fig. 6.4) (Draget et al., 2000, 2006b).

When calcium is introduced to the alginate in the soluble form (e.g.
CaCl2), the gels produced are usually inhomogeneous. The junctions
formed when gelling alginate in this manner are more concentrated at the
surface of the gel and require diffusion of calcium ions through the gel,
resulting in a structure that is stronger at the exterior than at the interior
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(Fig. 6.5). When cross-linking alginates using this technique, the gela-
tion kinetics are extremely rapid, witnessed by an instantaneous sol–gel
transition at the surface of the alginate. This instantaneous gelation has
been exploited most notably in the pharmaceutical and biotechnology
sectors to encapsulate drug molecules or cells.

As with internal gelation, the physical properties of the gels produced
can be manipulated by variations in molecular weight of the alginate,
M:G ratio and concentration of the calcium ions. These factors have
also been shown to create variations in the extent of inhomogeneity,
thus allowing scope for tailored mechanical properties and textures
throughout the gels.
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Fig. 6.4 Time dependence of G′ highlighting the effect of particle size of CaCO3 on
gelation time. Open circles 1.5 µm, filled triangles 4 µm and open squares 20 µm (Data
from Draget et al., 2006b)
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Fig. 6.5 Schematic diagram of external gelation.

The simplest route to immobilisation is to drop an alginate solution
containing the encapsulant through a syringe into a bath of calcium
chloride, a method first developed by Kierstan and Bucke (1977). A
disadvantage of this technique is that bead size is restricted by the
aperture of the syringe and the viscosity of the alginate, although this
can be overcome by techniques such as applying electrostatic pulses
(Hommel et al., 1988), vibrating needles (Hulst et al., 1985), atomisation
(Matsumoto et al., 1986) or more recently novel microfluidics (Sugiura
et al., 2005). The main drawback, however, is that this technique is
not easily scaled up (Poncelet et al., 1992). To achieve a smaller bead
size with a more practical scale up procedure, an emulsion templating
technique was developed (Wan et al., 1992), whereby a water in oil
emulsion is formed using alginate and the encapsulant in the water phase.
Once a stable emulsion is formed, CaCl2 can be added, which cross-
links the alginate droplets, giving a narrow particle size distribution. The
particle size, as with most emulsions, is controlled by the selection of
material for the oil phase and shear rate used in forming the emulsion,
in addition to the rate of addition of cross-linker.

If a larger bulk gel is required, the alginate solution can be added
to a dialysis membrane, which is then submerged into a solution of
CaCl2. The gelation time using this method can be several hours. The
concentration of the CaCl2 and the time the alginate is exposed regulate
the gel strength and homogeneity.

Because of the complex nature of food systems, it is important to
understand interactions of alginate gels with other molecules in the sys-
tem. In particular, phosphates and citrates which are regularly used in
food can complex calcium, causing the dissolution of alginate gels. In
addition, as alginate is a polyanion, there is potential for electrostatic
interactions with other macromolecules, for example proteins (Zhao
et al., 2009) or other polysaccharides (Toft et al., 1986) within food,
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Fig. 6.6 Time dependence of G′ (filled symbols) and G′′ (open symbols) for the formation
of alginic acid gels made from 1% high G alginate (Squares) and 1% intermediate G
alginate (Triangles) of similar molecular weights. (Data from Draget et al., 2003).

which may cause instability in the system or, conversely, have a
favourable interaction. With respect to processing, alginate is an at-
tractive gelling agent to use. The gel-forming mechanism is generally
considered as independent of temperature, which is unlike most other
polysaccharides, and once formed, the gels cannot be melted by heat-
ing. The gelation temperature, however, and indeed the pH and ionic
strength used during gelation do affect the mechanical properties.

6.3 ALGINIC ACID

Alginic acid is the water-insoluble protonated form of alginate (Draget
et al., 1994). The pKa of guluronic acid and mannuronic acid in 0.1
M NaCl are known to be 3.65 and 3.38, respectively (Haug, 1961). A
sudden decrease in pH of an alginate solution to below the pKa of the
monomers causes the precipitation of alginic acid (Haug and Larsen,
1963). It is also well known that if the reduction in pH is performed
in a controlled manner, it is possible to form alginic acid gels (Draget
et al., 1994, 1996, 2003). An excellent example of a product that utilises
these properties is the anti-heartburn medication Gaviscon R©. This orally
administered liquid contains sodium alginate as the active ingredient.
When the medicine reaches the stomach, the acidic gastric fluid causes
the alginate solution to form an alginic acid gel raft on the surface,
subsequently preventing gastric reflux. This in situ gelation has also
been explored in food systems as an appetite suppressor, which will be
discussed later in this chapter.

The rheological properties of alginic acid, similar to alginate salts,
vary with molecular weight and G:M ratio. This is illustrated in Fig. 6.6,
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Fig. 6.7 Effect of guluronic acid content on the Young’s Modulus of alginic acid gels at
apparent equilibrium (squares) in comparison to predicted results for ionically cross-linked
alginate gels (circles). (Adapted from Draget et al., 2006b).

where measurements of dynamic moduli show acid gels prepared from
a high G alginate have values that are about 2 orders of magnitude
greater than those of intermediate G alginate (Draget et al., 2003). Acid
gels, however, do show some variations from ionic alginate gels in the
nature of gel network formation and subsequently in rheology. These
differences are summarised in detail by Draget et al. (2006a), where it is
explained that M blocks provide stable intermolecular bonds which are
not apparent in ionically cross-linked alginate (Fig. 6.7). Furthermore,
alginic acid gels seem to be of an equilibrium nature, and the largest
junction zones are of higher multiplicity than the largest junction zones
in the ionically cross-linked gels (Draget et al., 2006a).

6.4 ALGINATE SOLUTIONS

Generally, solutions of alginate tend to be highly viscous. Concen-
trated, entangled solutions of alginate, however, exhibit shear-thinning
behaviour. This effect is shown by Rezende et al. (2009), where appar-
ent viscosity is reduced in various alginate concentrations on increasing
rate of deformation. Like most polysaccharides, the viscosity of con-
centrated alginate solutions is highly dependent upon the molecular
weight, with viscosity increasing with increased molecular weight. In
alginates, other factors such as G:M ratio, pH, ionic strength and, in
particular, presence of divalent cations can all cause variations in vis-
cosity (Onsøyen, 2001). Solutions of alginate also obey the cox-merz
rule, where steady-state viscosity as a function of shear rate is highly
comparable to the complex viscosity as a function of frequency. There-
fore, when measuring rheological properties by oscillatory deformation,



c06 BLBK342-Norton November 9, 2010 17:41 Trim: 244mm X 172mm Char Count=

Alginates in Foods 121

100

10

1

0.1

100

10

1

0.1
0.01 0.1

V
is

co
si

ty
 (

P
a)

C
om

pl
ex

 v
is

co
si

ty
 (

P
a.

s)

1 10

4% alginate 4% alginate

2% alginate 2% alginate

100 0.1 1 10 100

Shear rate (per second) Angular frequency (rad per second)

(a) (b)

Fig. 6.8 Shear-thinning behaviour of alginate, highlighting Cox-Merz superimposition
of steady-state viscosity and complex viscosity in 2 and 4% alginate solutions using
(a) rotational measurements and (b) dynamic oscillatory measurements.

complex dynamic viscosity can be considered analogous to steady-state
viscosity. This is highlighted by comparing Fig. 6.8a with b.

6.5 ENZYMATICALLY TAILORED ALGINATE

In order to fully exploit the potential of alginates, several research
groups have managed to engineer specific MG sequences and sub-
sequently tailor physical properties. As mentioned above, alginate is
biosynthesised initially as poly-β-D-mannuronate, from which some
of the residues are converted to α-L-guluronate by enzymatic epimeri-
sation at C(5) by mannuronan C(5) epimerases, producing polymers
with various sequences. Recent genome elucidation of the alginate-
producing bacterium Azobacter vinelandii has shown that the bacteria
produce seven different mannuronan epimerases to facilitate alginate
biosynthesis. These enzymes have subsequently been produced in E. coli
using recombinant enzyme technology and are termed AlgE1-AlgE7.
Although these enzymes perform the same function (i.e. C(5) epimerisa-
tion of mannuronan), their collective action can produce alginates with
vastly different sequences. For example, both AlgE1 and AlgE6 produce
polyguluronate blocks. However, AlgE1 initially forms only long ho-
mopolymeric G-blocks >50 residues, while AlgE6 gives shorter blocks
with a broader block size distribution (Holtan et al., 2006). Alg4, on
the other hand, converts mannuronate to guluronate in an alternating
manner (Hartmann et al., 2006).

In a recent study by Hartmann (Hartmann et al., 2006), alginate sam-
ples from different sources were modified using recombinant AlgE4,
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which converted the M blocks into MGM blocks with no effect on
G blocks. The solubility and gelling kinetics at low pH were then
analysed in the epimerised polymers produced. It was found that the
gelling of the MG-rich alginate with acid is kinetically slower com-
pared with native alginates. This is thought to occur due to the al-
ternating axial–equatorial/equatorial–axial glycosidic linkages, which
generates a delay in the sol/gel transition compared to the di-equatorial
(poly-M) and di-axial (poly-G) sequences (Draget et al., 2006a). These
findings highlight the potential of using epimerases to regulate algi-
nate gelling kinetics by simply controlling the fraction of MG se-
quences in the polymer chain. The ability to produce tailor-made al-
ginate provides a platform for the development of intelligently designed
high-value applications of alginate in food, pharma and biotechnology
sectors.

The remainder of this chapter will focus on summarising the various
applications of alginates in food systems and how the structural aspects
discussed above are used to develop and produce improved products.

6.6 ALGINATES AS FOOD ADDITIVE

Alginates are safe and approved as food additives by the European
Community and by the U.S. Food and Drug Administration and listed
in the United Nations (FAO/WHO) Codex Alimentarius (Draget et al.,
2006b). As a food additive, alginates are commonly referred to
within the European Union by the following E numbers (Brownlee
et al., 2009):

� E400: alginic acid;
� E401–E404: sodium, potassium, ammonium and calcium salts,

respectively;
� E405: esters of alginic acids, PGAs.

Alginates are routinely used in foods to improve, change, and stabilise
texture by exploiting properties such as gelation, viscosity enhance-
ment and stabilisation of aqueous mixtures, dispersions and emulsions
(Draget, 2000, 2006b). Some of these enhancements originate from the
native physical properties of alginates themselves, as summarised above,
but some of these properties result from interactions with other compo-
nents of the food product, for example, proteins, fat, or fibre. In addition
to these routine applications, alginates have more recently been utilised
as encapsulating vehicles for controlled release, edible films and as a
functional food ingredient. Key functions of alginate in various foods
are listed in Table 6.1.



c06 BLBK342-Norton November 9, 2010 17:41 Trim: 244mm X 172mm Char Count=

Alginates in Foods 123

Table 6.1 Key functions of alginate in food products (Walter, 1998; Draget
et al., 2006b)

Product Thickening agent Stabiliser Gelling agent

Ketchup ∗
Mayonnaise ∗
Margarine ∗
Milkshakes ∗
Fruit juices ∗
Liquors ∗
Ready-made soups ∗
Ice cream ∗ ∗
Sauces ∗ ∗
Dressings ∗ ∗
Frozen foods ∗
Syrups ∗
Dry mixed ∗
Pastry fillings ∗
Bakery icings ∗
Salad dressings ∗
Beer ∗
Fruit drinks ∗
Desserts ∗ ∗
Icing ∗
Topping ∗
Jams ∗
Puddings ∗
Bakery whipped cream ∗
Pie fillings ∗
Restructured foods ∗
Simulated fruit ∗
Mashed potatoes ∗

6.6.1 Gelling agent

A major advantage of alginates as gel formers over other gelling agents
lies in their ability to form gels at low (room) temperature, which are
thermo-irreversible, i.e. alginate gels are heat stable as described above
(Onsøyen, 2001). This thermal stability enables alginate to be used in
baking products. However, it should be noted that alginates are prone
to thermal and chemical degradation processes. Therefore, prolonged
heating may weaken the gel (Draget, 2000).

The room temperature gelling function is particularly valuable in
the restructuring of foods that may become damaged or oxidised under
high temperatures (e.g. meat products, fruits and vegetables). Reconsti-
tuted onion rings and pimento sections for use in olives are common
restructured foods produced using alginates (Brownlee et al., 2009), in
which alginates enable the production of products of regular size and
consistency. This consistency in restructured material significantly facil-
itates mass production of these products. Alginates also have a number
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Fig. 6.9 Elastic modulus, G′, of alginate/pectin 60:40 mixed gels (1.5% total polymer
concentration) at 20◦C. Illustrating the differences between high and low G alginate and
different degrees of esterification (data from Walkenström et al., 2003).

of similar applications in meat, seafood, fruit, vegetable and some ex-
truded food products (e.g. pastas and noodles).

The ability of alginate to form synergistic gels with other polysaccha-
rides such as pectin or chitosan provides further scope for its use in food.
Alginate–pectin synergistic gels, in particular, is a well-studied mecha-
nism, which is utilised for applications in jams, jellies and fruit fillings.
The alginate–pectin gel, in contrast to the purely ionically cross-linked
alginate, is thermo-reversible (Draget et al., 2006b) and gives a higher
viscosity than does either individual component. The pH value is also
an important parameter for gel formation like that of acid gels of both
alginate and pectin. Generally, a pH value less than 4 encourages gel for-
mation with increasing gel strength as the pH decreases from 3.5 to 3.0)
then remaining reasonably constant below pH 3 (Walkenström et al.,
2003). The gel structure is also independent of sugar content, unlike the
pectin gels, and may, therefore, be used in low-calorie products (Rehm,
2009). Generally, alginates rich in guluronate residues combined with
highly esterified pectins give the strongest gels, with weaker gels with
lower melting points formed with low G alginates (Thom et al., 1982;
Walkenström et al., 2003). This is illustrated in Fig. 6.9, where mea-
surements of G′ were taken in mixed alginate–pectin gels at a ratio of
60:40, using both high and low G alginate in combination with pectins
of varying degrees of esterification.

6.6.2 Thickening agent

The viscosity of alginate solution has a direct relation to the length of the
alginate polymer chain. The addition of alginate to water hydrates the
alginate, causing the solution to gain viscosity. The dissolved molecule
chains are not completely flexible, and it is well known that solutions
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of stiff macromolecules are highly viscous, which is generally true
for alginates. The thickening effect and rheology of alginate solutions,
however, can be controlled through the choice of grade and formulation
as well as concentration of alginate (Onsøyen, 2001).

Alginates are commonly used as thickening agents in ice creams,
desserts and savoury sauces, including mayonnaise as well as in jams,
marmalades and fruit sauces (Brownlee et al., 2009).

Use of alginates on their own or in conjunction with other thickening
agents has been shown to improve the acceptability of a number of
low-fat processed foods (Rehm, 2009).

6.6.3 Film-forming agent

A film or coating can be achieved by applying a thin layer of alginate
gel or alginate solution and, consequently, drying it (Onsøyen, 2001).
Edible films and coatings for foodstuffs are developing technologies that
have a high potential, owing to the current call for reduction or replace-
ment of non-biodegradable or non-recyclable food packaging (Brownlee
et al., 2009).

Sodium alginate food films show good tensile strength, flexibility and
resistance to tearing, and are impermeable to oils. Antimicrobial agents
can be incorporated in the alginate gel to provide an effective barrier to
microbial surface spoilage of vegetables, meat and fish products. The
low temperature formation of the alginate gel coating minimises damage
to the antimicrobial agents as well as to the foodstuff itself. This prop-
erty makes the alginate coating suitable for fresh fruit and vegetable
products, such as lettuce and freshly cut apple and melon sections,
where the coating increases the shelf life, reduces browning, main-
tains crispness and texture and reduces vitamin C loss (Brownlee et al.,
2009).

Alginates films also can be used to protect frozen fish from oxidation
and loss of water by stabilising the ice layer and making it more imper-
meable to oxygen and moisture. Meat carcasses and meat pieces can be
protected by a calcium alginate film, which both reduces water loss and
improves the food safety (Onsøyen, 2001).

6.6.4 Encapsulation and immobilisation

Encapsulation in food processing is a specialised form of edible packag-
ing. If encapsulation is utilised in a food process, usually the approach
is to apply the encapsulation only to those ingredients which are unsta-
ble, volatile or particularly reactive. Therefore, encapsulation renders a
cover around these ingredients, which provides stability and protection
for the whole product (Nussinovitch, 2003).
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Alginate immobilisation technologies in food processing can enhance
productivity in continuous operations by entrapping cells or enzymes
used in the production and reusing them. Immobilisation technology
is used to produce a wide range of bacterial metabolites, including
enzymes, amino acids, organic acids (e.g. acetic acid) and alcohols
(Brownlee et al., 2009). For example, alginate immobilisation technol-
ogy can be used in the production of fermented beverages to entrap
and reuse various cell yeast cultures (Navratil et al., 2002) or in the
dairy industry, where various lactic acid producing bacteria are used as
a starter culture (Champagne et al., 1994).

The addition of bioactive ingredients to foods is a challenging process
which is on the forefront of food research and development. Difficulties
particularly arise with respect to the stability of the bioactive compounds
during processing, storage and preventing interactions with other ingre-
dients. Alginate encapsulation may have use in the development of such
functional foods. The mild encapsulation process and acid insolubility
of alginate gels offer protection to the encapsulated contents from the
physiological extremes of pH once ingested, thus presenting the po-
tential to deliver fully functional enzymes or live probiotic bacteria to
the intestine. The enteric properties of alginate, in particular, provide
a great advantage when attempting to deliver live bacteria (Lee and
Heo, 2000; Hansen et al., 2002; Krasaekoopt et al., 2003; Clark et al.,
2008) or fully functioning bioactive proteins and peptides (George and
Abraham, 2006) to the intestine.

6.6.5 Texturisation of vegetative materials

Many processed foods contain hydrocolloids, including alginates, which
govern the product’s functionality and acceptability (Aguilera, 2005).
Novel structured fruit products are made from pulp and alginate, in
which particulates are embedded in the alginate gel matrix. Sodium
alginate is also used in the production of artificial fruits from sodium
alginate solutions (Nussinovitch, 2003).

Restructured food based on Ca-alginate gels seems to be a steadily
growing application of alginates. The restructuring process is based
on binding together a flaked, sectioned, chunked or milled foodstuff to
make it resemble the original, such as onion rings, pimento olive fillings,
crabsticks and cocktail berries (Draget et al., 2006b).

6.6.6 Stabiliser

Alginates produce stable gels both at high or low temperatures and at
low pH (Draget, 2000). Therefore, they can be used for a number of
food processing applications as food stabilisers. Ice cream was the first
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application of alginate as a stabiliser in the food industry (Onsøyen,
2001). While alginate allows control of the ice cream’s viscosity, it also
increases heat-shock resistance, reduces shrinkage and ice crystal for-
mation and enables ice cream to have a prolonged meltdown, which is a
desired characteristic (Onsøyen, 2001; Brownlee et al., 2009). If calcium
ions are present in the food matrix, then alginate is usually mixed with
sodium phosphate, which binds excess calcium and prevents the precip-
itation of calcium alginate. Routine use of alginates in bakery creams
provides the cream with freeze/thaw stability and reduces separation of
the solid and liquid components (Brownlee et al., 2009).

The esterified alginate derivative, PGA, is commonly used in acid-
based salad dressings, acidic fruit drinks and to maintain foam stability,
including applications in mousse and other desserts. This is due to its
higher solubility at low pH (Moe et al., 1995). Another major use of
PGA is in the brewing industry, where it is added to different beers and
lagers to stabilise the froth head when poured, which also protects it
from foam-negative contaminants (Brownlee et al., 2009).

6.6.7 Appetite control

The microstructure and bulk properties of food products are known
to influence the uptake of nutrients or other components of food and
can also influence satiety (Di Lorrenzo et al., 1988; Bergmann et al.,
1992). Of particular interest is research by several groups that suggests
that daily ingestion of a strong-gelling alginate reduces energy intake
by slowing gastric clearance and attenuating uptake from the small
intestine. This, in turn, modulates the human appetite (Pelkman et al.,
2007; Paxman et al., 2008). High viscosity or gel strength in the mouth is
associated with poor acceptability of foods. At the same time, however,
high viscosity in the stomach is linked to increased gastric distension
and thereby increased satiety (Pelkman et al., 2007). Also, alginates
appear to have some inhibitory effects on a range of digestive enzymes
in vitro. This is likely to be due to their high viscosity, which in turn
reduces the availability of substrate for enzyme action (Rehm, 2009).

This has opened up an interesting and potentially lucrative application
of alginate as an appetite suppressor to control obesity. Unlike other
viscous polysaccharides which need to be administered in gel form
to exist as a gel in the stomach, alginates have the unique ability to
spontaneously form gels at low temperature in the presence of acid
or calcium ions. The nature of alginate gelation in the stomach and the
effect on satiety in human subjects has been investigated by Norton et al.
(2006), using NMR/MRI techniques. Alginate solutions were consumed
before MRIs of the stomach were taken at regular intervals over a two-
hour period. These images of the gels within the stomach were analysed
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Fig. 6.10 NMR studies comparing the change in the T2 relaxation time of alginate and
locust bean gum meals in the stomach as a function of time. (Adapted from Norton et al.,
2006).

in terms of their respective spin–spin (T2) relaxation time, which is
related to the viscosity (Marciani et al., 1999), allowing real time in vivo
viscosity measurements. The change in T2 relaxation time of the alginate
was compared with that of the non-acid gelling locust bean gum as a
function of time after consumption. It was found that T2 relaxation time
of the locust bean gum solution increased with time due to the dilution
of the viscous solution within the stomach. The T2 relaxation time of
the alginate, on the other hand, decreased with time due to the gradual
gelation in the acidic gastric fluid (Fig. 6.10). The mechanical forces that
exist in the stomach cause the alginate, when ingested, to be subject to
shear forces during the gelation process. Consequently, the gels formed
are likely to be inhomogeneous. Indeed, the MR imaging techniques
used by Norton et al. (2006), recorded immediately after a solution of
alginate had been ingested, revealed ‘string-like’ gel structures, which
were considered to be inhomogeneous alginate gels.

6.6.8 Summary

A brief description of the chemistry and the physical properties of
alginates are presented in this chapter alongside some current appli-
cations in food. Alginates are being used, or have the potential to be
used, in an increasing variety of applications in the food industry. How-
ever, for successful food formulations, a complete understanding of the
structure–function relationships in alginates is necessary.

The versatility of alginates is due to the availability of a wide range of
structural conformations and, subsequently, diverse physical properties.
Their unique gelling abilities at low temperature alongside good heat
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stability make them ideal for use as thickeners, stabilisers or restructur-
ing agents, as well as for encapsulating active enzymes and live bacteria,
and for protective coating of fruits and vegetables.

Furthermore, alginate intake in the diet has a number of physiological
effects. Alginates can be given in low viscosity formulations, which can
increase palatability. Because of the presence of acid in the stomach,
alginate formulations can gel in situ, which can increase satiety and
reduce absorption and digestion rates of other macronutrients in the
diet.

The constant advancement and interest in ‘high value’ applications
of alginate in drug delivery, biomedicine and functional foods will de-
velop the knowledge base, the application of specific design and the
novel functionality of alginates. Large steps are already being taken to
achieve this with the pioneering work performed at several institutions
on the design of alginate sequence using mannuronan epimerases and
the development of chemically modified alginates, both of which can
ultimately be prepared ‘application specific’.
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7 Dairy Systems
E. Allen Foegeding, Bongkosh Vardhanabhuti and Xin Yang

7.1 INTRODUCTION

Rheological measurements have become essential tools in food com-
panies for characterising ingredients and final products, as well as for
predicting product performance and consumer acceptance. The rheo-
logical properties of dairy products can range from liquids such as milk
to semi-solids or soft gels such as yoghurt and sour cream to hard solids
such as cheddar and Parmesan cheeses. Understanding the rheologi-
cal and mechanical properties of various dairy products is important in
the design of flow processes for quality control, in predicting storage
and stability measurements and in understanding and designing tex-
ture. With the latter, quality attributes such as viscosity, spreadability
and creaminess, or hardness and breakdown properties are extremely
important to the acceptance of liquid, semi-solid, and solid dairy prod-
ucts; therefore, one use of rheological measurements is in determining
which physical properties are associated with the sensory perception
of texture. In rheological tests, a fixed stress or strain (similar to those
occuring during processing and consumption) is applied to a sample
and the relationship among stress, strain, and time scales of foods is in-
vestigated. Selection of an instrumental technique for the determination
of the rheological properties of a dairy product depends on its proper-
ties (i.e. whether the product is liquid, semi-solid or solid) and more
importantly on the purpose of the measurement. This chapter will fo-
cus on the rheological properties of liquid milk, some semi-solid dairy
products and solid cheese to show how rheological techniques have
been and can be used to characterise the mechanical properties of these
materials.
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7.2 FLUID MILK

Milk is a colloidal suspension in which the solid components dissolve
or disperse in a continuous water phase. From a rheological perspec-
tive, milk can be categorised as a typical fluid because it deforms and
flows immediately when subjected to a stress. Knowledge of the flow be-
haviour of milk is important to the design and operation of dairy process-
ing equipments involved in mixing, storage and pumping. Rheological
properties of milk closely correlate with sensory perception of texture.

7.2.1 Rheological properties of milk

The rheological characterisation of a fluid can be described using the
relationship between shear stress (σ ) and shear rate (γ̇ ) in a steady
laminar flow. A Newtonian fluid displays a linear relationship between
shear stress and shear rate, independently of time, and has no yield stress.
Because the major component of milk is water, normal milk shows
similar rheological properties as water – a Newtonian flow behaviour
(Equation 7.1):

Newtonian model σ =µγ̇ (7.1)

where µ is the Newtonian viscosity, which is a measurement of the
resistance of fluid to flow due to the ‘internal friction’. Newtonian vis-
cosity can be affected by temperature and composition of the fluid. The
Newtonian viscosity of water is 1.0 mPa · s at 20◦C, while representative
values for milk and milk fractions at 20◦C are 2.0 mPa · s (whole milk),
1.5 mPa · s (non-fat milk), and 1.2 mPa · s (cheese whey) (Sherbon,
1999). From these values, it is evident that the casein micelles and the fat
globules in milk can contribute to its viscosity. The Newtonian viscosi-
ties of milks and creams of different fat contents increase with decreas-
ing temperature (Bakshi and Smith, 1984). van Vliet and Walstra (1980)
indicated that milk fat globules can undergo a crystallisation transition
and cold agglutination at temperatures below 40◦C, corresponding to a
deviation from the Newtonian behaviour of milk. When milk is concen-
trated, the particle-to-particle interactions can contribute significantly to
viscosity. A transition from Newtonian to non-Newtonian flow occurs
when the solid concentration of milk reaches a certain level (Walstra and
Jenness, 1984; Prentice, 1992), which is attributed to a decrease of free
volume of the solid particles with removal of water. Power law model
(Equation 7.2) is frequently used to describe a non-Newtonian fluid
when the flow behaviour is time-independent and shows no yield stress:

Power law model σ = K γ̇ n (7.2)
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where K is the consistency coefficient (unit of Pa · sn) and n is the
dimensionless flow behaviour index. Milk products usually show shear-
thinning (pseudoplastic) behaviour with flow behaviour indexes of
0 < n < 1. Apparent viscosity (η) can be calculated (Equation 7.3) for
a shear-thinning fluid as:

Apparent viscosity η = σ

γ̇
= K γ̇ n−1 (7.3)

The flow behaviour index indicates the deviation from Newtonian be-
haviour (n = 1), which reflects the changing rate of fluid viscosity with
shear rate. For a shear-thinning fluid (n < 1), a lower value of the flow
behaviour index suggests a faster decrease of the apparent viscosity
with increasing shearing rate. A higher consistency coefficient does not
necessarily guarantee a higher viscosity, which is also dependent on the
flow behaviour index and shear rate for shear-thinning fluids. Vélez-
Ruiz and Barbosa-Cánovas (1998, 2000) found Newtonian behaviours
for milks with <22.3% solid contents and shear-thinning behaviours for
concentrated milks with solid contents between 22.3 and 30.5%. The
flow behaviour index of concentrated milk decreased with increasing
solid content, showing a larger magnitude of shear-thinning behaviour
(Vélez-Ruiz and Barbosa-Cánovas, 1998, 2000). Shear-thinning be-
haviour was explained based on asymmetric molecules aligning with
the shear planes and thereby reducing frictional resistance (Tung, 1978).
The consistency coefficient of concentrated milk increased markedly
with solid content (Vélez-Ruiz and Barbosa-Cánovas, 1998, 2000). The
transition of milk flow behaviour from Newtonian to non-Newtonian
with increasing solid content has been reported by other groups but with
different critical solid concentrations, such as 25% by Chang and Hartel
(1997) and 15% by Solanki and Rizvi (2001). This most probably re-
flects differences in milk composition combined with processing effects.

An increase in milk viscosity as a function of storage time has been
reported as the so-called ‘age-thickening’ process (Snoeren et al., 1984;
Vélez-Ruiz et al., 1998; Bienvenue et al., 2003). This is proposed to
be due to changes such as structural transformations in casein micelles
and whey proteins (Snoeren et al., 1984); however, the precise physico-
chemical changes involved in age thickening are unknown.

Yield stress is observed for concentrated milks and is associated
with the high amounts of solids, allowing for weak gel formation. In
these cases, the Bingham (Equation 7.4) or Herschel–Bulkley models
(Equation 7.5) describe the rheological characteristics of milks (Vélez-
Ruiz and Barbosa-Cánovas, 1998; Bienvenue et al., 2003):

Bingham model σ = σ0 + ηplγ̇ (7.4)

Herschel-Bulkley model σ = σ0 + K γ̇ n (7.5)
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Fig. 7.1 The Herschel–Bulkley yield stresses, extrapolated from flow curves, for concen-
trated skim milks (48.6% total solids) as a function of storage time. The flow behaviour was
measured at the temperatures indicated in the figure. The concentrated skim milks were
stored at 2–4◦C. Data are from Vélez-Ruiz and Barbosa-Cánovas (1998).

where σ 0 is the yield stress value at γ̇ = 0 per second and ηpl is the plastic
viscosity. The transition from low shear stress (σ < σ 0) to high shear
stress (σ >σ 0) corresponds to the transition from solid-like to liquid-like
behaviour. Bienvenue et al. (2003) used the Bingham model to describe
the rheological properties of concentrated skim milk with a total solids
content of 45%. The yield stress for freshly concentrated milk was close
to zero but increased to ∼44 Pa after being stored at 50◦C for 11 hours.
The storage-induced increase of yield stress suggests flocculation due to
weak attraction among casein micelles and rearrangement of the three-
dimensional structure during storage. Vélez-Ruiz and Barbosa-Cánovas
(1998) observed yield stresses for concentrated milks with >42.4% solid
contents at 5–25◦C after storing them for 1–4 weeks at 2–4◦C and the
flow behaviour conformed to Herschel–Bulkley model (Fig. 7.1).

Chang and Hartel (1997) found that the Herschel–Bulkley model
better described the flow behaviour of freshly freeze-concentrated skim
milk (25–40% total solids) than power law model, suggesting the need
to account for yield stress. However, they also indicated that the pre-
dicted yield stresses were not significantly different from zero. This is
not surprising since the yield stresses for concentrated milks are close to
zero for the fresh samples and increase to more significant values dur-
ing storage (Vélez-Ruiz and Barbosa-Cánovas, 1998; Bienvenue et al.,
2003). Yield stress is an important parameter for engineering calcula-
tions, product quality and sensory assessment (Steffe, 1996) and a major
characteristic for the semi-solid dairy products.

The apparent viscosity of fluids cannot be predicted as a finite value
by using power law model for a shear-thinning fluid when shear rate (or
shear stress) is close to zero (Equation 7.3). There are two characteris-
tic types of flow behaviours of a shear-thinning material at low shear
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stresses – curves with an initial (zero-shear-rate) Newtonian viscosity
limit and curves with a yield stress limit (Malkin and Isayev, 2006). With
more sophisticated instrumentation, a low stress range is observed for
shear-thinning fluids in which the apparent viscosity is constant (range
of zero-shear-rate or initial Newtonian viscosity). The Carreau model
(Equation 7.6) describes not only the power law behaviour but also reg-
imens of Newtonian flow at very low and very high shear rates, which
are often referred to as the Brownian and the hydrodynamic regimes,
respectively (Bird et al., 1987).

Carreau model η = [1 + (γ̇ λ)2](n−1)/2[η0 − η∞] + η∞ (7.6)

where η0 is the limit viscosity at low shear rate (zero-shear viscosity) and
η∞ is the limit viscosity at high shear rate (infinite-shear-rate viscosity).
The λ is the characteristic viscous relaxation time. The slope of log(η)
versus log((γ̇ )) in the shear-thinning region is related to n (0 < n < 1),
where n = 1 represents a Newtonian liquid (η = η0) (Bird et al., 1987).
This model describes the shear-thinning behaviour in intermediate shear
rate range as well as the Newtonian regimens at very low (γ̇ → 0,
η = η0) and very high (γ̇ → ∞, η = η∞) shear rates. Yasuda modified
the Carreau model by adding one more parameter (Equation 7.7) (Bird
et al., 1987):

Carreau-Yasuda model η(γ̇ ) = [1 + (γ̇ λ)a](n−1)/a[η0 − η∞] + η∞
(7.7)

where a is a dimensionless parameter called the ‘Yasuda-constant’. The
Carreau–Yasuda model was shown to describe the rheological behaviour
of skim milk concentrates (Karlsson et al., 2005). The η∞, which is
determined only by the hydrodynamic interactions between particles,
was used to estimate the voluminosity of casein micelles, which is the
volume occupied by one gram of micellar material (Karlsson et al.,
2005). The voluminosity of casein micelles was shown to be altered by
addition of salts and changing the pH.

Viscoelastic properties – elastic modulus (G′), loss modulus (G′′) and
phase angle – can be measured for milk although they are not used as
frequently as the flow properties. A dilute solution (close to Newtonian
behaviour) is expected to show pure fluid properties, corresponding to
a phase angle close to 90◦ and G′′ � G′ (Steffe, 1996). The phase angle
decreased to ∼50◦ for a concentrated solution (viscoelastic behaviour),
∼4◦ for a gel (elastic behaviour), and 0◦ for a Hooke solid (pure elastic
behaviour), corresponding to an increase of the elastic modulus (Steffe,
1996). Karlsson et al. (2005) measured the viscoelastic properties of
concentrated milks at a frequency of 1 Hz and strain of 0.01. The
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Fig. 7.2 Typical dynamic frequency sweep data for a dilute solution (a), a concentrated
solution (b) and a gel (c). •, G′ ◦, G′′. Reproduced from Steffe (1996).

phase angle of milk concentrates decreased from ∼55◦ at pH 5.4 to
∼10◦ at pH 4.8, corresponding to an increase of the elastic modulus
(Karlsson et al., 2005). Since the pI value of casein is ∼pH 4.6, the
interactions among caseins become more intensive as the net charge
decreases with pH decreasing from 5.4 to 4.8. The pH-induced gelation
of milk concentrates leads to the formation of a fine network which
exhibits both elastic and viscous properties. High pressure treatment on
milk concentrates also showed an enhancing effect on elastic modulus,
suggesting the formation of a more solid-like structure (Vélez-Ruiz
et al., 1998).

Frequency dependence of rheological properties are used to generate
mechanical spectra that provide characteristic patterns for dilute solu-
tions, concentrated solutions and gels (Fig. 7.2) (Steffe, 1996). With
dilute solutions, G′′ is larger than G′ over the entire frequency range but
approach each other at higher frequencies (Fig. 7.2a). For a concentrated
solution, G′′ is larger than G′ in the lower frequency range, showing more
liquid-like properties, and the G′′ becomes lower than G′ in the higher
frequency range, exhibiting more solid-like properties (Fig. 7.2b). G′

is always greater than G′′ throughout the whole frequency range for a
gel (Fig. 7.2c). Concentrated solution behaviour was observed for milk
beverages with the addition of Salep glycomannan or locust bean gum;
while gel-like behaviour was found for milk beverages with addition of
guar gum (Yaşar et al., 2009).

A complex viscosity (η*) can be calculated using complex modulus
(G*) and frequency (ω) (Equation 7.8). Cox-Merz rule states that the
complex viscosity is nearly equal to the steady shear viscosity when the
angular velocity is equal to the shear rate (Equation 7.9) (Steffe, 1996):

Complex viscosity η∗ = G∗

ω
(7.8)

Cox-Merz rule η∗ = ηa|γ̇=ω (7.9)
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Comparison of the dynamic rheological properties (η*) and the steady
shear rheological properties (η) can provide insight on the structure of
the sample. For example, milk beverages with locust bean gum conform
to the Cox-Merz rule but those with guar gum added required a shift fac-
tor (α) of 0.18, (i.e. the complex viscosity was calculated at a frequency
of αω instead of ω) (Yaşar et al., 2009). The departures from the Cox-
Merz rule with the magnitudes of η* greater than ηa was explained by
the structure decay due to the effect of the stress applied to the system,
which is low in oscillatory shear and high in steady shear (Yaşar et al.,
2009). Milk beverages with addition of guar gum, which showed more
solid-like properties than the samples containing locust bean gum, would
be more sensitive to the effect of stress deformation as it may be dis-
rupting a network structure.

7.2.2 Measurements of the rheological properties of milk

Three types of viscometers are frequently used to measure milk vis-
cosity: falling sphere method (an empirical method), U-tube capillary
viscometers and rotational viscometers. For foods that exhibit New-
tonian behaviour, viscometers that operate at a single shear rate (e.g.
falling sphere method and U-tube capillary viscometers) are acceptable.
However, for foods that exhibit non-Newtonian behaviour, data should
be obtained at several shear rates, and this is most typically done using
rotational viscometers.

7.2.2.1 Falling sphere method

Falling sphere method involves a vertical tube where a sphere of known
size and density is allowed to fall under a given force (e.g. gravity)
through a Newtonian fluid. The falling time of the sphere over a certain
distance or the falling velocity is determined by two forces – the sphere
gravity and the drag force (viscosity) of the fluid – and is used to
calculate the fluid viscosity according to Stokes’ law. The fluid viscosity
is assumed to be independent of the shear rate (Newtonian behaviour)
when measured by this device. The flow behaviours of milks with <30%
solid content and at T > 40◦C are very close to Newtonian behaviour
with n > 0.9 flow behaviour index observed in many studies. The
falling sphere method is considered acceptable to determine the apparent
viscosity of milks in these cases (Fernández-Martı́n, 1972).

A general discussion of falling sphere viscometers that presents con-
ditions for and limitations of their use is found in Weber (1956). The
falling sphere method has been frequently used in earlier studies but
rarely used recently. A more frequently used method to determine the
Newtonian viscosity is U-tube capillary viscometer.
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7.2.2.2 U-tube capillary viscometers

U-tube capillary viscometer is a simple and widely used method for
qualitative estimation of liquid viscosity. The essence of this method
is to measure the resistance of liquid to flow through a ‘U’-shaped
capillary channel. The flow time of a liquid through a certain length
of the channel is recorded as the efflux time and is used to calculate
apparent viscosity. Several types of U-tube capillary viscometers, such
as Ostwald, Canon-Fenske, Ubbelohde, and Kimax R©, have been used
to measure the apparent viscosity of milks. These instruments differ
in geometry of the glass tube and are all designed as gravity-operated
devices. U-tube capillary viscometers are only suitable for Newtonian
fluids because shear rate varies during discharge of the fluid. Griffin
et al. (1989) found that concentrated skimmed milk showed Newtonian
behaviour at stresses below 16 mN · m−2 and measured viscosity using
an Ostwald U-tube viscometer. The flow behaviour of milk can be
assumed as Newtonian during discharge in a U-tube capillary viscometer
because the shear rate range of this process is very low.

U-tube capillary viscometers are mostly used to measure relative
viscosity (Equation 7.10) of milk samples:

Relative viscosity ηrel = ηsolution

ηsolvent
(7.10)

where ηsolution and ηsolvent correspond to the apparent viscosities of so-
lution (milk) and solvent (water). The apparent viscosity of skimmed
milk was also used as ηsolvent when studying the effect of fat content
to viscosity (Kyazze and Starov, 2004). The apparent viscosity is pro-
portional to the efflux time of fluid flowing through the capillary tube.
Therefore, the time required for the solution to flow through a capillary
viscometer is measured, divided by the time required for the solvent
to flow through the same viscometer, and reported as relative viscosity.
Relative viscosity is positively associated with total solids or specific
components, such as fat, representing the contributions of dispersed or
dissolved components to viscosity.

Relative viscosity has been used not only to determine the effects
of milk composition on viscosity but also the effects of other factors
such as heat treatment. Jeurnink and de Kruif (1993) studied the effect
of heat treatment on skim milk viscosity using an Ubbelohde capillary
viscometer. The U-tube viscometer is a convenient and inexpensive
method to measure and compare the apparent viscosity of milk products.
However, the data collected is only at a certain range of shear rates, which
depends on the physical properties of fluid and the tube geometry and
cannot be controlled. The fluid is assumed to be Newtonian within this
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shear rate range. Rotational viscometers can be used to obtain the flow
behaviour of milk products at a controlled shear rate.

7.2.2.3 Rotational viscometers

Rotational viscometers are useful to evaluate the rheological properties
of liquids, as they allow measurements over a range of shear rates. The
basic theory of rotational instruments is covered by many reviews (e.g.
Steffe, 1996; Malkin and Isayev, 2006). The rheological parameters –
Newtonian viscosity, consistency coefficient, flow behaviour index and
yield stress – can be calculated from the curve of shear stress vs. shear
rate and used for further analysis. Often a pre-shear step, usually at
a shear rate of ∼100 per second, is conducted before measurement
to equilibrate the sample. Shear rate ranged from 0.132 to 13.2 per
second (Chang and Hartel, 1997) to 0 to 2700 per second (Solanki and
Rizvi, 2001) in studies on milk rheology. An advantage of rotational
viscometers is that flow behaviour of a fluid can be characterised at a
selected range of shear rates to coincide with a particular application.
Shear rates of oral processing and typical industrial operations of dairy
products are summarised by Steffe (1996).

Many rheometers are capable of operating in oscillatory mode as
well as rotational. Vélez-Ruiz et al. (1998) determined the viscoelastic
properties of concentrated milks using a frequency sweep from 1 to
100 Hz at a strain of 0.2. They found that the effect of solid content
on the elastic modulus is more apparent at the lower frequency range
(1–10 Hz). The elastic moduli of all samples increased and became
similar at a higher frequency range (10–100 Hz).

7.2.3 Factors influencing milk rheological properties

The flow properties (bulk properties) of milk – a colloidal sol/emulsion –
are related to its microstructure, which is dependent on a number of fac-
tors: colloidal (i.e. particle-particle interactions), Brownian (the random
movement of particles), hydrodynamic (i.e. particle to fluid interac-
tions) and more complex interactions (Kyazze and Starov, 2004). The
major factors influencing milk rheological properties are its compo-
sition, especially the volume fraction of colloidal particles, and the
measurement or processing conditions, such as temperature and shear
rate.

7.2.3.1 Milk composition

The bulk viscosity of milk is associated with the volume fraction of dis-
persed particles – fat globules, casein micelles, whey protein aggregates
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(heat-treated milks) or total solids. Although dissolved carbohydrates
and salts can influence viscosity, the major factors determining milk
viscosity are the two dispersed particles – fat globules and colloidal
proteins (McCarthy and Singh, 2009).

In fluid milk, the milk fat is almost entirely in the form of globules,
ranging from 0.1 to 15 µm in diameter (Jenness, 1999). van Vliet and
Walstra (1980) indicated that the volume fraction and physical state,
e.g. crystallisation at T < 35◦C, of fat globules can influence the flow
behaviour of milks and creams. At higher temperatures (T > 40◦C),
the flow behaviour of milks and creams approached Newtonian flow
(Phipps, 1969). More non–Newtonian flow behaviour can be expected
as temperature decreases. This is partially explained by crystals inter-
acting with each other and/or with other milk constituents in a different
way during shearing, leading to shear-thinning behaviours (van Vliet
and Walstra, 1980). The viscosities (Newtonian or apparent) of milks
and creams increase with increasing volume fraction of fat globules,
due to more interactions among the solid constitutes (van Vliet and
Walstra, 1980). Kyazze and Starov (2004) indicated that fat globules
can form clusters with increasing volume fraction, changing the milk
microstructure. In this case, fat globules cannot be simply assumed as
discrete particles when evaluating their effects on milk viscosity; in-
stead, the cluster size distribution and the packing density of droplets
inside clusters become the major parameters (Kyazze and Starov, 2004).
Vélez-Ruiz and Barbosa-Cánovas (2000) observed the microstructure
of concentrated milks and found fat globules surrounded by a mem-
brane of proteins, which was thicker in concentrated milk than in fresh
milk. This is attributed to a variety of changes to proteins and fat glob-
ules under the effects of heat and water removal during concentration
steps. Note that different concentration steps – evaporation, freeze con-
centration, or microfiltration – result in variations in the compositions
of concentrated milks, corresponding to slightly dissimilar flow be-
haviours (Chang and Hartel, 1997; Vélez-Ruiz and Barbosa-Cánovas,
1998; Solanki and Rizvi, 2001).

The viscosity of skim milks can be described as a function of the
volume fraction occupied by macromolecular materials (proteins: ca-
sein, native whey protein, denatured whey protein) (Snoeren et al.,
1982). This volume fraction depends on weight concentrations and vo-
luminosities of the macromolecular materials. Increasing solid content
in skim milk corresponds to an increase of the volume fraction oc-
cupied by macromolecules, assuming unchanged voluminosities, lead-
ing to a higher apparent viscosity. Factors influencing the voluminosi-
ties of macromolecules, such as heat treatment, solvent modification
(pH adjustment, salt addition) and storage, will alter the viscosity of
milk.
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Changes in viscosity of skim milk after heat treatment can be at-
tributed to denaturation of whey proteins. The viscosity of skim milk
does not change much after heat treatment at 60◦C, which is lower than
the denaturation temperature of whey protein (70◦C), but increases sig-
nificantly after heat treatment at 90◦C (Jeurnink and de Kruif, 1993). The
effect of heat treatment on skim milk viscosity becomes less significant
after removal of whey proteins, suggesting the enhancing effects are at-
tributed to heat-denatured whey proteins, especially β-lactoglobulin ag-
gregates (Jeurnink and de Kruif, 1993). When milk is heated, denatured
whey proteins can form whey protein aggregates as well as associate
with casein micelles. Interactions between whey proteins and casein
produce two different changes in casein micelles: (i) The micelle grows
in size, and (ii) the interaction between micelles is altered (Jeurnink and
de Kruif, 1993). Anema et al. (2004) indicated that viscosity changes in
reconstituted skim milk after heat treatment were related to a change in
volume fraction of the casein micelles, which was correlated with the
amount of denatured whey protein associated with casein micelles.

Karlsson et al. (2005) indicated that the voluminosity of casein mi-
celles was affected by addition of salts and changes in pH, corresponding
to variations in the apparent viscosity of skim milk concentrates. Addi-
tion of NaCl increased the voluminosity of casein micelles due to the
exchange of Ca2+ bound to casein micelles with Na+ altering micelle
structure. The reduction in the voluminosity of casein micelles upon
lowering its pH from 6.5 to 6.0 (Solanki and Rizvi, 2001) corresponds
to a less significant enhancing effect of the solid content to the apparent
viscosity for microfiltrated skim milk retentates. Griffin et al. (1989)
found that addition of ethanol at concentrations below that required for
coagulation caused a reduction in the voluminosity of casein micelles,
corresponding to a reduction in the hydrodynamic radius of micelles
and a decrease of the apparent viscosity of concentrated skimmed milk.

The effect of storage on milk viscosity is attributed to the loosen-
ing of casein micelles, and thereby an increase of the voluminosity
(Snoeren et al., 1984). A higher storage temperature corresponds to
a faster loosening rate of casein micelles and a faster increase of the
apparent viscosity with storage time (Snoeren et al., 1984).

7.2.3.2 Mathematical models

Various models, including polynomial, logarithmic, exponential and
power law, have been used to fit the relationship between viscosity and
solid concentrations for milks (Fernández-Martı́n, 1972; Buckingham,
1978; Bloore and Boag, 1981; Langley and Temple, 1985). These mod-
els can provide empirical predictions but rarely are explained based on
milk microstructure and how it influences viscosity. The volume fraction
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of the suspended particles is more meaningful than concentration when
considering the effects of particles to the microstructure and viscosity of
milk. Einstein equation describes a relationship between the viscosity
of a dilute dispersion (milk) and the volume fraction of hard spheres (fat
globules and macromolecules) in a continuous phase of known viscosity
(water) (Dewan et al., 1973):

Einstein equation η = ηc(1 + 2.5φ) (7.11)

where η and ηc are the viscosities of the dispersion (milk) and continuous
(water) phase and φ is the volume fraction of the hard spheres. However,
the Einstein equation fails in more concentrated systems; in these cases,
the viscosity can be better described by Eilers equation (Dewan et al.,
1973):

Eilers equation ηrel = η

ηc
=

(
1 +

(
1.25φ

1 − φ/φmax

))2

(7.12)

where φmax is the hypothetical maximum volume fraction that could
be occupied by the close packing of the representative particles and
accounts for the interactions among particles. The φmax depends on the
shape of the particles and their size distribution. van Vliet and Walstra
(1980) described the relationship between the viscosity of milk and
cream and the fat content using Eilers equation. They used the total
volume fraction of fat, proteins, and lactose instead of that for fat alone
in their model, and the volume fractions of proteins and lactose were
assumed to be constants. Snoeren et al. (1982) showed that the Eilers
equation described concentrated skim milk viscosity as a function of
volume fraction occupied by the macromolecular materials. The effects
of the voluminosities of constitutes (casein micelles, whey proteins,
fat globules, fat-protein complexes) on milk viscosity are accounted
for in Eilers model by using the volume fraction instead of weight
concentration (Griffin et al., 1989; Solanki and Rizvi, 2001; Anema
et al., 2004).

More complicated models involving viscosity of the particles have
been applied to describe the relationship between milk viscosity and
the volume fraction of fat globules (Kyazze and Starov, 2004). This ap-
proach demonstrated the importance of cluster formation of fat globules
on the viscosity of concentrated milk.

7.2.3.3 Temperature

The effect of temperature on Newtonian viscosity, apparent viscos-
ity or the consistency coefficient (if the flow behaviour index is not
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Fig. 7.3 Activation energy as a function of % total solids concentration from different
studies. From Vélez-Ruiz and Barbosa-Cánovas (1998): ◦, concentrated milk (week 1); 	,
concentrated milk (week 4). From Chang and Hartel (1997): ×, freeze-concentrated skim
milk. From Solanki and Rizvi (2001): •, microfiltrated concentrated skim milk (pH 6.0); �,
microfiltrated concentrated skim milk (pH 6.5).

temperature dependent) can be modeled with the Arrhenius equation:

Arrhenius equation η · ηa · K = A0 exp

(
Ea

RT

)
(7.13)

where η is the Newtonian viscosity, ηa is the apparent viscosity, K is the
consistency coefficient, A0 is a constant, Ea is the activation energy for
flow, R is the universal gas constant and T is the absolute temperature.
Activation energy values estimated from different studies are in a similar
range and increase with the total solids concentrations (Fig. 7.3).

The activation energy increases in a faster rate in freeze-concentrated
skim milk than in the others (Fig. 7.3), possibly due to different structures
of the constituents, such as casein micelles, from various concentration
techniques. The activation energy slightly increases with the storage
time, which is interpreted as being due to changes occurring during
storage such as structural transformations in casein micelles and whey
proteins (Fig. 7.3; Vélez-Ruiz and Barbosa-Cánovas, 1998). The activa-
tion energy is greater for concentrated skim milks as pH increases (Fig.
7.3; Solanki and Rizvi, 2001). This, again, can be attributed to different
structures and voluminosities of the constitutes at various pHs (Solanki
and Rizvi, 2001).

7.2.4 Correlating rheological properties of milk
to sensory perceptions

Viscosity as measured in rheometers reflects the resistance of a fluid
to the flow. This physical viscosity is a component of the perceived
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Fig. 7.4 The relationship between the sensory scores and the relative viscosity for milks.
(a): milks with fat contents of 0.06, 0.5, 1.0, 1.5 and 2.0%. (b): milks of 0.06% fat with
addition of non-fat dry milk (NDM) powder of 0.0, 0.5, 1.0, 1.5 and 2.0%. Samples were
evaluated under red light to mask color. Data is from Phillips et al. (1995a, 1995b).

viscosity – ‘thickness’ – of a fluid, which can be evaluated by oral or
non-oral (vision and touch) methods (Christensen and Casper, 1987).
The perception of solution viscosity has been discussed by Christensen
(1987).

Phillips et al. (1995a, 1995b) found that the textural sensation (thick-
ness, mouth coating and residual mouth coating) of milk increased as
the relative viscosity was increased by addition of fat or nonfat dry milk
(NDM) powder (Fig. 7.4).

It should be remembered that drawing conclusions between mechan-
ical and sensory viscosity is complicated by a number of factors, in-
cluding testing conditions. For example, the addition of nonfat dry milk
(NDM) powder into milk containing 0.06% fat can achieve similar rel-
ative viscosity as milks containing higher fat amounts; however, the
sensory textural scores of the NDM-containing milks are still lower
(Fig. 7.4) (Phillips et al., 1995a, 1995b). It is likely that complex con-
ditions experienced in the mouth (various shear rates and increasing
temperature) could explain differences when milk is filled with fat as
compared to protein (i.e. NDM powder).

7.2.5 Process engineering calculation

The rheological properties of fluids are important for controlling the
flow during various manufacturing operations, such as pumping, spray
drying, mixing, homogenising, and thermal processing (Steffe, 1996;
Steffe and Daubert, 2006). Fluid viscosity is included in many equations
used for process engineering calculations. Some such equations and
examples are presented in food engineering books (Steffe, 1996; Steffe
and Daubert, 2006). Examples of pumping milk and spray drying dairy
concentrates will be given in the following text.
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Pump selection requires an evaluation of the power requirements to
move fluid through a pipeline, which is calculated using the overall
mechanical energy balance equation (the modified Bernoulli equation).
The energy changes in a pipeline include (i) the pressure energy loss,
(ii) the kinetic energy loss, (iii) the potential energy loss and (iv) the
friction energy losses (Steffe and Daubert, 2006). The friction energy
loss in a straight pipe can be determined using a Fanning friction factor,
in which the viscosity of fluid is required. Bakshi and Smith (1984)
developed a regression equation to estimate the Newtonian viscosity
of milk with varying fat content (0.1–30%) and temperature (0–30◦C),
which can be used to calculate the friction energy losses in a pipeline
and the power requirement during pumping.

The viscosity of fluids can also influence the droplet size and thereby
the powder particle size during spray drying. Keogh et al. (2003) used
ultrafiltrated milk samples from different sources to standardise their
fat contents prior to evaporation and drying. Concentrated milk samples
containing a variety of total solid contents were obtained after ultra-
filtration, corresponding to dissimilar apparent viscosities. A positive
linear relationship was established between the powder particle size and
the apparent viscosity (Keogh et al., 2003).

7.3 SOLID CHEESE

Cheese rheology is a function of its composition, microstructure, the
physical chemical properties of its components, and the macrostructure
(the presence of heterogeneities such as cracks and fissures) (Fox et al.,
2000). Factors that influenced the physical properties of cheese include
initial cheese–milk composition, processing procedures, and the extent
of proteolysis during ripening. These are influenced by environmental
conditions such as pH, temperature, and ionic strength. In the first
ripening phase (7–14 days), the degradation of casein structure over
time due to proteases is the primary contributor to textural changes.
This proteolysis leads to the reduction in firmness and an increase in
deformability as cheese ages (Tunick et al., 1990). More gradual changes
occur in the second phase where the rest of αs1casein and other caseins
are broken down. Understanding the aggregation of caseins is vital in
understanding the physical and chemical properties of cheese (Lucey
et al., 2003). The number, strength, and types of bonds among casein
molecules as well as the spatial arrangements of these bonds constitute
the basis of cheese rheology.

As with fluid milk, rheological measurements are used in a variety of
applications such as evaluating structure development and understand-
ing the physical basis for sensory texture. When the goal of rheological
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tests is to understand how the structure and interactions of the cheese
network determine sensory texture, it becomes more complex because
a solid requires structural breakdown and lubrication to prepare for
swallowing. In order to use rheological tests to characterise the physi-
cal properties of cheese, the tests must measure the physical properties
associated with a human psychophysical interpretation of the tactile
and visual perceptions that occur when consuming cheese. Descriptive
sensory analysis is the tool for qualitatively and quantitatively differen-
tiating cheeses and for defining the relationship between sensory and
instrumental perception of cheese texture. Cheese texture terms have
been developed to define texture attributes of several different types of
cheeses (Drake et al., 1999; Lawlor and Delahunty, 2000; Gwartney
et al., 2002; Adhikari et al., 2003). By using these attributes, the effects
of cheese making parameters as well as the differentiation between
cheese types can be determined.

7.3.1 Small amplitude oscillatory tests

The viscoelastic properties of cheese can be determined under small am-
plitude oscillatory shear conditions by applying small sinusoidal stresses
(force per unit area) or strains (deformation per unit length) at levels
that do not cause significant irreversible changes in the cheese, and
the responding strain or stress is measured. Small amplitude oscillatory
tests are implemented in the linear viscoelastic (LVE) region and are
suitable for probing material structure and structure development dur-
ing different processes. The measurements allow the determination of
(i) storage modulus (or elastic modulus, G′) and (ii) loss modulus (or vis-
cous modulus, G′′) as a function of test frequency (ω) in the LVE region
of the test material (Gunasekaran and Ak, 2003). Another important
parameter is phase angle (δ) or the phase shift between the deformation
and response. Phase angle is often expressed as loss tangent (tan δ =
the ratio of energy lost to energy stored or G′′/G′), which describes the
relative degree of viscoelasticity. Phase angles of 0◦ and 90◦ indicate
purely elastic and viscous materials, respectively. A decrease in phase
angle indicates that the material is reacting to an external stress in a
relatively more elastic manner. When G′ = G′′ (δ = 45◦ and tan δ =
1), the modulus value at this point is called the ‘crossover modulus’
and the state of the material is crossing over from predominately solid
to liquid or vice versa (Gunasekaran and Ak, 2003). Different types of
small strain oscillatory tests can be set up by changing strain (or stress),
frequency, temperature, and time. Common tests are strain (or stress)
sweep, frequency sweep, temperature sweep and time sweep.

Frequency sweep is used to investigate time-dependent shear be-
haviour of cheese, since frequency is the inverse value of time. High
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frequency represents short-term behaviour such as biting into a piece of
cheese, while an example of long-term behaviour includes eye forma-
tion in Swiss-type cheese. For short-time response, the elastic behaviour
dominates, whereas the viscous component is prominent in long-term
response. In frequency sweep tests, a sinusoidal strain (or stress) of fixed
amplitude (from strain or stress sweep test) is applied on the material,
and the dynamic moduli are determined over a wide range of frequen-
cies. This produces the mechanical spectra of the sample within the LVE
region (Foegeding et al., 2003).

A time sweep measurement is performed at constant strain (or stress)
amplitude and frequency. It may be conducted along with a temperature
sweep program to examine the changes in rheological behaviour due to
the combined effect of time and temperature. Oscillation frequency is
commonly set at 1 Hz (Gunasekaran and Ak, 2003). Time sweep tests
can be used to monitor the formation or breakdown of structure during
curing. Temperature sweeps are useful to investigate phase transitions,
such as melting of cheese or the molecular interactions in the protein
network that take place during heating (Udyarajan et al., 2007).

Before starting a small amplitude oscillatory measurement, the limit
of a LVE region of the test materials must be determined by performing
a strain sweep (for controlled strain rheometer), while the frequency is
held constant. The common frequency used is 1 Hz (ω = 6.28 rad/s) or
10 rad/s ( f = 1.6 Hz) (Mezger, 2006). A strain level in the linear region
is then selected and a frequency sweep is performed. By performing
the test in the LVE region of the materials, the elastic and loss moduli
become only a function of time and not a function of the magnitude of
the stress or strain applied (Rao and Skinner, 1986). For a controlled
stress rheometer, a stress sweep is performed to carry out the same
purpose of identifying the strain limit of the LVE region. It should be
noted that the limiting amplitude value of the LVE region is valid for the
used frequency only. At higher frequency, many materials often exhibit
less flexibility and thus higher rigidity (G′ dominates), leading to lower
limiting amplitude (Mezger, 2006).

Small amplitude oscillatory tests are commonly used to measure LVE
properties of cheeses during gelation and ripening as well as the change
as affected by ingredients (i.e. fat or calcium phosphate) and processing
parameters. The viscoelastic property of cheese is mostly influenced by
protein network as well as fat and moisture, which modify the network
properties. Other factors include proteolysis, temperature, pH and salt
content (Walstra et al., 1987). Protein–protein bonds are primarily re-
sponsible for the elastic response, whereas the viscous response can be
due to flow of the matrix material, flow of liquid through the matrix and
movement of other structural elements relative to each other (Luyten
et al., 1991). Together with microscopy techniques, the change in
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Fig. 7.5 Storage modulus (G′), loss modulus (G′′) and phase angle (δ) over changing
frequencies for process cheeses at 4 days of age (from Brown, 2002, to Brown et al.,
2003).

texture can be explained by using small strain rheology and correlat-
ing the rheological properties to microstructure. As previously stated,
the limit of LVE region must be determined before any measurement.
Typical viscoelastic characterisation of cheese is shown in Fig. 7.5. The
magnitude of G′ was higher for all samples than the magnitude of G′′,
and G′ increased with increasing frequency. These trends are gener-
ally observed with weak gels (Kavanagh and Ross-Murphy, 1998) and
cheeses (Nolan et al., 1989; Ma et al., 1996; Tunick, 2000). At very low
frequencies (0.001 Hz), δ is relatively high, indicating the dominant ef-
fect of the viscous component; the cheeses behave more fluid-like when
deformed at slower speeds. When the frequency is increased from 0.01
to 1.0 Hz, δ levels, showing that the speed has less of an influence on
the relative effects of the viscoelastic properties. At very high frequen-
cies, δ is low, showing the dominant effect of the elastic component; the
cheeses behave more ‘solid-like’ at such higher speeds (Brown, 2002).

The most important factor affecting rheological and physical prop-
erties of cheese during ripening is proteolysis, which contributes to the
final texture of cheese. Decreasing G′ during ripening has been observed
in mozzarella (Tunick et al., 1993a, 1993b). The casein matrix becomes
softer and less elastic due to the breakdown of αS1 casein, which pro-
vides the major contribution to the structure of caseins in curd. Similarly,
Subramanian and Gunasekaran (1997) found that the strain limit of the
LVE region of mozzarella cheese decreased with age and increasing
temperature and hypothesised that this was due to proteolysis and ther-
mal softening over time. Change in G′ and loss tangent during ripening
has been reported for cheddar cheese (Lucey et al., 2003; Lucey et al.,
2005). G′ values determined at 40 and 80◦C decreased during ripening
especially during the first 60 days. At low temperature (5–35◦C), there
was no significant difference in loss tangent among cheddar cheeses.
Loss tangent increased during ripening when measured at 40–60◦C.
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Change in formulation also affects viscoelastic characterisation of
cheese. Reducing the amount of fat in cheese has been known to cause
an increase in elastic component (G′) of cheese. Low fat mozzarella
cheese has a higher G′, G′′, and η* compared to full-fat cheese at the
same age (Tunick et al., 1993a). Hennelly et al. (2006) investigated the
effect of inulin (fat substitute) on rheological properties of imitation
cheese. At 22◦C, there was no significant difference between G′ and
G′′ of cheeses containing different amounts of inulin. However, when
cheeses without inulin were heated from 22 to 90◦C, G′ decreased and
tan δ increased with heating temperature, indicating the weakening of
the protein–protein interaction within the casein network. For imitation
cheeses with high inulin concentration (>13.1% w/w), G′ started to
increase at >55◦C and tan δ values gradually increased with increasing
temperature to about 55◦C and then decreased at higher temperature,
reflecting a strengthening of the cheese matrix at these temperatures.

Small amplitude test can be used to study the effect of cheese process-
ing parameters. Homogenising milk or processing at higher temperature
causes an increase in G′ of mozzarella cheese (Tunick et al., 1993a). The
effect of pH on rheological properties and the microstructure of process
cheese was investigated by Marchesseau et al. (1997). The dependence
of firmness on pH was shown by a decrease in G′ as pH increased from
5.7 to 6.7 and when pH decreased from 5.7 to 5.2. In agreement with
the rheological results, the microstructure of process cheese at pH 5.2
(lowest G′) had a highly distorted structure that included large spher-
ical particles. As pH was increased to 5.7, the cheese microstructure
consisted of more homogeneous and dense network with a clear sepa-
ration between fat globules and the protein network. At pH 6.7, small
condensed aggregates were formed and appeared to disrupt the protein
matrix. A very logical application of small strain oscillatory tests is the
characterisation of melting properties. Mounsey and O’Riordan (1999)
studied the melting properties of imitation cheeses by comparing tan
δ of different cheeses as a function of temperature. When temperature
was increased from 22 to 90◦C, the tan δ values for the cheese with
0–9% pregelatinised maize starch increased, indicating that the elastic
component decreased to a greater extent than the viscous component.
The observed maximum tan δ values decreased with increasing starch
content, reflecting the tendency of starch to hinder meltability. Imitation
cheeses containing starch maintained their elastic properties on heating
to a higher degree than control samples. A high correlation was found
between maximum tan δ values and meltability determined by an em-
pirical melt test. Another investigation (Ustunol et al., 1994) suggested
that complex modulus (G*) could be a useful predictor of meltability
of full-fat and reduced-fat cheddar cheeses as measured by the Arnott
test.
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7.3.2 Large strain rheological analysis

When deformed to a large extent, cheeses fracture: the phenomenon
that resembles what happens during biting and mastication of foods.
Large-strain and fracture methods are commonly used when the desire
is to correlate with sensory properties. By deforming a cheese sample
to the point of abrupt mechanical yield, fracture properties such as frac-
ture stress, fracture strain, and fracture modulus can be determined. The
measurements are performed in the non-linear regime and deformation
of the sample is permanent. One of the challenges of any rheological
testing, that is emphasised in large-strain tests, is that they are based
on the assumption that samples are homogeneous, isotropic and incom-
pressible, which may not strictly be the case with cheese. These factors
should be considered when evaluating results.

7.3.2.1 Uniaxial compression

Uniaxial compression is the most popular test for determining the rheo-
logical properties of foods at fracture due to the simple sample prepara-
tion and execution. In a typical compression test, a specimen of known
shape (typically cylindrical shape) and size is placed between two par-
allel rigid plates of a Universal Testing Machine, and often the upper
plate is moved downward at a constant crosshead speed while the force
is recorded as a function of time. The responding force–time data can
be converted into stress and strain values. When the test is executed
correctly (i.e. cylindrical sample with flat and parallel ends and no sig-
nificant contribution of plate-cheese friction), the Young modulus (slope
from stress and strain plot) may be calculated from the initial slope. If
the goal is to only compare various cheeses, the maximum force can be
used. It must be realised, however, that only results expressed as true
stresses and true strains can be compared with those of other tests (van
Vliet, 1991). Attention must be given to assure that the test is performed
under conditions where there is no friction so that the deformation is
homogeneous and the sample retains its cylindrical shape. Friction be-
tween the sample and the loading plate will lead to an inhomogeneous
stress – strain state in the sample, which can be seen as bulging or a
barrel shape of the specimen during compression. The resulting strain
calculation becomes inaccurate or invalid (Gunasekaran and Ak, 2003)
and the sample appears stiffer (Charalambides et al., 2001). The effect
of friction can be reduced by lubricating the sample–plate interfaces or
increasing the sample height (Charalambides et al., 2001). Since cheese
is viscoelastic and therefore time-sensitive, another test parameter to
consider is strain rate or crosshead speed. Shama and Sherman (1973)
found that firmness of Gouda cheese depended on the compression speed
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and the degree of compression. The tendency for stress at fracture to
increase with compression speed has been found for cheddar, Cheshire
and Leicester (Dickinson and Goulding, 1980; Ak and Gunasekaran,
1992; Brown et al., 2003). At higher deformation rates, the viscoelastic
cheese has less time to relax during compression, giving higher val-
ues of the measured stress. Crosshead speed may be selected to mimic
chewing speeds, which will vary from person to person and depend
on type of foods, etc. Reported rates of jaw movement during chewing
range from 15 mm/s to 30 mm/s (Langley and Marshall, 1993). The
average bite velocities from chewing 15.9 mm3 cheese sample ranged
from 19.8 to 35.1 mm/s (Meullenet et al., 2002). More information on
sample preparation for uniaxial compression test can be found in van
Vliet and Peleg (1991).

With feta cheese, Wium et al. (1997) found the high correlation be-
tween instrumental results (stress at fracture, work at fracture as calcu-
lated by the area under the stress–strain curve until fracture and deforma-
bility modulus as calculated by the maximum slope of the stress–strain
curve) and hand and oral firmness. The main component in cheese that
builds the structure and gives the solid character is casein. Decreasing
firmness, as shown by a decrease in fracture stress during ripening, cor-
responds to an increase in proteolysis and a decrease in intact casein
(Rynne et al., 2004). Increasing pasteurisation temperature significantly
reduced fracture stress, fracture strain and firmness of cheeses due to in-
creased moisture content and thereby reduction in protein concentration
(Rynne et al., 2004). Another possibility is that the level of denatured
whey proteins (which complex with casein micelles during heating)
increases and thus reduces the connectivity among the casein network.

Besides casein, fat also plays an important role in the texture of
cheese. The structure and texture of cheeses are affected by the inter-
actions between the surface of milk fat globules and the casein matrix.
Native milk fat globules do not interact with the protein network in
cheeses and act mainly as inert fillers or structure breakers, depending
on their size and number (van Vliet, 1988; Michalski et al., 2002). Fat
has been replaced with other ingredients in making low fat cheeses.
Mozzarella cheese containing soy protein produced strong gel networks
as indicated by highest compressive stress, showing that soy protein
functioned like an increase in casein rather than a decrease in fat (Hsieh
et al., 1993). Though egg, whey and caseinate significantly influenced
the magnitude of G′ and G′′, they showed no effect on compressive
stress. Everett and Olson (2003) studied the effect of the surface coating
on fat globules on rheological properties during ripening of cheddar
cheese. Stress at fracture (firmness) decreased during ripening as ex-
pected from proteolysis. Cheeses containing αs2-casein-coated globules
fractured at a lower stress and a smaller strain than those containing
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globules coated with αs1-casein, β-casein, κ-casein, α-lactalbumin or
β-lactoglobulin. Images from confocal microscopy revealed that larger
and more irregular fat globules existed in cheese where globules were
coated with αs2-casein or natural milk fat control. It was concluded
that coating fat globules with highly charged αs2-casein prevents the
development of a strong protein network.

7.3.2.2 Uniaxial tension

Uniaxial tension can be performed on the same machine capable of do-
ing uniaxial compression except that the stress is applied in the opposite
direction. In general, tension testing is not suitable for routine mea-
surements due to complications associated with gripping and lengthy
sample preparation. Another important consideration is the geometric
coupling of fracture stress and fracture strain. When the gel fracture cri-
teria is a stress level, fracture strain is a function of elongation needed
to reduce the specimen cross section to an area producing the critical
fracture stress (Hamann et al., 2006). This results in similar increase
or decrease of fracture stress and fracture strain with varying variables
such as concentration. It has been found that fracture strain from ten-
sion is lower than compression and torsion (Tang et al., 1994; Hamann
et al., 2006). Stress increases more rapidly in tension, causing the ma-
terial to fail at small strain. Another reason is that defects are more
exaggerated in tension due to the volume-increasing nature of the test.
The advantage of the tension test is the absence of the friction problem
as that which occurs in a compression test. Sample slipping and grip-
ping problem can be eliminated with special grip design (Gunasekaran
and Ak, 2003). A test piece that is thin in the middle and gluing the
specimen to the grip can help avoiding the problem (Rosenthal, 1999).
Lelievre et al. (1992) and Stading and Hermansson (1991) used molds
to form specimen and were able to work with fragile gels.

Tensile testing is of practical importance for mozzarella cheese, which
is one of the major ingredients in pizza. Consumer acceptability of
mozzarella cheese is mostly determined by its functional and textu-
ral properties such as shreddability, stretchability, meltability, hardness
and springiness. Fracture strain in tensile testing has been related to
stretchability (Ak et al., 1993). Mozzarella processing involves knead-
ing and stretching the curd in hot water, resulting in materials with
oriented structure which exhibits anisotropy. This anisotropic property
is one factor to consider in tensile testing. Studying the effect of sam-
pling direction (parallel or perpendicular to protein fiber orientation) on
fracture properties of mozzarella cheese, Ak and Gunasekaran (1997)
found that fracture stress and strain were greater when cheeses were
pulled in the parallel direction than in the perpendicular direction. They



c07 BLBK342-Norton November 9, 2010 17:42 Trim: 244mm X 172mm Char Count=

Dairy Systems 155

proposed that the individual protein strands (controlling the fracture in
parallel direction) were much stronger than interface bonds between
constituents (responsible for bond breaking when pulled in perpendic-
ular direction). Reduced fat mozzarella had higher fracture stress and
strain compared to low moisture, part-skim mozzarella. Other important
testing parameters include deformation rate and testing temperature. In-
creasing deformation rate increases fracture strain but decreases fracture
stress and deformability modulus (Ak et al., 1993). Raising the testing
temperature from 10 to 40◦C increases fracture strain but decreases
fracture stress and deformability modulus.

Tensile testing has been used to study the effects of aging on rheo-
logical properties of cheeses. During the first 2 weeks of refrigerated
storage, mozzarella showed an increase in fracture strain due to fusion
of the curd strands, which enhanced cohesiveness and strain (Ak et al.,
1993). At 28 days, fracture strain remained unchanged but fracture stress
significantly decreased, corresponding to an increase in proteolysis of
casein. The effectiveness of different large strain tests in determining the
cohesion of Gruyere-type cheese was compared (Pesenti and Luginbühl,
1999). Cheeses with either strong or weak cohesion were prepared by
two different processes. Rheological tests performed on the cheeses in-
cluded uniaxial compression, uniaxial tension, 3-point bending, cutting,
stress relaxation and creep tests. Fracture parameters are especially suit-
able to quantify cohesion, since they reflect the macroscopic effect of
breaking bonds. Tensile testing proved to be the most powerful test, al-
lowing rapid differentiation of the cohesion of the two cheeses as shown
by the values of all parameters (fracture stress, fracture strain, work to
fracture and modulus of deformability).

7.3.2.3 Torsion test

In torsion testing, the material is twisted about its longitudinal axis to
fracture. The specimen is formed to a capstan shape so that the fracture
takes place at the narrow centre of the specimen. The disk-shaped ends
allow the specimen to be gripped by the testing apparatus or glued
to plastic disks for attachment to the testing devices. During sample
twisting, torque and degree of rotation required to break the sample are
monitored and stress and strain at fracture can be calculated. Torsion
produces a condition of pure shear on the material, generating equal
distribution of stress and shear through the sample. The specimen shape
is maintained during the test, avoiding geometric considerations. The
material can fracture in shear, tension, compression or a combination
mode. The test is ideal for the materials that may exude water or fat under
applied stress. The disadvantages of torsion are the sample preparation
and that it is not suitable for soft materials.



c07 BLBK342-Norton November 9, 2010 17:42 Trim: 244mm X 172mm Char Count=

156 Practical Food Rheology

Similar to uniaxial compression and tension, strain rate is an im-
portant test parameter in torsion testing. Fracture modulus (the ratio
between true shear stress and true shear strain) increases as strain rate
increases, indicating the viscoelastic, time-dependent nature of cheeses
(Brown et al., 2003). Comparing full-fat and low-fat commercial cheeses
(Monterey Jack, mild Cheddar, sharp Cheddar, and American cheeses),
Gwartney et al. (2002) found that fracture stress is correlated with sen-
sory firmness and springiness (first bite terms). Low-fat cheeses have
higher fracture stress and thus increased sensory firmness, springiness
and chewiness. Torsion testing has been used to study the effect of
aging on rheological properties of Monterey Jack cheeses from goat
milk (Van Hekken et al., 2004). Fracture stress and fracture modulus
decreased during the first 8 weeks of storage, while fracture strain sig-
nificantly increased over the first 4 weeks. A decrease in fracture stress
correlated with a decrease in native casein and an increase in peptides.

7.3.2.4 Vane method

The vane method is an effective means to measure the yield stress using
the rotational viscometer without slipping effects (Barnes and Nguyen,
2001). The vane geometry is similar to the concentric cylinder system,
except that the inner cylinder is a spindle with 4–8 thin blades. The
vane is immersed in a sample and rotated slowly at a constant rate,
while the torque exerted on the vane blades is measured as a function of
time. Stress and strain at fracture can be calculated and used to describe
textural properties of foods. Key assumptions in vane test are that the
shearing stress is uniform over the cylindrical surface, the material
trapped between the blades is rotating as a rigid body and there are no
secondary flows between the blades (Barnes and Nguyen, 2001). These
assumptions are valid if the vane has at least four blades and rotates
at low speed. The advantages of the vane method are the following:
sample preparation is simple, weak samples can be tested, and the wall-
slip problem is avoided. Using vane method in testing cheddar cheese,
Truong et al. (2002) found good correlation between vane stress and
apparent strain with sensory firmness and cohesiveness, respectively.
When compared with torsion method in characterisation of cheeses
(process, cheddar and mozzarella), Truong and Daubert (2001) showed
similar texture maps of cheeses were generated by plotting stress and
strain or angular deformation values from the two testing methods.

7.3.2.5 Cutting with wire

Wire cutting is a popular process used in the food industry during the
manufacture and testing of products. The process comprises fracture,
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large strain deformation and surface friction. Wire cutting test involves
pushing wires of known diameters through specimens. It is assumed that
the material flows only in a small area around the crack tip and only the
material in the vicinity of the wire undergoes plastic deformation. The
relationship between force and displacement depends on a combination
of fracture, plastic/viscous deformation and surface friction. The cutting
energy is calculated by dividing the cutting force (F) by the specimen
width (B). The cutting energy (F/B) is then plotted against wire diame-
ters (d). Conventionally, by extrapolating the cutting energy to zero, the
value of fracture toughness is determined according to Equation 7.14
(Kamyab et al., 1998):

F

B
= Gc + (1 + µ)σγ d (7.14)

where GC is the fracture toughness, µ is the coefficient of friction and
σγ is the characteristic stress.

Goh et al. (2005) investigated the effect of cutting speed and found
that fracture toughness increased with increasing speed. They developed
a modified model which enables fracture toughness to be determined as
a function of strain rate. Details on the modified model can be found in
Goh et al. (2005) and Gamonpilas et al. (2009).

7.3.3 Creep and stress relaxation

The goal of creep test is to predict the viscoelastic properties of materials
over the long term. For example, creep occurs when cheese is gradually
compressed under its own weight during retailing. A common approach
to determine the LVE properties of solid cheese as a function of time is
to apply a constant load or deformation, and the responding behaviour
is monitored with the lapsing time. It should be noted that these tests
are used within LVE region and beyond. Creep and stress relaxation
tests can be performed in different configurations (i.e. compression,
tension, shear, torsion, etc.); however, the most common mode in cheese
studies is compression (Gunasekaran and Ak, 2003). In a creep test, an
instantaneous and constant stress is placed on the material, while the
strain or compliance (J) is measured as a function of time. Data from
creep tests can be used to determine the retardation time, which is a
characteristic time descriptor of the material (Foegeding et al., 2003).
This constant provides an insight into how a material can adapt to
an applied load, and the larger the constant, the slower the material
relaxation. Another component of a creep test is recovery upon removal
of load. Cheeses with little or no recovery have a significant viscous
component.
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Fig. 7.6 Creep recovery curves for mozzarella cheeses at 4 days (◦), 10 days (∇),
17 days (�), and 38 days (♦) of age (from Brown, 2002 to Brown et al., 2003).

A creep test is more appropriate for longer time relaxation compared
to the frequency sweep test; however, one has to determine whether the
maximum level of strain is still within the LVE region (Foegeding and
Drake, 2007). Creep test has been used to study the viscoelastic prop-
erties of cheeses during aging (Fig. 7.6). The instantaneous compliance
(J0) is the compliance at time zero as determined by extrapolating the
compliance to zero time. The compliance at the end of creep test (at 600
seconds in this test) is called the maximum compliance (Jmax). As cheese
ages, Jmax increases, indicating an increase in the level of deformation
and the cheese becomes less elastic. This observation corresponds to the
decrease in G′ during ripening. A strong negative correlation between
Jmax values and sensory firmness was found with higher Jmax, indicating
a less firm structure (Brown et al., 2003). Another creep testing param-
eter, creep recovery, can be determined by removal of stress at a time
during creep test and measuring the height of sample after allowing
sufficient time to recovery. Percent creep recovery indicates the degree
of elasticity. Firmer cheeses such as cheddar are more elastic and have
higher percent creep recovery. Investigating cheddar cheese having dif-
ferent fat levels, Rogers et al. (2009) found that, within the linear region,
low-fat cheeses had higher Jmax overtime, reflecting that these cheeses
deformed more at a constant stress than full-fat cheeses. There was no
difference in percent recovery (an indication of elastic recovery) and the
retardation time between the full-fat and low-fat cheeses, indicating a
similar viscoelasticity.

In a stress relaxation test, a material is subjected to an instantaneous
strain and the stress is measured over time. The resultant stress–time
curve is used to determine the relaxation time (λ), defined as the time
required for stress to decay to about 37% of the initial level (Gunasekaran
and Ak, 2003). Ideal elastic solids show a perfect memory of the initial
state (stress is maintained), whereas the stress of ideal viscous liquids
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decays to zero immediately when strain is applied. Viscoelastic materials
including cheeses exhibit an intermediate response where stress relaxes
at a finite rate characterised by the relaxation time (Peleg, 1987). Testing
parameters to be considered in stress relaxation measurements include
the effects of surface friction and lubrication. Goh and Sherman (1987)
found that at higher percent compression (>20%), cracks developed in
Gouda cheese, and the true stress relaxation behaviour could be studied
only when the upper and lower surfaces of the samples were lubricated
prior to the initial compression. The apparent relaxation time (i.e. the
time required for the stress to relax to ∼37% of its initial value) was
useful in comparing among cheeses.

7.4 RHEOLOGICAL PROPERTIES OF SEMI-SOLID
DAIRY FOODS

The category of semi-solid dairy foods includes yoghurt, sour cream,
custards, and other dairy desserts (mixed carbohydrate and milk gel
systems). Semi-solid dairy foods show the intermediate behaviour of
both liquid and solid. Benezech and Maingonnat (1993) reviewed two
aspects (viscoelastic properties and flow behaviour) of the rheological
properties of three types of yoghurt (set-type, stirred and drinking),
which represent semi-solid dairy products with a variety of rheological
properties. More recent reviews on the rheological characterisations of
semi-solid foods have been published by Kealy (2006) and Mortazavian
et al. (2009).

7.4.1 Flow properties

The flow behaviours of semi-solid dairy products can be measured by
different types of viscometers, among which rotational viscometers are
most frequently used. Since the semi-solid products show some solid-
like properties due to the formation of a weak gel structure, they exhibit
a variety of non-Newtonian characteristics, such as time-dependency
and yield stress.

7.4.1.1 Time-dependent flow behaviour characterisation

Many semi-solid dairy products show thixotropic behaviour, in which
the apparent viscosity decreases with time of shearing at a constant shear
rate (Abu-Jdayil, 2003). Two methods have been used to determine this
characteristic – hysteresis loop and shear stress decay (Tárrega et al.,
2004).
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Fig. 7.7 The typical hysteresis loops in the flow curves (shear stress vs. shear rate) of
a stirred yoghurt during three consecutive shear cycles. Adapted from Ramaswamy and
Basak (1991).

7.4.1.2 Hysteresis loop

The time-dependency of the flow behaviours of semi-solid dairy prod-
ucts can be tested under a shear rate cycle. A hysteresis in the flow
curve (shear stress vs. shear rate) suggests that shearing at high-shear
rate modifies the material structure (Doublier and Durand, 2008). The
area of the hysteresis loop corresponds to the extent of structural break-
down during the shearing cycle (Halmos and Tiu, 1981). Ramaswamy
and Basak (1991) measured the flow behaviour of stirred yoghurts under
three consecutive shear rate cycles (Fig. 7.7).

The hysteresis loop area associated with the first cycle is larger than
those associated with the following cycles, suggesting that the first
shearing cycle caused the major degradation of sample structure (Fig.
7.7). The hysteresis loop areas associated with the second and third
shearing cycles are comparable to each other, indicating similar structure
changes. The shear stress of the second or third shearing cycle is lower
than its preceding cycle, indicating a continual breakdown of structure.
The overlapping of the ascending shear curve of the second or third
cycle with its preceding descending shear curves suggested that the
structural loss in the ascending shearing process might be partially
recovering during the descending shearing process (Ramaswamy and
Basak, 1991). To determine the recovery of the thixotropic structural
breakdown, Ramaswamy and Basak (1991) rested the yoghurt samples
for an hour after three consecutive shearing cycles and repeated the test.
They found that the shear stress of yoghurt in the repeating test cannot
reach the same level as in the first test and suggested that the thixotropic
structural breakdown during shearing was irreversible within one hour.

Tárrega et al. (2004) compared the hysteresis area for seven samples
of a semi-solid Spanish dairy dessert and observed a larger ‘absolute’
hysteresis area (the area within the hysteresis cycle) for a more viscous
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sample. They indicated that comparison of the ‘absolute’ hysteresis loop
areas among samples of different viscosity might not provide valid con-
clusions on the time-dependent structural breakdown. Therefore, the
percentage of the relative hysteresis area was calculated as the ratio
of the ‘absolute’ hysteresis area to the area under the ascending shear
curve and used for thixotropic characterisation (Tárrega et al., 2004).
Both the ‘absolute’ and relative hysteresis areas were greater at lower
temperatures, suggesting a more significant destructive effect of shear-
ing on the structure; while the temperature-induced differences in the
relative hysteresis areas were not as significant as those in the ‘absolute’
hysteresis areas (Tárrega et al., 2004).

Flow behaviour models have been used to fit the flow curves of hys-
teresis loop. The upward shear-rate flow behaviour of yoghurt samples
could be described by the Herschel–Bulkley model, while the down-
ward shear-rate curves were essentially linear (Ramaswamy and Basak,
1991). Similarly, the power law model has been used to fit the rhe-
ological data of stirred yoghurt during increasing shear rate (Keogh
and O’Kennedy, 1998). Analysis of the parameters in these models for
semi-solids is the same as for fluids.

The viscosity of semi-solid dairy products increases with the total
solid concentration (Sodini et al., 2004). In this case, the contributors to
texture are not only fat globules and proteins, as in concentrated milks,
but also other ingredients such as polysaccharides, which are added into
the systems and modify the texture (Sodini et al., 2004). Ramaswamy
and Basak (1991) described the relationship between apparent viscosity
and temperature for both the up and down curves in three consecutive
shear rate cycles for a stirred yoghurt using the Arrhenius equation
(Equation 7.13). The activation energy Ea (kcal/mole) for the up curve
in the first cycle gradually decreased as shear rate increased, suggesting
a less significant temperature effect on the flow behaviour; while the
Ea values for the up curves in the second and third cycles and the three
down curves varied only slightly with shear rate.

7.4.1.3 Shear stress decay

In a shear stress decay test, a constant shear rate is applied to the semi-
solid samples over a period of time and the shear stress is measured.
The stress (σ , Pa) decay behaviour of semi-solid dairy products can be
expressed as a function of time (t, second), such as in the Weltmann
(1943) model (Equation 7.15) or the modified one (Equation 7.16):

Weltmann model σ = A − B[lnt] (7.15)

Modified Weltmann model σ = A − B

[
ln

(
t

tm

)]
(7.16)
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where A is the initial shear stress (where t = 1 second in Equation 7.15
and t = tm in Equation 7.16) and B is the time coefficient of thixotropic
breakdown. The parameter B corresponds to the rate of the breakdown
of thixotropic structure during agitation at a constant rate of shear (Welt-
mann, 1943). Note that a zero-time stress is nonexistent in the Weltmann
model (σ reaches infinity as time approaches zero). The tm in Equation
7.16 is the time at maximum observed shear stress, corresponding to
the starting point of the stress decay or structural breakdown process.
The modified Weltmann model assumes the semi-solid structure starts
to breakdown after shear stress reaches a certain value of A. The param-
eters A and B are dependent on the applied shear rate and temperature.
Ramaswamy and Basak (1992) applied the modified Weltmann model
to fit the shear stress decay data and compared the parameters A and
B for two yoghurt samples. The A (or B) values for the two samples
were similar at low shear rates but showed dissimilarity at high shear
rates. At a certain shear rate, these parameters decreased with increas-
ing temperature in a linear pattern, suggesting less time dependency of
the flow behaviour. Ramaswamy and Basak (1992) described the rela-
tionship between A/γ̇ (viscosity, Pa · s), where γ̇ is the applied shear
rate, and temperature using the Arrhenius equation (Equation 7.13),
which shows that the Ea values gradually decreased as the shear rate
increased. This is similar to their observations in the hysteresis loop
test and suggests that the temperature effect on the flow behaviour is
less significant at a higher shear rate (Ramaswamy and Basak, 1991).
Tárrega et al. (2004) fitted the shear stress decay data to the Weltmann
model for the Spanish dairy dessert samples and compared the results
with those from the hysteresis loop test. The parameters A and B showed
lower values at higher temperature and corresponded to less hysteresis
areas, suggesting a slower rate of structure breakdown (Tárrega et al.,
2004).

Other models have also been used to describe the time dependency of
semi-solid dairy products (O’Donnell and Butler, 2002; Camacho et al.,
2005). A common one is the structural kinetic model (Equation 7.17)
proposed by Dzuy Nguyen et al. (1998). The structural kinetic model
postulates that the change in time-dependent flow properties is due to
shear-induced breakdown of the internal structure. This is represented
by the kinetics of the process of going from the structured state (apparent
viscosity of η0) to the non-structured state (apparent viscosity of η∞)
(Abu-Jdayil, 2003):

The structural kinetic model is

[
(η − η∞)

η0 − η∞

]1−n

− 1 = (n − 1)kt

(7.17)
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where t is time (second), n is the kinetic order and k is the model param-
eter, representing the rate of the structural breakdown during shearing
(Abu-Jdayil, 2003). Tárrega et al. (2004) applied this model to fit the ex-
perimental data of a shear stress decay test, assuming a kinetic order of
n = 2. The viscosity of semi-solid dairy dessert samples decreased
rapidly with time within the first 300 seconds of shearing and ap-
proached a constant value, which was used as η∞ (Tárrega et al., 2004).
The η0/η∞ ratio was lower at a higher temperature for all samples,
suggesting a lower extent of the structure breakdown; however, the tem-
perature effect on the k values was not the same for different samples,
possibly due to the differences of the structure responsible for the effect
of temperature on the rate of thixotropic breakdown (Tárrega et al.,
2004).

7.4.2 Yield stress

Yield stress is frequently detected for semi-solid dairy products. It can
be measured as the initial stress value for the upward shear-rate flow
curve in a hysteresis loop, which is the minimum stress required to
make the sample flow (Fig. 7.8a). In this case, Herschel–Bulkley and
Casson models are usually used to fit the rheological data (Ramaswamy
and Basak, 1991; Tárrega et al., 2004). Yield stress was assigned to
the maximum value of the flow curve for some semi-solid samples,
such as cream cheese in Sanchez et al. (1994) (Fig. 7.8b). Kealy (2006)
determined yield stress of cream cheese samples using a controlled stress
rheometer. Shear stress was gradually increased and the deformation
(shear strain) was measured. The yield stress was determined at the
intersection of two linear regions in the displacement profile (Fig. 7.8c),
at which the reversible deformation has ended and the material has
begun to flow (Kealy, 2006). Measurements with the ‘vane’ device in
low shear conditions also provided a way to estimate yield stress, at rest
and after shearing (Breidinger and Steffe, 2001; Doublier and Durand,
2008). The maximum stress value in shear stress–time curve is taken
as yield stress (Fig. 7.8d). Note that a pre-shear process can destroy the
weak gel structure of a semi-solid product and significantly decrease the
stress (Fig. 7.8d).

Barnes and Walters (1985) suggested that yield stress does not exist
except in a few limited circumstances. The creep behaviour for solids,
soft solids and structured liquids at low stresses can be described by
a Newtonian-plateau viscosity (Barnes, 1999). Tárrega et al. (2005)
obtained the zero-shear viscosity by fitting the experimental data to
Carreau model (Equation 7.6). Their results suggest that semi-solid
sample can flow even under a very small stress (close to zero), since no
yield stress exists; however, it may take an extremely long time for the



c07 BLBK342-Norton November 9, 2010 17:42 Trim: 244mm X 172mm Char Count=

164 Practical Food Rheology

Fig. 7.8 The typical hysteresis loops in the flow curves (shear stress vs. shear rate) of a
stirred yoghurt (a) and a cream cheese (b). The displacement profile (dotted line) of strain
(deformation) vs. applied stress for a cream cheese sample (c). The shear stress as a function
of time measured using the vane geometry at a certain rotation rate for a custard model
(d). The assigned yield stresses are marked in figures. Adapted from Ramaswamy and Ak
(1991), Sanchez et al. (1994), Kealy (2006) and Doublier and Durand (2008).

sample to flow a short distance because of a large zero-shear viscosity
(>10 000 Pa · s) or a high resistance to deformation. Therefore, the
applied stress on the semi-solid samples needs to reach a certain level –
a ‘yield stress’ – to make the sample flow with a measurable viscosity.

Yield stress is an important parameter for the sensory quality and the
engineering calculations of semi-solid products. Kealy (2006) indicated
that cream cheeses with a larger yield stress corresponded to higher
sensory panel scores for hardness and adhesiveness. Breidinger and
Steffe (2001) established a texture map of yield stress vs. yield strain
for various cream cheese samples. This approach showed that a decrease
in yield stress corresponded to an increase in yield strain. Fat-free cream
cheese showed the highest yield stress (the lowest yield strain), while
whipped cream cheese exhibited the lowest yield stress (the highest
yield strain), corresponding to differences in spreadability (Breidinger
and Steffe, 2001). In the same study, it was suggested that a texture
map could be used for determining acceptable levels of spreadability
in quality control and product development applications. Yield stress is
involved in engineering calculation for semi-solid products, which has
been covered by several engineering books and reviews (Steffe, 1996;
Steffe and Daubert, 2006).

7.4.3 Viscoelastic properties of semi-solid dairy products

Dynamic oscillatory testing can provide very useful information on the
gel formation process of semi-solid dairy products such as yoghurt. The
effects of processing variables, especially preheating of milks, on the for-
mation and properties of gels prepared by acidification with glucono-
δ-lactone (GDL) have been extensively studied (van Vliet and Keetels,
1995; Lucey et al., 1997a, 1997b, 1999). Preheating milk resulted in a



c07 BLBK342-Norton November 9, 2010 17:42 Trim: 244mm X 172mm Char Count=

Dairy Systems 165

reduction in gelation time and a significant increase in firmness (G′) of
the gels. According to van Vliet and Keetels (1995), the deformation of
gels is proportional to the number of contact points per cross section
of the network. Cross-linking by heat-denatured whey proteins within
gels from heated milk could be responsible for increased G′ of the
network (Lucey et al., 1997a, 1998). Using confocal scanning laser mi-
croscopy, Lucey et al. (1998) found that heating milks at ∼80◦C resulted
in a microstructure of GDL-induced acid gels that appeared ‘branched’
and had a higher ‘apparent interconnectivity’ of aggregates compared to
unheated or less severely heated milks, which had irregular clusters and
strands making up the network and less ‘apparent interconnectivity’.

The effect of composition on acid milk gels was studied using small
strain rheology. When the native fat globule membrane is intact, fat
globules act as inert fillers, since they do not interact with casein (van
Vliet, 1988). Increasing the volume fraction of fat having intact native
membrane resulted in a decrease in G′ of acid milk gels (van Vliet and
Dentener-Kikkert, 1982). On the contrary, gels made with homogenised
milk had an increase in G′ since the native fat globule membrane was
replaced by casein and whey protein, allowing for interactions between
fat globule membrane and the protein matrix. Native whey proteins have
been found to act as fillers in yoghurt. Lucey et al. (1999) showed that
addition of whey protein concentrates to yoghurt milk, after milk had
been heated, resulted in the reduction of G′ and shear stress at yielding.
The influence of stabilisers on yoghurt has been studied (Everett and
McLeod, 2005). With increasing concentration of adsorbing polymer
(pectin and carrageenan), the stabilisation–destabilisation mechanisms
undergo transitions from (i) bridging flocculation (decrease in G′), to
(ii) steric stabilisation (increased G′ and phase angle), to (iii) depletion
flocculation by unadsorbed polysaccharide in the serum phase (increased
phase angle). For non-adsorbing polysaccharides (guar, locust bean and
xanthan gums), increasing concentration led to a transition from deple-
tion flocculation to colloidal particles trapped in a viscous polymer net-
work as shown by a decrease and then increase in G′ (Syrbe et al., 1998).

7.5 EFFECT OF ORAL PROCESSING ON INTERPRETATION
OF RHEOLOGICAL MEASUREMENT

Texture is an essential part of the whole spectrum of sensory properties
of foods. Consumers find texture more important in solid foods than
liquids (Matsumoto and Matsumoto, 1977). The breaking down of solid
foods and the mixing with saliva during chewing lead to changes in
texture perception of solid foods far more than the change in viscosity
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of liquid foods. As previously stated, one major goal of instrumental
tests, including rheological measurements, is to relate the results with
sensory perception. It is challenging to find a good correlation between
instrumental test and oral perception because humans simultaneously
detect many aspects of material properties including flavor, aroma, tex-
ture, appearance, color, and sound (Nishinari, 2004). The processing
occurring in the mouth during eating can have a big impact on sensory
perception. Therefore, the effect of oral processing should be considered
in interpreting the rheological results.

Factors contributing to the final texture perception are initial product
characteristics, oral processing, the stimuli from the receptors and their
integration in the brain to a conscious perception (van Vliet et al., 2009).
Recently, the role of oral processing in sensory perception has been
the subject of much interest. Important processes in the mouth during
chewing solid foods such as cheese include fracturing during biting
and chewing, water uptake, dissolving, lubrication, bolus formation,
swallowing and clearing (van Vliet et al., 2009). Hutchings and Lillford
(1988) proposed that food will be swallowed only after its structure has
been broken down far enough to obtain particles below a certain size
and the food has been moistened sufficiently by saliva, allowing the
formation of the bolus. The size of the bolus that is swallowed depends
on foods and the ability of individuals to grind foods. The swallowing
threshold is affected by product characteristics and oral physiology
such as the saliva flow rate. Using computer simulations to study the
chewing of Brazil nuts and raw carrots, Prinz and Lucas (1997) found
that the masticatory system of humans is highly responsive to changes
in food texture. During mastication of solid foods, the particles mix
with saliva and form more or less a coherent bolus. Food particles could
also stick to the oral mucosa. Factors determining whether particles
aggregate or stick to the mucosa are the work of adhesion between
food–food and food–mucosal interfaces, the surface tension of fluid in
the mouth, its viscosity and the frictional resistance needed to displace
food particles from the mucosa by the tongue (Prinz and Lucas, 1997;
Lucas et al., 2004). For semi-solid dairy products, sensory attributes
that are important to consumer perception are firmness, crumbliness,
creaminess, stickiness, spreadability, and consistency (van Vliet et al.,
2009). Oral processing between the tongue and palate becomes more
important with adhesion and creaminess. Important textural attributes
of liquid foods include thickness, sliminess, creaminess, roughness,
fattiness, and the after-feel texture of the coating formed on the mucosa
(van Vliet et al., 2009). Oral processing mainly involves the tongue,
which pushes down the throat followed by swallowing.

In order to get a clear understanding of the texture perception of
solid foods, a thorough background in fracture mechanics and the



c07 BLBK342-Norton November 9, 2010 17:42 Trim: 244mm X 172mm Char Count=

Dairy Systems 167

interaction between foods and saliva, oral physiology and sensory sci-
ences is needed. Yielding behaviour and adhesion between food parti-
cles and oral mucosa are also important for semi-solid foods. For liquid
foods, rheological properties of the products, their adhesion to oral sur-
faces, the interaction between the products and saliva and their effect
on lubrication, as well as the formation of coatings, are important in the
perception during oral processing.
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8 Relationship between Food Rheology
and Perception

John R. Mitchell and Bettina Wolf

8.1 INTRODUCTION

The study of the relationship between rheology and perception has a
long history. Studies in this area have two related objectives:

(i) Prediction of perception from instrumental rheological measure-
ments. There are clearly considerable practical advantages in using
instruments instead of sensory panels.

(ii) The development of an understanding of the relationship between
food structure and perception. Rheology is not the only tool that can
be used to help achieve this understanding, but it is an important
one.

Although not completely incompatible, food science and rheology of-
ten make less than satisfactory bedfellows (Mitchell, 1984). The reason
for this is that foods are generally inhomogeneous on quite large dis-
tance scales and many natural products, for example meat and fruits are
anisotropic. This makes the application and interpretation of fundamen-
tal rheological tests difficult. There is a long history of development and
use of empirical test methods particularly for quality control purposes.
In this context, readers might be interested in the short and slightly sad
paper written by Scott Blair (Blair, 1978), one of the founders of food
rheology.

A significant advance in the context of the aforementioned objective
(i) was the development of the Texture Profile by scientists working for
General Foods (Friedman et al., 1963; Szczesniak, 1963). This recog-
nised that food texture was multidimensional and aimed at building a
direct relationship between sensory and instrumental measurements of
these different dimensions. The instrumental approach was almost en-
tirely empirical. It involved the two bite test. The food was compressed
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twice and the texture dimensions, for example hardness, cohesiveness
and adhesiveness, could be calculated from the force response. This
approach is still extensively used. For example, it is one of the standard
software packages on commercial instruments for the measurement of
food texture. There have been early attempts to consider this approach in
more fundamental rheological terms, but in the authors’ opinion, there
is little point in doing so. Texture profiling can be useful, but it is some
way from what most people would regard as rheology. A good discus-
sion of empirical measurements of food texture is given in the book by
Bourne (2002), and elements of this are addressed in other chapters in
the current volume.

This contribution focuses on the relationship between perception and
fundamental rheological parameters. The work considered will be on
liquids or gels, since these are isotropic and homogenous and therefore
more amenable to a fundamental rheological approach. Of course, the
word homogenous needs to be associated with a distance scale, but
in this context, emulsions such as milk are considered homogenous,
whereas a meat chunk in gravy product is not.

The topics covered are as follows:

(i) Rheology and thickness perception.
(ii) Rheology and flavour perception.

(iii) Mixing, microstructure, mouthfeel and gels.
(iv) Beyond shear rheology.

Following guidance from the editors, this chapter will focus more on
(ii), (iii) and (iv), since there has been a considerable recent inter-
est in this area by the lead author and colleagues at the University of
Nottingham.

8.2 RHEOLOGY AND THICKNESS PERCEPTION

The relationship between the rheology of liquids and thickness percep-
tion should be the simplest to address experimentally. This is because at
first sight, the only relevant rheological parameter is an instrumentally
measured shear viscosity. Since most foods are non-Newtonian, i.e. vis-
cosity depends on shear rate/shear stress, it is necessary to decide what
the measurement conditions for the best correlation with sensory per-
ception are. The first study that was done to determine the appropriate
shear rate for the measurements of a viscosity which would correlate
to thickness perception was carried out by Wood (1968). This approach
involved using a sensory panel to compare the perceived thickness of
non-Newtonian liquid foods (cream soups) with Newtonian glucose
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V = velocity of tongue (2 cm per second)
F = normal force (1 N)
R = radius of plug (2.5 cm)
t = time (per second)
h0 = initial plug height (0.2 cm)
m = consistency index
n = power law index

(values in brackets are those assumed in
the calculation of oral shear stress)
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Fig. 8.1 A model mouth geometry and the Kokini oral shear stress. Reproduced from
Cook et al. (2003), with permission from Oxford University Press.

syrups. The viscosity curves (viscosity as a function of shear rate) of
a soup and a glucose syrup of similar perceived viscosity will cross,
and the shear rate where this occurs was considered to be the shear
rate pertinent to thickness perception. The value for this shear rate that
Wood found from his work was 50 per second. In recent work, this
value is often still considered to be the appropriate shear rate for vis-
cosity measurement if sensory perception studies are to be carried out
subsequently.

Since Woods original work, there were many other studies. Shama
and Sherman (Shama and Sherman, 1973) used a similar approach with
a much wider range of foods. They reported a range of shear rates
and shear stresses relevant to perception of viscosity, suggesting that
the mechanism of perception was different for high-viscosity foods
when compared to low-viscosity foods. At high viscosities, perception
is driven by the stress required to shear the food at a shear rate of 10
per second, whereas for low-viscosity foods, the shear rate in response
to a shear stress of 10 Pa drives perception. The shear stress and shear
rate conditions for thickness perception from the Shama and Shermans’
experimental work agree quite well with the results of a modelling
approach developed by Kokini and co-workers (Dickie and Kokini,
1983; Kokini and Cussler, 1983; Kokini, 1985). This considered the
liquid food as sheared between the tongue and the roof of the mouth
(Fig. 8.1). One output from this approach is an oral shear stress defined
by Equation 8.1 (see Fig. 8.1), which it can be argued is an appropriate
parameter to relate to thickness perception. As discussed in the following
text, the Kokini oral shear stress has often been used as a parameter for
sensory studies of taste perception.



c08 BLBK342-Norton November 9, 2010 17:43 Trim: 244mm X 172mm Char Count=

176 Practical Food Rheology

There are two limitations to predicting an oral perceived viscos-
ity simply from the viscosity curve (viscosity–shear rate relationship).
These are as follows:

(i) There will be other rheological parameters which must be important.
For example, it has been shown (Cutler et al., 1983; Richardson
et al., 1989) that weak gels such as xanthan gum solutions were
perceived as being thicker than the measured steady shear viscosity
shows. It was found that if a complex viscosity measured at a
frequency of about 50 rad/s was used, then the perceived thickness
could be predicted correctly (Richardson et al., 1989). This could
be taken as showing that a dynamic viscosity is more appropriate
for predicting perceived thickness than a steady shear viscosity, but
there is no obvious direct mechanistic reason why this should be the
case. A possible reason for under-predicting the perceived thickness
of xanthan gum solution from shear viscosity measurements is that
there is a stress overshoot when the elastic xanthan solution is
sheared, and this peak stress rather than the equilibrium value is the
relevant one for thickness perception.

(ii) Time effects will be important. Many non-Newtonian liquid foods
are thixotropic, that is to say, the viscosity decreases not only with
increasing shear rate but also with the time of shearing. This clearly
complicates the measured liquid viscosity required to predict per-
ceived thickness. As will be discussed in more detail below, dilution
with saliva may also be important. To obtain the best correlation
between perceived thickness and instrumental measurements, it is
advisable to ask the panel to make the judgement immediately after
the product enters the mouth.

8.3 RHEOLOGY AND FLAVOUR PERCEPTION

There is a long history of studies showing that if the viscosity of a
solution is increased, for example by adding a hydrocolloid, there is a
reduction in perceived flavour or taste (Stone et al., 1974). The mech-
anism for this is a matter of debate. Perception of flavour comes ini-
tially from a combination of taste which is perceived in the mouth and
volatiles which are perceived in the nose. The reduction in percep-
tion with viscosity is found for a wide variety of thickeners though, as
demonstrated below, starch may be an important exception. This gener-
ality of the effect argues against a specific binding between the volatile
and the thickener being the ubiquitous mechanism, though there have
been several studies where this has been suggested for specific cases. In
a series of particularly valuable studies, Baines and Morris (1987, 1988,
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Fig. 8.2 Flavour/taste suppression by random coil polysaccharides. Results (mean values
of panel scores for sweetness and flavour intensity) are shown for alginate (�), car-
boxymethylcellulose of high (�) and medium (•) molecular weight, and guar gum of high
(�), medium (◦) and low (�) molecular weight. Reproduced from Baines and Morris (1988),
with permission from Oxford University Press.

1989) compared the relationship between the perceived flavour and the
concentration of a hydrocolloid. The results showed that perception de-
creased when the concentration of the hydrocolloid c exceeded the c*

concentration. The latter is the concentration where the hydrodynamic
domains of the polymer coils start to overlap. Above this concentration,
non-Newtonian behaviour becomes much more pronounced because of
disruption of entanglements between coils with increasing shear rate and
the concentration dependence of the zero shear rate viscosity changes
from an approximately linear dependence to a dependence on c3–4.

In these studies, magnitude estimation was used by the panel to
estimate the degree of inhibition of taste and flavour perception. This
involved the panel being told to rate the product relative to a value of 100
for the control containing no thickener. Thus, if a thickened product was
perceived as being half as sweet as the control, then it would be given a
score of 50. Fig. 8.2 displays the relationship between the S/SO, where
S and SO is the score for the thickened product and the unthickened
control, respectively, and c/c*.

The obvious question is what is the mechanism responsible for this
decrease in perception? One hypothesis is that the release of volatiles
from the solution is decreased once the concentration exceeds c*. Fol-
lowing the development of a direct interface between air exhaled from
the nose and a Mass Spectrometer developed by Taylor and Linforth
(Taylor et al., 2000), it was possible to test this. For solutions thickened
by hydroxypropylmethyl cellulose (HPMC), the flavour perception mea-
sured by a sensory panel was in agreement with the Baines and Morris
results shown in Fig. 8.2. There was however no significant difference
in the concentration of the volatile detected in the nose as the HPMC
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concentration exceeded c* (Hollowood et al., 2002). Therefore, the hy-
pothesis that binding of the volatile to the thickener or inhibition of
volatile release in some other way causes the decrease in perception
can be rejected. As stated earlier, this does not mean that there are not
specific cases of binding of volatiles or indeed tastants which can be
important, such as in the entrapment of flavour molecules in the amylose
helix.

A second hypothesis is that there is a direct relationship between
the rheology of the solution and perception. In a comprehensive
study, Cook et al. (2003) investigated the relationship between var-
ious viscosity-related parameters and taste perception and found the
strongest dependence on the Kokini oral shear stress defined by Equa-
tion 8.1. Of course, a viscosity dependence of perception must result
from the relationship shown in Fig. 8.2, but it is of interest that a param-
eter which may be a somewhat better indication of thickness perception
than, for example, the viscosity at a shear rate of 50 per second gives
the best prediction of perception. Since the hypothesis of a decrease in
volatile release with increasing viscosity can be rejected as discussed
above, then there are two further hypotheses that should considered:

(i) Viscosity reduces the extent and/or rate at which the tastant reaches
the taste receptors on the tongue and palate.

(ii) The signal reaching the brain related to the oral shear stress, when
processed in combination with the signals from the taste and volatile
receptors, influences the total perception.

The second hypothesis was suggested by Cook et al. (2002, 2003) to
explain the oral shear stress dependence. This multimodal idea where
the response of the brain to changes in apparently unrelated signals
results in perturbation of the ‘perception’ of the particular response of
interest is very general. It is a very important and exciting aspect of food
science which is developing rapidly, partly because the increasing ease
with which brain activity can be monitored during food consumption.
Partly because it is less directly related to rheology, this will not be
discussed further in the remainder of this chapter.

In addressing hypothesis 1, it is helpful to have exceptions to the gen-
eral relationship between viscosity and perception as found by Baines
and Morris (1988) and Cook et al. (2003). One of these is solutions
thickened by gelatinised starch. In view of the importance of starch as
a thickener, it is surprising that not more work has been carried out
on flavour perception from starch-thickened systems. Hill et al. (1995)
related the sensory parameters of a lemon pie filling thickened with
cornflour with a range of dynamic rheological parameters. Although
dynamic rheological data were used, it was clear that when these results
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Fig. 8.3 Comparison of perceived flavour from Cook et al. (2003) data on banana-
flavoured sweet HPMC samples and data from a study on basil-flavoured savoury systems.
(Reproduced from Ferry et al., 2006a. Copyright 2006, with permission from Elsevier.)

were considered in the light of the Baines and Morris’ studies and the
later work of Cook et al., these starch-thickened products gave a much
better taste and flavour perception than would be expected based on the
ideas developed for the much more extensively studied ‘linear’ hydrocol-
loids. A possible mechanism which would support hypothesis (i) above,
first proposed by Baines and Morris for hydrocolloid-thickened systems
used for the results in Fig. 8.2, was that above the c* concentration,
mixing of the viscous solution (in the mouth with saliva) was restricted.
In the next section, the hypothesis that the difference between the per-
ception of high-viscosity starch-thickened and hydrocolloid-thickened
products is due to differences in mixing is explored.

8.4 MIXING, MICROSTRUCTURE, GELS AND MOUTHFEEL

8.4.1 Mixing

The better flavour perception from starch-thickened foods when com-
pared to those thickened by linear polysaccharides was confirmed in the
study by Ferry et al. (2006a), who compared hydroxypropylmethyl
cellulose and starch-thickened systems directly. Fig. 8.3 shows the



c08 BLBK342-Norton November 9, 2010 17:43 Trim: 244mm X 172mm Char Count=

180 Practical Food Rheology

perception results plotted against the oral shear stress parameter which
Cook et al. (2003) suggested was the driver for taste perception.

There is more data scatter from an ideal curve compared to some of
the previous study of Cook et al. on HPMC-thickened systems, which
is also included in the Figure. This may be due to the high temperature
used by the sensory panel, since the study by Ferry and colleagues was
required to be relevant to soup products. Nevertheless, it is clear that
perception from the starch-thickened systems at high values of the oral
shear stress is much better than that from the HPMC-thickened solution.
Indeed, when wheat starch and modified waxy maize starch are used
as thickeners, it could be argued that there is no inhibition of taste
even at the highest value of oral shear stress measured. If the mixing
hypothesis is to survive, it would therefore be expected that a starch-
thickened solution would mix better with water than a hydrocolloid
(linear polysaccharide) solution. To investigate this, Ferry et al. (2006a)
used the simple approach of hand mixing a coloured high-viscosity
‘solution’ (380 mPa · s at 50 per second and 25◦C) with water. The
differences between the starch and the hydrocolloid-thickened solution
were quite dramatic. The results in Figs. 8.2 and 8.3 would suggest that
for the linear polysaccharide, there should be a change in mixing ability
in the vicinity of the c* concentration. Subsequent work by Koliandris
et al. (2008) with locust bean gum showed that this is indeed the case.
The photographs reproduced in Fig. 8.4 illustrate these two related ideas
showing the difference in mixing between the appearance of the HPMC-
and starch-thickened systems mixed at comparable viscosity and the
change in locust bean gum-thickened systems as the concentration is
increased from 0.5 to 0.6%.

The reason why decreasing mixing efficiency should reduce flavour
perception is clear. For a tastant to be perceived, it has to reach the taste
receptor. This receptor will be coated by a static boundary layer of fluid,
and diffusion will be the only mechanism through which the tastant can
be finally transported to the receptor. Diffusion processes however are
extremely slow. For example, for small molecules or ions such as Na+,
the diffusion coefficient in water or in the gel is ∼10−9 m2/s. It is easy to
show that even after 100 seconds, almost none of the molecular species
will have moved a distance of 1 mm from the surface of a gel sphere
with a diameter of 1 mm if diffusion is the only transport mechanism
(Crank et al., 1981). Thus if mixing is poor, there will be regions which
retain the original high viscosity/weak gel consistency of the ingested
product. Between these regions, there will be other regions with a low
concentration of tastant. If some of these low-concentration regions are
at the surface of the fluid boundary layer coating, the taste receptor there
will be a reduction in the driving force for diffusion across this boundary
layer. The simple mixing experiment is of course not directly relevant
to the distance scale of mixing or concentrations of tastants in the
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(a) (b)

(c) (d)

Fig. 8.4 Mixing behaviour of (a) a polymeric thickener (HPMC) and (b) a particulate
thickener (swollen suspension of granular starch) with a viscosity of 380 mPa · s measured
at 50 per second and 25◦C and locust bean gum at a concentration of (c) 0.5% and
(d) 0.6%. Adapted from Ferry et al., 2006a. Copyright 2006, with permission from Elsevier;
and Koliandris et al. (2008). Copyright 2008, with permission from Elsevier.

mouth. Nevertheless, the authors consider it as a valuable experiment in
predicting differences in perception between high-viscosity liquid foods.

8.4.2 Microstructure

Clearly, if it is accepted that good mixing is desirable for good per-
ception, then it will be important to understand the microstructure that
is required to promote this. The hypothesis is that solutions which are
thickened by swollen particles, most obviously starch granules but prob-
ably also plant fibres (there is increasing interest in the latter as an
alternative to hydrocolloids), will mix well, whereas polymers in solu-
tion will mix poorly when the c* concentration is exceeded. Evidence
in support for this comes from a study on the mixing of gelatinised
starches from different sources and the effect of amylase activity on
starch-thickened systems. It is easy to show that amylase activity re-
duces starch viscosity on time scales relevant to oral consumption (Ferry
et al., 2004). A consequence of the enzymes’ attack on a swollen starch
granule is a disruption of the structure, resulting in a partial change
in solution microstructure from a suspension of swollen particles to a
polysaccharide solution. Waxy maize starch that contains no amylose



c08 BLBK342-Norton November 9, 2010 17:43 Trim: 244mm X 172mm Char Count=

182 Practical Food Rheology

0
A

B

C

D

50 100 150 200

0 50 100 150 200

0 50 100 150 200

0 50 100 150 200

Fig. 8.5 Mixing efficiency of viscous systems with solutions containing an increasing
amount of R-amylase. Viscous samples (480 mPa · s at 50 per second) of different starches
(wheat, A; modified waxy maize, B; waxy maize, C; HPMC, D) were stirred into distilled
water or solutions containing 50, 100, 150, and 200 U · mL−1 of amylase and pho-
tographed after 1 minute. Reproduced from Ferry et al. (2006b), copyright 2006, with
permission from American Chemical Society.

has a weak granule structure which is easily disrupted during processes
involving heating and shearing. For this reason, waxy maize starches
are often chemically cross-linked or physically treated to maintain gran-
ule integrity. For amylose-containing starches, such as wheat or maize,
following gelatinisation, there will be a release of some amylose into
solution following gelatinisation, but the swollen granule will be much
‘stronger’ than unmodified waxy maize starch.

If viscosity was the dominant factor, an increase in perception with
amylase activity would be expected, since it has been shown that flavour
perception normally increases with decreasing viscosity. If for these
systems microstructure through its influence on mixing ‘overrides’ vis-
cosity as the dominating effect, then perception should decrease with
increasing amylase activity. The latter view is supported by the second
study by Ferry et al. (2006b).

For systems thickened with wheat starch, native waxy maize starch,
a waxy maize starch modified to maintain granule integrity following
gelatinisation and HPMC, Figs. 8.5 and 8.6 illustrate the change of
mixing efficiency with amylase concentration in the water to which
the stained viscous ‘solution’ was added. Figure 8.5 shows observed
mixing efficiency. The quantitative data plotted in Fig. 8.6 are based
on monitoring the concentration of K+ with a specific ion electrode
inserted into the top surface shortly after mixing (KCl and not NaCl was
used since the amylase preparation added to the water contained Na+).
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Fig. 8.6 Effect of amylase activity on potassium concentration in the aqueous phase after
mixing of the four different viscous systems (480 mPa · s at 50 per second). Reproduced
from Ferry et al. (2006b), copyright 2006, with permission from the American Chemical
Society.

A sensory study was carried out on soups thickened with these four
systems using panellists whose in-mouth amylase activity had been
measured. The correlation coefficients between the panellists’ amylase
activity and saltiness score are shown in Table 8.1.

It is noteworthy that for the starch suspensions that have an initial
microstructure consisting predominantly of swollen granules (wheat,
modified waxy maize), there is a highly significant negative correlation
between amylase activity and perceived saltiness. When this is consid-
ered in conjunction with

� the initial drop in K+ detected at the liquid surface after mixing
when amylase is added to the starches that have a granular micro-
structure, i.e. modified waxy maize and wheat,

� the poorer salt release from and mixing ability of the HPMC and
native waxy maize starch-thickened systems,

this supports the hypothesis that, at high viscosities, a particulate micro-
structure is better than a polymeric one to impart enhanced salt percep-
tion. In the absence of amylase, the difference between ‘solutions’ of
native waxy maize starch with its poor granular integrity and ‘solutions’
of wheat and modified waxy maize starch which have a more particulate
microstructure is clear.
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Table 8.1 Pearson’s correlation coefficients
between salivary amylase activity and sensory
scores for salt perception by a sensory panel

Thickener type Saltiness

HPMC 0.11a

Waxy maize starch −0.20b

Modified waxy maize starch −0.43c

Wheat starch −0.25c

Reproduced from Ferry et al. (2006b), copyright 2006,
with permission from the American Chemical Society.
aNot significant at a level of 5%, p > 0.05.
bSignificant at a level of 5%.
cSignificant at a level of 1%.

8.4.3 Mouthfeel

More than 40 years ago, Szczesniak and Farkas (1962) attempted to
relate the mouthfeel of hydrocolloid solutions to solution rheology.
They matched the viscosity of a wide range of hydrocolloid and starch
‘solutions’ where this viscosity was measured semi-empirically at a
shear rate which would be lower than the value of 50 per second, which
as discussed above is often considered to be the shear rate prevalent in the
mouth. The sensory panel was asked to evaluate these solutions in terms
of sliminess, where a slimy solution was considered to be one difficult
to swallow. The hydrocolloid solutions were split into three classes on
the basis of their degree of shear thinning. At higher levels of shear
thinning, the solutions were perceived as increasingly less slimy, i.e.
easier to swallow. It has been argued that these differences simply reflect
difference in dynamic viscosity or shear viscosity at the appropriate
values for perception in the mouth (Richardson et al., 1989). However,
it is interesting that this class of least slimy solutions contains the starch
systems, which would be expected to maintain a granular microstructure
after gelatinisation (maize starch and high-amylose starch were used in
this study), and xanthan gum, whereas waxy maize starch was in the
slimy category. Returning to the mixing argument, it seems a useful and
testable hypothesis that mouthfeel improves with the ease of mixing.
Swallowing will be easier for a viscous solution which mixes more
readily with saliva compared to something that maintains a semi-gel-like
consistency in the mouth. As so often happens, xanthan gum does not
seem to fit the hypotheses. This polysaccharide would be expected to mix
in a polymeric fashion, i.e. poorly; however, observations on its in-mouth
behaviour reveal a behaviour more akin to that of a particulate system. It
is possible that this is because of its dramatic shear thinning behaviour
causing the concentration required to match the viscosity at in-mouth
shear rate of the other hydrocolloids to be below the entanglement
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threshold. In this very dilute region, non-Newtonian behaviour would
result from orientation of rod-shaped molecules rather than disruption
of entanglements.

8.4.4 Gels

Flavour perception from gels has been extensively investigated. The
majority of investigations have focused on individual or at most on
pairs of gelling systems. There is some analogy to work that has been
carried out on hydrocolloid-thickened solutions. Undoubtedly, there are
situations where binding of volatiles to the matrix will be significant in
reducing the levels of perception; however, it is particularly valuable to
develop a hypothesis that is applicable to as wide a range of textures and
gelling agents as possible. Many of the gel rheology studies have been
concerned with the small deformations required to remain within the
linear viscoelastic region. These parameters are less central to perception
than large deformation measurements which fracture gels. For example,
in a very early work, Wood (1979) showed that the perceived hardness of
a gel correlated better to the force required to facture the gel than to the
Bloom Strength which correlates with the small deformation modulus.
The study of Morris (1994) including a wide range of hydrocolloid
gelling systems showed stronger correlations between the strain at break
and perceived flavour as well as sweetness than that was seen for the
elastic modulus or the rupture stress. As with thickened solutions, one
question to be asked is whether this relationship can be understood in
terms of a change in the concentration of volatiles reaching the nose, the
concentration of tastants reaching the receptors in the mouth or whether
it is the result of a multimodal effect? It is reasonable that gels with
a lower strain at break (brittle gels) will release tastants and volatiles
more efficiently because of the more rapid increase in surface area on
consumption. In support of this, Morris demonstrated a strong negative
correlation between the strain at break and flavour perception for a range
of gels (Morris, 1994). A more recent study by Koliandris et al. (2008)
demonstrates that the increase in tastant release is a more significant
consequence of in-mouth processing of gellan and carrageenan gels
than the increase in volatile release.

It is generally accepted that gelatin is one of the best if not the best
gelling agent for taste perception and mouthfeel. In the authors’ view,
there are two reasons for this:

(i) A gel melting temperature ∼30◦C which results in a gelatin gel
melting in the mouth.

(ii) The efficient mixing of molten gelatin with water or saliva.
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(a) (b)

Fig. 8.7 Mixing behaviour of molten gelatin solutions at 10% (a) and 30% (b) concen-
tration. Adapted from Ferry et al. (2006a). Copyright 2006, with permission from Elsevier;
and Koliandris et al. (2008). Copyright 2008, with permission from Elsevier.

Fig. 8.7 shows the results of mixing molten gelatin solutions at a
temperature of 50◦C at concentrations of 10 and 30% with water also
at 50◦C. Even at a concentration of 30%, which is well above the
c* concentration (Wulansari et al., 1998), gelatin solutions mix very
efficiently with water in the same way as granular starch does. The
possible consequences of this for tastant release compared to that of
other hydrocolloid solutions can be appreciated from Fig. 8.8.

Fig. 8.8 shows the result of a salt release experiment from coloured
gelatin and locust bean gum solutions which were spiked with NaCl
followed by measuring the salt concentration at the top of the beaker.
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Fig. 8.8 Na+ release for different concentrations of gelatin and LBG solutions. Repro-
duced from Koliandris et al. (2008). Copyright 2008, with permission from Elsevier.



c08 BLBK342-Norton November 9, 2010 17:43 Trim: 244mm X 172mm Char Count=

Relationship between Food Rheology and Perception 187

For locust bean gum, there is a decrease in salt release when the con-
centration exceeds 0.5%, which, not surprisingly, is consistent with the
change in mixing efficiency shown in Fig. 8.4 and the change in flavour
perception for hydrocolloids once c* is exceeded as shown in Fig. 8.2.

An additional factor which may be important is the low viscosity of
gelatin solutions as evidenced by the low value of intrinsic viscosity
compared to that of polysaccharide gelling agents (Wulansari et al.,
1998). This may result in more effective distribution of biopolymer
molecules from the gel surface into the bulk solution on melting. This
is a slightly different idea from the mixing of high-viscosity solutions
which the main part of this discussion has addressed.

8.5 BEYOND SHEAR RHEOLOGY

For liquid foods, the shear viscosity is not sufficient to predict flavour
perception in viscous solutions as is shown by the result in Fig. 8.3. It
also does not provide a complete basis for the prediction of mouthfeel.
In this chapter, it has been argued that the ease with which a liquid
mixes with saliva is an important driver for both taste perception and
mouthfeel. It seems, therefore, reasonable to postulate that the resistance
to break up a viscous fluid droplet when in contact with water or saliva
prevents rapid mixing. The hypothesis here is that a liquid-thickened
food comprised of swollen granules suspended basically in water posses
a comparatively lower resistance to break up and therefore mix more
readily in the mouth.

Droplet break-up has been extensively investigated both experimen-
tally and theoretically for immiscible fluids, although data on suspen-
sions are scarce. For homogeneous polymer solutions, the rheological
properties of both immiscible fluids and the interfacial characteristics
control droplet deformation and break up at given flow stresses. The
rheological properties of the polymer solutions are of course imparted
by the molecular conformation and the state of entanglement. Similar
rules should also apply to suspension droplets; however, the boundary
layer inside the droplet adjacent to immiscible continuous fluid phase
is depleted of particles. Hence, the flow stresses act on the suspension
medium, and the behaviour of the total system is not akin to the be-
haviour classically observed for a pair of homogeneous immiscible flu-
ids. This was investigated by following the behaviour of microscopically
small HPMC and physically cross-linked waxy maize starch suspension
droplets using a flow shear cell described by Vervoort and Budtova
(2003).

As can be seen in Fig. 8.9, the pattern of droplet break-up is very
different for these two thickener systems. Under these conditions, the
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100 µm 100 µm

Fig. 8.9 Left-hand side micrograph shows a HPMC droplet immersed in 200 Pa · s
viscosity silicone oil submitted after shear rate step up to 6 per second. The right-hand
side micrograph shows the equivalent experiment for a physically cross-linked waxy maize
starch suspension droplet. The shear viscosity of both droplet fluids was 15 Pa · s at 6 per
second. Note that the micrographs represent a snapshot from a time-dependent experiment.

HPMC droplet does not break up even though it becomes highly elon-
gated. On the contrary, the starch droplet disrupts under these conditions.
The ease of break-up for droplets of the granular starch system is evident
from Fig. 8.10. It shows the well-known Grace curve for shear-induced
droplet break-up of Newtonian droplets immersed in second immisci-
ble Newtonian fluid as well as experimental data obtained for the starch
droplets (Desse et al., 2009). The situation for the starch droplets is quite
complex, for example variation of the viscosity ratio p, see caption of
Fig. 8.10 for definition, in these experiments was achieved by changing
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Fig. 8.10 Critical Capillary number as a function of viscosity ratio (defined as the viscos-
ity of the droplet fluid over the viscosity of the second immiscible fluid) for starch suspension
droplets (points, solid line added for guidance only) and for a Newtonian fluid. For p
larger than roughly 0.1, droplet break-up was not observed for the starch droplet system
investigated here. Error bars are smaller than the size of the points. (Desse et al., 2009).
Reproduced with permission.
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Fig. 8.11 Comparison between shear viscosity at 50 per second and filament break-up
time using the Haake CaBER extensional rheometer (at 20◦C) (reference).

shear rate and taking the shear viscosity measured for the starch suspen-
sion at the shear rate applied to calculate p. Hence, since the viscosity
of the second immiscible fluid was kept constant, larger p values coin-
cide with lower applied shear rates and therefore flow stresses. As soon
as these were below the yield stress, droplet break-up was no longer
observed; the reader should consult the original publication for detail.

Another approach to evaluate the differences in break-up behaviour
between microstructurally and fundamentally different fluids is to pro-
duce filaments of these fluids, for example in the Haake CaBER ex-
tensional rheometer. This instrument allows filaments to be stretched
rapidly to a given height. Following stretching, the filament thickness
at half the stretching height is monitored with a laser micrometer. The
filament may not always be the thinnest at half height, which, however,
is not crucial for this application as the interest lies in the break-up time
as a parameter, which can be obtained from the instrument’s software.
Fig. 8.11 contrasts the difference in droplet break-up time for five sys-
tems discussed in the chapter (molten gelatin, modified waxy maize
starch, native xanthan, xanthan processed to give a particulate structure
(Sereno et al., 2007) and HPMC). It can be seen that the good mixing
systems cross-linking starch, gelatin and particulate xanthan have much
shorter droplet break-up times than that of the poor mixers HPMC and
native xanthan.

To predict perception, the authors believe that a combination of shear
and extensional parameters are required. This book is entitled Practical
Food Rheology. Most food laboratories are not well equipped to measure
extensional viscosity, which provides considerable experimental and
theoretical challenges. From a practical point of view, it may be possible
to develop a semi-empirical quantitative parameter related to droplet
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break-up and ease of mixing, which when combined with shear viscosity
will provide a better prediction of mouthfeel and taste perception than
that has been achieved so far. A very wide range of native and modified
starches are available, which when gelatinised provide a wide range
of liquid ‘textures’. A study of these systems rather than hydrocolloid
solutions may be more appropriate for taking this area forward.

8.6 CONCLUSIONS

The generic conclusion that emerges from the above is that for good
taste perception and mouthfeel, the solution or gel should be easy to
swallow.

For solutions this is favoured by a low viscosity and the ability to
mix well with water or saliva and to disrupt easily whilst undergoing
in-mouth processing. The ease of disruption can be judged in droplet
or filament break-up experiments, and it is easy to imagine that a less
stretchy liquid food is easier to swallow. For gels, ease of swallowing
is favoured by low strains at break so the gel will disrupt into small
elements. Gelatin is an exception because, although the gel has a high
strain at break, it melts in the mouth, converting to a liquid which mixes
very efficiently with water or saliva even at high viscosities.

The concept which unifies gels and high-viscosity solutions which
have good perception is the easy of structure break-up in the mouth. For
solutions, this is favoured by a particulate microstructure, for example
a suspension of swollen starch granules.
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9 Protein-Stabilised Emulsions and
Rheological Aspects of Structure
and Mouthfeel

Fotios Spyropoulos, Ernest Alexander K. Heuer,
Tom B. Mills and Serafim Bakalis

9.1 INTRODUCTION

Emulsions are an integral part of many food products. In the past, re-
search in emulsion-based systems focused mainly on understanding
the mechanisms of formation and stabilisation of these systems. More
recently, efforts have been devoted towards obtaining an understand-
ing of the behaviour of emulsion-based foods during oral processing
(‘eating’), aimed at designing novel functional products that deliver
advanced health benefits.

There is evidence that such health benefits can indeed be achieved
from food formulations, especially in order to tackle issues such as
the obesity crisis (Norton, Fryer, et al., 2006). As obesity has reached
epidemic levels in the Western world, it is clear that calorifically dense
foods, such as (high-fat) emulsions, have to be redesigned. In order to
achieve this, an understanding of the phenomena occurring in-mouth as
well as their link to consumer perception would have to be obtained. In
the past, research in this area was mainly driven by medical sciences
and focused on understanding some of the fundamental mechanisms
of transport within the body; for example, movement of the bolus and
identification of some relevant forces in the mouth. Work on physical
characterisation and in vitro measurements of the physical and structural
changes that food emulsions (and food in general) experience during
oral processing is now becoming more widespread. If perception and
sensory properties of a product can be related to these instrumental
measurements, improvements can be made much faster and without the
need for human subjects. Current work in the field of emulsions has
been promising, especially when relating important key attributes such
as creaminess or slipperiness to on-board friction measurements carried
out on instruments (tribology).

Practical Food Rheology: An Interpretive Approach
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This chapter will provide a description of the structure of emulsions
stabilised by proteins, the oral processes involved during their consump-
tion (and consumption of emulsions in general) as well as how these
affect their sensory attributes. Finally, the latest developments in instru-
mental methods used to relate emulsion properties, as exhibited during
oral processes, and their sensory perception will be considered.

9.2 PROCESSING AND STABILITY OF EMULSIONS

As emulsions are thermodynamically unstable systems, a lot of effort
has been devoted towards obtaining an understanding of the mechanisms
and kinetics of instabilities, properties, as well as processing routes.
Although these phenomena have been mainly studied in the context
of processing and storage, they would be directly applicable to the
phenomena occurring in the mouth.

9.2.1 Instabilities in emulsions

In order to understand the function of proteins, in terms of the stability
they impart to oil-in-water emulsions, it is useful to briefly discuss the
main instabilities usually associated with these systems.

9.2.1.1 Coalescence

Coalescence is the irreversible joining of two or more emulsion droplets
to form a single larger droplet. There are two mechanistic steps that
should take place for coalescence to occur: film thinning and film rup-
ture. Film thinning is a result of surface distortion between two (or more)
approaching droplets, which leads to the formation of thin liquid lamel-
lae between their surfaces. The rate and extent of film thinning depend
on the hydrodynamics of film flow and on the colloidal forces acting
across the film. Emulsion droplets will not coalesce if the thickness of
the formed lamella remains above a certain critical value. In the case
where the thickness of the lamella is reduced below this critical value,
random surface fluctuations can result in rupture of the interfacial layer
(film rupture), leading to coalescence. The kinetics of rupture depends
on the extent of these fluctuations and on the viscoelastic properties of
the adsorbed protein layer.

9.2.1.2 Flocculation

Flocculation is the aggregation of two (or more) emulsion droplets with-
out the occurrence of any interfacial rupture events. Flocculation can
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broadly be classed into two categories: depletion and bridging floccu-
lation. Depletion flocculation is driven by an osmotic pressure gradient
caused by the exclusion of a non-adsorbing ‘depleting’ agent from the
space between two (or more) approaching droplets. Depletion floccula-
tion is considered as a weak, reversible type of flocculation, since the
formed flocs can be easily broken down by mild shearing. Bridging
flocculation on the other hand is the linking of two or more droplets at
the droplet interface to form a bridge, for example due to electrostatic
interactions, and can effectively be an irreversible process. Bridging
flocculation can also take place during emulsification when the emul-
sifier concentration is not sufficient enough to completely cover the
available oil–water interfaces in the system. Under such conditions,
emulsifier molecules may be ‘shared’ by more than one droplet, form-
ing a ‘bridge’ between them.

9.2.1.3 Creaming

Creaming is the motion of droplets under the influence of gravitational
forces to form a concentrated layer at the top of an oil-in-water emulsion;
the same process is known as sedimentation in the case of water-in-oil
emulsions, where the concentrated layer of (water) droplets is formed
at the bottom of the system. The creaming rate is affected by the density
difference between the oil and the water phases, the size of the emulsion
droplets and the rheological properties of the continuous phase.

The creaming rate can be calculated by the Stokes–Einstein equation:

vs = 2g · R2(ρ0 − ρ)

9η0
(9.1)

where vs is the creaming speed, g is the acceleration due to gravity,
R is the radius of a spherical droplet, ρ0 and η0 are the density and
Newtonian shear viscosity of the continuous phase, respectively, and ρ

is the density of the dispersed phase (Binks, 1998).
What should be stressed at this point is that all the types of emulsion

instabilities briefly described above are interrelated. For example floc-
culation will result in an increased creaming rate. Also, creaming can
potentially accelerate coalescence events in the system due to the close
proximity of the emulsion droplets in the cream layer. It is therefore
of great importance, when considering potential routes of eliminating/
reducing the occurrence of a specific instability, to also take into account
the effect of such action on the other types of emulsion instabilities. For
instance, addition of biopolymers to the continuous phase of an oil-in-
water emulsion, in order to increase its viscosity and thus reduce the
rate of creaming, can result in depletion flocculation.
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9.2.2 Protein functionality at liquid interfaces

Proteins have been extensively used to assist the formation of oil-in-
water emulsions and also to stabilise their bulk microstructure. This
dual functionality of proteins in emulsions stems from their surface-
active nature, and thus their ability to adsorb at the oil–water interface,
but is also a direct consequence of their relatively ‘large’ molecular size,
in comparison to the smaller emulsifiers used in foods (e.g. Tweens),
which renders the interfaces they adsorb onto to be much ‘thicker’.

By doing so, proteins lower the interfacial tension of the fluid inter-
faces (that they absorb onto) and thus aid the formation of oil-in-water
emulsions by facilitating droplet break-up during emulsification. The
equilibrium interfacial tension of protein-stabilised interfaces, depend-
ing on the type of the oil phase, is roughly between 10–25 mN/m
for both flexible (e.g. β-casein) and globular proteins (e.g. ovalbumin,
bovine serum albumin) (Beverung et al., 1999).

In terms of their ability to lower the interfacial tension of oil-in-water
emulsions, proteins are less effective when compared to low molecular
weight (lmw) surfactants. Nonetheless, proteins are far more superior in
stabilising the formed emulsion droplets, with respect to droplet coal-
escence and flocculation, than lmw surfactants (van Aken et al., 2003).
Although lmw surfactants have higher adsorption energies per square
metre than proteins, the latter can adsorb at the interface with several seg-
ments, and changes in their conformation allow for even more segments
to adsorb. Therefore, because of their overall high energy of adsorp-
tion, proteins, forming a saturated monolayer covering the emulsion
droplets, can be considered as being irreversibly bound to the oil–water
interface.

The protein concentration required to provide a saturated monolayer
covering the emulsion droplets (surface concentration) usually depends
on the pH and ionic strength of the system; surface concentration in-
creases at pH values close to the isoelectric point of the protein (Graham
and Phillips, 1979). Surface concentration also depends on the type of
protein; saturation for flexible proteins occurs at values of 2–3 mg/m2,
whereas for globular proteins, it is usually in the range of 1–2 mg/m2

(Beverung et al., 1999). In both cases, the thickness of the resulting
interfacial films is between 5 and 6 nm (Graham and Phillips, 1979).

Further adsorption of protein molecules, on the initially formed pro-
tein monolayer, can take place but will only affect the thickness of the
interfacial film and not its interfacial properties (interfacial tension).
Although protein molecules are now reversibly adsorbed, with respect
to aqueous substrate exchange, the thickness of the interfacial film can
increase to more than 10 nm (Graham and Phillips, 1979). It is the
thickness of these protein-saturated interfaces that provides a sterically
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Fig. 9.1 Dynamic interfacial tension data of an oil–water interface stabilised by sodium
caseinate. The change in the interfacial tension with time relates to the rate of protein
adsorption and protein conformational changes at the interface.

stabilised film (Srinivasan, 2005), which serves to initially ‘protect’
the formed emulsion droplets against immediate re-coalescence (during
the emulsification process) but also provides long-term stability (post-
production) against droplet coalescence and potentially flocculation.

The rate of protein adsorption at the oil–water interface is also crucial
in terms of emulsion stability during emulsification. Under these condi-
tions, there is a sudden increase in the total surface of the newly formed
emulsion droplets due to the decrease of their size and increase of their
number. It is therefore the rate of protein adsorption that will determine
the stability of the newly formed droplets against re-coalescence events.

Information on the kinetics of protein adsorption at an oil–water
interface can be obtained from dynamic interfacial tension measure-
ments (Beverung et al., 1999). Protein adsorption displays three distinct
regimes. Initially, there is an induction period where interfacial tension
is only marginally reduced (Fig. 9.1) and the duration of which is con-
trolled by diffusion and protein interfacial affinity. The second regime is
defined by the continual rearrangement of the proteins at the interface.
During this stage, a sudden reduction in interfacial tension takes place
(Fig. 9.1), as more protein molecules adsorb at the interface and the num-
ber of interfacial contacts per protein molecule is increased. The final
regime occurs upon monolayer coverage and is attributed to the contin-
ued relaxation of the adsorbed layer and the possible build-up of multi-
layers towards the latter stages. It is at this stage, and after monolayer
coverage, that equilibrium interfacial conformation can be achieved.
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The rate and mechanism of adsorption also depends on the type
of protein (Beverung et al., 1999). Flexible proteins (e.g. β-casein)
display overall more rapid adsorption dynamics than globular proteins
(e.g. ovalbumin) and also the ability to attain an apparent equilibrium
interfacial tension sooner; equilibrium interfacial conformation in oil-
in-water emulsions stabilised by globular proteins (e.g. ovalbumin) takes
place after significantly long times. Because of their rapid adsorption
at the interface, flexible proteins usually do not display a diffusional
induction period (the first regime in the protein adsorption mechanism),
unless they are present in the system at very low concentrations. The
adsorption dynamics of flexible proteins may be explained by their
disordered structure in solution, which promotes rapid adsorption and
tension equilibration in the second and third regimes. Conversely, the
slow interfacial unfolding and rearrangement of the globular proteins are
the molecular processes that dominate the adsorption kinetics beyond
the induction regime.

9.2.2.1 Protein displacement

Although protein adsorption at the oil–water interface can be regarded
as an irreversible process, protein desorption can take place due to
protein displacement by either other proteins or surfactants subsequently
adsorbing at the same interface. Mutual displacement of proteins by
other proteins relates to the difference in the ability of each of them
to change their conformation upon adsorption. Since flexible proteins
undergo conformational changes more easily and rapidly than globular
proteins, the former tend to displace the latter from an interface (Arai
and Norde, 1990a, 1990b).

The displacement of proteins by lmw surfactants, from both solid
and liquid surfaces, usually takes place by ‘solubilisation’ of the protein
or ‘direct replacement’ (Mackie et al., 1999). One of the most inter-
esting areas in this field has been the interaction between proteins and
emulsifiers (including surfactants and lipids). The reason for this is that
although both proteins and emulsifiers can stabilise foams and emulsions
alone, their individual mechanisms of stabilisation are incompatible, of-
ten resulting in dramatic destabilisation when both species are present
at the interface. This process is commonly known as competitive desta-
bilisation (Wilde et al., 2004). Water-soluble lmw surfactant can bind to
proteins and form a soluble protein–surfactant complex, which desorbs
from the interface to the bulk. This mechanism does not require the
lmw surfactant to adsorb at the interface, but it must have a strong ten-
dency to interact with the protein. Displacement by direct replacement
occurs due to the fact that the interfacial energy (interfacial tension)
for the surfactant is lower than that for the protein. Protein replacement
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requires for the lmw surfactant to have a strong tendency to adsorb at
the interface, but not necessarily to interact with the protein.

9.2.2.2 Properties of protein-stabilised interfaces

Another function that proteins impart on the oil–water interfaces they
adsorb onto is a certain degree of viscoelasticity (Bos and van Vliet,
2001). Once at the interface, proteins, unlike lmw surfactants, can in-
crease interfacial viscosity via non-covalent intermolecular interactions
or covalent intermolecular disulphide cross-linking. The viscoelastic
properties of the protein-stabilised interface depend on the type of pro-
tein, with globular protein films displaying two to three orders of mag-
nitude larger viscosities than that of films stabilised by flexible proteins
(Bos and van Vliet, 2001). The difference in viscoelastic properties,
displayed by interfaces stabilised by globular or flexible proteins, has
been attributed to the larger flexibility of the disordered/flexible protein
molecules (Beverung et al., 1999).

9.2.2.3 Protein denaturation

Once proteins adsorb at the oil–water interface, they may undergo
considerable changes in their structure/conformation, a process usu-
ally referred to as ‘surface denaturation’. In aqueous solutions, protein
molecules adopt a characteristic ‘folded’ structure which allows them to
expose their hydrophilic segments to the aqueous environment, while,
at the same time, ‘hide’ their hydrophobic segments within the core of
the molecular arrangement. Upon adsorption at the oil–water interface,
the protein’s molecular ‘surroundings’ change, as the structure is now
exposed to both an aqueous and an oil environment. It is this change of
environment that drives ‘surface denaturation’ as the molecule unfolds,
exposing its hydrophobic residues, in order to maximise the number
of favourable interactions and minimise the number of unfavourable
interactions (Wilde, 2000b).

The dynamics of protein adsorption and conformational rearrange-
ment depend, to a great extent, on the structure of the ‘native’ protein
molecule (Freer et al., 2004). Proteins with a flexible/random native
configuration (e.g. β-casein) undergo relatively rapid conformational
changes, with time scales of minutes to a few hours. On the other hand,
for globular proteins (e.g. lysozyme), changes in conformation at the
oil–water interface are extremely slow, often found to occur over time
scales of days at both the air–water and oil–water interfaces (Freer et al.,
2004).

Denaturation of proteins can also occur prior to or post adsorp-
tion at the oil–water interface due to processing conditions (e.g. heat,
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pressure, termed thermal or pressure denaturation) during emulsification
(e.g. homogenisation) (Galazka et al., 1996; Kim et al., 2002; Rampon
et al., 2003). Galazka et al. (1996) investigated the effect of high pressure
on the emulsifying behaviour of β-lactoglobulin and reported that oil-
in-water emulsions stabilised by protein that was pressure-treated were
less stable than those stabilised by the native protein. More interestingly,
high-pressure treatment of emulsions prepared with the native protein
only slightly affected their stability, which suggests that the structure of
the partially unfolded β-lactoglobulin (adsorbed at the oil–water inter-
face) was more or less unaffected by the induced pressure.

In addition, emulsions stabilised by globular proteins are particularly
sensitive to thermal treatments. This is because, when the temperature
of the system is increased above a certain critical value, these pro-
teins tend to unfold and expose reactive groups originally located in the
interior of their native molecular arrangement. These reactive groups
increase the likelihood of (attractive) interactions between proteins ad-
sorbed on the same or different droplets, thus giving rise to emulsion
instabilities, such as droplet flocculation and coalescence. Emulsion sta-
bility is further compromised when salt is also present in the system,
since this results in screening of the electrostatic repulsion between the
protein-stabilised droplets. Kim et al. (2002) have shown that when β-
lactoglobulin-stabilised emulsions are heated above ∼70◦C (above the
denaturation temperature of the native protein) in the presence of salt
(NaCl), protein unfolding becomes much more extensive (than in the ab-
sence of salt), leading to a higher degree of droplet flocculation. A very
interesting finding from the same study was that droplet flocculation
can be significantly reduced when β-lactoglobulin-stabilised emulsions
are heated in the absence of salt, and then salt is added later, after the
system is brought down to room temperature (Kim et al., 2002).

Emulsion properties such as interfacial tension, interfacial concentra-
tion, and interfacial rheology are all directly affected by the denaturation
of the adsorbed protein molecules. The molecular characteristics of the
non-adsorbed proteins are also known to alter bulk physicochemical
properties of oil-in-water emulsions. The fact that the structure of ad-
sorbed and/or non-adsorbed proteins may be modified/altered during
emulsion preparation can lead to very different surface and emulsifica-
tion properties, which would, without a doubt, have important implica-
tions on the stability of oil-in-water emulsions.

9.2.3 Protein-stabilised oil-in-water emulsions – Effect
of aqueous phase composition

In practice, protein functionality may have to be exhibited in oil-in-water
emulsion-based products that have a wide range of different pH values
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and ionic strengths, but also in the presence of other proteins, surfactants
and biopolymers. Gaining insight into the effect of the abovementioned
parameters on the stability of protein-stabilised oil-in-water emulsions
is therefore of great importance.

9.2.3.1 Effect of pH and ionic strength

Most protein molecules usually exist in solution as charged species,
and consequently, the interfacial membranes they form around droplets
are also generally charged. As a result, another important mechanism
by which stability of protein-stabilised emulsions is induced is elec-
trostatic repulsion (Claesson et al., 1995). Therefore, protein-stabilised
emulsions are particularly sensitive to changes in the pH and ionic
strength of the system. At pH values close to the proteins’ isoelectric
point and/or at ionic strengths above a certain critical value, electrostatic
repulsion between the emulsion droplets is no longer sufficiently strong
enough to induce stability, and thus these systems tend to flocculate and
also have a tendency to display high rates of creaming (Kulmyrzaev and
Schubert, 2004; Surh et al., 2006).

A range of strategies has been applied to tackle the instability ef-
fects induced in protein-stabilised emulsions through changes in the pH
and/or the ionic strength of the system. These include, amongst others,
the use of chelating agents (such as EDTA) that bind to multivalent
counter-ions (Keowmaneechai and McClements, 2002), and the use of
charged biopolymers (e.g. pectin) that adsorb at the surface of oppo-
sitely charged droplets, thus shifting the pH dependence of the system
with regard to stability against flocculation (Surh et al., 2006).

9.2.3.2 Effect of addition of surfactants

It is common for protein-stabilised oil-in-water emulsion-based prod-
ucts to contain one or more types of surfactants, proteins and/or biopoly-
mers. As previously discussed, addition of lmw surfactants can result in
the displacement of proteins from what initially was a protein-stabilised
oil–water interface (Wilde, 2000a). Such an event would mean that
emulsion droplets are no longer covered by a steric (or in some cases
even an electrostatic) protein film, and thus stability against droplet co-
alescence and/or flocculation would be highly compromised (Chen and
Dickinson, 1995; Derkatch et al., 2007).

Even when surfactants do not induce protein desorption, their addition
can be detrimental to emulsion stability. It has been shown that addition
of an emulsifier at a concentration low enough so as to not cause protein
displacement can interfere with inter-protein interactions within the
protein layer. This can lead to a reduction in interfacial viscosity of the
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protein film and may compromise emulsion stability against coalescence
(Euston et al., 2001). Protein-stabilised emulsions containing an excess
of unbound surfactant, present in the continuous phase in the form
of micelles, have also been found to flocculate (Aronson, 1989). The
surfactant micelles are excluded from the space between the emulsion
droplets, thus promoting depletion flocculation.

9.2.3.3 Effect of addition of proteins

Protein-stabilised oil-in-water emulsion-based products can also con-
tain one or more types of proteins, other than those used to stabilise
the oil–water interface. As previously discussed, such addition may re-
sult in the displacement of proteins from the interface, an event that
potentially can have a negative effect on the stability of the emulsion.
Interestingly enough, it has also been shown that emulsion stability can
be compromised at high concentrations of the very protein used to pro-
vide stability in the first place. Oil-in-water emulsions stabilised solely
by sodium caseinate can exhibit depletion flocculation when the pro-
tein concentration is increased above a certain critical value (Dickinson
et al., 1997). This ‘self-induced’ flocculation behaviour was attributed,
by analogy with surfactant micellar systems, to the presence of casein
micelles (formed by non-adsorbing protein molecules) in the continuous
phase of the emulsions (Dickinson et al., 1997).

9.2.3.4 Effect of addition of biopolymers

Emulsion stability can also be affected by the presence of biopolymers,
which are usually added to food formulations as thickening or gelling
agents. These biopolymers may interact with the adsorbed proteins and,
indirectly or directly, influence the stability of the oil-in-water emulsion
(Dickinson, 2003).

The presence of non-adsorbing biopolymers (e.g. pectin), when added
in sufficiently high concentrations in the aqueous phase of a protein-
stabilised emulsion, have been found to promote depletion flocculation
(Surh et al., 2006). The rate of flocculation has been found to greatly
depend on the concentration of the added biopolymer. As the concen-
tration of non-adsorbing biopolymer is progressively increased so does
the rate of flocculation. Nonetheless, once the biopolymer concentra-
tion is increased above a certain critical value, the rate of flocculation
decreases, since the viscosity of the continuous phase is also increased
to such an extent that the movement of the droplet in the emulsion is
restricted.

Charged biopolymers are capable of adsorbing to the surfaces
of oppositely charged protein-stabilised emulsion droplets through
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electrostatic interactions. Above a certain concentration of biopoly-
mer, droplet aggregation via a bridging flocculation mechanism can be
induced (Dickinson, 2003). Since the driving force is electrostatic in
origin, emulsion stability can be affected by the pH and ionic strength
conditions in the system. Bridging flocculation is most pronounced un-
der conditions of partial protein coverage of the emulsion droplets.

9.2.4 Effect of processing

Under quiescent conditions, protein-stabilised emulsions are highly
stable due to the protein interfacial film formed around the emulsion
droplets (van Aken et al., 2003). Nevertheless, there are a number of sit-
uations where emulsion instabilities (usually droplet coalescence) may
be promoted due to the application of mechanical stresses, e.g. during
homogenisation (Mohan and Narsimhan, 1997).

During processing, the collision frequency between droplets will in-
crease, which subsequently may also result in, for example, an increase
in the probability and frequency of coalescence events in the system.
If the protein concentration in the system is not sufficient enough to
provide full coverage of all the ‘naked’ oil–water interfaces created dur-
ing processing, then coalescence is more likely to occur due to the
protein ‘gaps’ on the surface of the droplets. Even in the case when
the protein concentration is high enough to provide full coverage of
the oil–water interfaces being created during processing, these condi-
tions of high stress can still cause emulsion instability. This is because,
during processing, oil–water interfaces can be subjected to sufficiently
large stresses that can result in ‘stretching’ of the protein interfacial
films. Stretching of these films may result in the creation of protein-rich
and protein-depleted interfacial regions at the surface of the emulsion
droplets in the system (Windhab et al., 2005). If the protein-depleted
interfacial regions of two (or more) droplets come into contact (or even
into close proximity), then coalescence can take place. This type of
coalescence event is more pronounced where protein adsorption is a
relatively slow process compared to the duration of the applied stress,
as unadsorbed protein molecules from the bulk do not have sufficient
time to adsorb at the droplet surfaces and cover the protein-depleted
gaps (Tornberg and Hermansson, 1977).

9.3 ORAL PROCESSES

Interest in the processes experienced by emulsions has been recently
extended to include those occurring in the mouth during their consump-
tion. Although the conventional processes used during the formulation
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of emulsions are crucial in terms of the achieved microstructure and its
stability during storage, what has become clear is that oral processes
are equally (if not more) important. The reason for this is that it is the
interplay between oral processing and the structure of the food emul-
sion that determine its sensory attributes and thus consumer acceptance.
This section will concentrate on the in-mouth behaviour of emulsions
in general and, to an extent, how this affects their perception.

The mouth is a device where digestive processes commence, and
despite being used every day, very few people appreciate the complex-
ity of the oral cavity and of the processes occurring during mastication.
Traditionally, this area of work has appeared in physiology and dentistry
journals with sporadic and non-conclusive information on the physic-
ochemical transformations of food in the oral cavity. Recently, there
has been an appreciation that a thorough understanding of the in-mouth
behaviour of food products is required to be able to design novel food
products and also develop respective instrumental methods with which
to test them. As such, journal articles and book chapters have recently
appeared in the food-related literature (Chen, 2009; Van Der Bilt, 2009;
van Vliet et al., 2009).

In Fig. 9.2, a schematic diagram of the oral cavity is shown. In prin-
ciple, the oral cavity is similar for all individuals, but significant differ-
ences do exist based on gender, age or health status; a normal mouthful
of water for male adults is 30 ± 10.1 g and 25.2 ± 8.1 g for females
(Hiiemae et al., 1996). The amount of food decreases when moving
from liquids to soft solids and to hard solids; for example, the average
mouthful for males is 13.1 ± 4.0 g and 5.5 ± 2.3 g for bananas and
peanuts, respectively. The reason for this is probably due to the increased
difficulty of breakdown.

Eating is a mixture of complex coordinated movements involving the
complex coordinated motions of the jaw, tongue and inner cheeks (Lund,
1991). Chewing patterns are rhythmic-periodic differing between indi-
viduals, resulting in three-dimensional motions of the ingested foods.

9.3.1 Different stages and phenomena during oral processing

Significant efforts have been devoted towards understanding the physi-
ological mechanisms occurring during eating. Oral processing of foods
is highly dependent upon the structure/consistency of the food products
themselves. For solid products, discrete stages in the mastication have
been identified (Hiiemae and Palmer, 1999): stage I transport, in which
food is ingested and positioned on the occlusal table, where reduction to
an appropriate size, if required, is achieved; stage II transport, in which
a bolus is formed by moving food distally through the pillars and lastly
the hypopharyngeal transit time, in which the bolus is swallowed. Using
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Fig. 9.2 Schematic representation of the oral cavity. Reprinted from Chen (2009), copy-
right 2009, with permission from Elsevier.

videofluorographic studies, the time spent for different types of foods
has been measured. Irrespective of the food type, stage I transport lasted
for about 2 seconds; stage II, depending on the product type, lasted
between 8 and 20 seconds, with the time increasing with the ‘hardness’
of the product (Hiiemae and Palmer, 1999).

Hutchings and Lillford (1988) introduced a ‘mouth process model’
for analysing the breakdown of typical foods during eating. The authors
identified criteria for swallowing based on the degree of structure reduc-
tion and lubrication. It appears that the overall preference within a class
of foods (e.g. baked products) relates to samples that are swallowed in
the smallest time.

In-mouth behaviour of soft solids (agar and gelatin gels) was inves-
tigated in humans by Arai and Yamada (1993). It was found that by in-
creasing the hardness of the tested samples, oral manipulation changed
from compression, between the tongue and hard palate, to shearing,
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using the dentition. The threshold of hardness was 0.08 kg (force) for
the agar gel and 0.03 kg (force) for the gelatine gel.

Oral management of liquid food products is similar, but processing in
the mouth is not required, so typically only the preparatory and propul-
sive stages exist. Hiiemae and Palmer (1999) reported the relevant times
for both processes as being in the order of a few seconds. Again, one
of the difficulties in this area is the fact that literature seems to origi-
nate from the medical field and thus focuses on understanding clinical
conditions (Silva et al., 2008) and does not focus on understanding oral
behaviour of food structures and their changes during eating.

One of the difficulties in studying phenomena occurring in vivo is
related to the challenge and the limited number of experimental tech-
niques available. Videofluorographic studies have been used in the past
(Hiiemae and Palmer, 1999). Recent advances in medical imaging have
allowed the use of functional magnetic resonance imaging (fMRI) to
study phenomena during eating. Felton et al. (2007) studied tongue
movements and strain rates during swallowing of water. The authors
have found that swallowing requires a range of coordinated compres-
sive and expansive movements that last in the order of 500 ms. From
the obtained images, the strain rates experienced on the tongue have
been estimated and found to be both positive and negative with a mag-
nitude of about 0.2 per second. Developing fMRI techniques to study
phenomena occurring during eating is an active area of research, but
conclusive quantitative results have not been published yet (Barkhausen
et al., 2002; Humbert and Robbins, 2007). A technique based on video
rate endoscopy has also been developed and used to investigate the in-
teractions between food material and oral surfaces, with an emphasis on
food residues remaining in the mouth after swallowing; for example, the
same study demonstrated that the material remaining onto the surfaces
in the mouth after swallowing increased exponentially with increasing
viscosity of the food (Watson et al., 2002; Adams et al., 2007; Pivk
et al., 2008).

9.3.2 Fluid dynamics during oral processing

Behaviour of emulsions under application of forces has been an active
field of study (Windhab et al., 2005). During oral processing, large
shear and elongational forces are applied to the food materials. This
has a profound effect on the structure and has an effect on consumer
perception. As oral movements are not only complex but also variable,
obtaining a concise understanding of the flow fields and the forces and
deformation experienced from the food material is challenging to say
the least. Recently, effort has been devoted to estimate clearance times
and shear rates during oral processing (Nicosia and Robbins, 2001).



c09 BLBK342-Norton November 9, 2010 17:43 Trim: 244mm X 172mm Char Count=

Protein-Stabilised Emulsions and Rheological Aspects 207

The authors used a simplified squeeze flow to predict clearance times
as a function of viscosity and estimated shear rates as high as 15 000
per second. This has lead to the development of thin film rheology
and tribology in order to evaluate behaviour of structured fluids at high
shear rates (Malone et al., 2003; Davies and Stokes, 2008). This type
of technique will be discussed in more detail in the later parts of this
chapter.

9.3.3 Interactions with saliva

Saliva is a complex biological fluid providing, among other things, lubri-
cation and protection of the oral surfaces. It is mainly composed of water
(99.5%), proteins (0.3%) and inorganic and trace substances (Humphrey
and Williamson, 2001). Over 1050 proteins have been identified in
saliva, including glycoproteins and peptides. The majority of saliva
(90%) is secreted from three pairs of glands, the paired parotid gland,
the sublingual gland and the ubmandibular gland (Aps and Martens,
2005). The remaining 10% is secreted from minor glands such as the
gingival crevicular sulci, Ebner’s glands and buccal mucosae. The rate
of saliva secretion ranges from 0.3 to 7 mL/min, depending on the
stimulus type, individual, etc. Characterisation of saliva is extremely
challenging as it is biochemically unstable and can contain relatively
large particles, such as epithelial cells. Saliva has the characteristics of
a weak gel (Glantz, 1997) and has a strong time-dependent viscoelastic
behaviour, which in turn depends, among other parameters, on the type
of stimulation (Stokes and Davies, 2007). The lubrication characteristics
of saliva and its molecular structure have been an area of active research
(Bongaerts et al., 2007b; Sajewicz, 2009). Although some of the unique
properties of saliva are attributed to the high molecular weight of mucin
(Strous and Dekker, 1992), it has been also shown that the performance
of a simple mucin solution is different to that of saliva itself (Raynal
et al., 2002).

Part of the structural changes that emulsions undergo during oral
processing are a direct result of mixing with saliva; for example, floc-
culation of emulsion droplets within time scales relevant to eating have
been observed in vitro and in vivo (Silletti et al., 2007; van Aken et al.,
2007; van Vliet et al., 2009). Overall, these structural changes are con-
sidered to be a result of depletion flocculation, electrostatic and van der
Waals interactions. Surface charge appears to have a strong effect on the
mechanism of flocculation in emulsions under oral processing (Silletti
et al., 2007). For highly negatively charged o/w emulsions, stabilised by
sodium dodecyl sulphate (SDS), no flocculation was observed upon mix-
ing with saliva. For weakly negatively charged emulsions (charged with
β-lactoglubulin or Tween 20), reversible flocculation was observed,
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indicating a depletion flocculation mechanism (Silletti et al., 2007).
Flocculation was also observed for Na–caseinate emulsions in mix-
ing with both saliva as well as a model mucin (pig gastric mucin). A
sharply defined mucin concentration was required, while the observed
aggregates were reversible upon dilution, an indication of a depletion
flocculation mechanism (Vingerhoeds et al., 2005). The concentration
of model mucin required to induce flocculation was much higher (0.4
wt%) than the average concentration in saliva (0.02 wt%). The floccula-
tion phenomena that have been observed upon mixing with saliva could
also be attributed to the presence of large aggregates in salivary mucin
(Wickstrom et al., 2000; Soares et al., 2004). Upon mixing of emul-
sions (stabilised by Tween 20, WPI- and β-lg) with saliva from certain
individuals, irreversible flocculation was observed, implying that other
flocculation mechanisms such as bridging might be of importance.

Besides the effect of the saliva-induced flocculation on the structure
of protein-stabilised emulsions, it has been postulated that these floccu-
lation events also have an effect on the emulsions’ sensory attributes. As
flocculation is a result of mixing with saliva, it will be more pronounced
close to the oral surfaces, where saliva concentrations are higher. This
would lead to a locally higher viscosity that, in turn, could be respon-
sible for the smooth, velvety perception characterising these emulsions
(van Vliet et al., 2009).

9.3.4 Interaction with oral surfaces

Although mouthfeel and a number of sensory attributes have been related
to emulsion bulk rheological properties, interactions with oral surfaces
might also have a profound effect (Kokini, 1987; van Aken et al., 2007).
One of the reasons for this is that all the oral processes that determine
mouthfeel, such as temperature changes, mixing and interaction with
saliva, will be more pronounced close to the oral surfaces. Efforts have
been devoted to studying interactions of food formulations with oral
surfaces. Watson et al. (2002) and Adams et al. (2007) have developed
a fluorescent-based endoscopy technique to study the retention of food
materials in vivo. Results have demonstrated that increasing the viscosity
of CMC solutions resulted in an increase in the amount retained in the
mouth after swallowing. Salivary flow rate was also found to influence
the time at which material was consecutively removed.

One of the important attributes of multiphase (fat-containing) food
products is that they cover oral surfaces, resulting in a thin, fat-based
film. The existence of this thin film is believed to be responsible for part
of the sensory characteristics attributed to many emulsion-based sys-
tems. Dresselhuis et al. (2008c) have studied the mechanisms by which
emulsions stabilised with WPI reduce friction, and the resultant effect of
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saliva. The authors concluded that the ability of an emulsion to first ad-
here to the surface of the tongue and later form a stable film determines
the ability to reduce friction. Although saliva has a significant effect in
removing oil from the hydrophobic tongue, emulsions that are prone
to coalescence during oral processing appear to adhere more strongly
and spread more easily on the surface of the tongue. This would have a
direct effect on the perception attributes of these systems, a hypothesis
confirmed by sensory studies which have shown that emulsions with a
higher sensitivity to coalescence are perceived as more fatty and creamy
(Dresselhuis et al., 2008c).

Therefore, another ‘tool’ for succussfully designing functional foods
is the introduction of (a level of) mucoadhesive properties into food
formulations, as this could allow for the control of food transit time
(e.g. delay) and manipulation of the coverage of oral surfaces. Malone
et al. (2003) formulated chitosan stabilised o/w emulsions that could
adhere to the mucus layer, resulting in absorption, even after 5 minutes.
A result of the chitosan absorbing onto the oral mucosa, though, is an
astringent mouthfeel, attributed to complexation and precipitation of
salivary proteins (Rossetti et al., 2008).

9.4 IN VITRO MEASUREMENTS OF
SENSORY PERCEPTION

It has been established that there are links between the sensory attributes
of foods and their physical properties, usually in the form of (both bulk
and thin film) rheological properties. However, it should be stressed
that these links tend to be limited to specific products or individual
attributes. This is partly due to the fact that the range of shear rates
experienced in the mouth during oral processing, as reported in the
available literature, is very wide, mainly due to the complexity of the
system under investigation and also because the very nature of oral
processing is quite material-specific. An example of this can be found
in the early study by Shama and Sherman (1973), which demonstrated
that the perceived thickness of a variety of foods could be correlated
with bulk rheology as measured for a shear rate range from 10 to 1000
per second, depending on the material tested; however, correlations were
subject to exceptions at high viscosities for non-Newtonian foods. Work
on emulsions by Akhtar et al. (2005) studied the effects on sensory
perception introduced by changes in the emulsions’ oil content and
droplet size. Perception did correlate with fat content and viscosity, but
fat content only at high viscosities and not in the presence of thickeners,
thus leaving the conclusions uncertain. Droplet sizes and emulsifier type
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seemed to have no effect on the range of the tested samples. Similarly
for smoothness, Kokini (1987) correlated the thin film rheology and
friction of foods to creaminess and thickness (viscosity and large-scale
rheology).

Physical measurements on the structure of emulsions can be greatly
affected in the case of a time-dependent behaviour. The stability of an
emulsion is an important factor in categorising its behaviour. Measure-
ments of interfacial rheology in emulsions stabilised by proteins have
been shown to relate to droplet stability, to creaming and coalescence
phenomena, but also to the actual texture of the emulsion (Murray and
Dickinson, 1996). Links to actual perception of bulk rheological prop-
erties are not yet established. However, work in understanding these
interfaces could lead to a better understanding of emulsion behaviour
and even sensory characteristics (Moore et al., 1998; Murray, 2002).

Recent work in emulsions has related fat perception, in the form
of slipperiness or mouth lubrication, to properties measured using
thin-film rheology and tribology, since bulk rheology failed to give re-
liable predictions for the overall mouthfeel of these systems. Tribology
measurements consist of measuring the friction between two surfaces
(with either one or both of these in motions) separated by a thin film
of lubricating material. Commonly in food research, soft surfaces such
as Poly-di-methyl-siloxane (PDMS) or silicone are used to give com-
parable ‘oral-like’ surfaces for friction measurement (de Vicente et al.,
2006; Bongaerts et al., 2007a). The most frequently used configuration,
during tribology experiments, consists of a rotating sphere loaded at an
angle onto a rotating disc, creating a small contact point between the
surfaces. Traditionally, lubrication properties are represented using a
Stribeck curve, where the measured friction (or traction) coefficient data
are plotted for a range of entrainment speeds of a lubricant (Fig. 9.3).
The Stribeck curve can be divided into three main sections, which
correspond to different lubrication regimes and also to films (as formed
between the two surfaces) of different thicknesses. At low entrainment
speeds, the system is within the boundary regime, where very little or
no lubricant is entrained by the rotating surfaces and so the measured
(high) friction is mainly due to surface-to-surface contacts. As speed is
increased, the system enters the mixed regime, where now a thin film of
material is present between the surfaces, partly separating them, and as a
result, the measured friction is significantly reduced. Further increases in
speed will finally move the system into the elasto-hydrodynamic regime,
where the surfaces become completely separated from each other
and the bulk (rheological) properties of the lubricant now determine
the measured friction (Czichos, 1978). The behaviour, schematically
represented in Fig. 9.3, is only exhibited by materials where there is
no physical change taking place. For time-dependant materials, such as
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Fig. 9.3 Schematic of a Stribeck curve showing the different lubrication regimes.

un-stabilised emulsions, tribological experiments under constant speeds
should be carried out instead, as these would allow determination of
the behaviour of these systems under ‘mouth-like’ conditions.

In vitro measurements, such as tribology, can also prove extremely
useful for the evaluation of fat-replacement approaches in food products
(via an emulsion route), where the main concern is that the consumer
might perceive the reduction in oil content as a reduction in the overall
‘fattiness’ of the product. Work carried out by Malone et al. (2003)
investigated the tribological behaviour and sensory perception of sim-
ple oil-in-water emulsions of varying fat content and compared these to
pure oil. The obtained Stribeck curves showed differences between sam-
ples of varying oil content. Below 15% oil content, the curves obtained
overlapped that of pure water, thus showing a water-continuous contact
under all stages of lubrication. The behaviour of systems containing
between 15 and 30% oil was only found to, more or less, overlap that of
pure oil in the boundary and mixed regimes and to follow that of pure
water in the hydrodynamic regime. Finally for the emulsions containing
55% of oil, the obtained behaviour matches that of pure oil throughout
the three lubrication regimes.

The sensory part of this work was equally interesting. Malone et al.
(2003) showed that samples with oil content between 15 and 30% were
difficult to be distinguished and received similar scores, which is in
agreement with the fact that the friction results for these systems overlap
within the boundary and mixed regimes. This further indicates that it is
these lubrication regions that reflect the lubrication as it occurs between
the tongue and palate during oral processing/assessment. The work also
showed that the 55% oil-containing emulsion received a higher score
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than the other emulsions (in terms of fattiness), when it was only found to
be different in fraction measured above 100 mm/second, thus suggesting
that a sensorial difference can be detected at these speeds. As all samples
had the same bulk viscosity, results indicate that tribology measurements
are a more relevant descriptor. Fat perception, however, does not just
relate to the lubrication experienced in the mouth; this is evident in the
sensory scores for the emulsion containing 1% oil, which are different to
those for pure water (0% oil). This is attributed to flavours and volatiles
present in the oil phase, which can be detected in the mouth even though
the actual lubrication sensation remains the same.

Further to this work, Vingerhoeds et al. (2008) looked more exten-
sively into the sensory response of different oils and oil contents in
emulsions. In this study, increasing the fat content led to an increasing
perception of fat-related attributes, but this is believed to be mostly due to
viscosity increases between systems, as stated by Mela et al. (1994). This
is somewhat confirmed by results gathered from guar-thickened emul-
sions of matched viscosities; panellists gave the same fattiness scores to
a guar-thickened 10% oil-containing emulsion and an un-thickened 40%
oil-containing emulsion. However, this result affected other attributes,
making the thickened sample, for example, appear ‘slimier’.

In order to determine whether tribology can indeed be used as a tool
for the evaluation of emulsions processed under oral conditions, Dres-
selhuis et al. (2008a) carried out a series of experiments focusing on the
different measuring aspects of the technique itself. Initially, the study
compared PDMS and a biological tissue material (tongue from pig) in
terms of their efficiency for use as the surfaces in contact during the tri-
bology experiments, in other words, to determine which type of surface
best reflects the characteristics of oral surfaces during food oral pro-
cessing. The findings of this work revealed that there are certain issues
associated with the use of the PDMS surface, namely the differences
in roughness and hardness between the actual oral surfaces and PDMS.
However, the practical implications of using biological materials for this
type of experimentation render their use rather problematic and there-
fore an artificial surface would be more preferable, although in need of
some improvement (Dresselhuis et al., 2008a). Another study by Ranc
et al. (2006), looking at modified PDMS surfaces in tribology, showed
that there is potential to make this type of surfaces more representative
of the mouth, which is extremely important, since the frictions mea-
sured during such a test have been shown to be affected by the surfaces
used. Regardless of this though, good correlations can still be obtained
between sensory and friction measurements even when relatively rough
PDMS surfaces are used (Ranc et al. (2006)). The set-up of the equip-
ment used in this work was different to what is commonly used; here a
lower glass plate moves over the ‘tongue’ or PDMS surface and as such
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the range of speeds that can be obtained is fairly limited. This means
that traditional Stribeck curves are not easy to obtain, and therefore,
only timed experiments at a fixed speed can be carried out.

In their study, Ranc et al. (2006) further investigated the lubrication
behaviour of emulsions undergoing time-dependent structural changes
and analysed the effect on perception. A range of emulsions were
studied, both in vivo and in vitro, with the obtained results suggesting
that those more prone to coalescence were perceived as more fatty and
had reduced friction (Dresselhuis et al., 2008b). This can be explained
by the fact that coalescence increases the size of the emulsion droplets,
which makes them adhere and spread more easily on the tribometer
surfaces, thus leading to a lower friction value. In reality, this happens
only at low speeds, since above a certain (high) critical speed, emulsion
droplets are re-emulsified, and therefore, measured friction is increased
as they are expelled from between the surfaces. The modified tribometer
set-up, used by Ranc et al. (2006), was also adopted in a recent study
by Chojnicka (2009), where the frictional and sensory properties
of milk of varying fat content were investigated. Correlations with
multiple attributes, including perceived creaminess, were obtained for
fat contents between 1 and 4%, systems that also exhibited a reduced
friction at low speeds, within the mixed and boundary regimes. The
observed friction reduction was again attributed to coalescence events
between the oil droplets during measurement. Individuals were able
to distinguish between samples of different levels of fat, but this is
probably due to the differences in the viscosities between the samples.
What further supports this argument is the fact that the perceived
differences between the samples correlated with the differences in their
viscosities (Chojnicka, 2009).

9.5 FUTURE PERSPECTIVES

Design, processing and properties of emulsions have been extensively
investigated over the years. In the area of foods, proteins have been
commonly used to stabilise emulsions, and as such there is an interest in
trying to understand the ways proteins stabilise emulsion systems and
the properties they impart on them. Currently, there is a need to design
functional food products and more specifically lower fat alternatives
without compromising sensory properties. This has created a strong
interest towards understanding the ways that emulsion systems behave
under oral processing and the resulting sensory attributes.

Obtaining an understanding of oral processes and the changes these
induce to emulsion structures is an active area of research, but a signifi-
cant amount of work is still required to allow for the design of functional
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emulsions. In this area, it is necessary to obtain an understanding of the
phenomena occurring at all relevant scales ranging from cm to nm.
Mixing and kinetics of food interaction with saliva and the shear and
elongational forces associated with these will have to be quantified in
an engineering context. This will require development and application
of novel in vitro methods.

Oral processing of emulsions includes destabilisation phenomena,
such as depletion flocculation, as a result of interactions with saliva
and oral surfaces. Investigation of the interactions between emulsions
and saliva/mucin under oral condition with an emphasis on phenomena
occurring at the interface of the emulsions will be required. Significant
challenges in this area are a result of the biological and variable nature
of the materials involved as well as the dynamic nature of the materials
and the interfacial phenomena.

A number of sensory properties, such as smoothness and creami-
ness, have already been linked with bulk rheological properties of fluids
and soft solids. Empirical correlations have been made using viscosity
measurements at conditions ‘relevant’ to oral processes. A better under-
standing of the relation between structure and structural changes, under
oral processing, and sensory perception is required to design functional
materials.

A potentially powerful tool towards achieving this could be the de-
velopment and use of in vitro and in silico models, which would allow
for more detailed studies of emulsions under conditions relevant to
oral processing. This, albeit challenging, will provide the opportunity
to evaluate the performance of new structures. Recent developments in
instrumental measurements have demonstrated, for example, the pos-
sibility of using tribological techniques to understand the behaviour of
emulsions in narrow gaps and then relate this measured response to their
sensory properties.
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10 Rheological Control and
Understanding Necessary to
Formulate Healthy Everyday Foods

Ian T. Norton, Abigail B. Norton, Fotios Spyropoulos,
Benjamin J. D. Le Révérend and Philip Cox

10.1 INTRODUCTION

There is clear evidence that the consumption of high calorific and/or
salty diets leads to chronic diseases such as obesity, type II diabetes
and hypertension (Dahl, 2005). However, most people are reluctant to
change their dietary habits.

This gives the formulation scientist (microstructural engineer) an op-
portunity to develop the science and understanding necessary to produce
high quality everyday foods with lower calories and salt, but with all the
qualities and consumer perception of the unhealthy food (Le Révérend
et al., 2009; Norton et al., 2006b). One of the major tools available is
rheological measurements/materials measurement. However, in order to
understand the product and redesign it to be healthier and still acceptable
to the consumer, no one technique can be used alone. So, from a practical
standpoint, a range of techniques are used to get an understanding of the
products and how different parameters relate to consumer response. For
instance, in order to understand what happens in the mouth, we need to
use tribology, rheology, viscosity at a range of temperatures, yield val-
ues (creep compliance), Young’s modulus and failure stress and strain.
For spreading, we need rheology, thin-film behaviour (tribology) and
compression tests; if a product is to be cooked, we need to measure the
relevant material properties at a range of temperatures.

A good example of the approach necessary to understand and then
gain detailed control of the rheological properties of food can be given
by considering mayonnaise. On the face of it, this is a simple food.
However, in order to formulate a product that can be considered to be a
healthy everyday food, what do we need to do? There are many low-fat
mayonnaise formulations in the market. However, they suffer in terms of
their acceptability because their textures are significantly different from
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the full-fat original. The reason is that in most cases, the reformulation
has been tackled by using starch to replace some of the fat. The starch
is present as swollen granules or in a hydrolysed format. Unfortunately,
the starch used does not sufficiently resemble fat to fool the mouth,
and so the products are generally described as having a ‘pasty’ feel.
The microstructural explanation for this is that the fat in mayonnaise
exists in soft spherical droplets with an average size of about 5 µm.
The starches used by the manufactures are gelatinised to various states,
but always have dimensions of between 10 and 100 µm. The consumer
easily identifies the resulting rheological changes and the products are
described as thick and gloopy.

An alternative has been developed, which can reduce the amount of
fat in emulsion-based water-continuous products without changing their
sensory properties. This is a microstructure approach, which is used to
design ‘droplets’ based on alternative materials or emulsion structures.
Even using this approach, it is impossible to remove all of the fat,
as doing so has a detrimental effect on flavour release (Le Révérend
et al., 2009), but it is possible to remove a significant proportion of
the fat. So what is the microstructure approach? In principle, this is
shown in Fig. 10.1. This schematic implies that the microstructure de-
termines the physical properties of the product and thus the consumer
response. In addition, we need to consider the temperature profile for
storage and then cooking and eating. On the other hand, the schematic
implies that the microstructure is determined by both the process and
the materials used. These hypotheses will be considered throughout this
chapter.

Process

Product
microstructure

Textures

Oral response

Material breakdown/
melting

Skin feel

Visual appearance

Release of actives

Binding

Consumer
response

Consumer
psychology

Ingredients/
materials

Fig. 10.1 Schematic representation of the microstructure approach, showing typical ma-
terial properties and consumer aspects that are impacted by product microstructure along
with which parameters can be used (i.e. process and starting materials/ingredients) to
design the product microstructure.
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10.2 DESIGN AND CONTROL OF MATERIAL PROPERTIES
OF FOODS INSIDE PEOPLE

If we are to construct healthy everyday foods, we need to start out by
considering what happens inside the body. The three major stages worth
considering are the mouth, the stomach, and the intestine. The processes
that occur and the rheological considerations that need to be made are
different for these three stages.

10.2.1 Oral perception of foods

Once food has entered the mouth, it is comminuted by mastication and
chewing, which allows the release of flavour and for the texture to be
experienced. As this breakdown proceeds, the coupling of mechani-
cal, thermal and chemical reactions, as well as wetting by saliva, leads
to the formation of a food bolus (Hutchings and Lillford, 1988). The
bolus is processed until a threshold of size distribution and lubrica-
tion is achieved (Lillford, 2000). This processing not only occurs upon
ingestion of solids, where its effect is rather intuitive (reduction of par-
ticle size distribution (Peyron et al., 2004), lubrication and hydration
(Bongaerts et al., 2007)), but also occurs upon ingestion of soft solids
and liquids, where the effects are more related to the tasting of aroma
and the perception of texture(Kokini and Cussler, 1983).

Kokini and others (Kokini, 1987; Kokini, 1994; Kokini and Cussler,
1983) developed a creaminess ‘equation’ linking the perception of
creaminess (intuitively related to fat content) with other sensory at-
tributes from trained panellists such as thickness (related to the rheolog-
ical properties), smoothness (related to the particle size in the system)
and slipperiness (related to the friction properties). This relationship
has been formulated in two studies (Kokini and Cussler, 1983; Kokini,
1994) as follows:

Creaminess ∝ thickness0.54 · smoothness0.82 (10.1)

or

Creaminess = 0.54 · log(thickness) + 1.56 · log(smoothness)

+ 0.32 · log(slipperiness) (10.2)

The fact that a strongly hedonic sensory attribute such as creaminess
can be explained by these attributes suggests that creaminess is not only
controlled by the rheology of the product (Malone et al., 2003a; Akhtar
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et al., 2005; Akhtar et al., 2006), but also by its lubricating properties.
This is consistent with the observations from a study by Lillford (2000),
in which it is indicated that, in the mouth, food is subject to not only
a range of shear rates, but also to extensional flow; for more theory on
this matter, the reader is directed to Steffe (1992).

On the other hand, astringency seems to be related to an increase in
the friction coefficient (Malone et al., 2003a; de Hoog et al., 2006). In
recent work (Bongaerts et al., 2007; Stokes et al., 2008), the injection
of a typically astringent compound, epigallocatechin gallate (ECGC),
a polyphenol extracted from green tea, was used while measuring the
friction coefficient of saliva and was found to increase the friction co-
efficient from around 0.1 to 20. Under similar conditions, addition of
water to the system also increased the friction coefficient, but to a lesser
extent. The main difference rising from the introduction of ECGC is
the rate at which the friction coefficient increases. Such data seems to
confirm the original work from Malone et al. (2003a), in which astrin-
gency is related to the flocculation of the material in contact with the
oral mucosa.

In conclusion, the various attempts made to formulate low-fat prod-
ucts by only matching their viscosity (to that of the full-fat equiva-
lent) have failed because of the lack of understanding of oral process-
ing, as well as the microstructure of the product. Indeed, it appears
that, as suggested by Lillford (2000), ‘texture is a consequence of the
microstructure’.

In terms of rheological response, the mouth is therefore very interest-
ing (Chen, 2009). Here processes that are involved are a combination of
the following: fracture as the material is broken, mixing with saliva, the
viscosity effects that are obtained as the material breaks down and is di-
luted, and thin-film behaviour as the mouth works the material. Each of
these is an interesting process and forms the basis of significant amounts
of past and present research in foods (Aguilera and Lillford, 2007). The
most recent addition to the toolbox of measurement techniques is tri-
bology, which can be used to estimate, in vitro, the in-mouth lubricating
properties of a food, allowing the food technologist to partially predict
the performance of a designed formulation, which can be correlated
with consumer response. It is now becoming a routine technique and as
such is a very interesting measurement for the design and product devel-
opment of everyday foods. However, the surfaces need to be adapted to
more closely mimic the bio-surfaces of the mouth. This requirement has
resulted in two different adaptations of the technique: the first is to have
soft rubber surfaces in a pin or ball on plate technique (Malone et al.,
2003a) and the other is the use of pig tongues (Dresselhuis et al., 2008).

Malone et al. (2003a) carried out the original piece of work in this
field, where they studied a range of emulsions with different fat contents.
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Fig. 10.2 Tribometer curves for o/w emulsions containing different levels of fat at 35◦C.
All emulsions were made to have the same viscosity at a shear rate of 100 per second.

All the emulsions were made iso-viscous at a shear rate of 100 per
second. This work showed that the physical sensation of fat tends to be
one of a mixture of thin-film (tribology) and hydrodynamic behaviour,
i.e. the mixed regime. Fig. 10.2 shows how the frictional coefficient
changes for a range of samples (emulsions with oil levels between 1 and
55%, the data obtained for the aqueous phase used and pure vegetable
oil are included for comparision (Malone et al., 2003a). As can be
seen, at low rotational speeds (the tribological region – where the gap
between the ball-and-plate is the smallest), the pure water and 1% fat
emulsion have a much higher frictional coefficient than that of emulsions
with 20% oil or more. The emulsion with 15% oil falls between these
two sets of curves. As the rotational speed of the disc increases, the
gap between the ball-and-plate increases and the flow becomes what
is known as a mixed regime (hydrodynamic and tribological). In these
conditions, emulsions with greater than 20% oil match the pure oil.
Finally, at very high speeds, where the gap is greatest (the hydrodynamic
regime), the emulsions with the lowest fat levels give the lowest friction.
This is expected as they contain higher levels of hydrocolloids in this
experiment, as the authors constructed the emulsions to be iso-viscous at
100 per second.

By comparing this data with sensory perception data (from a trained
panel), it has been shown that the best correlation between the rheolog-
ical measurement and the human sensation occurs with speeds between
10 and 100 mm/second (the mixed regime) (Malone et al., 2003a).
When considering the eating action and the dimensions of the human
mouth, these speeds seem to be realistic. This data suggests that a lower
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Fig. 10.3 Schematic representation of the experimental set-up for measuring in-mouth
flavour release using APcI. Reproduced from Lian et al. (2004). Copyright 2004, with
permission from Elsevier.

limit of fat content in emulsion-based products of between 15 and 20%
gives acceptable performance on consumption. However, in the future,
it is to be expected that microstrucural elements such as particles of gel
or air-filled emulsion droplets will be designed to act like oil droplets,
allowing these limits to be changed. This is discussed more fully later
in the chapter.

The use of tribology should not be seen as a replacement for other
rheological and material measurements of what happens within the
human mouth, although the use of viscosity at 100 per second seems to
be of limited value for most food products, even though it has been used
extensively in the past.

The other aspect of the eating process that deserves consideration
from a material structure and rheological control point of view is flavour
release. If healthy everyday foods are to be acceptable to the consumer,
we need to control the flavour release and the after-taste of the reformu-
late food.

The material properties and the detailed food microstructure and its
breakdown in the mouth have been shown to affect the flavour of foods
(Hutchings and Lillford, 1988; Lillford, 2000). More recently, Lian
et al. (2004) have started to develop models for the release process and
attempted to explain how the viscosity of a food influenced the mixing
in the mouth and subsequent flavour release. This was studied using the
MS breath technique, a schematic of which is shown in Fig. 10.3. In
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Fig. 10.4 Designed gel beads with included oil droplets to control flavour release of oil-
soluble flavours. The photomicrograph shows oil droplets (the small white droplets) inside
an alginate gel beads (which were designed to be soft and elastic) within a continuous
aqueous phase (scale bar is 100 µm).

this experiment, a subject is asked to chew a food while the headspace
within their nose is removed and analysed for the aroma compounds in
real time.

An important aspect that emerges from this type of study is that the
mouth is a mixer, which dilutes and mixes to a scale of about 10 µm.
With this as background knowledge, it is possible to design and modify
the release of tastes and flavours from foods. This requires the researcher
to think about the mixing dimensions and how to build structures that
can change these mixing dimensions. An example of how this can work
can be illustrated for low-fat products. It has been reported (Malone
et al., 2003b) that the flavour release of a 3% fat emulsion can match
a 40% fat emulsion if the fat is included inside gel beads with di-
mensions of 100 or greater microns (Fig. 10.4). Flavour release from
the fat droplets is then delayed as it needs to be transported to the
edge of the gel bead before it can enter the saliva and ultimately the
head space. This causes the flavour to be released more gradually
and gives the impression of the product having a much greater fat
content.

It has been proposed (Vliet et al., 2009) that particles of food broken
down during the mastication process can not only form a bolus by
adhering to one another, but can also adhere to the oral mucosa and
stay in the oral cavity after the bolus has been swallowed. The same
situation is also likely to occur with liquid that could be excluded from
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the food bolus upon compression during swallowing, for example. These
in-mouth residues are then largely contributing to the after-taste that can
be perceived post-swallowing.

To control such phenomenon, a microstructural approach using poly-
mers that bind to the oral mucosa, such as amidated pectins and chitosans
alginates (Sigurdsson et al., 2006; Sriamornsak et al., 2008; Thirawong
et al., 2008; Andrews et al., 2009), can be applied. A successful demon-
stration of this approach has been given by the pharmaceutical industry
for controlled drug delivery not only on the oral mucosa, but also on
other mucus-covered surfaces (Smart, 2005; Andrews et al., 2009). Such
materials can therefore be manipulated to offer taste enhancement by
prolonging the release of sapid molecules after swallowing.

Again, for this matter, the friction properties of the food bolus against
the tongue and palate of the consumer should be important, as high
friction will promote the deposition and adhesion of such residues.
Tribological characterisation of food boluses in mouth-like condition
appears then to be a key aspect to establish for future new product
development.

10.2.2 Food in the stomach

The stomach offers a harsh and surprisingly complex environment for the
research to consider or study. This complexity is in terms of its anatomy,
physical and chemical environments, enzymology and psychology. The
stomach is divided into four main parts: the fundus, body, antrum and
pylorus, as presented in Fig. 10.5.

Oesophagus Fundus

Body

AntrumDuodenum

Pyloris
Pyloric
sphincter

Fig. 10.5 Schematic of the human stomach.
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These parts function in such a way as to allow storage of undigested
food for primary digestion, mixing and comminution of the contents and
then to propel the digested chyme to the intestine for further digestion
and absorption. Although in terms of chronology, the processes in the
antrum are towards the end of the process, it nevertheless provides the
most important area when considering the breakdown of solid material.
Food enters the stomach in a masticated form and has a variety of sizes
and structural characteristics. Even though it will become diluted with
gastric secretions, it is the physical actions of the antrum, which grinds,
mixes and sieves the food (Kong and Singh, 2008), that reduces the
particle sizes of the ingested food, and this is modulated by the release
of material through the pylorus. The size reduction of food particles (as
initiated by mastication) then exposes fresh surface area for dissolution
or enzymatic attack.

The low pH of gastric juice has two practical evolutionary reasons
and essentially only one digestive purpose. The evolutionary reasons are
firstly, the acidic environment kills possible pathogens or parasites and
secondly, it will rapidly dissolve potentially harmful bone fragments.
The digestive purpose is that the low pH assists in the break-up of food
structures and the molecular degradation of the food ingredients. The
presence and secretion rate of gastric juice is itself modulated by the
stomach contents and will rise from 1 mL/minute to 10–50 mL/minute
upon food ingestion (Jalan et al., 1979; Versantvoort et al., 2005), in
turn, this affects the pH of the stomach contents with a fasted stomach
being in a range of pH 1.3–2.5 and a postprandial range of typically
pH 4.5–5.8, which then falls rapidly. Similarly, stomach volume changes
with the fasting state to full volume ranging from 25 mL to as much
as 4 L (Kong and Singh, 2008). However, it is worth mentioning that
the expectation of eating (i.e. a psychological response) will also affect
gastric secretion as most famously shown by Pavlov (Pavlov and Gantt,
1928).

The other major constituents of gastric juice are pepsinogen/pepsin
(∼1 mg/mL) and suspended mucin removed from its protective position
at the stomach wall. All of these components combine to produce a
rheologically dynamic stomach content with a complex and changing
rheological profile (Versantvoort et al., 2005). As previously mentioned,
the antrum comminutes food particles and these are typically in the
region of 1–2 mm, and these particles become suspended in the gastric
juice, further complicating the gastric rheology. However, the emptying
rate of the stomach is dependent upon the composition of the contents.
The review of Kong and Singh (2008) highlights the differences between
the stomach emptying rates for liquid and solid meals and correlates
observed emptying rates with meal composition and calorific value.
Most interestingly, they describe the dilution of initially viscous meals
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with gastric juice and this reduces the satiation potentially provided by
a thickened liquid.

A number of attempts have been made to model the behaviour of
the human stomach (Wickham et al., 2009). These models are based
on mixed tanks, which are run in sequence to mimic the behaviour of
different parts of the stomach, i.e. the upper stomach, the lower stomach
and even the small intestine. However, the approach has been used to
investigate the digestive process and to a large extent to ignore the impact
that food structure has on the flow and mixing behaviour, which would
be observed in the real human stomach. These models do help from a
nutritional aspect, including the molecular breakdown of components,
but for the food engineer, there really needs to be further investigation
to help design food material properties, including rheology for specific
behaviour in the human GI tract.

Many people (de Wijk et al., 2008) have studied the effect of viscosity
on the eating frequency of foods. In addition, they have investigated
energy (sugar) update changes as a consequence of the meal viscosity
(Spiller, 1994).

Other investigations (Marciani et al., 1998a, 1998b) have attempted to
study food inside people using MRI. These researchers have investigated
the effect of viscosity on gastric emptying and their results have shown
only a slight effect for changes in viscosity to levels that are unpalatable.
So far the effect of increasing the viscosity of a food has not resulted
in changes on satiety in the range required to have a significant effect
on dietary intake of food. So if control is to be obtained, then we need
to have a rheological control beyond viscosity. This has introduced the
idea of self-structuring systems discussed in detail later.

10.2.3 Food in the intestine

Studies in the intestine are very difficult and until recently have received
virtually no attention at all for the healthy human.

In order to build a model of the human intestine, one would need
to consider mass transfer, mixing and molecular degradation. A model
intestine (Fig. 10.6) has been developed to study the chemical engineer-
ing aspects of the process (Thakaran et al., 2007). The machine has
two cuffs that can be inflated either together or independently. These
are designed to give the pulse flow, which is present within the human
intestine. The extent of squeezing and timescale for the pulses can be
varied.

The other part of the design is to have a semi-permeable membrane
as an inner tube, which is then enclosed in a non-permeable membrane
as the outer wall. This allows the transport of material to be measured
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Fig. 10.6 A schematic (a) of the experimental set-up (b). For a colour version of this
figure, please see the colour plate section.

during the experiment to simulate the transport of low molecular weight
material across the gut wall into the blood stream.

Although in an early stage of development, this machine is starting to
reveal some interesting results. They suggest that rheological measure-
ments and understanding are important for what happens in the human
intestine and that the human intestine is amenable to chemical engineer-
ing measurements and models. This is demonstrated in Fig. 10.7, which
shows how the mass transport of sugar is affected by different guar
concentrations under different flow and mixing conditions. This data
shows how the squeezing mechanism increases transport at low guar
concentrations (low viscosities), but as the concentration is increased
(higher viscosities), there is little or no effect of flow rate or squeezing
action (Thakaran et al., 2010).

Although this is an interesting development, there is a long way to
go in terms of making it match the processes that occur in the flow of
foods within the intestine and in terms of the transport mechanisms that
occur across the membrane in a healthy individual. Future developments
are planned, whereby a live intestine (pig) is the membrane and where
techniques such as PEPT (Seville et al., 2005) are used to study the
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Fig. 10.7 Lumen mass transfer coefficient for a concentration of guar gums.

flow patterns when villi are present. This will be carried out in a way
that keeps the intestine alive for a period of time so that studies can be
carried out with an active membrane. Much more is expected from this
approach in the near to medium term.

10.3 RECONSTRUCTING FOODS TO BE HEALTHY
AND CONTROL DIETARY INTAKE

So how do you reconstruct a food for healthy everyday living?
The first thing that has to be developed is an understanding of how the

current foods behave and how the behaviour is linked to the microstruc-
ture (see introduction). Having developed this understanding, then the
alternative structures have to be designed and need to be constructed,
which give similar physical properties, including material properties.
This is not as simple as it first sounds: we need to consider the size
of the element, rheology/fracture and flow properties and the way they
interact with the rest of the structure. This needs to be done for storage,
cooking and consumption. By way of example, let us consider what we
need to do if we want to replace a fat droplet. Firstly, we need to have
a particle, which is the same size as the oil droplet and has the same
rheological properties of the oil particle that it is replacing. If we want
to replace a saturated fat that forms a crystal network, then we need
to construct a network, which has approximately the same crystal size
and similar properties to the one that is being replaced. We then need to
make sure that the new particle is placed into the food matrix in the same
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way as the oil droplet it replaces and is then connected to the structure
with the same strength of bonding and thermal liability.

We will now illustrate the approach by considering a number of
successful applications:

10.3.1 Use of emulsions as partial fat replacement

The first approach is to replace pure fat with an emulsion. By doing this,
the calorific value of the food will be reduced. Here, there is a whole new
area of rheology that needs to be considered: interfacial rheology. This
can be a consequence of low molecular weight surfactants assembling
at an interface, thus imparting a change in interfacial rheology or it can
be where large molecular weight material is adsorbed or where there is
low molecular weight material aggregate due to the increased concentra-
tion. These then lead to a surface modulus or even a gel-like structure.
This imparts a surface elasticity, which needs to be considered when
designing our healthy everyday foods. If this is to be used in a practical
sense, a rheological issue is raised, which needs to be considered; in
terms of the measurement and control of interfacial rheology, and in
practical terms, how does the practitioner/product developer measure
this physical property accurately and reliably? This question will need
to be addressed in the future.

One step further is to use particles at the interface (Pickering stabili-
sation). One way to use these is to construct emulsions which allow the
addition of water to products where it is generally considered to be im-
possible because it causes dramatic changes in the material properties,
often as a result of the solubility of sugar in water, for example chocolate.
So if this is to be done, a totally new way of thinking about structures
is required. Recent work (Norton et al., 2009) has approached this by
moving into the area of Pickering stabilisation of emulsions. However,
a simple Pickering emulsion would not work, as the water would be free
to move out of the droplets to solubilise the sugar. What the authors did
in order to try and overcome this effect was to place crystals at the inter-
face to build an intact shell (Fig. 10.8), thus offering protection against
water movement. The figure shows an electron microscope picture of the
cocoa butter emulsion. The shell of fat crystals around the water droplet
can clearly be seen. It appears as if the crystals have sintered together
and the structure appears to be fairly smooth. Of course, this requires the
production of a crystalline shell with no defects. More recent work has
been carried out with gelling of the aqueous phase to address this issue.
This would give further strength to the structure, but the advantage of
gelatin is that it melts at the same temperature as the fat phase, thus
anything obtained in the droplets will be released on consumption. No
doubt more revelations will emerge from this group in the future.
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Fig. 10.8 Electron microscope picture of a cocoa butter emulsion with 30% included
water, showing the microstructure of a continuous fat phase incorporating oil and triglyce-
ride crystals and water droplets which have a fat crystal shell around them (scale bar is
10 µm). Reproduced from Norton et al. (2009). Copyright 2009, with permission from
Elsevier.

One of the advantages of shells is that they cause scattering of the
cracks when the structure is broken. Thus, they can be used to hide
material from the rest of the structure, i.e. water which is not seen by
the materials in the continuous phase of the chocolate matrix, but also
salt in sauces soups, etc. This is discussed in a later section of this
chapter.

10.3.2 Duplex emulsions

So what is a duplex (or double) emulsion? An example is given in
Fig. 10.9, in which a primary emulsion of water in oil was produced
using PGPR as the emulsifier. This particular emulsifier is often used for
oil-continuous emulsions, as it is polymeric in nature and gives a very
stable elastic interface. Once formed, the primary emulsion is then used
as the included phase in the production of an oil-in-water emulsion. This
is achieved by using a second emulsifier (often a low molecular weight
material). By doing this, a duplex (or double) emulsion is produced.

One of the problems with duplex emulsions that has limited their
application in real foods is that they are inherently unstable. This is be-
cause there are two oil/water interfaces, which have different curvatures.



c10 BLBK342-Norton November 10, 2010 9:21 Trim: 244mm X 172mm Char Count=

Rheological Control and Understanding 233

Fig. 10.9 A photomicrograph of a w/o/w duplex emulsion stabilised with PGPR. The
inner droplets are approximately 10 µm and the secondary emulsion has droplets of
approximately 100 µm.

As the emulsifier moves between interfaces, they become identical and
the structure collapses. The most common way of stopping this from
happening is to have a large emulsifier which aggregates at one of the
interfaces to give gel-like structures, hence the reason that PGPR is used
in studies on duplex emulsions for foods. The second problem that exists
is that the primary emulsion is damaged in the second emulsification
process. This results in various levels of release of the contents of the
primary emulsion contents during the process. Again, it has been shown
that PGPR is a good emulsifier to use, as it is very stable in the process.

So duplex emulsions can be made, but the use of PGPR is not ideal
as it is not generally allowed in foods, although its use is allowed in
chocolate. Even if PGPR was more widely allowed in foods, duplex
emulsions produced with this emulsifier are not stable for the shelf life
of a product. On storage, droplets tend to change size as a consequence
of osmotic pressure differences between different phases.

10.3.2.1 Fat replacement

For fat replacement, the use of duplex emulsions has some inherent
advantages. The most significant one is that if the primary emulsion
is constructed to remain stable throughout the lifetime of the product,
at least until it is within the human stomach, then the product will be
perceived to have a much higher fat content than is actually present.
However, if this dream is to be realised, then a duplex emulsion has to
be made that is stable throughout the shelf life and usage of the product
and only using food-allowed materials.
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Fig. 10.10 Photomicrograph of a duplex emulsion with the inner interface stabilised by
crystals (shell).

Very recently new work using shells has been carried out by Frasch-
Melnik et al. (2009). This work involved the use of crystallising triglyc-
erides that are placed at the interface for Pickering stabilisation and then
sintered together to produce an intact structure surrounding the droplet
(Fig. 10.10). As can be seen in this figure, the primary emulsion has
been produced to have a sub-micron size and then the secondary emul-
sion has a droplet size of about 10 µm. The crystalline structure, which
has been produced via a combination of crystallising mono- and triglyc-
erides, can be seen within the secondary droplets. Crystalline shells can
be seen around the primary droplets.

10.3.2.2 Salt reduction

One of the advantages of a duplex emulsion is that we can design in
two different water phases, i.e. w/o/w emulsion. This potentially gives
a structure that, for instance, could contain salt in the outer water phase
and no salt or KCl in the inner phase. The idea of the design is that the
consumer would be able to taste the salt contained in the outer water
phase when the food is eaten, while the inner water phase would go
undetected. This would result in a product, which is perceived as having
a higher salt content than is actually present. The extent of salt reduction
possible would depend on the ratio of the inner and outer water phases.

Some initial work by Malone et al. (2003b) demonstrated the potential
for this approach, although this work was in controlling acid perception.
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It showed that the perceived acidity was related to the outer water
phase and not to the overall content of acid in the product. This finding
suggests that if the structures can be made, then they will have the
desired properties.

As discussed earlier, recent work (Frasch-Melnik et al., 2009) has
shown that shells can be produced around the inner droplets. It has
been shown that if the shells are controlled carefully, they result in an
intact structure. These perfect shells then resist the osmotic pressure
differences of having 1% salt in one water phase and 0% salt in the
other. These structures have been demonstrated to be stable for greater
than 6 months with less than 5% leakage of the salt between the phases.
The potential of duplex emulsions for salt reduction in wet products
(i.e. the difficult task) will be tested in the near future.

10.3.3 Fat replacement with air-filled emulsion

Another stratagem is to replace the fat droplets in an emulsified product
with stabilised air cells that physically (size and shape) and rheologically
resemble the fat droplets they are replacing.

The first question is whether air can change the lubrication and mouth-
feel properties of a product? Recently, there has been some research in
this field. Heuer and Norton (unpublished data) investigated the role of
air in tribology using dairy cream alternatives. They studied the effect
of taking fat out of a product and then compared this when air was
whipped in. As Fig. 10.11 shows, air has increased the lubrication of the
low-fat emulsion. The authors argue that this is a consequence of in-
creasing the proportion of an included phase. This has the effect of

Full-fat whipping cream

Aerated cream alternative

Low-fat whipping cream

0.05

0

0.1

101

Speed (mm/second)

F
ric

tio
n 

co
ef

fic
ie

nt

102 103

Fig. 10.11 Stribeck curves for a full-fat whipping cream (�), a low-fat whipping cream
alternative (�) and an aerated cream alternative (•).
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moving the included phase volume back towards the full-fat version.
Not surprisingly, the low-fat alternative does not provide the same level
of lubrication as the full-fat original.

Clearly, this approach has not resulted in the air totally replacing
the fat droplets in terms of lubrication and probably not in terms of
consumer perception either. However, the air cells whipped into the
dairy cream alternatives were much larger than the oil droplets that they
replaced (at least an order of magnitude larger). So the question is what
would have happened if the air cells were in the same size range as the
oil droplets? The work required to make air cells so small is not trivial,
and then stabilising them against ripening needs a whole new science
area. This is the science area of air-filled emulsions, which has recently
been established. The initial work reported in 2009 (Tchuenbou-Magaia
et al., 2009) used a novel group of proteins (hydrophobins), which
are found ubiquitously across all genera of filamentous fungi. Because
of their molecular make up and tertiary structure, they present some
fascinating physical properties. For instance, these proteins assemble
at air–water interfaces, and once there, they rearrange and aggregate to
give what is essentially a protein skin (Kisko et al., 2009). The gel-like
network seems to give elasticity to the interface (de Vocht, 2001), and
the mechanism of action is as if this elastic interface imparts a restoring
force, so as air tries to move via Ostwald ripening, the protein resists
this movement and keeps the air droplet size originally made in the
process. Hydrophobins will not only stabilise air–water interfaces, but
they behave in the same way at oil–water interfaces. The relevance of
this will be discussed shortly.

The approach reported so far involves the production of very small
air cells (less than 10 µm) using sonication. By doing this, the re-
searchers report that air-filled emulsion droplets can be constructed to
give physical properties similar to the oil-filled droplets they replace.
This approach obviously offers an exciting new route for reducing the
fat content of foods.

The initial work from A. Cox (Cox et al., 2007) was limited from
a microstructural design point of view as they produced large air cells
specifically targeted for use in stabilising ice creams. More recent work
reported by Tchuenbou-Magaia et al. (2009) has shown that air cells
can be produced of the same size as oil droplets in a traditional oil/water
emulsion, i.e. 10 µm, and which are stable for months using this type
of protein. This shows the remarkable nature of hydrophobins when we
consider the ripening forces acting on such small air cells. In addition, by
understanding the molecular and rheological behaviour of hydrophobins
at air/water interfaces, the P. Cox group has developed ways to use
alternative proteins to give the same interfacial rheological properties.
It has been shown that these alternatives can be used to impart the same
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properties to air-filled droplets as those observed for hydrophobins (Cox
et al., in press).

Having produced air-filled emulsions, which is one step on the road to
using them in foods, it is also necessary for complex food formulations
to have the stability in the presence of oil droplets. Oil is an antifoam in
aerated products as it normally adds a level of mobility to the air/water
interface. This allows the surfactants to move and cause film drainage,
allowing the air to escape within a few minutes or hours. However, as
fat is a carrier of flavour in many products, there will be a need to have
some oil present. This means that we will have to construct a triphasic
system. So, again, can rheological understanding and control give us a
route to overcome this obstacle?

As discussed earlier, the initial work was performed using hydro-
phobin proteins and alternatives have been developed. The reason for
developing alternatives was two-fold. The first was that hydrophobins
are currently scarce and expensive. The second reason is that the kinetics
of structuring at the interface is hard to control, and once the proteins
are aggregated at the interface, any further application of shear in the
process causes the proteins to detach from the interface and become
inactive. The alternatives are food grade proteins that are thermally
denaturing at the interface using sonication, which produces small air
cells at the same time (Fig. 10.12). The proteins, which are applicable,
are high in cysteine residues so that they covalently cross-link to form
an elastic robust interface. It has been shown (de Vocht, 2001) that the
kinetics of ordering and the point at which cross-linking occurs within
the process can more easily be controlled than for the hydrophobins.

Fig. 10.12 A light photomicrograph of a BSA-stabilised air-filled emulsion. This sample
is 140 days old and showed almost no Ostwald ripening over this time.
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However, once formed, these structures are incredibly robust and due to
their interfacial rheology are resistant to Ostwald ripening even when
the air cells are micron sized.

10.3.4 Sheared gels (fluid gels)

So having considered how to rebuild structures using water or air in
emulsions and multiple emulsions, are there alternative routes which do
not require the use of ‘emulsions’? An example of how oil droplets in
an emulsion product can be replaced using the design rules established
from a microstructural approach is the development of sheared gels,
for example agar, carrageenan, alginate, etc. (Norton et al., 1999). So
what happens when you take a gelling biopolymer and shear it during
the gelation process? The result is gel particles, which if the shear is
sufficient are spherical (Gabriele et al., 2009). Each particle has the
same rheology as the bulk gel from which they were produced.

It has been shown how the particles and rheological parameters de-
pend on the processing conditions and how different sheared gels can
be produced (Wolf et al., 2000). An example of the ongoing work in the
field has recently been published (Gabriele et al., 2010). In this work,
it was shown how the rate of cooling at a set shear rate in the process
influences the sheared gel obtained (Fig. 10.13). This figure gives a good
example of how these sorts of material behave. As can be seen, agarose

Fig. 10.13 Stress/shear rate curves of 1% agarose sheared gels produced at a constant
shear rate, but with different cooling profiles (adapted from Gabriele et al., 2010).
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fluid gels produced at a single polymer concentration, but at different
cooling rates, can behave quite differently in terms of their rheology.
Samples produced at the lower cooling rates have greater interaction
when the sample is at rest and thus show the highest yield stress. How-
ever, once the samples are flowing, the fluid gels produced at the higher
cooling rates have the highest viscosity. This is probably because the
particles are larger and have a more irregular shape.

As this example shows, there are many parameters that can be
changed in the formation of the gel particles. These not only change
the shape and size of the particle, but also manipulate the extent of
bridging between them and hence parameters like yield stress. Other
parameters which need to be considered and will be discussed later are
the type and concentration of the hydrocolloid used.

So having obtained sheared gel particles and having developed an
understanding of their material properties, the question becomes, how
do they behave in the mouth? As can be seen from Fig. 10.13, parameters
like yield stress and viscosity at a shear rate of 100 per second can be
manipulated. However, if we are to consider the use of these gel particles
as replacement for fat in an emulsion, we need to consider how they
behave in terms of lubrication in the mouth. Here again we turn our
attention to the thin film behaviour. Investigations of the tribology of
fluid gels are just beginning (Gabriele et al., 2010), but are showing
some very interesting results.

Fig. 10.14 shows the tribological response from two concentrations
of agarose. At 1% agarose, there is a hysteresis between the ramp up
and the ramp down. It seems that on the ramp up, the particles are
initially excluded from the gap, but as the speed is increased, particles
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Fig. 10.14 Difference in the friction ramps for different fluid gels with different agarose
concentrations. The load W is constant to 4 N for all the experiments (adapted from
Gabriele et al., 2010).
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are entrained into the gap. As they are reasonably soft, they are dis-
torted by the applied normal force and so, in effect, their presence is
a narrowing of the gap, i.e. they allow less flow of the liquid through
the gap. This results in the friction remaining constant for a significant
range of rotation speeds (in this example from approximately 10 to 35
mm/s). As the speed is increased further, the force of fluid and fluid gel
entering the gap causes the ball-and-plate gap to widen and the friction
decreases. On decreasing the rotational speed of the plate, gel particles
are being entrained at all stages so the friction is lower than the up
ramp when they were excluded. At the higher polymer concentration,
this hysteresis is not observed and the up and down ramps overlay each
other. It would seem that this is due to the modulus of the gel particle: at
an applied normal force of 4 N, the particles are not distorted, so when
they are entrained, they immediately lead to the lowering of the friction.
This finding has been shown to be reproducible and, as such, is very
interesting as it raises questions about what happens within the mouth
and whether soft particles will still have lubrication properties.

So how is this used to replace fat in a product? We turn our attention
again to mayonnaise. If the majority of the oil droplets in a mayonnaise
are replaced by soft elastic spherical gel particles, then the overall
bulk rheology of the mayonnaise can be matched (as in Fig. 10.15). In
this figure, we have shown a flow curve for a full-fat mayonnaise and
compared it with a reduced-fat (3% compared to 80% in the full-fat
version) emulsion in which the oil droplets have been replaced by
sheared agar gel (5%), assembled as a particulate gel. This combination

Sheared agar

Mayonnaise

0
0 50 100 150 200 250 300

100

200

300

400

Shear rate (per second)

S
he

ar
 s

tr
es

s 
(P

a)

Fig. 10.15 Stress/shear rate curve for a 5% sheared agar (◦) with 3% phase volume of
oil droplets (droplet size ∼1 µm) compared to a full-fat Hellman’s mayonnaise (�) using a
roughened cone-and-plate geometry on a Rheometrics instrument.
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of oil droplets and gel droplets has provided a yield stress and flow be-
haviour which are similar (although still not an exact rheological match)
to the full-fat emulsion and with a close match in sensory properties
when tested by a consumer panel. The tribology data discussed above
suggests that at 5% polymer concentration, the thin-film behaviour will
be significantly affected and thus give an improved lubrication score in
sensory scores, although no such data has yet been reported in the open
literature.

10.3.5 Water-in-water emulsions

The next level of complexity is to have mixed biopolymers in which
the two or more molecular structures lead to phase separation. The
simplest way to consider these is to regard them as composites where
one of the components forms a continuous network across the entire
system and the other serves as a gel filler, i.e. resembling an oil/water
or water/oil system. A typical photomicrograph is shown in Fig. 10.16.
This figure shows different water-in-water emulsion structures and how
they are influenced by the amount of the phases. So Fig. 10.16a shows
the single phase observed for the protein phase with LBG at a level that
is miscible. Fig. 10.16b then shows the microstructure obtained when
25% of the LBG phase is present. In this picture, the droplets of LBG
can be seen as a dark phase included in the protein continuous phase.
Fig. 10.16c shows the bi-continuous structure, which occurs when 50:50
mixtures are used. This is the condition when both phases are capable
of being continuous and the confused system is obtained. This type of
structure persists for quite a concentration range around the 50:50 mix
as discussed by Norton and Frith (2001). Once a dominant phase volume
of the LBG phase inversion of the structure has occurred, we can see
protein phase included in a continuous LBG phase.

As can be seen from this set of photomicrographs, the mixed biopoly-
mer systems behave like a water-in-oil mixture in which the phase with
the highest phase volume dominates. When a 50:50 mixture is present,
the structure attempts to be bi-continuous. In mixed biopolymer sys-
tems, this bi-continuous region can and does persist over a far wider
concentration range. The design principles for these types of system
have been described before (Norton and Frith, 2001). The way that
they behave in flow has been described and from this came the name
of water-in-water emulsions (Spyropoulos et al., 2007, 2008a, 2008b).
So if these systems behave as water-in-water emulsions, can they be
induced to phase invert in shear? Phase inversion was originally talked
about some time ago (Kasapis et al., 1993a, 1993b, 1993c, 1993d) for
the gelatin/maltodextrin mixture in which both polymers were gelling.
It was argued that inversion was a consequence of the molecular weight
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Fig. 10.16 Showing photomicrographs of caseinate/LBG mixtures in the presence of
sucrose. Reproduced from Spyropoulos et al. (2010). Copyright 2010, with permission
from Elsevier.

increase of the maltodextrin phase. More recently, the inversion of non-
gelling systems has been reported (Portsch et al., 2009).

Fig. 10.17 shows data collected for the caseinate/LBG mixture with
different volumes of the two phases. When no LBG is present (i.e. the
pure caseinate phase), the viscosity simply reduces with shear rate as
would be expected. This is also true when 25% of the included LBG
phase is present. However, when 50% of both phases are present, then
at higher shear rates of 100 per second, the viscosity shows an increase
with shear rate. This is more clearly shown when 75% of the LBG
phase is present. It has been argued by the authors that this shows a
phase inversion in shear, so as the applied forces increase, the system
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Fig. 10.17 Viscosity verses shear rate for mixtures of LBG/caseinate for different phase
volumes of the two phases (adapted from Spyropoulos et al., 2010).

starts to invert, resulting in an effective increased phase volume of the
included phase, as would be expected, giving a higher overall viscosity
to the system. On further increasing the applied forces, the materials
totally phase invert so that the viscosity is seen to decrease significantly.
In this inverted form, the included phase now has a greater phase volume
than the continuous phase, although the continuous phase has a lower
viscosity. This results in the overall system having a viscosity close to
the non-inverted state for this particular mixture of biopolymers.

The remaining question, which is by and large still unanswered,
is, can these systems be emulsified using a molecule or a particle as an
interfacial material? Although this is not as yet clear, there has been some
work (Simon et al., 2007; Firoozmand et al., 2009) to investigate this.
The suggestion at the moment is that low molecular weight materials
(e.g. oligosaccharides) probably go to the interface as a consequence of
their increased solubility (over the polymers) in the second phase. There
is a need to investigate this further, as the use of molecular surfactants,
if available, will make the design of different structures possible.

Water-in-water emulsions constructed in the right way have been
shown to have all the rheological properties of spreads and margarines.
This means that they can be used to produce products that are not just
low in fat, but are zero fat. Again, the design strategy is to create a mi-
crostructure that mimics that of the high-fat product and thus gives the
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Fig. 10.18 Compression stress/strain curves obtained for a low-fat spread (Flora) and
water-in-water emulsions (20% maltodextrin/4% gelatin/0.1 m NaCl) contained 0 or 10%
oil (emulsified with 0.5% (w/w) Tween 80, droplet size ∼5µm) using an Instron material
tester.

material properties, mouth-feel and sensory properties of a full-fat prod-
uct. An ingredient which has been used very successfully is low dextrose
equivalent maltodextrin gels, which when used in mixed biopolymer
systems can mimic the organoleptic properties (failure, melting, etc.)
and material properties (e.g. spreading, scooping, etc.) of the high-fat
products. Fig. 10.18 shows some gelatin/maltodextrin water-in-water
emulsions in which liquid oil has been added to produce a low or very
low fat spread with virtually no saturated fatty acids (SAFA). These mix-
tures were designed to have properties similar to fat-continuous spreads
(butter alternatives); as demonstrated in the figure, these water-in-water
emulsions can be constructed to give material properties very similar to
the original high-fat SAFA-containing emulsion (e.g. low-fat Flora). As
would be expected, the addition of oil has little effect, as it acts as a soft
filler. The material properties of the water-in-water emulsion depend
upon the continuous phase and, as such, depend on the bloom strength
of the gelatin which is present both as droplets in the water-in-water
emulsion and in the continuous maltodextrin phase. The major reason
that maltodextrin works in this system is that, as an oligosaccharide,
it forms aggregates which are crystalline in nature. These crystals then
interact to produce a crystal network. This network has properties that
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are similar to the triglyceride crystal structure and network in the low-fat
spread.

Although most of the work carried out on water-in-water emulsions
has been directed at soft products, which are used from chill or ambient
temperatures, they can also be used in products that are cooked, for
example meat products such as low-fat sausages (Baumanis et al., 1995).
This is again possible as a result of using crystallising biopolymers,
which are used to replace the crystalline structure produced by saturated
fats.

10.3.6 Self-structuring systems

As discussed earlier in this chapter, an area of research interest is to
understand and control the rheological behaviour of foods inside the
human gastrointestinal tract. The problem is that viscosity alone seems
to have a marginal effect on people’s food intake. So how do we go
beyond this? The idea is to have systems that self-assemble inside the
stomach to give a rigid three-dimensional structure. If this is to be
achieved, then we need to have the ability to use environmental changes,
which occur on entering the stomach and control the rate and extent of
structuring.

As an approach, this seems to stand a chance as demonstrated from
work carried out by Marciani et al. (2000, 2001a, 2001b). In this study,
they fed already gelled beads to their participants and then visualised
how they behaved in the stomach and how this affected their feelings of
hunger. The particles used were large (cm) and were swallowed intact
by the volunteer. These particles were shown to affect gastric emptying
rates. More recently, smaller particles have been studied by Rayment
et al. (2009) and Hoad et al. (2009) followed on from an idea put forward
by Norton et al. (2006a) in which these authors suggested that one way
to get stomach structuring was to use sheared calcium-set alginate gels
that then partially unfold and rearrange as a consequence of the acidity
in the stomach.

10.3.6.1 Alginate

So if rheological control of the stomach contents offers a way to control
the eating habits and calorific intake of the general population, what
materials are available to test the idea and achieve the goal? There is
a whole area of science on self-structuring systems using a range of
different materials including polymers (Norton et al., 2006a).

However, none of these are food allowed. More recently, however,
researchers have started to consider the physical and chemical aspects
of the stomach and intestine and how pH changes, enzymes, etc. can
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Fig. 10.19 Comparison of the concentration dependence of T2 relaxation time (i.e.
extent of ordering) of ionic and acid gels, together with how these properties change with
time after the gels had been formed (adapted from Norton et al., 2006a).

be used to induce self-structuring of food-grade hydrocolloids (Norton
et al., 2006a). A number of different polysaccharides are known to be
acid sensitive and so could be used to form structures as they enter
the stomach. However, in order to make them applicable, it will be
necessary to control the structure produced, the rate of structuring and
the structural breakdown of the materials used throughout the human
GI tract.

Acid gelation of alginate in environments close to stomach condi-
tions have been studied and compared with simple viscosifying systems
(Fig. 10.19). This figure shows that when guar is used, the stomach
contents become diluted and more water-like with time. However, when
alginate is used, the T2 becomes shorter with time in the acid conditions,
indicating an increased amount of structuring. In principle, the design
idea is to have systems that undergo self-structuring in the stomach to
gel the whole stomach contents. The work by Rayment et al. (2009)
has in principle tried to investigate this, but unfortunately there was no
attempt to control acid gelation rates or even when gel beads were used,
cross-linking of the beads in acid conditions was also not considered.
This meant that in both studies, no real control of stomach gelling was
obtained and as a consequence, no real difference between meals with
or without alginate was observed.

One of the major problems with alginate is gaining control of the
gelation kinetics. This is proving very difficult even with selected or
modified alginates. However, control is likely in the fullness of time. As
a consequence of these difficulties, investigators have started to look at
other materials. One of the best candidates is gellan.
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Fig. 10.20 Effect of pH on the structure of a 2% gellan gel. (a) True stress–true strain
curves and (b) Young’s modulus and total work of failure given as a function of pH (adapted
from Norton et al., submitted).

10.3.6.2 Gellan

Recently, work has been reported on the acid gelation of gellan as a route
for causing self-structuring of the stomach. The advantage of gellan is
that the acid range required for gelation is very close to those observed in
the human stomach. In addition, and probably much more importantly,
the rate of gelation is slower than that observed for alginate. Some
recent work (Norton et al., submitted) has shown that by slowly adding
hydrochloric acid, gellan will gel at pH 4 and below. A maximum in gel
strength is observed between pH 3 and 4 (Fig. 10.20). As can be seen
from the figure, the pH affects gelation: the stiffness of the structures
(Young’s Modulus) and the total energy required for these structures to
‘fail’ (Total Work of Failure) both gave maximum values between pH
3 and pH 4 (Fig. 10.20b). Acid gels produced at either lower or higher
pH values (pH 2 or pH 5) were considerably weaker (Fig. 10.20a). As
the pH is reduced further, extensive aggregation of the gellan chains
was observed. This was seen as the gels, which at higher pHs were
clear, became very turbid. The aggregation resulted in weaker gels and
gels in which water could be squeezed out (Fig. 10.21) as if they were
sponges.

These authors showed that, as would be expected for hydrocolloid
gels, both the gel strength and the work of failure increase with the
gellan concentration (Fig. 10.20) and with a lowering of pH to 3. These
curves are shown to be linear and have a critical concentration (i.e. there
is a finite concentration to form a gel) with the strongest gel always
occurring at approximately pH 3. What was very clear was that the
material properties had a linear dependency on polymer concentration
for the pHs studied. This indicates that acid gels are behaving in a way
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Fig. 10.21 Showing photographs from video. Water squeezed out and then sucked in.

previously observed (Clark and Ross-Murphy, 2009) for many different
salt-induced hydrocolloid gels.

At pH below 3, the type of behaviour changes as the polymer chains
become uncharged so that extensive aggregation occurs. This results
in a cloudy appearance (scattering caused by the large aggregates). At
the same time, gels become sponge-like so that water can be squeezed
out. This has previously been reported for a number of cryogels of
hydrocolloids (Lozinsky et al., 2003). This is demonstrated in Fig.
10.21. On initial compression of the gel at pH 2, the gel starts to look
wet and a small amount of water appears to have been squeezed out.
On further compression, significant amounts of water are squeezed out,
and as the extent of strain reaches approximately 95%, the water can be
seen around the probe. As the compression is removed, the gel is seen
to spring back to some extent, although the cracks in the gel are clearly
visible. The water, which has been squeezed out on compression, is
sucked back into the gel so that after a few seconds no water can be seen.
This sequence of photographs helps explain the compression test, i.e., at
pH 2, the gel has paste-like rheology and a sponge-like consistency. As
mentioned earlier, these are similar to the cryogels previously studied
and reported by Lozinsky et al. (2003). The explanation put forward for
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cryogels was that the ice formed caused the polymer network into large
aggregates with large pores between them.

One of the main objectives for self-structuring is that the structure
produced to stop gastric emptying must eventually be removed from the
stomach to allow the next regular meal to be consumed. From the work
reported on gellan, it seems that aggregation caused the gel strength to
decrease as the pH goes below 3 and that the gel became a sponge-like
structure. This type of behaviour is potentially very important when
materials are being designed for self-structuring in the human stomach.
A gelling system that responds to acid to produce a strong elastic gel
and then changes structure as the acidity drops below pH 2 to give a
sponge-like structure could potentially lead to system that gives fullness
originally and then allow compression and compaction as the stomach
empties after digestion of the meal.

10.4 CONCLUSIONS

As this review has demonstrated, the use of practical rheology can help
in formulating healthy everyday foods, as long as the techniques are
used in combination and as tools to understand how microstructures
can be developed to give specific performance. By doing this, it is
likely that significant progress will be made in the next few years in
the development of healthier foods that fit into a normal everyday diet.
This is most likely to be for self-structuring systems for manipulation
of eating patterns, the use of tribology to understand the performance of
materials in the mouth and how consumers respond to reformulation of
foods, and in the development of duplex emulsions and their material
properties. The latter has promised such potential in the past but never
delivered due to production and stabilisation issues. However, recent
advances seem to offer hope for their future use in everyday foods.
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interfaces, 196–200
protein denaturation, 199–200
protein displacement, 198–9
protein-stabilised interfaces,

199
protein-stabilised, 200–203

addition of biopolymers, 202–3
addition of proteins, 202
addition of surfactants, 201–2
effect of processing, 203
pH and ionic strength, 201

water-in-water, 241–5
xanthan gum, 104–5

encapsulation, 125
epigallocatechin gallate (ECGC),

222
external gelation, 116–17, 118f
Eyring model, 12t
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falling sphere method, 138–9
fast Fourier transformation (FFT), 45
fat blends, 33t
fat globules, 142
fat replacement, 233–4

air-filled emulsion, 235–8
duplex emulsions, 232–5
partial, 231–2

fat suspension, 32t
feta cheese, 153
film-forming agent, 125
flavour perception, 176–9
flocculation, 104, 194–5
flow behaviour index, 12
flow curves, 11f
flow velocity, 46–8
fluid gels, 238–41

age-thickening process, 135
apparent viscosity, 135–6
fat globules, 142
Herschel-Bulkley yield stress, 136
measurements of rheological

properties, 139–41
falling sphere method, 139
rotational viscometers, 141
U-tube capillary viscometers,

140–41
Newtonian behaviour of, 134
rheological properties of, 134–9

mathematical models, 143–4
milk composition, 141–3
sensory perceptions and, 145–6
temperature, 144–5

shear-thinning behaviour, 135
fluids, 8
food additives, 122–8

appetite control, 127–8
encapsulation, 125
film-forming agent, 125
gelling agent, 123–4
immobilisation, 126
stabiliser, 126–7
texturisation of vegetative materials,

126
thickening agent, 124–5

food formulation, 219–49
duplex emulsions, 232–5
emulsions as partial fat replacement,

231–2

fat replacement with air-filled
emulsion, 235–8

microstructure approach, 220–30
food in the intestine, 228–30
food in the stomach, 226–8
oral perception of foods, 221–6
schematic representation of, 220

overview, 219, 230
self-structuring systems, 245–9

alginate, 245–6
gellan, 247–9

sheared gels, 238–41
water-in-water emulsions, 241–5

food pastes, 20–21
food processing, 101–3

freezing, 103
homogenisation, 102
thermal treatment, 101–2

food rheology, 8
case study, 3–5
fluid milk, 134–9

mathematical models, 143–4
milk composition, 141–3
sensory perceptions and, 145–6
temperature, 144–5

gel, 68–9
literature, 7–8
measurements, 139–41

effect of oral processing, 165–7
falling sphere method, 139
rotational viscometers, 141
U-tube capillary viscometers,

140–41
perception and, 173–90

flavour, 176–9
gels, 185–7
in vitro measurements of, 209–13
microstructure and, 181–3
mixing and, 179–80
mouthfeel, 184–5
shear rheology and, 187–90
thickness, 174–6

food structures, 104–5
emulsions, 104–5
gels, 105

foods
oral perception of, 221–6
in the stomach, 226–8

frequency sweep, 148–9
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fruit jams, 33t
functional magnetic resonance imaging

(fMRI), 206
fundus, 226f

galactomannan, 71–2, 78, 86–7
galactose, 62t
gastric juice, 227
Gaviscon, 119
gelatin, 185–7
gelation, 68–9. See also hydrocolloid

gums
acid, 246–7
alginate, 246
bead size, 118
calcium ions in, 115–16
egg box model, 115
external, 116–17, 118f
gellan, 247–9
internal, 116–17

gellan gum, 73–4
gelling conditions, 62t
molecular structure, 62t
self-structuring systems, 247–9
thickening conditions, 62t

gelling agent, 123–4
gels, 185–7

fluid, 238–41
sheared, 238–41
xanthan gum, 105

gluco-δ-lactone (GDL), 3–5
glucose, 62t
glucose syrup, 32t, 175
glucuronic acid, 62t
glycerin, 32t
glycerol, 32t
glycomannan, 138
Gouda cheese, 152–3
Grace curve, 188
gradient method, 46–7
guar gum, 87

galactomannans, 72
gelling conditions, 62t
lumen mass transfer coefficient,

230f
molecular structure, 62t
as thickeners, 106
thickening conditions, 62t

guluronate, 115, 121
guluronic acid, 73, 120f
gum Arabic, 75

haematocrit, 44
Haug triangle, 64f
Herschel-Bulkley fluid model,

48
Herschel-Bulkley model, 12t, 13, 67,

135–6, 161
heterotypic junction zones, 71
high temperature-short time (HTST)

pasteurisation, 102
high-ester pectin, 3–5
high-shear viscosity, 67
homogenisation, 102, 200
Hooke, Robert, 7
Hooke solid, 137
Hookean spring, 9
hydrocolloid gums, 61–79

behaviour in solution, 61–8
in foods, 77–9
gel rheology, 68–9
gelation, 68–9
gelling conditions, 62t
hydrocolloid-hydrocolloid

interactions, 69–77
molecular structure, 62t
overview, 61
role and interactions, 77–9
as thickeners, 160
thickening conditions, 62t

hydrogels, 115–19
hydroxypropyl guar gum, 32t
hydroxypropylmethyl cellulose

(HPMC), 177–9, 189
hypopharyngeal transit time,

204
hysteresis loop, 160–61

shear stress decay, 161–3

ice cream, 78
infinite-shear viscosity, 67, 137
internal gelation, 116–17
interpenetration networks, 73–4
intestine, food in, 228–30
intrinsic viscosity, 63–4
ionic strength, 201



PGN
ind BLBK342-Norton November 10, 2010 9:21 Trim: 244mm X 172mm Char Count=

Index 259

kaolin suspension, 33t
Kokini oral shear stress, 175f, 178
konjac glucomannan, 71–2, 90

LabVIEW, 46
Laminaria hyperborea, 113
large strain rheological analysis, 152–7

cutting with wire, 156–7
torsion test, 155–6
uniaxial compression, 152–4
uniaxial tension, 154–5
vane method, 155–6

limiting viscosity, 13
linear viscoelastic region (LVR), 17,

148–50
locust bean gum (LBG)

flow behaviour, 86–7
gelation, 70
gelling conditions, 62t
konjac glucomannan and, 71–2
in milk beverages, 138
molecular structure, 62t
thickening conditions, 62t
xanthan and, 78, 90–91, 94–5

loss modulus, 17, 19, 68, 137, 148
low molecular weight surfactants, 196
lumen mass transfer coefficient, 230f

Macrocystis pyrifera, 113
macrorheology, 9
maltodextrin, 75, 244
mannose, 62t
mannuronan epimerases, 121
mannuronate, 114, 121
mannuronic acid, 62t
Maras ice cream, 78
Mark-Houwink parameter, 64
marmalades, 33t
mastication, 221
MATLAB, 46
maximum compliance, 158
mayonnaise, 32t, 219–20, 240
measuring instruments, 23–6
methoxy pectin, 73
micelles, 143
microstructure, 20, 181–3
microstructure approach, 220–30

food in the intestine, 228–30

food in the stomach, 226–8
oral perception of foods, 221–6
schematic representation of, 220

milk, 134–47
age-thickening process, 135
apparent viscosity, 135–6
fat globules, 142
Herschel-Bulkley yield stress, 136
measurements of rheological

properties, 139–41
falling sphere method, 139
rotational viscometers, 141
U-tube capillary viscometers,

140–41
Newtonian behaviour of, 134
nonfat dry milk, 146
process engineering calculation,

146–7
rheological properties of, 137–9

mathematical models, 143–4
milk composition, 141–3
sensory perceptions and, 145–6
temperature, 144–5

milk fat, 142
milk protein, 78
mineral slurries, 32t
mixing, 179–80
mouth process model, 205
mouthfeel, 184–5

oral processes, 203–9
fluid dynamics, 206–7
interactions with oral surfaces,

208–9
interactions with saliva, 207–8
stages and phenomena, 204–6

mozzarella cheese, 150–51, 153–5,
158f

mucin, 208, 227

NaCl, 94–5
National Dysphagia Diet project, 106
Newton, Isaac, 7
Newtonian behaviour, 8
Newtonian dashpots, 9
Newtonian model, 12t, 13, 134
Newtonian viscosity, 134, 145
nonfat dry milk (NDM), 146
non-Newtonian behaviour, 8, 12
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oesophagus, 226f
oil-in-water emulsions, 200–203. See

also emulsions
addition of biopolymers, 202–3
addition of proteins, 202
addition of surfactants, 201–2
effect of processing, 203
instabilities in, 194–5

coalescence, 194
creaming, 195
flocculation, 194–5

pH and ionic strength, 201
protein functionality at liquid

interfaces, 196–200
protein denaturation, 199–200
protein displacement, 198–9
protein-stabilised interfaces, 199

oil-water interfaces, 198–9
oligosaccharides, 244
oral cavity, 205f
oral mucosa, 225–6
oral processes, 203–9. See also sensory

perception
fluid dynamics, 206–7
interactions with oral surfaces,

208–9
interactions with saliva, 207–8
stages and phenomena, 204–6

oscillation, 16–17
oscillatory shear, 10
oscillatory testing, 18–20
Ostwald-de Waele behaviour, 66
ovalbumin, 198

parallel plate rheometry, 24–5
partial fat replacement, 231–2
pasta sauce, 33t
pastes, 20–21
pasteurisation, 102
pectin, 3–5, 62t
pepsin, 227
pepsinogen, 227
perception, 173–90

flavour, 176–9
food formulation and, 221–6
gels, 185–7
in vitro measurements of, 209–13
microstructure and, 181–3

mixing and, 179–80
mouthfeel, 184–5
oral processing and, 165–7
rheological properties of milk and,

145–6
shear rheology and, 187–90
thickness, 174–6

pH, 95–9
effect on protein-stabilised

emulsions, 201
xanthan gum and, 95–9

pH sensitivity of solution
viscosity, 96–8

stability at low pH, 98–9
phase angle, 16–17, 137, 148
phase lag, 18–19
phase separation, 71, 75–6
phenomenological rheology, 9
Pickering stabilisation, 231, 234
Plexiglas, 40
point-wise rheological characterisation,

46–7
polyacrylamide, 32t
polyamide, 52–4
poly-β-D-mannuronate, 121
polydimethylsiloxane, 33t
polydimethylsiloxane (PDMS), 210,

212
polygalacturonic acid, 62t
polyglycerol polyricinolate (PGPR),

232–3
polymannuronate, 115
polymer exclusion, 71
polysaccharides, 161, 165, 184
power law, 12, 12t
power law fluid model, 47–8, 134–5
Powell-Eyring model, 12t
Prandtl model, 12t
pressure denaturation, 200
pressure drop, 29–30, 46
Principia, 7
propagation, 41–2
propylene glycol alginate (PGA),

115
proteins, 99–100

adsorption at oil-water interface,
197–8

cross-linking, 165, 237
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denaturation, 199–200
displacement, 198–9
functionality at liquid interfaces,

196–200
milk proteins, 99–100
xanthans and, 99–100

protein-stabilised emulsions, 200–203.
See also emulsions

addition of biopolymers, 202–3
addition of proteins, 202
addition of surfactants, 201–2
effect of processing, 203
pH and ionic strength, 201

proteolysis, 150
Pseudomonas aeruginosa, 114
pulsed ultrasound, 29
pyloric sphincter, 226f
pyloris, 226f
pyruvate, 89

Rabinowitch correction, 22
rapeseed oil, 33t, 52–4
relative hysteresis, 161
relative viscosity, 140
rheological analysis, large-strain

cutting with wire, 156–7
torsion test, 155–6
uniaxial compression, 152–4
uniaxial tension, 154–5
vane method, 155–6

rheology, 1–3
aims, 2
applied, 10
case study, 3–5
criteria, 2–3
definition of, 1–2, 10
gel, 68–9
interpretive approach in, 1
literature, 7–8
measurements, 139–41

falling sphere method, 139
rotational viscometers, 141
U-tube capillary viscometers,

140–41
microstructure and, 20
perception and, 173–90

flavour, 176–9
gels, 185–7

in vitro measurements of, 209–13
microstructure and, 181–3
mixing and, 179–80
mouthfeel, 184–5
shear rheology and, 187–90
thickness, 174–6

phenomenological, 9
results, 3
of soft solids, 20–23
structural, 9

rheology, Doppler ultrasound-based,
29–54

acoustic properties, 41–5
attenuation, 42
backscattering, 43–5
propagation, 41–2
scattering, 43
sound velocity, 42–3

Carbopol solution, 50–51
Doppler angle, 40–41
electronics, 45
flow adapters, 39–40
fluids and suspensions used, 32–3t
measurement parameters, 34–5t
models, 46–8

gradient method, 46–7
Herschel-Bulkley fluid model,

48
point-wise rheological

characterisation, 46–7
power law fluid model, 47–8

profile estimation, 45
publications, 31–8
rheometry, 49–50

averaging effects at pipe wall,
49

fitting, 49
gradient method, 50

signal processing, 45
software, 45–6
suspension of polyamide in rapeseed

oil, 52–4
transducers, 38–9

rheometers, 21–3
capillary, 21–2
controlled stress vs. controlled

strain, 24f
squeeze flow, 22–3
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rheometry, 9–10, 23–6
capillary, 26
concentric cylinder, 25
cone-and-plate, 23–4
in Doppler ultrasound-based

rheology, 49–50
averaging effects at pipe wall, 49
fitting, 49
gradient method, 50

dynamic/oscillatory shear, 10
parallel plate, 24–5
steady shear characterization, 10
vane, 25–6, 25f

rheopexy, 14
rotational viscometers, 141

Saccharina japonica, 113
salad dressings, 104–5
Salep glycomannan, 138
saliva, 207–8
salt reduction, 234–5
salts, 93–5
saturated fatty acids (SAFA), 244
scattering, 43
seafood chowder, 33t
sedimentation, 195
segregative phase separation, 78
self-structuring systems, 245–9

alginate, 245–6
gellan, 247–9

semi-fluids, 8
semi-solid dairy foods, 159–65. See

also cheese; fluid milk
flow properties, 159–63
hysteresis loop, 160–61
time-dependent flow behaviour

characterisation, 159–63
viscoelastic properties of, 164–5
yield stress, 163–4

sensory perception, 173–90
flavour, 176–9
food formulation and, 221–6
gels, 185–7
in vitro measurements of, 209–13
microstructure and, 181–3
mixing and, 179–80
mouthfeel, 184–5
oral processing and, 165–7, 203–9

fluid dynamics, 206–7

interactions with oral surfaces,
208–9

interactions with saliva, 207–8
stages and phenomena, 204–6

rheological properties of milk and,
145–6

shear rheology and, 187–90
thickness, 174–6

shampoo, viscosity of, 2
shear, 10
shear flow, 10–16

rheological models, 11–15
time-dependent flow models,

14–15
time-independent flow models,

11–14
wall slip, 15–16

shear loss compliance, 17
shear loss modulus, 17
shear rate, 11f, 12, 13f, 46, 137, 160–61
shear storage compliance, 17
shear storage modulus, 16–17
shear strain, 68
shear stress, 11f, 12, 13f, 68

correction, 22
wall, 21–2

shear stress amplitude, 18
shear stress decay, 161–3
sheared gels, 238–41
shear-thinning, 13, 135, 137
Sisko model, 12t, 13–14
skim milk, viscosity of, 142–3
small amplitude oscillatory tests,

148–51
smoothness, 221
Snell’s law, 41
soft solids, 20–23, 204
sound velocity, 42–3
squeeze flow rheometers, 22–3
stabiliser, 126–7
stage I transport, 204
stage II transport, 204
starch, 62t, 101, 106–8, 178–9
steel pipes, 40
sterilisation, 101–2
Stokes-Einstein equation, 195
stomach, food in, 226–8
storage and dispatch, 17
storage modulus, 17, 19, 68, 148
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strawberry yoghurt, 33t
stress relaxation test, 158–9
Stribeck curve, 210–11
structural kinetic model, 162–3
structural rheology, 9
surface denaturation, 199
surfactants, 32t, 196, 201–2
Swedish Institute for Food and

Biotechnology, 36–7
Swiss Federal Institute of Technology,

36

tan delta, 17
tara gum, 86
tensile testing, 154–5
texture perception, 165–7
texturisation of vegetative materials,

126
thermal denaturation, 200
thickeners, 106–8
thickening agent, 124–5
thickness, 221
thickness perception, 174–6
thixotropy, 14, 160–61
time-dependent flow models, 14–15
time-independent flow models,

11–14
tomato sauce, 33t
torsion test, 155–6
transducers, 38–9
tribology, 223–4
Trouton’s law, 68
time sweep, 149

ultra high temperature (UHT)
sterilisation, 102

ultrasonic velocimetry, history of,
30–31

ultrasonic velocity profiling (UVP),
29–30

history of, 30–31
literature, 31–8

ultrasonic velocity profiling
(UVP)-pressure drop (PD)
method, 29–54

acoustic properties, 41–5
attenuation, 42
backscattering, 43–5
propagation, 41–2

scattering, 43
sound velocity, 42–3

Carbopol solution, 50–51
Doppler angle, 40–41
electronics, 45
flow adapters, 39–40
fluids and suspensions used, 32–3t
measurement parameters, 34–5t
models, 46–8

gradient method, 46–7
Herschel-Bulkley fluid model, 48
point-wise rheological

characterisation, 46–7
power law fluid model, 47–8

profile estimation, 45
rheometry, 49–50

averaging effects at pipe wall, 49
fitting, 49
gradient method, 50

signal processing, 45
software, 45–6
suspension of polyamide in rapeseed

oil, 52–4
transducers, 38–9

uniaxial compression, 152–4
uniaxial tension, 154–5
Urick equation, 43
uronic acid, 114
U-tube capillary viscometers,

140–41

vane method, 156
vane rheometry, 25–6, 25f
vegetable sauces, 33t
vegetative materials, texturisation of,

126
viscoelasticity, 16–17

measurement of, 137–8
oscillatory testing, 18–20

viscometer, 9
viscometers

falling sphere method, 139
rotational, 141
U-tube capillary, 140–41

viscosity, 10–16
apparent, 135, 145
complex, 16, 138
definition of, 10
dynamic, 16
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viscosity (Continued)
infinite-shear, 67, 137
intrinsic, 63–4
limiting, 13
Newtonian, 134, 145
relative, 140
rheological models, 11–15

time-dependent flow models,
14–15

time-independent flow models,
11–14

wall slip, 15–16
zero-shear, 67, 137

viscous flow, 10
voxel, 44

wall shear rate, 21–2
wall shear stress, 21–2
wall slip, 15–16
water-in-water emulsions, 241–5.

See also emulsions
Weltmann model, 161–2
whey proteins, 143, 165
Williamson model, 12t
wine gums, 3–5
wire cutting test, 156–7
Wood equation, 43

xanthan gum, 85–110
applications, 106–8
conformational states of,

91–2
food ingredients and effects on

functionality, 93–103
acids, 95–9
proteins, 99–100

salts, 93–5
starch, 101

food processing and, 101–3
freezing, 103
homogenisation, 102
thermal treatment, 101–2

food structures, 104–5
emulsions, 104–5
gels, 105

future trends, 108–10
gel strength with locust bean gum,

90–91
gelling conditions, 62t
guar galactomannan and, 78
interactions with galactomannans,

86–7, 91
molecular structure, 62t, 85–91

primary structure, 89f
pyruvate content, 89
rheology and, 85–6
trisaccharide side chain, 88

pH and, 95–9
pH sensitivity of solution

viscosity, 96–8
stability at low pH, 98–9

synergistic interactions, 70–71
thickening conditions, 62t

Xanthomonas campestris, 85, 90
xyloglucan, 72

Yasuda constant, 137
yield stress, 10–11, 161–3
yoghurt, 160–61
Young modulus, 152

zero-shear viscosity, 67, 137
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