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Preface to the First Edition

Considering that the science of rheology of fluid and semisolid foods has advanced
considerably during the past few decades, it is educational for food professionals
to appreciate the basic principles of rheological behavior and proper measurement
of rheological properties, as well as the influence of composition and structure on
the properties. Fluid and semisolid foods encompass a wide range of composition
and structure, and exhibit rheological behavior including: simple Newtonian, shear-
thinning, shear-thickening, time-dependent shear-thinning and shear-thickening, as
well as viscoelastic behavior. In addition, often, many manufactured solid foods are in
a fluid state at some stage during their manufacture; thus rheological changes during
phase transitions are also important. A sound appreciation of food rheology should
be helpful in quality control and product development of foods. This text is intended
to be an introduction to the science of the rheology of fluid foods and its application
to practical problems.

One goal in writing this book is to introduce to interested students and scientists
the principles of rheological behavior (Chapter 1), rheological and functional models
applicable to fluid foods (Chapter 2), and measurement of the viscous and viscoelastic
rheological behavior of foods (Chapter 3). The science of rheology is based on prin-
ciples of physics of deformation and flow, and requires a reasonable knowledge of
mathematics. Thus these three chapters cover the basic principles necessary to under-
stand food rheology, to conduct rheological experiments, and to interpret properly
the results of the experiments. They also contain many functional relationships that
are useful in understanding the rheological behavior of specific foods. Readers are
urged to refresh their mathematics and physics backgrounds to understand the impor-
tance of several functional relationships. The science of rheology has been touched
by many eminent scientists, including Newton, Maxwell, Kelvin, Reiner, Einstein
(1921 physics Nobel laureate), Flory (1974 chemistry Nobel laureate), de Gennes
(1991 physics Nobel laureate), and Steven Chu (1997 physics Nobel laureate).

Rheological behavior of food gum and starch dispersions are covered in Chapter
4 and that of many processed foods are covered in Chapter 5, with emphasis on the
important developments and relationships with respect to the role of composition and
structure on rheological behavior. In Chapter 4, the rheological changes taking place
during starch gelatinization as a result of changes in starch granule size are covered.
In both Chapters 4 and 5, generally applicable results are presented. At the end of
Chapter 5, an extensive compilation of literature values of the rheological properties
of fluid foods is also provided along with the experimental techniques and ranges of
important variables covered in a specific study.

Novel and important applications of rheology to food gels and gelation phenomena
are covered in Chapter 6. In this chapter, the pioneering studies of Paul Flory and
Pierre de Gennes are introduced. Many foods are gel systems so that the theoretical and

vii
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practical aspects of these subjects are important and useful in understanding the role
of gelling polymers on rheological properties of homogeneous and phase-separated
gel systems.

Every food professional should recognize that sensory assessment of foods is
important. Therefore in Chapter 7, the role of rheological behavior in the sensory
assessment of viscosity and flavor of fluid foods is covered. It should be noted that
food rheologists have made many unique contributions to sensory assessment of
viscosity.

Lest one ignore the important role of rheological behavior and properties of fluid
foods in handling and processing foods, they are covered in Chapter 8. Here, the topics
covered include applications under isothermal conditions (pressure drop and mixing)
and under non-isothermal conditions (heat transfer: pasteurization and sterilization).
In particular, the isothermal rheological and nonisothermal thermorheological models
discussed in Chapters 3 and 4 are applied in Chapter 8.

Last but not least, I thank Paul Okechukwu and José Antonio Lopes da Silva
for collaborating in Chapters 5, 6, and 7. I am very grateful to the many graduate
students and visiting scientists who have worked with me, and contributed to my
better understanding of rheology of fluid and semisolid foods. Several references
listed at the end of each chapter are of studies conducted with my students who have
made valuable contributions. Herb Cooley has helped me with many figures used in
this book and in the conduct of several studies in my laboratory. Many persons have
helped me during my career, especially my professor at Ohio State, Bob Brodkey,
and my colleagues, Alfredo A. Vitali, ITAL, Brazil, and Ashim Datta, Cornell. The
mistakes in this book are mine and I hope that many of them can be corrected in a
future edition.

M. Anandha Rao, PhD

Department of Food Science and Technology
Cornell University

Geneva, NY, USA

December 8, 1998



Preface to the Second Edition

Following the very good acceptance of the first edition of Rheology of Fluid and
Semisolid Foods: Principles and Applications, it is a pleasure to present the second
edition.

Again, the book is divided in to eight chapters: Chapter I-—Introduction: Food Rhe-
ology and Structure, Chapter 2—Flow and Functional Models for Rheological Prop-
erties of Fluid Foods, Chapter 3—Measurement of Flow and Viscoelastic Properties,
Chapter 4—Rheology of Food Gum and Starch Dispersions, Chapter 5—Rheological
Behavior of Processed Fluid and Semisolid Foods, Chapter 6—Rheological Behav-
ior of Food Gels, Chapter 7—Role of Rheological Behavior In Sensory Assessment
of Foods and Swallowing, and Chapter 8—Application of Rheology to Fluid Food
Handling and Processing.

Many changes and additions have been incorporated in this edition. In fact, every
chapter has been revised. These revisions should help readers better appreciate the
important role rheological properties play in food science as well as to utilize them
to characterize foods. Some of the new topics covered in the second edition include:

Chapter 1. Role of structure/microstructure, glass transition, and phase diagram.

Chapter 2. Structural analyses and structure-based models.

Chapter 3. In-plant measurement of flow behavior of fluid Foods. Using a vane-in-
a-cup as a concentric cylinder system. The vane yield stress test can be used to obtain
data at small- and large-deformations. Critical stress/strain from the non-linear range
of a dynamic test. Relationships among rheological parameters. First normal stress
difference and its prediction.

Chapter 4. Yield stress of starch dispersions, and network and bonding compo-
nents, effect of sugar on rheology of starch dispersion, and rheology of starch-gum
dispersions.

Chapter 5. Structural analyses and structure-based models of processed foods are
discussed. In addition, in Appendix A, data on milk concentrates and viscoelastic
properties of tomato concentrates were added.

Chapter 6. Besides strengthening the coverage on dissolved-polymer gels, a section
was added on theoretical treatment of starch gels as composites of starch granules in
an amylose matrix.

Chapter 7. Comparison of oral and non-oral assessment techniques. Role of
rheology in swallowing—results of computer simulation. Rheological aspects of
creaminess.

Chapter 8. Heat transfer in continuous flow sterilization and to canned foods under
intermittent agitation.

I am grateful to the USDA-NRI, various companies, and international scientific
agencies for supporting my research. I am very grateful to the graduate students
and visiting scientists who have worked with me, and contributed to my better

1X
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understanding of rheology of fluid and semisolid foods. Several references listed
at the end of each chapter are of studies conducted with my students who have made
valuable contributions. I thank Paul Okechukwu and José A. L. da Silva for collab-
orating in Chapters 5, 6, and 7. Many persons have helped me during my career,
especially my professor at Ohio State, Bob Brodkey, and my colleague, Alfredo
A. Vitali, ITAL, Brazil. The mistakes in this book are mine and I hope that many of
them can be corrected in a future edition.

M. Anandha Rao, PhD

Department of Food Science and Technology
Cornell University

Geneva, NY, USA

December 26, 2006
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CHAPTER 1

Introduction: Food Rheology
and Structure

M. Anandha Rao

By definition, rheology is the study of deformation and flow of matter. The science
of rheology grew considerably due to research work done on synthetic polymers
and their solutions in different solvents that in turn was necessary due to the many
uses of the polymers (“plastics”) in day-to-day and industrial applications. Never-
theless, because of the biological nature of foods, food rheology offers many unique
opportunities of study and there exists a large body of food rheology literature. Many
foods are composed mainly of biopolymers and aqueous solutions containing dis-
solved sugars and ions. The former are large molecules, often called macromolecules,
such as proteins, polysaccharides, and lipids from a wide range of plant and animal
sources. In addition, water is an important component in many foods and plays a
major role in the creation of edible structures and their storage stability (Rao, 2003).
Processed foods may be viewed as edible structures that are created as a result of
the responses of proteins, polysaccharides, and lipids in aqueous media to different
processing methods, such as thermal processing, homogenization, and other physical
treatments. Most, if not all, of those responses are physical in nature. The measured
rheological responses are those at the macroscopic level. However, they are directly
affected by the changes and properties at the microscopic level (Rao, 2006). Thus,
it would be helpful to understand the role of structure of foods on their rheological
behavior.

Rheological properties are based on flow and deformation responses of foods when
subjected to normal and tangential stresses. A thorough study of the rheology of fluid
foods requires knowledge of tensors and the basic principles of fluid flow, such
as the equation of continuity (conservation of mass) and the equation of motion
(conservation of momentum). The necessary basic equations of fluid flow can be
derived (Bird et al., 1960) by conducting a balance of either mass or momentum on
a stationary volume element of finite dimensions (e.g., Ax, Ay, Az in rectangular
coordinates) through which the fluid 1s flowing.

Input + Generation = Output + Accumulation (1.1)

Because mass is not generated, in the derivation of the equation of continuity, the
second term on the left hand side of Equation 1.1 can be omitted. The applicable partial

1



2 RHEOLOGY OF FLUID AND SEMISOLID FOODS

differential equations are obtained in the limit as the dimensions of the control volume
tend to zero. The primary objective here is to point out to readers the origins of useful
relationships and the assumptions made in deriving them, and present the equation
of continuity in Appendix 1-A, and the equation of motion in cartesian, cylindrical,
and spherical coordinates in Appendixes 1-B, 1-C, and 1-D, respectively; for the
actual derivation of the transport equations the aforementioned references should
be consulted. The use of some of these equations in deriving equations for specific
measurement geometries will be illustrated in Chapter 3 and in processing applications
in Chapter 8. In vector and tensor form, the transport equations are quite concise
(Appendix 1-A).

Foods can be classified in different manners, including as solids, gels, homo-
geneous liquids, suspensions of solids in liquids, and emulsions. Fluid foods are
those that do not retain their shape but take the shape of their container. Fluid foods
that contain significant amounts of dissolved high molecular weight compounds
(polymers) and/or suspended solids exhibit non-Newtonian behavior. Many non-
Newtonian foods also exhibit both viscous and elastic properties, that is, they exhibit
viscoelastic behavior.

Fluid and semisolid foods exhibit a wide variety of rheological behavior ranging
from Newtonian to time dependent and viscoelastic. Fluid foods containing rela-
tively large amounts of dissolved low molecular weight compounds (e.g., sugars)
and no significant amount of a polymer or insoluble solids can be expected to exhibit
Newtonian behavior. A small amount (~1%) of a dissolved polymer can substantially
increase the viscosity and also alter the flow characteristics from Newtonian of water
to non-Newtonian of the aqueous dispersion. It is interesting to note that whereas the
rheological properties are altered substantially, magnitudes of the thermal properties
(e.g., density and thermal conductivity) of the dispersion remain relatively close to
those of water. Further, with one or two exceptions, such as that of food polymer
dispersions, it is difficult to predict precisely the magnitudes of the viscosity of fluid
foods mainly because foods are complex mixtures of biochemical compounds that
exhibit a wide variation in composition and structure. Therefore, studies on rhe-
ological properties of foods are useful and important for applications that include
handling and processing, quality control, and sensory assessment of foods. The lat-
ter is an important field of study to which food scientists have made significant
contributions.

The classification of rheological behavior and the measurement of rheological
properties of fluid foods were reviewed among others by Sherman (1970), Ross-
Murphy (1984), Rao (1977a, 1977b, 2005), Rao and Steffe (1992), Steffe (1996)
and others. In addition to these references, one must consult books on synthetic
polymer rheology for valuable information on viscoelastic behavior, measurement
techniques, and on the role of fundamental properties such as molecular weight on
viscoelastic behavior. In particular, the texts by Bird et al. (1977a, 1977b), Ferry
(1980), and Tschoegl (1989) have much useful information on viscoelasticity. Barnes
et al. (1989) discussed rheology in a lucid manner.
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Techniques for measuring rheological properties, especially flow properties, were
well covered by Van Wazer et al. (1963) and those of viscoelastic properties by Walters
(1975), Whorlow (1980), Dealy (1982), and Macosko (1994). An examination of the
early experimental efforts covered in Van Wazer et al. (1963) would be educational
for the innovations in experimental techniques and developments in interpretation
of rheological behavior. In this respect, a review (Markovitz, 1985) of the studies
conducted soon after the Society of Rheology was formed also provides a fascinating
picture of the development of the science of theology. While one should appreciate
the ease with which many rheological measurements can be performed today primar-
ily due to the availability of powerful desk-top computers, it is essential that food
rheologists understand the underlying principles in rheological measurements and
interpretation of results. In addition, low-friction compressed-air bearings, optical
deformation measurement systems, and other developments also have contributed to
measurements on foods and other low viscosity materials.

STRESS AND STRAIN TENSORS

While scalar quantities have magnitudes, vectors are defined in terms of both direc-
tion and magnitude and have three components. Tensors are second-order vectors

and have nine components. In a Cartesian system of coordinates, a stress tensor (?)
of force imposed on unit surface area of a test material can be resolved in terms of
nine components (o;;), three normal and six tangential stresses. In simple shearing
(viscometric) flow that is encountered in the flow geometries: capillary, Couette,
cone-and-plate, and parallel plate, oy = o071 while the other four tangential com-
ponents, 13,023,031, and o3 are equal to zero, so that the stress tensor may be
written as:

o on o2 0
T=1| oy o071 O (1.2)
0 0 o33

The stresses, 011, 022, and 033 are normal stresses that are equal to zero for Newtonian
fluids and may be of appreciable magnitudes for some foods, such as doughs. The

components of the deformation tensor, e, in viscometric flows are:

(1.3)

Q&
i
ox o
oo
oo o

where, y is the shear rate.

Rheological properties of food materials over a wide range of phase behavior
can be expressed in terms of viscous (viscometric), elastic and viscoelastic func-
tions which relate some components of the stress tensor to specific components of
the strain or shear rate response. In terms of fluid and solid phases, viscometric
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functions are generally used to relate stress with shear rate in liquid systems, while
elastic functions are related to the appropriate stress function to strain in solids.
Viscoelastic properties cover the combination where a material exhibits both viscous
and elastic properties.

VISCOMETRIC PROPERTIES

Three material functions: the viscosity function 7, and the first and second normal
stress coefficients W1 and W, can be evaluated from the stress tensor using Equations
(1.3-1.5) which relate specific stress components oy; to the shear rate y:

021 = n(y) (1.4)
o1 — 02 = W () (1.5)
ox — 033 = Wy (y)? (1.6)

Steady state experiments employing rotational, capillary and tube flow viscome-
ters are commonly used to generate data for evaluation of these material properties.
Reported values of the viscometric coefficients for many materials, especially syn-
thetic polymers, indicate that n and W are large and positive, whereas W, is small
and negative (Macosko, 1994). While the first normal stress difference is known
to be responsible for the climbing fluid film phenomenon often referred to as the
“Weissenberg effect,” extrudate swell, and normal force pump, the second normal
stress difference determines where the free surface of a fluid flowing down a trough
would be convex (Barnes et al., 1989; Macosko, 1994). Magnitudes of W1 (y) of
starch dispersions shown in Figure 1-1 illustrate typical values and role of shear rate
(Genovese and Rao, 2003). In Chapter 3, the relationship between some of the rheo-
logical parameters from steady shear and oscillatory shear, as well as the first normal
stress coefficient in dynamic shear, ¥ (w), will be discussed.

Most rheological studies have been concentrated on the viscosity function and
dynamic viscoelastic properties, and much less on normal stress differences (Rao,
1992). The former has been shown to depend on the molecular weight and also plays
an important role in handling of foods, for example, flow and heat transfer appli-
cations. Beginning about the mid 1960s, there has been a gradual paradigm shift
from normal stresses to dynamic rheological properties as measures of viscoelastic
properties. One reason for the shift appears to be the difficulties in obtaining reli-
able magnitudes of normal stresses with cumbersome rheometers and, compared to
dynamic rheological properties, their limited practical application. Another reason is
that with the availability of automated rheometers, measurement of dynamic rheo-
logical parameters has become very popular and manageable. Therefore, one does
not encounter much data on normal stress functions of foods.

The relationships between stress and strain, and the influence of time on them are
generally described by constitutive equations or rheological equations of state (Ferry,
1980). When the strains are relatively small, that is, in the linear range, the constitutive
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Figure 1-1 First Normal Stress Coefficient Data of Starch Dispersions with Different Concentrations as
a Function of Shear Rate (Genovese and Rao, 2003). Abbreviations: cwm, cross-linked waxy maize; tap,
tapioca; gran, granule.

equations are relatively simple. Equations 1.5 and 1.6 are constitutive equations of
viscoelastic behavior under continuous shear (nonlinear range). In the limit of low
strains, relationships exist between the above material functions and those obtained
from dynamic and creep experiments. Constitutive equations will be discussed further
in Chapter 4.

SHEAR STRESS-SHEAR RATE RELATIONSHIPS

To understand rheological properties of foods in a systematic manner, it is convenient
to first study the principles of rheological behavior of fluid and solid foods. Viscosity
data must be obtained with well designed viscometers and expressed in fundamental
units. Viscosity data in units that are specific to a particular brand viscometer, such
as the time to flow out of a specific cup or the manufacturer’s arbitrary viscosity, will
not be applicable universally, and the viscosity values are of limited value. Viscosity
is best determined using geometries in which the shear rate can be calculated from
the dimensions of the measuring system and experimental data, such as the velocity
or volumetric flow rate of a fluid or the rotational speed of a rotating cylinder, cone or
plate. In general, the determination of stress corresponding to the shear rates is not very
difficult. However, calculation of applicable shear rate requires effort. Unfortunately,
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there have been too many instances in which such effort has not been expended. In
addition to the dynamic viscosity determined in shear fields, one can also determine
viscosity in extensional shear fields (Padmanabhan, 1995) as discussed later.

UNITS IN RHEOLOGICAL MEASUREMENT

Shear Rate, denoted by the symbol, y, is the velocity gradient established in a fluid
as a result of an applied shear stress. It is expressed in units of reciprocal seconds,
s~1. Shear Stress is the stress component applied tangentially. It is equal to the force
vector (a vector has both magnitude and direction) divided by the area of application
and is expressed in units of force per unit area (Pa). The nomenclature committee
of the Society of Rheology recommends that the symbol o be used to denote shear
stress. However, the symbol 7 that was used to denote shear stress for a long time
can be still encountered in rheology literature.

Viscosity, is the internal friction of a fluid or its tendency to resist flow. It is
denoted by the symbol n for Newtonian fluids, whose viscosity does not depend on
the shear rate, and for non-Newtonian fluids to indicate shear rate dependence by 7,.
Depending on the flow system and choice of shear rate and shear stress, there are
several equations to calculate. Here, it is defined by the equation:

shear stress o

o 2 1.7
a shear rate % (17

The preferred units of viscosity are Pa s or mPa s. Some of the older units and their
relation to the SI unit are given in Table 1-1. It is clear that the shear rate employed
in the calculation must be specified when the magnitude of apparent viscosity is
discussed. Apparent viscosity has many useful applications in characterizing a fluid
food; in particular, in the characterization of shear-thinning fluids, the apparent vis-
cosity at low shear rates, called the zero-shear rate viscosity (1p), is a useful parameter.

Table 1-1 Conversion Factors for Viscosity, Kinematic Viscosity, and Activation
Energy of Flow

The Sl unit for viscosity is Pa s
1Pas=1000cP=1Nsm2=1kgm~1s"1=0.67197 lbm ft~1 s~
1 poise (P) =1dynescm™2 =0.1 Pas

1¢P =0.001 Pas=1mPas=0.01P

1lbmft-1s 1 =1.4882kgm~' s~ 1 =1.4882 Pas = 1488.2 cP
Kinematic viscosity (cSt) = viscosity (cP)/density (g cm—23)

1 St =100 ¢St = 0.0001 m? s~

1 calorie = 4.1868 joule (J)

The gas constant, R = 8.314 (J mol~! K~ 1)

Boltzmann constant, k = 1.38 x 10723 N m K1
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Because much work was done with viscosity expressed in poise in sensory assessment

of viscosity, the same tradition will be continued in Chapter 7 on sensory assessment
of viscosity.

TYPES OF FLUID FLOW BEHAVIOR

The major types of fluid flow behavior can be described by means of basic shear
diagram of shear rate versus shear stress, such as Figures 1-2 and 1-3. In Figure 1-2,
the shear stresses are plotted against the shear rates (independent variable) which is
the conventional method. However, some authors plot shear rates against the shear
stresses (independent variable) as shown in Figure 1-3. With the introduction of

controlled-stress rheometers, the use of shear stress as the independent variable is
often desirable.

Newtonian Behavior

With Newtonian fluids, the shear rate is directly proportional to the shear stress and the
plot begins at the origin. Typical Newtonian foods are those containing compounds
of low molecular weight (e.g., sugars) and that do not contain large concentrations of
either dissolved polymers (e.g., pectins, proteins, starches) or insoluble solids. Exam-
ples of Newtonian foods include water, sugar syrups, most honeys, most carbonated
beverages, edible oils, filtered juices and milk.

All other types of fluid foods are non-Newtonian which means that either the
shear stress—shear rate plot is not linear and/or the plot does not begin at the origin,

oN————————7——————
—e— Shear thinning
—— Herschel-Bulkley ]
500 | | —=— Newtonian A
—v— Bingham -7
—— Shear thickening -
_
)
=¥
S’
W
723
O
=
w
=
=)
O
=
%)

0 20 40 60 80 100
Shear rate (s'l)

Figure 1-2 Basic Shear Diagram of Shear Rate versus Shear Stress for Classification of Time-Independent
Flow Behavior of Fluid Foods: Newtonian, Shear-Thinning, and Shear-Thickening. Also, some foods have
yield stress that must be exceeded for flow to occur: Bingham and Herschel-Bulkley (H-B).
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20

Figure 1-3 Basic Shear Diagram Similar to Figure 1-2, Except that Shear Stress is Plotted as the
Independent Variable: Newtonian, Shear-Thickening, Bingham, and Herschel-Bulkley.

or the material exhibits time-dependent rheological behavior as a result of structural
changes. Flow behavior may depend only on shear rate and not on the duration of shear
(time-independent) or may depend also on the duration of shear (time-dependent).
Several types of time-independent flow behavior of foods have been encountered.

Shear-Thinning Behavior

With shear-thinning fluids, the curve begins at the origin of the shear stress—shear
rate plot but is concave upwards, that is, an increasing shear rate gives a less than
proportional increase in shear stress. Shear-thinning fluids are popularly called pseu-
doplastic. The expression shear-thinning is preferred compared to pseudoplastic
because it is an accurate description of the shear rate—shear stress curve. Shear-
thinning may be thought of being due to breakdown of structural units in a food due to
the hydrodynamic forces generated during shear. Most non-Newtonian foods exhibit
shear thinning behavior, including many salad dressings and some concentrated
fruit juices.

Yield Stress

The flow of some materials may not commence until a threshold value of stress,
the yield stress (o9) (see Figures 1-2 and 1-3), is exceeded. Although the concept
of yield stress was questioned recently (Barnes and Walters, 1985), within the time
scales of most food processes the concept of yield stress is useful in food process
design, sensory assessment, and modeling. Shear-thinning with yield stress behavior
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is exhibited by foods, such as tomato concentrates, tomato ketchup, mustard, and
mayonnaise. In the event, the shear rate—shear stress data follow a straight line with
a yield stress, the food is said to follow the Bingham plastic model.

Shear-Thickening Behavior

In shear-thickening behavior also, the curve begins at the origin of the shear stress—
shear rate plot and 1s concave downwards, that is, an increasing shear stress gives a
less than proportional increase in shear rate. This type of flow has been encountered
in partially gelatinized starch dispersions. The expression dilatant is popularly and
incorrectly used to describe shear-thickening. However, because dilatancy implies an
increase in the volume of the sample during the test, it is incorrect to use it to describe
shear-thickening rheological behavior. Strictly speaking, shear-thickening should be
due to increase in the size of the structural units as a result of shear.

Time-Dependent Behavior

Foods that exhibit time-dependent shear-thinning behavior are said to exhibit
thixotropic flow behavior. Most of the foods that exhibit thixotropic behavior are
heterogeneous systems containing a dispersed phase that is often very fine. At rest,
the particles or molecules in the food are linked together by weak forces. When
the hydrodynamic forces during shear are sufficiently high, the inter-particle link-
ages are broken resulting in reduction in the size of the structural units that in turn
offer lower resistance to flow during shear (Mewis, 1979). This type of behavior
is common to foods such as salad dressings and soft cheeses where the structural
adjustments take place in the food due to shear until an equilibrium is reached. Time-
dependent shear-thickening behavior is called antithixotropic behavior. Formerly,
it was called rheopectic behavior, but the Society of Rheology recommended the
expression antithixotropic. This type of behavior, although rare, is being detected in
many foods due to the development of sensitive automated rheometers. When shear
rate versus shear stress data are obtained first in ascending order of shear rate and
immediately afterwards in descending order, the two curves will not coincide and
values of the latter will be lower than the former for thixotropic foods (Figure 1-4).
Repetition of the experiments will result in an equilibrium hysteresis loop.

In antithixotropic behavior, the shear stress values in descending order of shear rates
are higher than those in ascending order (Figure 1-5). The characterization of these
types of flow is an important research problem at this time. The primary difficulty
in obtaining reliable thixotropic or antithixotropic data is that often loading of the
test sample in to a measuring geometry induces structural changes that cannot be
either controlled or expressed quantitatively. Therefore, considerable caution should
be exercised in using the area of hysteresis loop as a measure of thixotropic behavior
and a characteristic of the food sample because the magnitude of the area will depend
on the shear to which the sample is subjected to prior to and during loading of the
sample into a viscometer.
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Figure 1-4 Time-Dependent Shear-Thinning (thixotropic) Behavior of a Tapioca Starch Dispersion
Heated at 67°C for S min, Data of Tattiyakul (1997).
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Figure 1-5 Time-Dependent Shear-Thickening (antithixotropic) Behavior of a Cross-linked Waxy Maize
Starch Dispersion Heated at 120°C for 30 min, Data of Chamberlain (1996). Note that the decreasing shear
curves of the samples had higher stress values than the increasing shear curves.
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APPARENT VISCOSITY

Additional information can be obtained from a basic shear (shear stress—shear rate)
diagram (see Figure 1-2) and the equations that describe the data in it. The yield stress
oo (if present) can be read off the diagram. One can calculate the apparent viscosity at
any given shear rate. For example, the apparent viscosity at a shear rate of 50 s~! is:
oo = (1.8)
Y50
where, o5 is the shear stress corresponding to a shear rate of 50 s~!. The zero-shear
viscosity 79, 1S an important parameter in the study of shear-thinning fluids. It is the
limiting viscosity at very low shear rates. The important role of g in the study of
biopolymer dispersions will be discussed in Chapters 2 and 4.

INTRINSIC VISCOSITY

Many foods contain high-molecular weight polymers, such as proteins, pectins, and
others. Often, they contribute significantly to the structure and viscosity of foods. In
dilute solutions, the polymer chains are separate and the intrinsic viscosity, denoted
as [n], of a polymer in solution depends only on the dimensions of the polymer
chain. Because [n] indicates the hydrodynamic volume of the polymer molecule and
is related to the molecular weight and to the radius of gyration, it reflects impor-
tant molecular characteristics of a biopolymer. The concentrations of polymers used
should be such that the relative viscosities (n/ns) of the dispersions are from about
1.2 to 2.0 to assure good accuracy and linearity of extrapolation to zero concentration
(Morris and Ross-Murphy, 1981; da Silva and Rao, 1992). Intrinsic viscosity can
be determined from dilute solution viscosity data as the zero concentration-limit of
specific viscosity (nsp) divided by concentration (c):

[n] = 122}%} (nsp/c) (1.9)

where, ngp = [(n — ns)/ns], and n and n; are the viscosities of the solution and the
solvent, respectively. When a dilute solution exhibits shear-thinning behavior, its
zero shear viscosity, 7o, at very low shear rates, sometimes referred to as “vanishing
shear rates,” may be used in place of the Newtonian viscosity 1. We note that there
are several ways of determining the intrinsic viscosity [n] from experimental dilute
solution viscosity data (Tanglertpaibul and Rao, 1987). The two equations commonly
employed for determining [1] of food gums are those of Huggins (Equation 1.10) and
Kraemer (Equation 1.11):

?Z—p =[n]+k e (1.10)

In (ny)/c = [n) + kalnl’c (L.11)

In Equation (1.11), 5, is the relative viscosity (n/ns). Equations 1.10 and 1.11 imply
that plots of nsp/c versus ¢ and In(n;)/c versus ¢ would result in straight lines,
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respectively. The extrapolations are usually done for relative viscosity values between
1.2 and 2.0 when the corresponding specific viscosities are between about 0.2 and
1.0. The Huggins constant &) is considered to be an index of the polymer—polymer
interaction with a large number of the reported values being between 0.3 in good
solvents and 1.0 in theta solvents; the higher values are attributed to the existence
of association between the macromolecules. The Huggins and Kraemer constants
(k1 and k) are theoretically related by the equation:

ki =k +0.5 (1.12)

The Huggins equation has been used much more extensively and in Figure 1-6 intrin-
sic viscosity determination of mesquite seed gum, a galactose-mannose polymer,
based on the equation is illustrated (Yoo et al., 1994).

For polyelectrolytes (charged polymers), a plot of nsp/c versus ¢ may be a curve.
An alternate expression of Fuoss and Strauss (1948) can be used (Chamberlain and
Rao, 2000):

Ty (1.13)

(1+Bcl72)

When (c/nsp) is plotted against ¢!'/2, a straight line is obtained with an intercept of
1/[n] and a slope of B/[n].

The Mark-Houwink empirical equation relates intrinsic viscosity and the average
molecular weight (M):

(7] = K (M)° (1.14)

flsp/c

0 0.01 0.02 0.03
Concentration, g dL!

Figure 1-6 Intrinsic Viscosity Determination of Mesquite Seed Gum, a Galactose-Mannose Polymer,
Based on the Huggins equation.
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where K and a are constants at a specific temperature for a given polymer-solvent
system. The magnitude of the constant a is generally in the range 0.5 to 0.8 when
conformation of the polymer is random coil (Launay et al., 1986); for polymers that
assume compact conformations, the magnitudes of the exponent a are lower than
0.5. Magnitudes of higher than 0.8 are encountered when hydrodynamic interactions
are absent (free draining random coil), that is, when the solvent can drain freely
between the macromolecules, as is the case when the conformations are elongated
and rigid (rod like polymers). A large number of models have been used to deduce
intrinsic viscosity-molecular weight relationships (Launay et al., 1986), including the
equivalent sphere model (Flory—Fox equation), the random flight model for flexible
chain molecules, the worm-like chain model, and rigid elongated molecules. Rigid
elongated conformations have been associated with large values of the Mark-Houwink
exponent with values of 1.7-1.8 being reported for some polyelectrolytes at low ionic
strength and high degree of disassociation. The magnitudes of intrinsic viscosity and
of molecular weight of several biopolymers are given in Table 1-2 (da Silva and
Rao, 1992). It is seen that significant differences in the magnitudes are encountered
depending on the structural characteristics, such as molecular mass (length of the
chain) and different degrees of substitution. For polymers with charges, [n] and
rheological behavior are also affected by the pH and the ionic strength of the solution;
therefore, their values should be controlled in studies of [n] and their rheological
behavior.

Table 1-2 Examples of Magnitudes of Intrinsic Viscosity (] and Average Molecular
Weight (M) of Some Biopolymers

Biopolymer Solvent M [n] (di/g) Reference
Apple pectin
DE*—72.9% NaCl 0.155 M 155,000 6.13  Michel (1982)
DE—60.5% 113,000 4.45
Xanthan gum Water 168 Launay et al. (1984)
NaCl 2% 36.7
Sodium alginate  lonic force
0.01 200,000 5.99
500,000 17.2 Smidsred (1970)
1.0 200,000 3.72
500,000 8.26
Locust bean gum Water 1,600,000 11.2 Doublier (1975)
1,100,000 7.70
Guar gum Water 440,000 4.5 Robinson et al. (1982)

1,650,000 12.5

*DE stands for degree of esterification.
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Intrinsic viscosity is very useful as a measure of the hydrodynamic volume of
food polymers and has been used for studying the role of polymer concentration on
zero-shear viscosity of several food polymers (Chapter 4).

STRESS-STRAIN BEHAVIOR OF SOLID FOODS

Equations 1.2 to 1.4 represent material functions under large deformations (e.g.,
continuous shear of a fluid). One may recall a simple experiment in an introductory
physics course where a stress (o) is applied to a rod of length L in a tension mode
and that results in a small deformation AL. The linear relationship between stress (o)
and strain (y) (also relative deformation, y = AL/L) is used to define the Young’s
modulus of elasticity £ (Pa):

o =Ey (1.15)

If the solid does not shows time-dependent behavior, that is, it deforms instanta-
neously, one has an ideal elastic body or a Hookean solid. The symbol E for the
modulus is used when the applied strain is extension or compression, while the sym-
bol G is used when the modulus is determined using shear strain. The conduct of
experiment such that a linear relationship is obtained between stress and strain should
be noted. In addition, for an ideal Hookean solid, the deformation is instantaneous.
In contrast, all real materials are either viscoplastic or viscoelastic in nature and, in
particular, the latter exhibit time-dependent deformations. The rheological behavior
of many foods may be described as viscoplastic and the applicable equations are
discussed in Chapter 2.

LINEAR VISCOELASTICITY

One convenient manner of studying viscoelasticity is by stress relaxation where the
time-dependent shear stress is studied for step increase in strain. In Figure 1-7, the
stress relaxation of a Hookean solid, and a viscoelastic solid and liquid are shown
when subjected to a strain instantaneously and held constant. The relaxation modulus
can be calculated as:

o(t,y)

G(t,y) = (1.16)

Because a Hookean solid deforms instantaneously, the imposed strain has a time-
dependent profile similar to that of the stress. For relatively small strains, shear
normal stresses and the type of deformation (e.g., linear or shear) will not be important.
Further, the extensional and the shear relaxation moduli are related as:

E() = 3G(t) (1.17)
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~ Hookean

Time

Figure 1-7 Stress Relaxation Response of a Fluid, Ideal Elastic Solid, and a Viscoelastic Material. The
experimental response is not shown separately because it is the same as that of the ideal elastic solid are
identical.

Boltzmann suggested that when the changes in stress and strain are small, one can
express the change in stress as:

do = ydG (1.18)

Defining the memory function as: M (¢) = —dG(¢)/d¢, one can express a large linear
deformation as the sum of all the small linear deformations that in turn can be written
as the integral over all past times:

t
o= — f M@ — )y Hdd (1.19)
—00

where, ¢’ is the past time variable in the range — o0 to the present time ¢. The elapsed
time is denoted as s = (¢ — ¢'), and Equation 1.17 can be written as:

!
o= — / M(s) y(t — s)ds (1.20)

The above equation is a one-dimensional model of linear viscoelastic behavior. It can
be also written in terms of the relaxation modulus after noting that:

d
do = Gdo =Galt’~dt=Gydz (121)
!

o= — f G(t —t)ydd (1.22)

—00
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Therefore, the stress is an integral over past time of the product of the relaxation
modulus and the rate of strain. The relaxation modulus can be expressed in terms of
a series of relaxation times, A,, and the constants, G,:

N
G(t) =) Gy exp(—t/hy) (1.23)

n=1

In the unlikely event of G(#) being described by a single exponential term:
G(t) = Gpexp(—t/X1) (1.24)

From the above equation, one obtains the simple Maxwell model:

t
o =— f Goe™ =y dy (1.25)

-0

One can express linear viscoelasticity using the relaxation spectrum H (1), that is,
using the relaxation time A. The relationship between the relaxation modulus and the
spectra is:

G(s) = f H_i’\—)e-ffk di (1.26)
0

Linear Viscoelasticity in Differential Form

Three equations are basic to viscoelasticity: (1) Newton’s law of viscosity, o = ny,
(2) Hooke’s law of elasticity, Equation 1.15, and (3) Newton’s second law of motion,
F = ma, where m is the mass and a is the acceleration. One can combine the
three equations to obtain a basic differential equation. In linear viscoelasticity, the
conditions are such that the contributions of the viscous, elastic, and the inertial
elements are additive. The Maxwell model is:

do

A
iy

=ny = AGyy (1.27)
A convenient manner of interpreting viscoelastic behavior of foods is in terms of a
spring that has a modulus £ and a dashpot that represents a Newtonian fluid with
viscosity 7 that can be arranged either in series (Maxwell model) (Figure 1-8, left)
or in parallel (Kelvin—Voigt model). In the Maxwell model, for slow motions the
dashpot, that is, Newtonian behavior dominates. For rapidly changing stresses, that
is, at short times, the model approaches elastic behavior. The use of models such as
the Maxwell and the Kelvin—Voigt (Figure 1-8, right) and their combinations is valid
only when the experimental data are obtained within the linear viscoelastic range.
Many studies on foods have reported measurements in the linear viscoelastic range
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Figure 1-8 Maxwell Model (Left) and Kelvin—Voigt Model (Right) Illustrate Mechanical Analogs of
Viscoelastic Behavior.

so that the Maxwell and the Kelvin—Voigt models and their combinations were used
in the interpretation of results of such studies (Chapters 3 and 5).
The relaxation time for a Maxwell element (Figure 1-8, left) is defined as:

n
o 1.28
n=z (1.28)

From data in a stress relaxation experiment (Chapter 3), where the strain is constant
and stress is measured as a function of time, o (), the relaxation time may be estimated
from the time necessary for [0 (¢)/0(0)] to become (1/e) = 0.368. Typically, several
Maxwell elements are used to fit experimental data, o (¢). For the Kelvin—Voigt
element (Figure 1-8, right) under stress, the equation is:

d
a=n%+ﬂy (1.29)

For constant stress, the above equation can be integrated to describe the deformation:
[0}
A= z [1 —exp(—E/n)t] (1.30)
In terms of the retardation time, >, the above equation is:
o
Y=zx [1 —exp(—t/t2)] (1.31)

The Kelvin—Voigt elements are used to describe data from a creep experiment and the
retardation time (1) is the time required for the spring and the dashpot to deform to
(1 — 1/e), or63.21% of the total creep. In contrast, the relaxation time is that required
for the spring and dashpot to stress relax to 1 /e or 0.368 of o (0) at constant strain. To
a first approximation, both 7; and 7, indicate a measure of the time to complete about
half of the physical or chemical phenomenon being investigated (Sperling, 1986).

LENGTH SCALE OF FOOD MOLECULES AND FOODS

When studying the rheological behavior of a food, knowledge of the composition of
the food, especially the important structuring components (e.g., dissolved polymers,
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suspended solids), the structure of the food itself (e.g., homogeneous or phase-
separated gel, emulsion), and the processing and storage conditions would be helpful
as they all often affect the behavior. The structure of a food is the result of specific
and nonspecific interactions at levels ranging from the molecular (< 1-100 nm) to the
supramolecular (2 x 10° to 107 nm) (Clark and Ross-Murphy, 1987; Aguilera and
Stanley, 1999). Specific interactions at the molecular level are between distinct atoms
that result in covalent bonds, hydrogen bonding, enzyme-substrate coupling, as well
as hydrophobic interactions. Much of the work in understanding foods, especially
biopolymer gels, has been based on studies at the molecular level from which the
structural details at the supramolecular level have been inferred.

In dispersions, however, the structure of the food particles plays a major role in
defining the rheological behavior. Either large molecules or finely subdivided bulk
matter could be considered to be colloidal matter that is, the particles are in the range
1072~10~° m in dimension. Natural colloidal systems include milk, cloudy fruit
juice, and egg-white. With a colloidal particle, the surface area of the particle is so
much greater than its volume that some unusual behavior is observed, for example,
the particle does not settle out by gravity (i.e., they neither float nor sink). There-
fore, principles of colloidal science are also useful in understanding the rheological
behavior. For example, colloids can be classified as lyophilic (solvent loving) or
lyophobic (solvent fearing) and when the solvent is water they are called hydrophilic
and hydrophobic, respectively.

At the molecular length scales, different spectroscopic methods are suitable for
studies. For supramolecular structures, that have length scales >2000 nm, various
techniques, such as microscopic, light scattering, and laser diffraction, have become
routine tools to study quantify/understand microstructure and they have been reviewed
in various chapters of this book and elsewhere (Aguilera and Stanley, 1999). In
addition to microscopic and size distribution data, fractal dimension has been used
to characterize food particles. Fractal dimension indicates the degree to which an
image or object outline deviates from smoothness and regularity. The term fractal
was coined by Mandelbrot (1982) who introduced dimensions “between” the con-
ventional Euclidean dimensions of 1, 2, and 3, in order to describe structures that are
not Euclidean lines, surfaces or solids. One characteristic of fractal objects is their
“self-similarity,” the attribute of having the same appearance at all magnifications.
However, real materials or “natural fractals” are self-similar only over a limited range
of scales (Marangoni and Rousseau, 1996). A fractal dimension from 1 to 2 describes
the area filling capacity of a convoluted line and a fractal dimension from 2 to 3
describes the volume filling capacity of a highly rugged surface (Barret and Peleg,
1995). Based on this definition, smooth surfaces are associated with a value of sur-
face fractal dimension, Dy = 2.0, while extremely convoluted surfaces have values
approaching 3.0 (Nagai and Yano, 1990).

The fractal dimension can be estimated by several techniques, including structured
walk (Richardson’s plot), bulk density-particle diameter relation, sorption behavior
of gases, pore size distribution, and viscoelastic behavior. The fractal dimension
obtained by each method has its own physical meaning (Rahman, 1997).
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PHASE TRANSITIONS IN FOODS

The expression transition refers to a change in physical state and, in a food, the
transition of concern is often either from liquid to solid, solid to liquid, or solid to
solid. It is caused primarily by a change in temperature (heating and/or cooling) or
pressure (Roos, 1998). However, auxiliary conditions, such as pH and presence of
divalent ions, as well as enzymatic action aid liquid to solid transitions. For example,
gels can be created from Casein either by enzymatic action followed by precipitation
with Ca®* or by acid coagulation.

The thermodynamic definition of a phase transitions is based on changes occurring
in Gibbs free energy, G, and chemical potential, u, at the transition temperature
(Sperling, 1986, 2001). A first-order transition is defined as one in which the first
derivatives of G and p with respect to temperature exhibit discontinuities at the
transition temperature. Concomitantly, a step change occurs in enthalpy, entropy, and
volume at the transition temperature. Important first-order transitions in foods include,
crystallization, melting, protein denaturation, and starch gelatinization. Invariably, in
a food many compounds are present, so that a transition may occur over a range of
temperatures instead of a fixed temperature (Rao, 2003). Starch gelatinization will
be covered in Chapter 4.

A second-order transition is defined as one in which the second derivatives of G
and u with respect to temperature exhibit discontinuities at the transition temperature.
Although glass-transition of amorphous foods has the properties of a second-order
transition, there are no well-defined second-order transitions in foods (Roos, 1998).

Knowledge of the magnitudes of the temperatures over which the transition takes
place is useful in understanding the role of various components. The differential
scanning calorimeter (DSC) is used extensively to determine first-order and transition
temperatures, more so than other techniques. A DSC measures the rate of heat flow
into or out of a cell containing a sample in comparison to a reference cell in which
no thermal events occur. It maintains a programmed sample cell temperature by
adjusting heat flow rates. Data obtained with a DSC depends to some extent on
the heating/cooling rate that should be specified when discussing the data; common
heating rates are 5°C min~! and 10°C min~! . The heat flow versus temperature
diagrams are known as thermograms.

Glass Transition in Foods

Atthe glass transition temperature, T, the amorphous portions of a polymer soften and
flow. Due to coordinated molecular motion, in the glass transition region, the polymer
softens and the modulus decreases by about three orders of magnitude. Figure 1-9
illustrates a DSC curve for an idealized glass transition in which T can be taken as
the temperature at which one-half of the change in heat capacity, Acp, has occurred
(Sperling, 1986). Besides DSC, other experimental techniques that have been used
to determine T include dilatometry, static and dynamic mechanical measurements,
as well as dielectric and magnetic measurements (Sperling, 1986).
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Figure 1-9 A DSC Curve for an Idealized Glass Transition in which Tg can be Taken as the Temperature
at Which One-Half of the Change in Heat Capacity, ACp, has occurred.
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Figure 1-10 State Diagram Illustrating Glass Transition, Ty, and Melting, Try, Temperatures, and the Dif-
ferent Phases: Glass Transition Temperature of Unfrozen Solute-Water Phase, Té, and the Corresponding

Solids Weight Fraction, X, g’. Adapted from Rao (2003).

Roos (1995) noted that the decrease in viscosity above Ty is responsible for various
changes, such as stickiness and collapse of dried foods, agglomeration, and crystal-
lization of food components (e.g., lactose in dried milk). In addition, the crispness
of various low moisture foods is lost above T,. Determination of Ty values as a
function of solids or water content and water activity can be used to establish state
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diagrams, that may be used to predict the physical state of food materials under var-
ious conditions; they may also be used to show relationships between composition
and temperature that are necessary to achieve changes in food processing and for
maintaining food quality in processing and storage.

Figure 1-10, adapted from Rao (2003), is an idealized phase diagram for a frozen
food, in which the temperature of the food is plotted against the solids fraction in the
food. Below and to the right of the 7 curve, the product is in a glassy state. Besides
the T, of water, commonly accepted as 136 K and of the anhydrous solute, the glass
transition temperature of unfrozen solute-water phase, 7,, and the corresponding
solids weight fraction, Xg’ are shown in the figure. Acceptance of the important role
of glassy and rubbery states, and glass transition to better understand processing,
storage, and stability of low-moisture and frozen foods was largely due to the efforts
of Levine and Slade; much useful information can be found in their reviews (e.g.,
Levine and Slade, 1992; Slade and Levine, 1998).

REFERENCES

Aguilera, J. M. and Stanley, D. W. 1999. Microstructral Principles of Food Processing and Engineering,
Aspen Publishers, Gaithersburg, Maryland, USA.

Barnes, H. A. and Walters, K. 1985. The yield stress myth? Rheol. Acta 24: 323-326.

Barrett, A. H. and Peleg, M. 1995. Applications of fractals analysis to food structure. Lebensm. Wiss. U
Technol. 28: 553-563.

Bird, R. B., Stewart, W. E., and Lightfoot, E. N. 1960. Transport Phenomena, John Wiley & Sons, New
York.

Chamberlain, E. K. 1996. Characterization of heated and thermally processed cross-linked waxy maize
starch utilizing particle size analysis, microscopy and rheology. M. S. Thesis, Cornell University,
Ithaca, NY.

Chamberlain, E. K. and Rao, M. A. 2000. Concentration dependence of viscosity of acid-hydrolyzed
amylopectin solutions. Food Hydrocolloids 14: 163-171.

Clark, A. H. and Ross-Murphy, S. B. 1987. Structural and mechanical properties of biopolymer gels. Adv.
Polym. Sci., 83: 57-192.

Doublier, J. L. 1975. Propriétés rheologiques et caracteristiques macromoleculaires de solutions aqueuses
de galactomannanes. Doctoral thesis, Universite Paris VI, France.

Fuoss, R. M. and Strauss, U. P. 1948. Polyelectrolytes. II. Poly-4-vinylpyridonium chloride and poly-
4-vinyl-N-n-butylpyridonium bromide. J. Polym. Sci., 3(2): 246-263.

Genovese, D. B. and Rao, M. A. 2003. Apparent viscosity and first normal stress of starch dispersions:
role of continuous and dispersed phases, and prediction with the Goddard-Miller model. Appl. Rheol.
13(4): 183-190.

Launay, B., Cuvelier, G. and Martinez-Reyes, S. 1984. Xanthan gum in various solvent conditions: intrinsic
viscosity and flow propetties. In Gums and Stabilisers for the Food Industry 2, ed. G.O. Phillips, D.J.
Wedlock, and P.A. Williams, pp. 79-98, Pergamon Press, London.

Launay, B., Doublier, J. L., and Cuvelier, G. 1986. Flow properties of aqueous solutions and disper-
sions of polysaccharides, in Functional Properties of Food Macromolecules, eds. J. R. Mitchell and
D. A. Ledward, Ch. 1, pp. 1-78, Elsevier Applied Science Publishers, London.



22 RHEOLOGY OF FLUID AND SEMISOLID FOODS

Levine, H. and Slade, L. 1992. Glass transition in foods, in Physical Chemistry of Foods,
H. G. Schwartzberg and R. W. Hartel, pp. 83-221, Marcel Dekker, New York.

Lopes da Silva, J. A. L. and Rao, M. A. 1992. Viscoelastic properties of food gum dispersions, in
Viscoelastic Properties of Food, eds. M. A. Rao and J. F. Steffe, pp. 285-316, Elsevier Applied Science
Publishers, London.

Mandelbrot, B. B. 1982. The Fractal Geometry of Nature, W. H. Freeman, New York.

Marangoni, A. G. and Rousseau, D. 1996. Is plastic fat governed by the fractal nature of the fat crystals?
J. Am. Oil Chem. Soc. 73(8): 991-994.

Markovitz, H. 1985. Rheology: in the beginning. J. Rheol. 29: 777-798.

Mewis, J. 1979. Thixotropy——a general review. J. Non-Newtonian Fluid Mech. 6: 1-20.

Michel, F. 1982. Etude du comportement potentiometrique et viscosimetrique de pectines hautement
methylees en presence de saccharose. Doctoral thesis, Universite de Dijon, France.

Morris, E. R. and Ross-Murphy, S. B. 1981. Chain flexibility of polysaccharides and glicoproteins from
viscosity measurements, in Techniques in Carbohydrate Metabolism, B310, ed. D. H. Northcote,
pp- 1-46, Elsevier Science, Amsterdam.

Nagai, T. and Yano, T. 1990. Fractal structure of deformed potato starch and its sorption characteristics.
J. Food Sci. 55(5): 1334-1337.

Padmanabhan, M. 1995. Measurement of extensional viscosity of viscoelastic liquid foods. J. Food Eng.
25:311-327.

Rahman, M. S. 1997. Physical meaning and interpretation of fractal dimensions of fine particles measured
by different methods. J. Food Eng. 32: 447-456.

Rao, M. A. 1977a. Rheology of liquid foods—a review. J. Texture Stud. 8: 135-168.

Rao, M. A. 1977b. Measurement of flow properties of fluid foods—developments limitations, and
interpretation of phenomena. J. Texture Stud. 8: 257-282.

Rao, M. A. 1992. Measurement of Viscoelastic Properties of Fluid and Semisolid Foods, in “Viscoelastic

Properties of Food,” ed. M. A. Rao and J. F. Steffe, pp. 207-232, Elsevier Applied Science Publishers,
New York.

Rao, M. A. 2003. Phase transitions, food texture and structure, in Texture in Food, Volume 1: Semi-Solid
Foods, ed. B. M. McKenna, pp. 36-62, Woodhead Publishing Ltd., Cambridge, UK.

Rao, M. A. 2005. Rheological properties of fluid foods, in Engineering Properties of Foods, eds.
M. A. Rao, S. S. H. Rizvi, and A. K. Datta, 3rd ed., pp. 41-99, CRC Press, Boca Raton, FL.

Rao, M. A. 2006. Influence of food microstructure on food rheology, in Understanding and Controlling
the Microstructure of Complex Foods, ed. D. J. McClements, Woodhead Publishing Ltd., Cambridge,
UK. (In Press).

Rao, M. A. and Steffe, J. F. 1992. Viscoelastic Properties of Foods, pp. 1-444. Elsevier Applied Science
Publishers, New York.

Robinson, G., Ross-Murphy, S.B., and Morris, E.R. 1982. Viscosity-molecular weight relationships, intrin-
sic chain flexibility and dynamic solution properties of guar galactomannan. Carbohydrate Research
107: 17-32.

Roos, Y. 1995. Characterization of food polymers using state diagrams. J. Food Eng. 24(3): 339--360.

Roos, Y. H. 1998. Role of water in phase-transition phenomena in foods, in Phase/State Transitions in
Foods, eds. M. A. Rao and R. W. Hartel, pp. 57-86, New York, Marcel Dekker.

Ross-Murphy, S. B. 1984. Rheological Methods, in Biophysical Methods in Food Research, ed.
H. W.-S. Chan, pp. 138-199, Blackwell Scientific Publications, Oxford, U.K.

Sherman, P. 1970. Industrial Rheology, Academic Press, New York.

Slade, L. and Levine, H. 1998. Selected aspects of glass transition phenomena in baked goods, in
Phase/State Transitions in Foods, eds. M. A. Rao and R. W. Hartel, pp. 87-94, Marcel Dekker,
New York.



Introduction: Food Rheology and Structure 23

Smidsred, 0. 1970. Solution properties of alginate. Carbohydrate Research, 13: 359.
Sperling, L. H. 1986. Introduction to Physical Polymer Science, 1st ed., New York, Wiley.
Sperling, L. H. 2001. Introduction to physical polymer science, 3rd ed., New York, John Wiley.

Steffe, J. F. 1996. Rheological Methods in Food Process Engineering, 2nd ed., Freeman Press, East
Lansing, ML

Tanglertpaibul, T. and Rao, M. A. 1987. Intrinsic viscosity of tomato serum as affected by methods of
determination and methods of processing concentrates. J. Food Sci. 52: 1642-1645 & 1688.

Tattiyakul, J. 1997. Studies on granule growth kinetics and characteristics of tapioca starch dispersions
using particle size analysis and rheological methods. M. S. Thesis, Cornell University, [thaca, NY.

Tschoegl, N. W. 1989. The Phenomenological Theory of Linear Viscoelastic Behavior—An Introduction,
Springer-Verlag, New York.

Van Wazer, J. R., Lyons, J. W, Kim, K. Y., and Colwell, R. E. 1963. Viscosity and Flow Measurement
A Handbook of Rheology, Interscience, New York.

Waiters, K. 1975. Rheometry, Chapman and Hall, London.
Whorlow, R. W. 1980. Rheological Techniques, Halsted Press, New York.

Yoo, B., Figueiredo, A. A., and Rao, M. A. 1994. Rheological properties of mesquite seed gum in steady
and dynamic shear. Lebens. Wissen. und Technol 27; 151-157.

SUGGESTED READING

The following books contain much useful information on the science of rheology that should be useful to
food professionals.

Bames, H. A., Hutton, J. F., and Walters, K. 1989. 4n Introduction to Rheology, Elsevier Science Publishers
B.V., Amsterdam, The Netherlands.

Bird, R. B., Armstrong, R. C., and Hassager, O. 1977a. Dynamics of Polymeric Liquids—Fluid Mechanics,
John Wiley and Sons, New York.

Bird, R. B., Hassager, O., Armstrong, R. C., and Curtiss, C. F. 1977b. Dynamics of Polymeric Liquids—
Kinetic Theory, John Wiley and Sons, New York.

Dealy, J. M. 1982. Rheometers for Molten Polymers, Van Nostrand Reinhold Co., New York.
Ferry, J. D. 1980. Viscoelastic Properties of Polymers, John Wiley, New York.

Macosko, C. W. 1994. Rheology: Principles, Measurements, and Applications, VCH Publishers,
New York.

Sperling, L. H. 1986. Introduction to Physical Polymer Science, John Wiley, New York.



Appendix 1-A

Momentum and Heat Transport Equations for
Incompressible Fluids

Transport Equations in Vector Notation

The equations of continuity, motion, and energy in vector notation are written below:

V.V=20

oy Vp—-[V- 1]+
—_— = - — - T
th P rg

kV2T = —(V.q) — (1 : VV)

The Equation of Continuity (Bird et al., 1960)

Cartesian Coordinates (x, y, z):

ap 0 0 d
— + —(pvx) + — —(pv:) =0
o7 + ax(pv )+ 8y(pvy)+ 8z(pv)

Cylindrical Coordinates (r, 6, z):

P11 o+t L v+ Lo =0
—_— —— ——(pv — (pv,) =
9t " roar PV T Tag WPV T 5L WP

Spherical coordinates (7, 6, ¢):

o + L3 (przvr) +

0 : d
Pyl — (pve s1nf) + S (pv¢) =0

rsinf 90 rsinf d¢

Equation of Motion in Rectangular Coordinates (x, y, z) in terms of &
(Bird et al., 1960)

x-component:

0 d 0 0 ad d a do;
p(Vx Vx+vy Vx Vx)_ _P+(Uxx+ Jyx+ Ozx

ot 0x dy 0z ox 0x dy 0z

) + 08x
(A)

Source: Bird, R.B., Stewart, W.E., and Lightfort, EN. 1960. Transport Phenomena, John Wiley and
sons, New York.
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Equation of Motion in Cylindrical Coordinates (r, 6, z) in terms of o
(Bird et al., 1960)

r-component:
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CHAPTER 2

Flow and Functional Models
for Rheological Properties

of Fluid Foods

M. Anandha Rao

A flow model may be considered to be a mathematical equation that can describe
rheological data, such as shear rate versus shear stress, in a basic shear diagram, and
that provides a convenient and concise manner of describing the data. Occasionally,
such as for the viscosity versus temperature data during starch gelatinization, more
than one equation may be necessary to describe the rheological data. In addition
to mathematical convenience, it is important to quantify how magnitudes of model
parameters are affected by state variables, such as temperature, and the effect of
structure/composition (e.g., concentration of solids) of foods and establish widely
applicable relationships that may be called functional models.

Rheological models may be grouped under the categories: (1) empirical, (2) theoret-
ical, and (3) structural (Rao, 2006). Obviously, an empirical model, such as the power
law (Equation 2.3), is deduced from examination of experimental data. A theoretical
model is derived from fundamental concepts and it provides valuable guidelines on
understanding the role of structure. It indicates the factors that influence a rheolog-
ical parameter. The Krieger-Dougherty model (Krieger, 1985) (Equation 2.26) for
relative viscosity is one such model. Another theoretical model is that of Shih et al.
(1990) that relates the modulus to the fractal dimension of a gel.

A structural model is derived from considerations of the structure and often kinetics
of changes in it. It may be used, together with experimental data, to estimate values of
parameters that help characterize the rheological behavior of a food sample. One such
model is that of Casson (Equation 2.6) that has been used extensively to characterize
the characteristics of foods that exhibit yield stress. Another structural model is that
of Cross (1965) (Equation 2.14) that has been used to characterize flow behavior of
polymer dispersions and other shear-thinning fluids. While application of structure-
based models to rheological data provides useful information, structure-based analysis
can provide valuable insight in to the role of the structure of a dispersed system. For
example, as discussed in Chapter 5, it allows for estimating the contributions of
inter-particle bonding and network of particles of dispersed systems.

27
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Table 2-1 Some Two- and Three-Parameter Flow Models for Describing Shear Rate
(y) versus Shear Stress (o) Data

o =ny Newtonian model*
0= = 4 Ellis model for low shear rate data containing g
[_ + KE(U)(1/’7E)“1:| (Brodkey, 1967)
no

0 = [Neoy + Ksy™] Sisko model for high-shear rate data containing
Neo (Brodkey, 1967)

Na = Noo + ——779——_—77?%"- Cross model for data over a wide range of shear

1+ (cy) rates*
Na = Noo —ﬂ% Carreau model for data over a wide range of shear
[1 + (/\-CV) ] rates*

o =Kyp" Power law model used extensively in handling
applications*

c—og=1y Bingham model*

o — ooy = Kxy™ Herschel-Bulkiey model*

005 = Kyo + Ke ()95 Casson mode! used especially in treating data on
chocolates*

o095 — oM = Kuy™ Mizrahi and Berk (1972) model is a modification
of the Casson model

o™ = 0g" + oo (7)™ Generalized model of Ofoli et al. (1987)*

o = [(oon)V/™ + Kyy1™v Vocadlo (Vocadlo and Moo Young, 1969) model

*Discussed in text.

Flow models have been used also to derive expressions for velocity profiles and
volumetric flow rates in tube and channel flows, and in the analysis of heat transfer
phenomenon. Numerous flow models can be encountered in the rheology literature
and some from the food rheology literature are listed in Table 2—1. Also, here those
models that have found extensive use in the analysis of the flow behavior of fluid
foods are discussed. Models that account for yield stress are known as viscoplastic
models (Bird et al., 1982). For convenience, the flow models can be divided in to
those for time-independent and for time-dependent flow behavior.

TIME-INDEPENDENT FLOW BEHAVIOR

Newtonian Model

The model for a Newtonian fluid is described by the equation:

o =ny 2.1)
As per the definition of a Newtonian fluid, the shear stress, o, and the shear
rate, y, are proportional to each other, and a single parameter, 7, the viscosity,
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characterizes the data. For a Bingham plastic fluid that exhibits a yield stress, og, the
model is:

o—op=1"y (2.2)

where, 1’ is called the Bingham plastic viscosity.

As shown in Figure 2—1, the Newtonian model and the Bingham plastic model
can be described by straight lines in terms of shear rate and shear stress, and the
former can be described by one parameter n and the latter by two parameters: n’
and oy, respectively. However, the shear rate—shear stress data of shear-thinning and
shear-thickening fluids are curves that require more than one parameter to describe
their data. Given that the equation of a straight line is simple, it is easy to understand
attempts to transform shear rate—shear stress data in to such lines. An additional
advantage of a straight line is that it can be described by just two parameters: the
slope and the intercept.

Power Law Model

Shear stress—shear rate plots of many fluids become linear when plotted on double
logarithmic coordinates and the power law model describes the data of shear-thinning
and shear thickening fluids:

o =Kp" (2.3)

where, K the consistency coefficient with the units: Pa s” is the shear stress at a shear
rate of 1.0 s™! and the exponent n, the flow behavior index, is dimensionless that
reflects the closeness to Newtonian flow. The parameter K is sometimes referred to as
consistency index. For the special case of a Newtonian fluid (n = 1), the consistency
index K is identically equal to the viscosity of the fluid, ». When the magnitude of
n < 1 the fluid is shear-thinning and when n > 1 the fluid is shear-thickening in
nature. Taking logarithms of both sides of Equation 2.3:

logo =logK +nlogy (2.4)

The parameters K and # are determined from a plot of log o versus log y, and the
resulting straight line’s intercept is log K and the slope is #. If a large number of o
versus y data points, for example, >15 (it is easy to obtain large number of points
with automated viscometers) are available, linear regression of log y versus log o
will provide statistically best values of K and n. Nevertheless, a plot of experimental
and predicted values of log y and log o is useful for observing trends in data and
ability of the model to follow the data. Figure 21 illustrates applicability of the
power law model to a 2.6% tapioca starch dispersion heated at 67°C for 5 min. Linear
regression techniques also can be used for determination of the parameters of the
Herschel-Bulkiey (when the magnitude of the yield stress is known) and the Casson
models discussed later in this chapter.

Because it contains only two parameters (K and ») that can describe shear rate—shear
stress data, the power law model has been used extensively to characterize fluid foods.
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Figure 2-1 Piot of Log Shear Rate () versus Log Shear Stress (o) for a 2.6% Tapioca Starch Dispersion
Heated at 67°C for S min (Tattiyakul, 1997) to Illustrate Applicability of the Power Law Model.

It is also the most used model in studies on handling of foods and heating/cooling
of foods. Extensive compilations of the magnitudes of power law parameters can
be found in Holdsworth (1971, 1993). Because it is convenient to group foods in
to commodities, a compilation of magnitudes of power law parameters of several
food commodities are given in Chapter 5. In addition, the influence of temperature
in quantitative terms of activation energies, and the effect of concentration of soluble
and insoluble solids on the consistency index are given.

Although the power law model is popular and useful, its empirical nature should
be noted. One reason for its popularity appears to be due to its applicability over the
shear rate range: 101-10*s~! that can be obtained with many commercial viscome-
ters. Often, the magnitudes of the consistency and the flow behavior indexes of a
food sample depend on the specific shear rate range being used so that when com-
paring the properties of different samples an attempt should be made to determine
them over a specific range of shear rates. One draw back of the power law model is
that it does not describe the low-shear and high-shear rate constant-viscosity data of
shear-thinning foods.

Herschel-Bulkley Model

When yield stress of a food is measurable, it can be included in the power law model
and the model is known as the Herschel-Bulkley model:

o — oon = Kuy™ (2.5)
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where, y is shear rate (s‘l), o is shear stress (Pa), ny is the flow behavior index,
Ky is the consistency index, and ogy is yield stress. It is noted here that the concept
of yield stress has been challenged (Barnes and Walters, 1989) because a fluid may
deform minutely at stress values lower than the yield stress. Nevertheless, yield stress
may be considered to be an engineering reality and plays an important role in many
food products.

If the yield stress of a sample is known from an independent experiment, Ky and
ny can be determined from linear regression of log o — opy versus log(y) as the
intercept and slope, respectively. Alternatively, nonlinear regression technique was
used to estimate ooy, Ky, and nyg (Rao and Cooley, 1983). However, estimated
values of yield stress and other rheological parameters should be used only when
experimentally determined values are not available. In addition, unless values of the
parameters are constrained a priori, nonlinear regression provides values that are the
best in a least squares sense and may not reflect the true nature of the test sample.

Casson Model

The Casson model (Equation 2.6) is a structure-based model (Casson, 1959) that,
although was developed for characterizing printing inks originally, has been used to
characterize a number of food dispersions:

o = Koc + KC(J})O‘S (2.6)

For a food whose flow behavior follows the Casson model, a straight line results
when the square root of shear rate, (y)*, is plotted against the square root of shear
stress, (0)%, with slope K. and intercept Ko, (Figure 2-2). The Casson yield stress is
calculated as the square of the intercept, og = (Koc)? and the Casson plastic viscosity
as the square of the slope, nca = (K.)?. The data in Figure 2-2 are of Steiner (1958)
on a chocolate sample. The International Office of Cocoa and Chocolate has adopted
the Casson model as the official method for interpretation of flow data on chocolates.
However, it was suggested that the vane yield stress would be a more reliable measure
of the yield stress of chocolate and cocoa products (Servais et al., 2004).

The Casson plastic viscosity can be used as the infinite shear viscosity, 770, (Metz
et al., 1979) of dispersions by considering the limiting viscosity at infinite shear rate:

do d(,/o) do )
——— ey 2.7

Using the Casson equation the two terms in the right hand side bracket can be
written as:

d(,/o) K.
= 2.8
dy 2y (&5)
and
do
2.0 (2.9

o)



32 RHEOLOGY OF FLUID AND SEMISOLID FooDS

16

— — —
o [\ H
LA I At e s e e B

oo
T

(Shear Stress, Pa)??

Intercept = K,

r
—

2 SISO S W AU Y VOO [T TS T [TV OO S S [ I AT OO0 S0 S N S

0 1 2 3 4 5 6 7 8
(Shear Rate, s71)%3

Figure 2-2 Plot of ()9 versus (¢)° for a Food that Follows the Casson Model. The Square of the
intercept is the yield stress and that of slope is the casson plastic viscosity.

Combining the above two equations,

Moo = Nca = (Ke)? (2.10)

Quemada Model

Quemada et al. (1985) proposed a viscosity equation for dispersed systems based
on zero-shear, ng, and infinite-shear, 7, viscosities, and a structural parameter, A,
dependent on the shear rate, that may be written as:

- @2.11)

where,

o= — 2.12)
[1+ (tc9)%3] (

The time constant ¢, is related to the rate of aggregation of particles due to Brownian

motion. For highly concentrated dispersed systems, 7, will be much lower than 7y,

so that (100/10)<1 and the dispersion may have a yield stress, and Equation (2.11)

reduces to the Casson model (Equation 2.6) (Tiu et al., 1992) with the Casson yield
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stress, 0gc = (Noo/tc). Thus the Casson—Quemada models can be used to examine
dispersions whose rheological behaviors range from only shear-thinning to shear
thinning with yield stress. The Casson-Quemada models were used to study the role
of cocoa solids and cocoa butter on cocoa dispersions (Fang et al., 1996, 1997) to be
discussed in Chapter 3.

A general model for shear rate—shear stress data that under specific assumptions
reduces to the Herschel-Bulkley, the Casson, and other models was presented by
Ofoli et al. (1987):

0" = op! + e ()" (2.13)

where, n1 and n, are constants, and 7, is the infinite shear viscosity. It is important
to note that one model may be applicable at low shear rates and another at high
shear rates (Dervisoglu and Kokini, 1986). While applicability of the flow models
themselves may be interesting, it is much more important to study the role of food
composition on a model’s parameters and apply the model to better understand the
nature of foods.

APPARENT VISCOSITY—SHEAR RATE RELATIONSHIPS
OF SHEAR-THINNING FOODS

At sufficiently high polymer concentrations, most shear-thinning biopolymer (also
called a gum or a hydrocolloid) dispersions exhibit similar three-stage viscous
response when sheared over a wide shear rate range (Figure 2-3): (1) at low shear
rates, they show Newtonian properties with a constant zero-shear viscosity (19) over
a limited shear range that is followed by, (2) a shear-thinning range where solution
viscosity decreases in accordance with the power law relationship; the reciprocal
of the shear rate at which the transition from Newtonian to pseudoplastic behavior
occurs is the characteristic time or the time constant, and (3) attains a limiting and
constant infinite-shear-viscosity (1 ). The three regions may be thought of being due
rearrangement in the conformation of the biopolymer molecules in the dispersion due
to shearing. In stage 1 when the magnitude of y is low, there is little rearrangement of
the polymer chains, while in stage 2 the chains undergo gradual rearrangement with
y resulting in a power law behavior. In stage 3, the shear rate is sufficiently high that
the polymer chains do not undergo much rearrangement.

Cross and Carreau Models

The apparent viscosity (,) of the solution can be correlated with shear rate () using
the Cross (Equation 2.14) or the Carreau (Equation 2.15) equations, respectively.
N0 — Neo
=Noo + ™= 2.14
Na = TNoo [+ (@y)" (2.14)
N0 — Neo
[1+ (Rep)? IV

Ma = Noo + (2.15)
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Figure 2-3 Plot of Shear Rate versus Apparent Viscosity for Shear Thinning Foods Identifying Three
Separate Regions: A Zero-Shear Viscosity at Low Shear Rates, a Power Law Region at Intermediate Shear
Rates, and an Infinite-Shear Viscosity at High Shear Rates. Often, only data in the power law region are
obtained.

where, o and A are time constants related to the relaxation times of the polymer in
solution and m and N are dimensionless exponents. Because magnitudes of 74, of
food polymer dispersions with concentrations of practical interest are usually very
low in magnitude, they are difficult to determine experimentally. Therefore, to avoid
consequent errors in estimation of the other rheological parameters in Equations 2.14
and 2.15, often n. has been neglected (Abdel-Khalik et al., 1974; Lopes da Silva
et al., 1992). The Cross and Carreau models described well the shear dependence
of aqueous dispersions of high methoxyl pectins and locust bean gum (Lopes da
Silva et al., 1992), konjac flour gum (Jacon et al., 1993), and mesquite gum solution
(Yoo et al., 1995), and other gums (Launay et al., 1986). In general, the model of
Cross has been used in studies in Europe and that of Carreau in North America. In
Chapter 4, the applicability of the Cross and Carreau models to locust bean gum
dispersions will be discussed in more detail.

For small values of 1., the Cross exponent m tends to a value (1 —n ), where n is
the power law flow behavior index (Launay et al., 1986; Giboreau et al., 1994). For
the shear rate, y, where nap = (0 + N0o)/2, the Cross time constant ac = 1/y.
Generally, y. gives an order of magnitude of the critical shear rate marking the end of
the zero shear rate Newtonian plateau or the onset of the shear-thinning region. It is
therefore important to recognize the shear rate dependence of the rheological behavior
of polysaccharide polymers in solution and the difficulty involved in obtaining exper-
imental data over the applicable shear rate range of 1076-10*s~! (Barnes et al., 1989).
The low shear rate region of about 1073100 is often used for the characterization
and differentiation of structures in polysaccharide systems through the use of stress
controlled creep and non destructive oscillatory tests. The shear rate range of about
101-10%s~! falls within the operational domain of most commercial theometers, so
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that the range of 10~3~10%s™! can sometimes be effectively covered by a combination
of measuring procedures and instruments.

Both the Carreau and the Cross models can be modified to include a term due to
yield stress. For example, the Carreau model with a yield term given in Equation
(2.16) was employed in the study of the rheological behavior of glass-filled polymers
(Poslinski et al., 1988):

na =007~ +npll + )21V (2.16)

where, o9 is the yield stress, nj, is the plateau viscosity, and A, and N are constants to
be determined from experimental data. Rayment et al. (1998) interpreted the rheolog-
ical behavior of guar gum dispersions containing raw rice starch in terms of the Cross
model with yield stress (Equation 2.17). We note that, when yield stress is exhibited,
the term plateau viscosity is used instead of zero-shear viscosity:

Na = 00y~ + npll + (@cp)]™ 2.17)

MODELS FOR TIME-DEPENDENT FLOW BEHAVIOR

Considerable care should be exercised in determining reliable time-dependent rheo-
logical data because of the often unavoidable modification in structure due to sample
handling and during loading the sample in a viscometer or rheometer measuring
geometry. Nevertheless, with careful attention to details, such as allowing a sample
to relax in the rheometer measuring geometry, rheological data can be obtained to
characterize time-dependent rheological behavior.

Weltman Model

The Weltman (1943) model has been used to characterize thixotropic (Paredes et al.,
1988) behavior and of antithixotropic behavior (da Silva et al., 1997) of foods:

o =A—Blogt (2.18)

where, o is shear stress (Pa), ¢ is time (s), and A4 (value of stress at t = 1 s) and B
are constants. A plot of o versus log time should result in a straight line. In thixotropic
behavior B takes negative values and in antithixotropic behavior it takes positive
values. Table 2-2 shows typical magnitudes of the constants 4 and B for cross-linked
waxy maize starch dispersions.

Tiu-Boger Model

A model to study thixotropic behavior of foods exhibiting yield stress was devised
by Tiu and Boger (1974) who studied the time-dependent rheological behavior of
mayonnaise by means of a modified Herschel-Bulkley model:

o = Aloon + Ku(y)™] (2.19)
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Table 2-2 Weltman Equation Parameters for Cross-Linked Waxy Maize Gelatinized
Starch Dispersions (Da Silva et al., 1997)

Shear Rate (s )

Weltman Conc.
Parameter (%) 50 100 200 300
3  697x1072 576x1072 422x1072
A 4 297x1071 2.08x10"1 172x10"1 954 x 1072
5 539x10"1 388x10"! 3.55x 10"
3  158x1073 571x107% 1.66x 107>
B 4  315x1073 207x107% 529x 103 7.83x1073
5 8.30x 1075 1.06 x 1072 8.79 x 1073
3  1.00 1.00 1.00
Correlation coef. 4 1.00 1.00 1.00 1.00
5 1.00 1.00 1.00

where, o is the shear stress (Pa), y is the shear rate (s™1), A is a time-dependent
structural parameter that ranges from an initial value of unity to an equilibrium value
Ae, opq 1s the yield stress (Pa), Ky is the consistency index (Pa s”), and sy is the
flow behavior index. The decay of the structural parameter with time was assumed
to obey a second order equation:

di
== =k (k= Ae)?
dr 1( e)

where, the constant k7 is a function of shear rate to be determined experimentally.
While the determination of ooy, Ky, and ny is straight forward, estimation of k1 and
Ae requires the use of values of apparent viscosities (1,) (Tiu and Boger, 1974):

(2.20)

= — Y 2.21)
o0H + Kyy™
and
d
=B a1 (1 — 10)? (2.22)
dr
where,
) kiy
a(y) = ——t 223
1(¥) ot Ko (2.23)

It can be shown (Tiu and Boger, 1974), that a plot of 1 /(5 — ne) versus time will yield
astraight line of slope a1 and repeating the procedure at other shear rates will establish
the relationship between a; and y, and hence k; and y from Equation 2.20. For a
commercial mayonnaise sample, values of the different parameters were: A = 0.63,
ooy = 7.0 Pa, Ky = 28.5 Pas", ng = 0.32, and k| was a weak function of shear
rate; specifically, &y = 0.012 %13 (Tiu and Boger, 1974).
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ROLE OF SOLIDS FRACTION IN RHEOLOGY OF DISPERSIONS

Following Einstein’s work (Einstein, 1906, 1911) (Equation 2.24) on dilute rigid
sphere dispersions, models for estimating viscosity of concentrated non-food dis-
perstons of solids are based on volume fraction (¢) of the suspended granules and
the relative viscosity of the dispersion, n, = (n/ns), where 7 is the viscosity of the
dispersion 7 is the viscosity of the continuous phase (Jinescu, 1974; Metzner, 1985).

nr=1+4+25¢ (2.24)

Metzner (1985) pointed out that at high solids concentration levels, the theoreti-
cal equation (Equation 2.25) of Frankel and Acrivos appears to do a good job of
portraying experimental data of rigid solids dispersed in polymer melts.

_,g[ (/) ]
TR T = @/om)

Wildemuth and Williams (1984) modeled the 5, of rigid sphere suspensions with
a shear-dependent maximum volume fraction (¢y,). The applicability of a shear
dependent ¢, (Wildemuth and Williams, 1984) to food dispersions has not been
tested.

The Krieger-Dougherty (1959) relationship (Equation 2.26) is based on the
assumption that an equilibrium exists between individual spherical particles and
dumbbells that continuously form and dissociate:

¢ —[n]l¢m
r=11-— 2.26
1 ( m) (2.26)

where, [n] and ¢y, are the intrinsic viscosity and maximum packing fraction of solids.
Theoretically, [n] should be 2.5 for rigid spheres and ¢, should be about 0.62 if the
spheres are of uniform diameter (Krieger, 1985), but Choi and Krieger (1986) found
it necessary to use values of [n] of 2.65-3.19 to fit Equation 2.25 to viscosity-volume
fraction data on sterically stabilized poly methylmethacrylate spheres. For calculating
values of n; according to the Krieger—Dougherty equation, a value of ¢, = 0.62 was
assumed (Choi and Krieger, 1986). Both Equations 2.24 and 2.25 contain the ratio
of volume fraction of solids in a dispersion to the maximum volume fraction and
the values of 1, predicted (Figure 2-4) are close to each other. In Figure 2-4 for the
Krieger-Dougherty model, ¢, was taken to be 0.62 and [n] to be 2.5. It is emphasized
that the above equations were derived for rigid solids; because of the polydisperse and
deformable nature of gelatinized starch dispersions, it is not surprising that attempts
to predict their viscosity with Equation 2.25 (Noel et al., 1993; Ellis et al., 1989) were
not successful.

Most food particles are not spherical in shape so that the empirical equation
(Equation 2.25) that described well (Kitano et al., 1981; Metzner, 1985) the rel-
ative viscosity versus concentration behavior of suspensions of spheres and fibers

(2.25)
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Figure 2-4 Relative Viscosity versus Volume Fraction Ratio (¢ /¢y ) Predicted by Models of Frankel-
Acrivos and Krieger-Dougherty ¢, = 0.62 and [n] = 2.5.

with aspect (L/D) ratios <30 in polymer melts is of interest:
me=[1— (@/AD)]7 (2.27)

Equation 2.27 is an empirical equation that is a simple modification of the Maron—
Pierce equation for dispersions of spherical rigid solids:

e = [1 — (@/dm)] (2.28)

For fluids that obey the power law model (Equation 2.3), Metzner (1985) suggested
that the viscosities of the suspension and of the continuous phase be evaluated at
the same shearing stress. For rigid particles, the value of 4 decreases as aspect ratio
of suspended particles increases; for example, when the aspect ratio is 1.0 (smooth
sphere) the magnitude of 4 is 0.68, and when the aspect ratio is 6 to 8§ (rough crystal)
A is 0.44 (Metzner, 1985). The shape of many food particles is not spherical and may
be considered to be closer to a rough crystal. Figure 2-5 illustrates predictions of 7,
by Equation 2.25 for dispersions of spherical and rough crystal-like rigid particles.
For the dispersion of rough crystal-like rigid particles, high values of 7, are attained
at solids loading much lower than for rigid spherical particles (Figure 2-5).

Because of the compressible nature of food dispersions, the direct determination of
the magnitude of ¢ is not easy as it depends on the centrifugal force employed in the
separation of the phases. Therefore, rheological properties of plant food dispersions,
such tomato concentrates and concentrated orange juice, are based on the mass of
pulp. In starch dispersions, they are based on the mass fraction of starch granules,
denoted as cQ, as described in Chapter 4.
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Figure 2-5 Relative Viscosity, 7y, versus Volume Fraction of Solids Predicted by Model of Kitano et al.
(1981) for Rigid Spheres (4 = 0.68) and Crystal-Like Solids (4 = 0.44).

Applicability of Equation (2.27) for suspensions of tomato pulp of narrow size
distribution was shown by Yoo and Rao (1994). Tomato pulp particles with average
particle diameters 0.71 and 0.34 mm retained on the two sieves (sieve no. 40 and
60, respectively) were produced (Figure 2--6). The apparent average diameters were
calculated as in Kimball and Kertesz (1952). Because the Casson viscosity was shown
to be equal to infinite shear viscosity (Metz et al., 1979), it is less arbitrary and has
a theoretical foundation. Considering the values of the single parameter 4 of tomato
puree samples (Figure 2-7), the particle shape appears to be close to rough or irregular
spherical shape (Yoo and Rao, 1994). Also, the magnitude of A4 of the TP6 sample
was higher than that of the TP4 sample because of its lower aspect ratio.

Quemada et al. (1985) proposed a model similar to that given by Equation 2.27,
but with 4 = 0.5 and the structural parameter £ = 1.80:

1 -2
e = (1 - Equ) (2.29)

They reported values of & in the range 2.50-3.82 for dispersions of rigid solids, and
1.70-1.85 for red blood suspensions. For gelatinized 2.6% tapioca STDs, the relative

viscosity was calculated using Equation 2.30:

floo (2.30)

s

Nroo =

where, 7rso 1s the relative viscosity based on the Casson viscosity, s, (mPa s)
at 20°C, and 7ns is the viscosity (mPa s) of the supernatant determined at 20°C.
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Tomato puree Tomato puree
(250 ml) I

Centrifugation

Mixing - Serum (250 ml)

Sieving (No. 18, 40, 60)

Washing (3 times)

Pulp (2 sizes: 18-40 and 40-60)

Reconstituting with serum ~———

Tomato puree (various pulp contents with two
different pulp particle sizes)

Figure 2-6 Procedure for Producing Tomato Pulp Particles of Narrow Particle Size Distribution (Yoo
and Rao, 1994).

20

>

on
~
o U
N s

—
[
A

Relative viscosity

0.1 0.2 0.3 0.4
Pulp fraction

Figure 2-7 Applicability of the Model of Kitano et al. (1981) (Figure 2-5) to Tomato Particles (Yoo and
Rao, 1994).
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Figure 2-8 The Relative Viscosity (nr) Values of Tapioca Starch Dispersions Strongly Depended on their
Volume Fraction. The Line in the Figure Represents Values Predicted by the Model of Quemada et al.
(1985) with the Structural Parameter £ = 1.8 (Rao and Tattiyakul, 1998).

The model of Quemada et al. (1985) with the structural parameter £ = 1.80 gave a
satisfactory fit (Figure 2—8). Because heated tapioca starch granules are deformable,
the value k£ = 1.80 of red blood cells was selected for the data on tapioca STDs. Given
that the Krieger—Dougherty (1959) model predictions were substantially different
than experimental n, values of starch dispersions (Ellis et al., 1989; Noel et al.,
1993; Tattiyakul, 1997), the reasonable applicability of Equation 2.29 (Quemada
et al., 1985) to tapioca STDs is noteworthy. However, the model of Quemada et
al. (1985) is a phenomenological model, while that of Krieger—-Dougherty (1959)
is based on intrinsic viscosity of a single sphere. Saunders (1961) and Parkinson et
al. (1970) found that the viscosity of a suspension increased with decrease in the
average particle size. The particle size dependence can be explained by recognizing
that as the particle size decreases, the number of particles in a given volume increases,
resulting in a decrease in the mean distance between the particles. Another result of
decreasing the particle size is to increase the potential for particle—particle interaction
(Agarwala et al., 1992).

The important role of volume fraction on the structure of rigid sphere dispersions
has been uncovered recently; as the volume fraction of hard spheres is increased, the
equilibrium phase changes from a disordered fluid to coexistence with a crystalline
phase (0.494 < ¢ < 0.545), then to fully crystalline (¢ = 0.545), and finally to a
glass (¢ = 0.58) (Pham et al. 2002).

Modulus of Gels of Fractal Flocs

In addition to the volume fraction of solids, their fractal nature also affects rheological
properties. Shih et al. (1990) developed a scaling relationship for the elastic properties
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Figure 2-9 Plateau Modulus of Starch Dispersion Plotted Against Volume Fraction of Starch Granules.
Fractal dimensions of the starch granules were calculated from the slopes of the lines.

Table 2-3 Fractal Dimension of Selected Foods Based on Rheological Data
(Rao, 2007)

Network of Particles Fractal Dimension, Dy
Palm oil or lard fat 2.82-2.88
Cocoa butter 2.37
Salatrim® 2.90

Milk fat and/canola oil blends 1.97-1.99
Whey protein isolate + CaCl, gels 2.30-2.60

Soy protein isolate gels, pH 3.8 and 0.2 M NaCl 2.30

Starch gels 2.79-2.81

Egg white protein gel, pH 3.7 1.90-2.10

of colloidal gels by considering the structure of the gel network to be a collection of
close packed fractal flocs of colloidal particles. They defined two separate rheological
regimes depending on the strength of the interfloc links relative to that of the flocs
themselves: (1) the strong-link regime is observed at low particle concentrations,
allowing the flocs to grow to be very large, so that they can be considered weak
springs. Therefore, the links between flocs have a higher elastic constant than the
flocs themselves, and (2) the weak-link regime is observed at high particle concen-
trations, where the small flocs are stronger springs, and the links between flocs have
a lower elastic constant than the flocs themselves. The weak-link regime should be
applicable to gels that are well above the gelation threshold (Shih et al., 1990) where



Flow and Functional Models for Rheological Properties of Fluid Foods 43

the elastic modulus, G', is related to the particle volume fraction (¢) by the following
relationship:

G ~ ¢(d"2)/(d—Df) (2.31)

where, Dy is the fractal dimension of the colloidal floc and d is the Euclidean
dimension of the network—usually three. The power relationship between the modu-
lus and the volume fraction of solids implied in Equation 2.31 is illustrated in Figure
2-9 for two gelatinized starch dispersions (Genovese and Rao, 2003). Such plots
have been utilized to determine the fractal dimension of several food gels (Table 2-3)
and values of D¢ between about 1.9 and 2.9 have been reported (Rao, 2007). Wu
and Morbidelli (2001) extended the above model to include gels that are intermediate
between the strong-link and the weak-link regimes.

EFFECT OF SOLUBLE AND INSOLUBLE SOLIDS CONCENTRATION
ON APPARENT VISCOSITY OF FOODS

The effect of concentration on the zero-shear viscosity of biopolymer dispersions can
be expressed in terms of the coil overlap parameter, c[7], and the zero-shear specific
viscosity as described in Chapter 4 in connection with food gum dispersions.

Unlike biopolymer dispersions where the intrinsic viscosity is known and the poly-
mer concentration can be chosen a priori, often for fluid foods the concentration of
soluble (e.g., pectins in fruit juices) and insoluble solids can be determined only
posteriori, and the determination of their zero-shear viscosities is also difficult due
to instrument limitation and due to the existence of yield stress. However, in many
foods, it may be possible to identify the components, called key components, that
play an important role in the rheological properties.

The effect of concentration (c) of soluble or insoluble solids on either apparent
viscosity (7,) or the consistency index of the power law model (K) can be described
by either exponential or power law relationships:

na o exp(ac) (2.32)
Na o ¢ (2.33)
K o exp(d'c) (2.34)
Ko (2.35)

where, a,d’, b, and b’ are constants to be determined from experimental data. Other
models that are applicable to specific foods are discussed under the flow properties
of specific foods in Chapters 4 and 5.

We consider the viscosity data on Pera concentrated orange juice (COJ) of
Vitali (Vitali and Rao 1984a, 1984b) to illustrate the exponential model for the
effect of soluble solids (°Brix) and insoluble solids (% Pulp) (Tables 2-3 and
2-4). The influence of soluble solids on apparent viscosity at a shear rate of 100 s~ !
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Table 2-4 Effect of °Brix on Apparent Viscosity and Consistency Index of the Power
Law Model, Pera Orange Juice, 5.7% pulp, —10°C (Vitali and Rao, 1984a, 1984b)

°Brix (na,100 Pas In, na.100 K, Pa s" nK
50.8 0.29 —-1.2379 0.89 -0.1165
56.5 0.65 —0.4308 2.18 0.7793
57.9 0.83 —0.1863 2.56 0.9400
61.6 1.62 0.4824 5.61 1.7246
65.3 3.38 1.2179 23.58 3.1604
4 ———— 1 4
Pera orange juice, 65 °Brix, —~10°C
% [ ]
£ 3r ~a—In (app. visc) 13
¥ —e—In (K)
T; 5 |y =-11.48 +0.22x R? = 0.945 15
g .
2 1F 41
=y
2 ol 1o
5
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3
= I e y=-9.943+0.170x R2=0993 7 !
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Figure 2-10 The Influence of Insoluble Solids on Apparent Viscosity at a Shear Rate of 100 s~
(na,100) and on the Consistency Coefficient, K, of Pera Concentrated Orange Juice, Data of Vitali and
Rao (1984b).

(na,100) and on K shown in Figure 2-10 and that of insoluble solids on the same
rheological parameters shown in Figure 2-11 can be described by exponential
relationships.

The effect of concentration (¢) of soluble solids (°Brix) and insoluble solids (Pulp)
on either apparent viscosity or the consistency index of the power law model of
FCOJ can be described by exponential relationships (Vitali and Rao, 1984a, 1984b).
Equations 2.36 and 2.37 are applicable to the consistency coefficient (K') of the power
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Figure 2-11 The Influence of Soluble Solids on Apparent Viscosity at a Shear Rate of 100 s~ (Na,100)
and on the Consistency Coefficient, K, of Pera Concentrated Orange Juice, Data of Vitali and Rao (1984a).

law model. In the case of FCOJ, it should be noted that insoluble solids are expressed

in terms of pulp content determined on a 12 °Brix sample by centrifugation at 360 x g
for 10 min (Table 2-5).

K = K° exp(Bg °Brix) (2.36)
K = K" exp(BY Pulp) (2.37)

where, K¢, K, B¢, and BY, are constants.

The role of insoluble solids can be also studied in terms of the relative viscos-
ity (n: = apparent viscosity of COJ/apparent viscosity of serum) and pulp fraction
(Figure 2-12) and, as expected, such a plot has the limiting value of 1.0 at zero
pulp fraction (serum). The curve in Figure 2-12 illustrates the strong influence of
pulp fraction on the viscosity of COJ. The values of 1, 100 also, as expected, follow
a profile similar to that of n, (Figure 2—-12). The two curves are described by the
equations:

nr = exp(9.90 x pulp fraction) (2.38)
Na,100 = 1.95 x exp(9.90 x pulp fraction) (2.39)
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Table 2-5 Effect of Pulp Content on Apparent Viscosity and Consistency index of
the Power Law Model, Pera Orange Juice, 65°Brix —10°C (Vitali and Rao, 1984a,
1984b)

Pulp, % na00 Pas In, 12100 K, Pas" InK
0 1.95 0.6678 3.74 1.3191
3.4 2.73 1.0043 7.11 1.9615
5.7 3.38 1.2179 8.63 2.1552
8.6 4.70 1.5476 15.77 2.7581
111 5.76 1.7509 23.91 3.1743
7 T T T 1 7
6l Pera orange juice, 65 “Brix, —-10°C 16
5 — y=1.95%e79.90x) R? = 0.997
' 5k 45
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Figure 2-12 The Strong Influence of Pulp Fraction on the Viscosity of Concentrated Orange Juice (COJ)
and the Relative Viscosity (1r) of COJ.

Peclet Number of Dispersions

Yoo and Rao (1996) studied the influence of two different sizes of tomato pulp particles
(TP4 and TP6) at a pulp weight fraction of 17% in terms of Peclet number and relative
viscosity (Krieger, 1985; Tsai and Zammouri, 1988). The Peclet numbers (P.) were
calculated using the equation:

_ 7?0”3]}
T kT

(2.40)

where, 7, is the viscosity of the suspending liquid (serum), 7, is the particle radius, £
is the Boltzmann constant (1.38 x 10~2 Nm K1), and 7 is the absolute temperature.
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Figure 2-13 Peclet Number versus Relative Viscosity of Tomato Pulp Particles. At equal values of pulp
weight fraction, a TP6 sample with small diameter particles was more viscous than a TP4 sample with
large diameter particles.

The Peclet number compares the effect of imposed shear with the effect of diffusion
of the particles. When P.>>1, hydrodynamic effects dominate and a dispersion of
spherical particles exhibits shear-thinning behavior. In contrast, when P.<1, the
distribution of particles is only slightly altered by the flow (Hiemenz and Rajagopalan,
1997). As shown in Figure 2-13, at equal values of pulp weight fraction, a TP6
sample with small diameter particles was more viscous than a TP4 sample with large
diameter particles. A nearly linear relationship exists between the relative viscosity of
TP sample and the Peclet number. Similar linear relationship was found for glass bead
suspensions (Tsai and Zammouri, 1988). However, the slope of the linear relationship
of TP6 sample is slightly higher than that of TP4 sample, indicating that at high shear
rates, the TP6 aggregates with small particles are more sensitive to shear than those
with large particles. The different aspect ratios of the TP4 and TP6 particles discussed
above is another reason for the deviation from a single linear relationship. From these
observations, it can be concluded that the effect of particle size on the relative viscosity
of tomato puree sample can be correlated with the Peclet number of the particle.

EMULSIONS

Many foods are oil-in-water or water-in-oil emulsions (o/w), with dispersed particle
size range of 0.01-10 um (Rahalkar, 1992). Many of the equations discussed for food
suspensions are also applicable to emulsions. In a dilute emulsion, the particles are far
apart and the interparticle interactions are relatively weak. Skim milk is an example
of a dilute emulsion with the concentration of fat droplets (dispersed phase) <1%.
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However, ina concentrated emulsion, the particles are close to each other and there are
strong interparticle interactions. Mayonnaise has a dispersed phase (oil) concentration
of 70-80%. As with foods containing insoluble solids, the volume fraction of the
dispersed phase in emulsions is important.

The separation of phases in an emulsion occurs spontaneously in the direction of
decreasing Gibbs free energy. Thus it can be said that there is more surface energy in
an emulsion when the dispersed droplets are in a highly subdivided state than when
they are in a coarser state of subdivision. To be stable, an o/w emulsion should exhibit
yield stress, and the forces applied to the continuous phase by the dispersed phase due
to the applicable forces (e.g., gravity and buoyancy) should be below the emulsion’s
yield stress.

The words stable and unstable are often used to describe emulsions that are better
understood by examining the underlying processes. The coarsening of a thermo-
dynamically unstable emulsion is called coalescence or aggregation; coalescence
is a process by which two or more particles fuse together to form a single larger
particle; aggregation is a process by which small particles lump together to form
aggregates (Hiemenz and Rajagopalan, 1997). The van der Waals force between par-
ticles in a dispersion is usually attractive and is strong at short distances between
particles. Therefore, the emulsion will be unstable and coagulate unless there are
repulsive interactions between particles. Two methods are used to overcome van der
Waals attraction: (1) electrostatic stability in which the electrostatic force resulting
from overlapping electrical double layers of two particles, and (2) polymer-induced
or steric stability in which a suitable polymer that is adsorbed on the particle sur-
faces may be used. In food emulsions, polymer-induced stability is encountered
commonly.

Very often, the microstructure and the macroscopic states of dispersions are deter-
mined by kinetic and thermodynamic considerations. While thermodynamics dictates
what the equilibrium state will be, kinetics determine how fast that equilibrium state
will be determined. While in thermodynamics the initial and final states must be deter-
mined, in kinetics the path and any energy barriers are important. The electrostatic
and the electrical double-layer (the two charged portions of an interfacial region) play
important roles in food emulsion stability. The Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory of colloidal stability has been used to examine the factors affecting
colloidal stability.

An emulsifier may be thought of as a single chemical component or mixture of
components that have the capacity to promote emulsion formation and stabiliza-
tion by interfacial action; in contrast, a stabilizer confers long-term stability on an
emulsion involving often adsorption or another mechanism. Polymers, such as gum
arabic, egg albumin, casein, and gelatin have been used for a long time to stabilize
food emulsions. Other stabilizers include xanthan gum, guar gum, and whey pro-
tein isolate. Because some of these are charged polymers (polyelectrolytes), their
stabilizing influence is due to both electrostatic and polymeric effects, that is, elec-
trosteric stabilization. Lecithins (e.g., from egg yolk and soybean) are the most
important food emulsifiers derived from natural sources without chemical reaction



Flow and Functional Models for Rheological Properties of Fluid Foods 49

(Dickinson, 1993). They consist of mixtures of many phospholipid components with
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) being present in large
proportions.

A simplified view of some of the possible effects of polymer molecules on a dis-
persion include (Hiemenz and Rajagopal, 1997): (1) at low polymer concentrations
bridging flocculation, where a polymer chain forms bridges by adsorbing more than
one particle, (2) at higher polymer concentrations, “brush-like” layers can form on
the solid particles that can mask the influence of van der Waal’s attraction between
the particles, thereby imparting stability, called steric stabilization, (3) at moderate
to high polymer concentrations, the polymer chains may be excluded in the region
between the particles resulting in depletion flocculation, and (4) at high polymer
concentrations, polymer-depleted regions may be created by demixing the polymer
resulting in depletion stabilization. Generally, polymers containing only one kind of
repeat unit (homopolymers) are not good for steric stabilization. One requirement is
that the polymer be adsorbed at the oil-water interface and the polymer is considered
to reside partially at surface sites and partially in loops or tails in the solution. Under
the right circumstances, an adsorbed polymer layer stabilizes a dispersion against
aggregation. It may be said that the approaching particles in an aggregation step
experience an increase in free energy of repulsion, AGg, that can be divided into
enthalpic (AHR) and entropic (ASg) contributions:

AGR = AHR — TASR (2.41)

In Equation 2.39, the terms describe changes in enthalpy and entropy in the overlap-
ping region of the adsorbed layers of two particles. Because AHg and ASg can be
either positive or negative, it is possible for the value of AGg to change sign with
change in temperature and the critical temperature for the onset of flocculation is
known as the critical flocculation temperature (Hiemenz and Rajagopalan, 1997).
Because of the many factors affecting the rheology of food emulsions, the rheo-
logical properties cannot be predicted a priori so that experimental studies on model
o/w and food emulsions are necessary. Whey proteins, especially B-lactoglobulin,
possess good emulsification properties and whey protein stabilized emulsions can
be converted into emulsion gels by thermal treatment (Aguilera and Kessler, 1989;
Dickinson and Yamamoto, 1996a). In general, the incorporation of protein-coated
emulsion droplets into a heat-set globular protein network resulted in an increase in
gel strength. Further, a self-supporting heat-set emulsion gel can be was formed at
a protein content much lower than that required under similar thermal processing
conditions (Dickinson and Yamamoto, 1996b). Addition of pure egg yolk L-u-
phosphatidylcholine after emulsification caused an increase in strength of a heat-set
B-lactoglobulin emulsion gels (Dickinson and Yamamoto, 1996b). The positive influ-
ence of pure egg lecithin added after emulsification on the elastic modulus of the
whey protein concentrate emulsion gel was attributed to lecithin-protein complexa-
tion. Crude egg lecithin also gave a broadly similar increase in gel strength. However,
pure soybean lecithin was not as effective in reinforcing the network and crude
soybean lecithin was ineffective (Dickinson and Yamamoto, 1996a). These results
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support the general hypothesis that filler particles (e.g., globular protein-coated
droplets) that interact with a gel matrix (a network of aggregated denatured whey
protein) tend to reinforce the network and increase the gel strength (Dickinson and
Yamamoto, 1996b).

Other relevant studies on physical properties of emulsions are those of
McClements et al. (1993), Dickinson and Pawlowsky (1996), Dickinson et al. (1996),
and Demetriades et al. (1997). The application of nuclear magnetic resonance (NMR)
technique (Simoneau et al., 1993) and ultrasonic spectroscopy (Demetriades et al.,
1996) to study the stability of emulsions were discussed. The rheological behav-
ior of salad dressings and mayonnaises that are emulsions will be discussed in
Chapter 5.

EFFECT OF TEMPERATURE ON VISCOSITY

A wide range of temperatures are encountered during processing and storage of
fluid foods, so that the effect of temperature on rheological properties needs to be
documented. The effect of temperature on either apparent viscosity at a specified
shear rate (Equation 2.42) or the consistency index, K, of the power law model
(Equation 2.43) of a fluid can be described often by the Arrhenius relationship.
The effect of temperature on apparent viscosity can be described by the Arrhenius
relationship:

Ma = NooA €Xp(Ea/RT) (2.42)

where, 7, is the apparent viscosity at a specific shear rate, 7.4 is the frequency
factor, E, is the activation energy (J mol™1), R is the gas constant (J mol ! K~1, and
T is temperature (K).

Although the name of Arrhenius is associated with Equation 2.42, Moore (1972)
credited J. de Guzman Carrancio for first pointing out this relationship in 1913. The
quantity E, is the energy barrier that must be overcome before the elementary flow
process can occur. The term: exp (—E,/RT) may be explained as a Boltzmann factor
that gives the fraction of the molecules having the requisite energy to surmount the
barrier. Hence, E, is the activation energy for viscous flow. From a plot of In 7,
(ordinate) versus (1/7) (abscissa), E, equals (slope x R) and nsoa is exponential of
the intercept.

The Arrhenius equation for the consistency coefficient is:

K = Koo exp(Eax /RT) (2.43)

where, Ko is the frequency factor, E,x is the activation energy (J/mol), R is the gas
constant, and 7 is temperature (K). A plot of In X (ordinate) versus (1/7') (abscissa)
results in a straight line, and E,;x = (slope x R), and K is exponential of the
intercept. The activation energy should be expressed in joules (J), but in the earlier lit-
erature it has been expressed in calories (1 calorie = 4.1868 joules). The applicability
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Figure 2-14 Applicability of the Arrhenius Model to the Apparent Viscosity versus Temperature Data on
a Concentrated Orange Juice Serum Sample ( Vitali and Rao, 1984b) is Shown.

of the Arrhenius model to the apparent viscosity versus temperature data on a
concentrated orange juice serum sample (Vitali and Rao, 1984a, 1984b) is shown in
Figure 2-14.

The Arrhenius equation did not describe very well the influence of temperature
on viscosity data of concentrated apple and grape juices in the range 60—68 °Brix
(Rao et al., 1984, 1986). From non-linear regression analysis, it was determined that
the empirical Fulcher equation (see Ferry, 1980: p. 289, Soesanto and Williams, 1981)
described the viscosity versus temperature data on those juice samples better than the
Arrhenius model (Rao et al., 1986):

/

logn = A’
g7 +T_Too

(2.44)

The magnitudes of the parameters of the Arrhenius and the Fulcher equations for the
studied concentrated apple and grape juices are given in Tables 2—6 and 2-7, respec-
tively. The physical interpretation of the three constants in the Fulcher equation is
ambiguous, but by translating them in terms of the WLF parameters their significance
can be clarified and it is functionally equivalent to the WLF equation (Ferry, 1980;
Soesanto and Williams, 1981):

0

T—T

l%(l_j&)=u§“ ) (2.45)
pT ! poTo ¢5 + (T = Tp)
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Table 2-6 Magnitudes of the Parameters of the Arrhenius Equation for the
Effect of Temperature on Concentrated Apple and Grape Juices (Rao et al., 1986)

Sample Moo Ea, kJ mol~! ssa R2
Apple 68.3 °Brix 1.366E-15 79 0.10260 1.00
Apple 64.9 °Brix 1.671E-15 76 0.02870 1.00
Apple 60.1 °Brix 2.610E-13 62 0.00110 1.00
Apple 55.0 °Brix 5.050E-11 48 0.00100 0.99
Grape 68.3 °Brix 2.150E-14 73 0.31770 1.00
Grape 64.5 °Brix 9.810E-13 63 0.03950 1.00
Grape 59.9 °Brix 2.940E-12 58 0.00620 1.00
Grape 54.0 °Brix 7.610E-11 49 0.00130 1.00

Table 2-7 Magnitudes of the Parameters of the Fulcher Equation for the
Effect of Temperature on Concentrated Apple and Grape Juices (Rao et al., 1986)

Sample A B/ Too SsQ R2
Apple 68.3 °Brix -7.26 1,049 132.8 0.01356 1.00
Apple 64.9 °Brix —~7.56 1,035 130.9 0.01360 1.00
Apple 60.1 °Brix -6.87 911 124.3 0.00208 1.00
Apple 55.0 °Brix —-6.07 896 94.0 0.00048 1.00
Grape 68.3 °Brix —6.75 1,039 125.7 0.14110 1.00
Grape 64.5 °Brix —-6.65 1,041 115.1 0.02150 1.00
Grape 59.9 °Brix —6.81 1,048 107.0 0.00080 1.00
Grape 54.0 °Brix —6.56 1,085 84.5 0.00080 1.00

Specifically, T, and B’ are related to c?, cg, and a reference temperature 7, often
called the glass transition temperature, by the following two equations:

Too = To — ¢ (2.46)
o}

T (To - Too)

/

(2.47)

However, it should be pointed out that Soesanto and Williams (1981) also deter-
mined the values of the glass transition temperature of the very high concen-
tration sugar solutions (91.9-97.6% by weight) by regression techniques and not
experimentally.

The WLF equation was also used to correlate viscosity versus temperature data on
honeys (Al-Malah et al., 2001; Sopade et al., 2003). Because of the empirical nature
of the Fulcher equation and the empirical origin of the WLF equation, their use with
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viscosity data of relatively dilute fruit juices serves mainly the objective of obtaining
a useful correlation.

Combined Effect of Concentration and Temperature

The flow behavior index (n) is assumed to be relatively constant with temperature
and concentration, and the combined effects of temperature and concentration on the
power law consistency index, K, are described by:

K = Ac” exp(Ea/RT) (2.48)

Tomato concentrates and concentrated milk samples are examples of foods in this
category. Alternatively, the combined effects of temperature and concentration on the
power law consistency index, K, are described by:

K=4A Ea
= A"exp ;{7+bc (2.49)

MIXING RULES FOR TWO COMPONENT BLENDS

Earlier, the role of suspended particles in fluid media in increasing the viscosity
of a suspension and different equations relating the volume fraction of solids were
discussed. For general two component or polymer composites, the Takayanagi mod-
els (Ross-Murphy, 1984; Sperling, 1986) provide means for calculating the upper
(so called isostrain) and lower (so called isostress) limits of values for the shear mod-
ulus G; of a composite formed from components x and y with shear moduli G, and
Gy, respectively. In the former, the polymers are arranged in parallel with respect to
deformation, while in the latter they are arranged in series. In the parallel arrange-
ment, the deformation of the weaker component is limited by the modulus of the
stronger material and both components are deformed to the same extent (isostrain).
In the series arrangement, the strength of the weaker component limits the force
transmitted to the stronger material; therefore, both are subjected to the same stress
(1sostress).

If ¢, and ¢, = 1 — ¢, are the respective volume fractions of the two components,
the equations for the upper and lower bound values are:

Ge = ¢:Gx + ¢,G), (upper bound, isostrain) (2.50)
(1/Ge) = (¢x/Gx) + (¢,/Gy)  (lower bound, isostress) (2.51)

Values of G, predicted by the above two models are shown in Figure 2—15. Implicit
in the above models is that the experimental value of G, lies between those of G, and
Gy. For a simple phase-separated system, the lower bound form (isostress) should
predict G prior to phase inversion when the supporting phase (x) is the weaker one.
It will then show a transition to the upper bound behavior. More complex models
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Figure 2-15 Modulus of the Composite Gel (G;) Plotted Against Volume Fraction of Component y
(G = 10,000). When the weaker component (x, G = 1,000 Pa) dominates and becomes the continuous
phase, G follows the lower bound isostress limit. with increasing fraction of y, there will be a phase
inversion and G reaches the upper bound limit, path indicated by open circles.

can be found in Sperling (1986). The Takayanagi models have been used to better
understand the rheological behavior of a starch-soyprotein system (Chapter 4), tomato
paste (Chapter 5), and mixed gel systems (Chapter 6). However, given that most foods
contain several major components (¢), the number and distribution of phases (P) is
much more complex as seen from the phase rule:

P=(@C—f+2) (2.52)

where, f is the number of degrees of freedom.

TREATMENT OF RHEOLOGICAL DATA USING MODELS

Prior to using a model for description of rheological data, it would be desirable to
critically examine a number of issues, such as:

1. How reliable are the data? Are the data reproducible? Are the measurement
techniques reliable? Are the test samples reproducible, reliable, and suitable for
rheological measurements?

2. Plotthe data (o — y)-look for trends in data and artifacts of rheometer. Sometimes,
most, but not all, of the data can be used for subsequent analysis. If the data are
not reliable, why fit models?



Flow and Functional Models for Rheological Properties of Fluid Foods 55

3. Rheological model: (a) Is it appropriate for the experimental data? (b) How reliable
is the model parameter estimation software? Has the reliability of the software
been checked? (c) What are you looking for in the data (e.g., effect of temp.)?
(d) Compare experimental data with a model’s predictions because R? values
often do not indicate the appropriateness of the model for the selected data!
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CHAPTER 3

Measurement of Flow and
Viscoelastic Properties

M. Anandha Rao

Techniques for measuring rheological properties of polymeric materials have been
well described previously by others (e.g., Whorlow, 1980; Macosko, 1994). The text
by Van Wazer et al. (1963) is still a valuable reference that explains in detail many
facets of earlier attempts to measure rheological properties of polymeric materials
as well as basic equations of viscometric flows. The unique nature of fluid foods
prompted this author to review both the rheological properties of fluid foods and
their measurement about 30 years ago (Rao, 1977a, 1977b). Subsequent efforts on
rheology of foods include those of Rao (1992, 2005) and Steffe (1996).

The study of the Newtonian and non-Newtonian flow behavior of foods requires
considerable care and adequate instrumentation. Poorly designed instruments can
provide data that can be misleading and of little value. A viscometer must be capable
of providing readings that can be converted to shear rate (y ) and shear stress (o) in the
proper units of s~ and Pa, respectively. Further, a well designed instrument should
allow for the recording of the readings so that time-dependent flow behavior can be
studied. The shear stresses that need to be measured in the case of low-viscosity foods
are low in magnitudes so that instruments that minimize friction by the use of gas
bearings are very useful for such foods.

Ideally, for viscosity measurement, the flow in the selected geometry should be
steady, laminar and fully developed, and the temperature of the test fluid should be
maintained uniform. For obtaining data under isothermal conditions the temperature
of the sample should be maintained constant at the desired level. For foods that exhibit
Newtonian behavior, viscometers that operate at a single shear rate (e.g., glass capil-
lary) are acceptable. For foods that exhibit non-Newtonian behavior, data should be
obtained at several shear rates and the commonly used viscometric flow geometries
in rheological studies on foods include: (1) concentric cylinder, (2) plate and cone
(cone-plate), (3) parallel disk (also called parallel plate), (4) capillary/tube/pipe, and
(5) slit flow. The equations of continuity and motion can be applied to the afore-
mentioned well defined geometries. As shown later, a single cylinder rotating in
an infinite fluid can also be used (Rao, 1995), if the experiments are conducted
properly.

The concepts of laminar and fully developed flow are frequently used in studies
on flow and heat transfer. Both are best explained using flow in a straight tube as an
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example. In steady fully developed flow, the radial velocity profile does not change
along the length of the tube. Laminar flow means that all fluid elements are flowing
parallel to each other and that there is no bulk mixing between adjacent elements.
The criterion for laminar flow of a Newtonian fluid, with density p and viscosity 7,
and average velocity v in a tube is that the Reynolds number (Equation 3.1), named
after Osborne Reynolds, is <2, 000:

.
P 2,000 3.1)
n

Viscosity measurements are done under laminar flow conditions. Under conditions of
turbulent flow of Newtonian fluids, the measured viscosity will be higher. In general,
because non-Newtonian fluid foods are highly viscous, usually laminar flows are
encountered.

A priori estimation of applicable shear rates for food processing application is also
not easy because they depend upon both the properties of the food and the shearing
conditions of a specific operation. Often, order of magnitude estimates of the shear
rates are made assuming Newtonian flow behavior and the process equipment is
designed conservatively. Sestak et al. (1983) presented characteristic ranges of shear
rates for a few operations that should be, especially the very high shear rate values,
used with considerable caution: coagulation tanks with agitators, 2-20 s~'; helical
channel extruder, 1,000-3,000 s~!; and filling machine nozzle, 30-3,000 s~!. For
flow in pipes of circular cross section, assuming laminar flow far from fittings, the
shear rates for Newtonian fluids can be estimated from the expression: (320Q/ nD3),
where Q is the volumetric flow rate (m>s™!) of the food and D is the internal diameter
of the tube (m). However, if the flow properties are being measured to correlate with
human assessment of quality, Shama and Sherman (1973) showed that viscous foods
are manipulated in the mouth at shear rates of about 10 to 30 s~ !, while low-viscosity
foods are subjected to a shear stress of about 10 Pa that result in shear rates of about
100 to 200 s~ 1.

The relationships for shear stress in capillary/tube and slit geometries can be
deduced relatively easily from the pressure drop over a fixed length after fully
developed flow has been achieved. Likewise, in rotational viscometer geometries
(concentric cylinder, cone-plate, parallel disk), shear stress can be calculated from
the measured torque and the dimensions of the test geometry being used. In contrast
to shear stress, the derivation of expressions for the shear rate requires solution of the
continuity and momentum equations with the applicable boundary conditions. The
derivation of equations for the shear rates in capillary, concentric cylinder, and cone-
plate geometries is outlined in Appendix 3—A through 3-C. It will be shown thatin a
properly designed cone-plate geometry the shear rate depends only on the rotational
speed and not on the geometrical characteristics. In all other flow geometries, the
dimensions of the measuring geometry (capillary, concentric cylinder, parallel disks)
play important roles.
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ROTATIONAL VISCOMETERS

In a rotational viscometer, the shear rate is derived from the rotational speed of a
cylinder or a cone. Often, considerable effort is spent on obtaining low-shear viscosity
data, such as zero-shear viscosity, that are difficult to obtain in view of the low shear
rates needed for example, <0.01 s~!. The maximum rotational speed that is used is
left to the discretion of the operator. If the flow properties of the food are needed to
design for processing operations, it is necessary to use shear rates that span the range
expected to be used in the process and these may be quite high.

Concentric Cylinder Viscometer

In this geometry, a cylinder (bob) is placed concentrically (coaxially) inside a cup
containing a selected volume of the test fluid (Figure 3—1). It is easy to imagine that
the process of loading a sample in to the cup and insertion of the bob will either
destroy or alter the structure of the test fluid. Also, it may require considerable effort
to insert a bob in to a cup containing a very high viscosity material, for example,
a dough. The bob is rotated and the drag of the fluid on the bob is measured by
means of a torque sensor. In the Couette geometry, the cup is rotated and the main
advantage 1s that higher shear rates can be obtained prior to the onset of turbulence
due to Taylor vortices. By changing the rotational speed (shear rate) and measuring
the resulting shear stress it i1s possible to obtain viscosity data over a wide range
of shearing conditions. In automated viscometers, the bob is programmed for an
increase-in-speed ramp up to a predetermined shear rate and a decrease-in-speed
ramp back to zero speed. In controlled-stress instruments, the variable controlled is
the stress (torque) and the rotational speed is the response measured. Today, many

Figure 3—1 Schematic Diagram of a Concentric Cylinder Geometry.
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rotational viscometers are available commercially whose data collection function, and
calculation of shear rate-shear stress data and parameters of rheological models (e.g.,
power law model) are performed by dedicated computers using software provided by
the viscometer manufacturers. Nevertheless, it is instructive to know the applicable
equations for the different geometries.

In a concentric cylinder geometry, the shear stress can be determined from the total
torque (M):

(3.2)

where, r; is the radius of the rotating bob.

Newtonian Shear Rate

The Newtonian shear rate in a concentric cylinder geometry, yn, can be calculated
exactly from the expression (see Appendix 3-A):

.29
N T i G2

where,  is the angular velocity of the rotating bob, #; is the radius of the bob, and r,
is the radius of the cup. Recalling that viscosity is obtained by dividing the magnitude
of shear stress by the corresponding shear rate, the viscosity of a Newtonian fluid
from concentric cylinder flow data is given by the Margules equation:

M 1o
= (4nhﬁ2) (712' - }%) G4)

where 7 is viscosity; M is the torque on the bob, €2 is the angular velocity of the
rotating bob, / is the length of the bob in contact with the fluid, r; is the radius of the
bob, and r, is the radius of the cup. For a given instrument with a given geometry
this equation reduces to:

n=CM/Q (3.5)

where, C is the instrument constant = 1/[(4rh){(1 /riz) - (1 /rg)}]. The instrument
constant provided by manufacturers is usually determined using Newtonian fluids.
Although viscometer manufacturers usually provide conversion factors to calculate
the torque values for each bob that accompanies their instrument, their validity should
be checked (e.g., by suspending precision weights from a bob positioned horizontally)
periodically due to changes in response of torque transducers.
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Krieger Method

In contrast to a cone and plate geometry to be discussed next, the shear rate of
non-Newtonian foods cannot be determined from a simple expression involving
the angular velocity and often one must use a suitable relationship between rota-
tional speed and shear stress to correct for non-Newtonian behavior. More complex
equations are needed to describe the flow of non-Newtonian fluids in concentric
cylinder geometry. For example, for fluids that can be described by the power law
model, an expression presented by Krieger and Elrod (Van Wazer et al., 1963) has
been used extensively in the literature:

(3.6)

Y= e M ne) T 30 dno)?

Q dnQ) (ne)?> &Q

[1+1 ) | (ne) ]
where, € is the angular velocity of the rotating bob, y is the shear rate at the bob, o;
is the shear stress at the bob, and ¢ = (cup radius/bob radius).

Powerlaw Fluids

For fluids that can be described by the power law model, an expression that provides
the influence of both the deviation from Newtonian behavior of the fluid and that of
the cup to bob ratio is (McKelvey, 1962; Brodkey, 1967):

L2 1‘(%)2
@] b))

From equation 3.7, as shown in Table 31, it can be deduced that for non-Newtonian
foods the correction term to Newtonian shear rate depends on the extent to which a
fluid deviates from Newtonian behavior and the size of gap between the inner and
outer cylinders. To minimize errors in the calculated shear rates, it would be preferable
to employ concentric cylinders with narrow gap between them. Therefore, some of
the commercially available units have the ratio of the radii (#;/r,) of about 0.95.
However, it is not obvious that the software provided by viscometer manufacturers
contains corrections for non-Newtonian flow behavior, so that, when ever possible,
it is advisable to use narrow gap concentric cylinder systems for fluids that deviate
considerably from Newtonian behavior.

For a single cylinder rotating in an infinite fluid (e.g., large container), assuming the
shear rate far form the rotating cylinder, y,, is zero in Equation 3A.12, the expression
for the shear rate is:

7 6.)

dQ;
2oi— =y (3.8)

do;
Equation 3.8 can be used when only a single cylinder system is available instead
of concentric cylinder system, but care should be exercised in making sure that the
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Table 3-1 Values of Shear Rate Correction Factors for Concentric Cylinder Geometry

2 2/n Correction
(ri/ro) XX = [ - (%) ] Valueofn YY=n [1 - (r'—é) ] % Factor

0.95 0.0975 0.20 0.0803 1.215
0.95 0.0975 0.50 0.0927 1.051
0.95 0.0975 1.00 0.0975 1.000
0.95 0.0975 1.20 0.0983 0.992
0.95 0.0975 2.00 0.1000 0.975
0.75 0.4375 0.20 0.1887 2.318
0.75 0.4375 0.50 0.3418 1.280
0.75 0.4375 1.00 0.4375 1.000
0.75 0.4375 1.20 0.4571 0.957
0.75 0.4375 2.00 0.5000 0.875
0.50 0.7500 0.20 0.1998 3.754
0.50 0.7500 0.50 0.4688 1.600
0.50 0.7500 1.00 0.7500 1.000
0.50 0.7500 1.20 0.8220 0.912
0.50 0.7500 2.00 1.0000 0.750

sample characteristics are not changed during collection of the experimental data, such
as settling of solids of a dispersion. For a test sample, angular velocity versus shear
stress data should be obtained from which the magnitude of (d2;/do;) is calculated
and substituted in Equation 3.8.

Other expressions for concentric cylinder geometry include that for Bingham
plastic fluids where the yield stress must be taken into account which leads to the
Reiner-Riwlin equation:

M (1 1\ oo, (r
Q= S R Y 3.9
47{]”7/ (rlz rg)+ n, n(’”i) ( )

where oy is yield stress and #’ is the plastic viscosity. Equations for the shear rate at
the rotating bob can be also derived for fluids that follow other rheological models.

Steiner’s Method

For foods, such as chocolates, that can be described by the Casson model (Equation
2.5), Steiner (1958) chose not to develop an explicit expression for the non-Newtonian
shear rate, but related yn to the Casson model parameters Ko, K¢, and shear stress,
o. Steiner’s approach is valid for values of a = (r{/r,) between 0.5 and 0.9, and yN
values greater than 0.1 s~! when a = 0.9 and 0.01 s~! when a = 0.5.

(140 V5) =K (1 +0) Vin] + 2K (3.10)
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The limited restrictions on the ranges of shear rate and the values of the ratio (#;/r,) for
using Equation 3.10 are due to retaining only the first term in the series expansion of
In(r;/r,) and neglecting the higher order terms. From a plot {(1 + a)+/yn} (abscissa)
versus {(1 + a)/o} (ordinate) (Figure 3-2), where a = (ri/r,), the Casson model
parameters can be calculated from the slope (m) K, = m and intercept (b) Koc = b/2.
It will be recalled that the Casson yield stress is calculated as og. = (Koc)? and the
Casson plastic viscosity as nca = (K¢)?. Values of og and 7c, (Table 3-2) of two
chocolate samples whose viscosity data were obtained by Steiner (1958) with two
concentric cylinder systems: MVI, (#;/r,) = 0.95 and MVII, (ri/r,) = 0.72 were
determined by plotting {(1 + a)/yn} versus {(1 + a)/o'} (Figure 3-2). Magnitudes
of the Casson parameters of the two chocolate samples determined with the two
measuring systems are in reasonable agreement with each other. Steiner’s approach
to fluids that follow the Casson model is yet another example of the need to correct
Newtonian shear rate data obtained with concentric cylinder systems.

1 = MVI-800
30] 4 MVI-850

] o MVIII-800
+ MVIIL-850

] V=779 + 1.49x, R*2 = 1.00, MVI-800

10 y=3.04 + 1.01x, R*2 = 1.00, MVI-850
y=8.55+ 1.54x, R"2 = 1.00, MVII[-800
y =248+ 1.10x, R*2 = 1.00, MVIII-850

0 10 20 30
(1+a) {(Shear rate) %5}

(1+a) {(Shear stress) %}
[\*]
o

Figure 3-2 Steiner Plot for Flow Data on a Chocolate Sample; Data points Shown were Recalculated from
Original Data of Steiner (1958). MVI and MVII indicate concentric cylinders with different dimensions,
and 800 and 850 indicate different chocolate samples.

Table 3-2 Casson Yield Stress, oo = (Koc)?, and Plastic Viscosity, nca = (Kc)?,
Values of Chocolate Samples with Couvertures 800 and 850 Determined with two
Rotovisco Concentric Cylinder Systems MVI, (r;/ro) = 0.95, and MVIII, (r;/r,) = 0.72.
Steiner, 1958

Measuring System

and Sample Intercept =2Kp,  ooc (Pa)  Slope =K  ngg (Pas)
MVI, 800 7.79 15.2 1.49 2.22
MVI, 850 3.04 2.3 1.01 1.02
MVIil, 800 8.55 18.3 1.54 2.37

MVIiI, 850 2.48 1.5 1.10 1.21
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A number of concentric cylinder design factors affect the rheological data obtained
and these are discussed next.

End Effects in Concentric Cylinder Systems

In Equation 3.2, the measured torque should be only due to the lateral surface (27 rih)
of a vertical cylinder. Therefore, any significant drag on the ends of the rotating
cylinder should be either minimized by design, for example by providing an interface
of air (see Figure 3-3), or corrected for the influence of the end. The correction
for the drag on the bottom, the height equivalent to the end may be calculated by
determination of the torque exerted by the rotating cylinder at different fill heights
and extrapolation of the torque to zero height that is valid for a Newtonian fluid.
Assuming torsional flow between parallel disks (Macosko, 1994), the extra torque
(My) contributed by the end can be estimated:

2} (1/n) ()"
bh = ——————— | —
34+n hy,

where, Ay, 1s the gap between the bottom of the cylinder (Figure 3-3) and the cup,
and » is the power law flow behavior index that can be obtained from a plot of log €2
versus log M. The total torque due to the lateral surface of the bob and the bob’s end
is M + My,

Another approach of accounting for end effect, called the Mooney-Ewart approach
(Whorlow, 1980), is to replace the end with a cone whose influence can be calculated

(3.11)

Inner
cylinder

|
I
|
!

Outer
bF———=1 I cylinder
|
}
|
I

__ Test fluid

\

Air bubble

Figure 3-3 Schematic of a Concentric Cylinder Geometry Air Bubble to Minimize Shear at the Bottom
of a Rotating Cylinder.
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(Figure 3-4). Ignoring the discontinuity where the conical and cylindrical surfaces
meet, the total torque is given in terms of the arithmetic mean stress, op:

2 Feq
M=2mr2, (h b= )am (3.12)
3sina
The stress oy, occurs at a radius 7eq:
2r?r2
2 1°0
Foom 3.13

€q 7'12 + rg ( )

Double Concentric Cylinder System

For low-viscosity fluids, one manner of obtaining increasing the torque (stress) value
is to increase the area of shear as shown in Figure 3-5. Compared to the geometry

Figure 3-5 Double Concentric Cylinder Geometry for Low-Viscosity Fluids.
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shown in Figure 31, in view of the thin wall of the inner component, the test sample
is disturbed much less when the double concentric cylinder geometry is assembled
for a rheological test and the end effects are negligible. The design is such that
(r1/r2) = (r3/rs). For the geometry shown in Figure 3--5, the expression for the
shear stress, analogous to Equation 3.2 is:

M
e 3.14
d 27h (r% + r%) ( )

Recognizing that the fluid is sheared on the surfaces with radii », and 3, one can
write an equation analogous to Equation 3.3:

1 1
N =20 -+ 3.15
N [1 )t 1- (rs/r4)2] (.13)

Slip in Concentric Cylinder Systems

In some foods, a thin layer of low-viscosity fluid forms at the solid-fluid interface that
in turn contributes to lower viscosity values. The boundary condition that at the solid-
fluid interface the fluid velocity is that of the wall is not satisfied. This phenomenon
is known as slip effect. Mooney (1931) outlined the procedures for the quantitative
determination of slip coefficients in capillary flow and in a Couette system. The
development for the concentric cylinder system will be outlined here for the case of
the bob rotating and details of the derivation can be found in Mooney (1931).

For a concentric cylinder system, the differential equation for angular velocity can
be written as:

i—c: = % (3.16)
Integration from the inner to the outer cylinder gives:
9]
o=V Pl +f (——T—‘p—g)dr (3.17)
2mry 2mr; 2ar

T

In the above equations, @ and 2 are the angular velocity of liquid and cylinder,
respectively, B is the slip coefficient (defined as 8 = slip velocity/shearing stress), ¢
is the fluidity, and T is the torque per unit height (MA™1).

In a controlled-shear rate viscometer such as the Haake Rotovisco, T is determined
as a function of 2, while in constant stress rheometers, such as the Carri-Med, 2
is determined as a function of 7. In order to determine surface slip in a co-axial
cylinder viscometer, one must vary the ratio »; /7, as well as T and 2 (Mooney,
1931). Specifically, one can determine €2 at constant 7" using three combinations of
cups and bobs of radii r, /71, r3/r2, and r3/r;. The coefficient of slip is given by:

27'(1’5j
B = T (N12 + N3 + Ni3) (3.18)
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where, N is the rotational speed for the appropriate concentric cylinder system. When
the bob is rotating, as is the case in many rheometers, the slip velocities for the cup
(Veup) and bob (vy ) are given by the equations:

, T
Veup = P 5T (3.19)

cup

T
1&b=mw9—ﬂ[———~} (3.20)

2
anbobL

The velocity difference across the test material is: vy, — v;,,, and the ratio of this

velocity to the velocity difference without slip [(v; , — véup) /Voob] 18 the factor used

to correct the shear rate. It must be noted that Mooney (1931) also suggested that one
may use only two concentric cylinder systems and this suggestion was interpreted
in a quantitative manner by Yoshimura and Prud’homme (1988a) who derived the
necessary equations for such systems.

To estimate slip velocities, the rotational speeds at specific values of torque for the
three concentric cylinder units (Figure 3-6) specified in the theory of Mooney (1931)
were determined (Qiu and Rao, 1989; Grikshtas and Rao, 1993). The magnitudes of
the radii of the three concentric cylinder units », 7, and 73 were: 18.4,20.04, and 21.0
mm, respectively. Experiments were conducted so that the rotational speeds Ny;, N3,

r=18.4 mm

1 20.04 mm

ry=21.0 mm

10pulj£d 19nQ)
JapurjAd 1ouu|

[TANW
122ys Jopur[Ad ury) Adnuyug d

Figure 3-6 Diameters of Concentric Cylinders Used in a Study of Slip Velocities Using the Method of
Mooney (Qiu and Rao, 1989).



70 RHEOLOGY OF FLUID AND SEMISOLID FooDS

and N3 were determined at the same magnitude of torque, where the subscripts 12, 13,
and 23 denote the appropriate combination of cup and bob; for example, the subscript
12 denotes a bob of radius ») and a cup of radius »;. The slip coefficient (8) and
the slip velocity ratio (v-ratio) were calculated using Equations 3.18, 3.19, and 3.20.
The shear rates corrected for slip were calculated as the product of the v-ratio and
the uncorrected for slip shear rates calculated using Krieger and Elrod’s equation
(Equation 3.6).

Grikshtas and Rao (1993) showed that Kiljanski’s method for estimating slip
velocities using two concentric cylinder units gave results comparable to that of
Mooney. Yoshimura and Pru’dhomme (1988) described procedures for estimating
slip velocities in a parallel plate geometry.

Turbulent Flow

As stated earlier, rheological measurements should be conducted under laminar flow
conditions and that turbulent flow conditions will result in higher viscosities. Thus, a
sudden increase in viscosity with increase in rotational speed may be due to the onset
of turbulent flow and may be erroneously attributed to shear-thickening behavior
of the test fluid. In the design of concentric cylinder system, one has the option of
rotating either the inner or the outer cylinder. In this respect, Taylor showed that
when the Reynolds number reaches a certain value, vortices appear whose axes are
located along the circumference and when the outer cylinder is rotated the vortices
appear at higher rotational speeds (Schlichting, 1960). An equation for predicting
the onset of vortex formation for Newtonian fluids credited to Ludwig Prandtl is
(Schlichting, 1960):

WY m3 (3.21)
v Vr

where, w is the width of the gap, v; is the peripheral velocity of the inner cylinder,
r; is the radius of the inner cylinder, and v = np is the kinematic viscosity of the
fluid.

Plate and Cone Geometry

The apex of a cone is brought into close proximity, but not in to contact, of a horizontal
plate (Figure 3-7). Often, the apex is truncated slightly to eliminate a sharp point.
The minimum gap between the cone and plate is usually of the order of 50 wm so that
this geometry may not be suitable for dispersions containing larger diameter solids.
The test fluid fills the gap between the cone and the plate, and because the gap 1s
small, only a small volume (typically, 1-5 mL) of fluid is needed. The cone is rotated
and the torque is measured at various speeds of rotation. A cone and plate viscometer
can be used to obtain shear stress-shear rate curves and shear—stress versus time at
constant shear rate curves as described above for concentric cylinder geometry. The
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(1§} — " ——] "
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Figure 3-7 Schematic Diagram of a Cone and Plate Geometry.

shear rate and shear stress are given by the following equations.

3T,

Shear stress, ogg = Dcn (3.22)
. Q

Shear rate, y = o (3.23)

0o

where, T, is the torque per unit area, D is the diameter of the rotating cone or plate,
Q2 is the angular velocity, and 6, is the cone angle in radians. In general 6, is usually
quite small (2°—4°). It is readily apparent from Equation 3.22 that the magnitude of
v depends only on the angular velocity and the cone angle, so that it is uniform in a
cone-plate geometry.

The concentric cylinder and the cone-plate geometries together with low-inertia
rheometers are well suited for studying time-dependent viscous (e.g., thixotropic and
anti-thixotropic) and viscoelastic (stress growth, creep, and dynamic) properties of
foods. The alteration of the structure during sample loading is a concern in both
geometries, but especially in the concentric cylinder system where typically the test
sample is poured first into the cup and the rotating cylinder is inserted subsequently.
At least a reasonable period of time for recovery of sample structure should be given
prior to rheological measurements. With some samples (e.g., gelatinized starch and
other food gels), the rheological measurements can be conducted after the sample has
been created in situ in the measuring system.

Parallel Disk Geometry

The parallel disk geometry, also called the parallel plate geometry, consists of two
disks with radius 7, separated by the gap # (Figure 3-8). Assuming steady, laminar,
and isothermal flow, the expression for shear rate is:
. Qry
=T

(3.24)
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Figure 3-8 Schematic Diagram of a Parallel Disk Geometry.

The shear stress can be determined from the measured torque, M:

3IM + 1dinM
3dny

o (3.25)

© 2mr3
where, 2 is the angular velocity, r, is the disk radius, and /4 is the gap between
the disks. Although the shear field is nonhomogeneous, the parallel disk geometry
is useful in handling dispersions that contain relatively large size particles, such as
gelatinized starch dispersions. Yang and Rao (1998) used a parallel disk geometry to
obtain rheological data during gelatinization of a corn starch dispersion. They found
that the paraffin oil placed at the edge of the starch sample did not penetrate into the
starch. The gap & between the disks can be selected to accommodate foods containing
large particles and a rough guide for a suitable gap width is for # &~ 10 x particle
diameter.

Mixer Viscometer

Some rotational viscometers employ a rotating disc, bar, paddle or pin at a constant
speed (or series of constant speeds). It is extremely difficult to obtain true shear
stress, and the shear rate usually varies from point to point in the rotating member. In
particular, the velocity field of a rotating disc geometry can be considerably distorted
in viscoelastic fluids. Nevertheless, because they are simple to operate and give results
easily, and their cost is low, they are widely used in the food industry. While they may
be useful for quality control purposes, especially Newtonian foods, the reliability of
their values should be verified by comparison with data obtained with well defined
geometries (capillary/tube, concentric cylinder, and cone-plate).
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Many foods are suspensions of solid matter in a continuous medium. In concentric
cylinder and plate and cone viscometers, the solid matter may be larger than the gap
between the stationary and the rotating parts, or it may settle due to agitation. In addi-
tion, a thin layer of the continuous phase may separate at the moving and stationary
surfaces and this can induce errors in the measured values of shear rate. Foods that
can pose problems during measurement with rotational viscometers include: Mus-
tard, tomato puree, apple sauce, and other suspensions. For these and other complex
foods, approximate shear rate—shear stress data can be obtained by a technique using
arotating vane (Figure 3-9) that minimizes settling and separation of the product. The
technique was developed for the determination of power consumption during mixing
of fluids (Metzner and Otto, 1957) and adapted to studying rheology of fermentation
broths (Bongenaar et al., 1973). It is based on the assumption that the average shear
rate around the paddle is directly proportional to the rotational speed (N):

v = kN (3.26)

where, kg is a constant that must be determined for each paddle (Rao, 1975; Rao
and Cooley, 1984) and N is rotational speed (revolutions s~') of the paddle. The
constant ks can be determined from a semi logarithmic plot of (1 — n) (abscissa)
versus log[P/(KN"*1d%)] (ordinate) (Rieger and Novak, 1973), and the slope of the
resulting line is equal to: — log k5. For a given impeller, tests must be conducted such
that the necessary data are obtained: P, the power (Nm s™!); N, the rotational speed

. |0.4 cm
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Figure 3~9 Schematic Diagram of a Vane that can be Used for Obtaining Yicld Stress, and Shear Rate
versus Shear Stress Data.
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Figure 3-10 Plot of (1 — ) (abscissa) versus log [P/(KN n+143)] for an Eight-Blade Vane.

(s~!); d the diameter of the impeller (m); and the power law parameters (K and n) of
several test fluids so that a wide range of values of (1 — n) can be obtained. Figure
3-10 illustrates such a plot for an eight blade impeller, d = 5.8 cm and » = 4.4 cm
(not shown here). For geometries wth large surface areas, the method of matching
viscosities is less likely to contribute to errors. A value of ks of about 19 was estimated
from Figures 3-9 and 3-10.

Magnitude of k5 can also be determined by matching the torque with a Newtonian
fluid of a known viscosity to that with a non-Newtonian fluid (Metzner and Otto, 1957,
Rao and Cooley, 1984). Wood and Goff (1973) applied the matching viscosity method
to determine the effective shear rate in a Brabender Viscograph. The latter method
was called (Rao and Cooley, 1984) the Metzner-Otto-Wood-Goff (MOWG) method.
Figure 311 illustrates the matching viscosity technique for the same impeller. Castell-
Perez et al. (1987), and Briggs and Steffe (1996) employed the two techniques
described above for small samples, while Lai et al. (2000) determined the value
of ks of the impeller-cup combination of the Rapid Visco Analyser (RVA) to be 20.1.

Power Law Parameters Using a Mixer

For foods that follow the simple power law model, the flow behavior index is deter-
mined as the slope of a double logarithmic plot of log N (abscissa) versus log torque
(ordinate). In order to determine the consistency index, magnitudes of torque must
be determined in the same container for the test fluid and for a standard fluid whose
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Figure 3-11 Illustration the Matching Viscosity Technique for the Eight-Blade Vane.

rheological characteristics are known. Recognizing that the ratios of the torques will
be equal to the ratios of the shear stresses, one can write the algebraic expression for
a test fluid (x) and the standard fluid (y):

L _or _ KlsNo™ (3.27)
Lo K (kN)”

where, T and T, are the magnitudes of torque measured with the test and the standard
fluids, N, and N,, are the rotational speeds employed with the test and standard fluids,
K, and K, are the magnitudes of the consistency coefficient of the test and the standard
fluids, and n, and n, are the magnitudes of the flow behavior index of the test and the
standard fluids. Because all the terms other than K, the consistency index of the test
fluid, are known, it can be calculated. For the special case of a Newtonian standard
fluid, Ny, = 1. Studies are needed to verify the assumption that the average shear rate
of the paddle is directly proportional to the rotational speed. However, in the interim,
for foods that cannot be studied with conventional viscometers, the careful use of
vanes will enable the determination of the power law parameters that in turn can be
used to calculate shear rates and shear stresses from the relationship:

o =Kyp" (2.3)

Flow Behavior Using a Vane

From numerical simulation of flow of power law fluids in a narrow-gap vane-in-
cup geometry (r; = 8.5 mm, r, = 9.5 mm), Barnes and Carnali (1990) suggested
that for shear-thinning fluids with the flow behavior index <0.5, the fluid within
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the blades is trapped and turns with the rotating vane. Thus, for a given rotational
speed of the spindle, the shear stress at the cup wall 1s equal to that in conventional
concentric cylinder viscometer geometry and identical flow curves would be obtained.
Further, significant and sudden drop in viscosity was observed with both geometries;
compared to the concentric cylinder geometry, the shear rate at which the drop in
viscosity occurred was higher with the vane geometry. It is emphasized that, at this
time, the approximation to a concentric cylinder system is applicable to a vane-in-
cup system and not for other types/shapes of impellers. In fact, some impellers are
designed to promote mixing of fluids and for those impellers, the aforementioned
method of equivalent shear rate should be used.

YIELD STRESS OF FOODS USING A VANE

Yield stress is an important rheological property in foods such as tomato catsup,
tomato sauce, and melted chocolate. Experimental measurement of yield by the relax-
ation technique described by Van Wazer et al. (1963 ) is time consuming and the values
are affected by prior shearing of sample. Yield stress values obtained by extrapolation
of shear stress-shear rate data depend on the model used and prior shearing of the
sample, so that different values of yield stress may be obtained for a given sample
depending on the extent of alteration of structure. One manner of visualizing yield
stress, shown in Figure 3-12 (Keentok, 1982), is that a sample with undisturbed
structure has a high yield stress, called static yield stress. In contrast, a sample whose
structure has been disturbed by shear has a lower magnitude of yield stress, called
dynamic yield stress. The shearing of a sample may take place during loading of the
sample into a measuring geometry and collection of rheological data.

A relatively simple technique using a vane with at least four blades was developed
by Dzuy and Boger (1983, 1985). A six-blade vane (Figure 3-9) was employed

Static yield stress

/

4
s
7

«¢———  Dynamic yield stress

Shear stress

Shear rate

Figure 3-12 Illustration of Static and Dynamic Yield Stress (Keentok, 1982).
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to examine yield stress of applesauce (Qiu and Rao, 1988) and other pureed foods
(Yoo et al., 1995). The studies of Keentok (1982) and James et al. (1987) also contain
useful discussion on yield stress. Figure 3—13 illustrates the experimental set up used
by Qiu and Rao (1988). In this technique, the maximum torque reading is determined
at a low rotational speed (e.g., 0.4 rpm) (Figure 3-14). The vane yield stress, oy, is
then calculated from the equation:

D3 (H 1
Ty = — (5}" + ~3;) o0y (3.28)

Figure 3-13 Vane Yield Stress Setup at Controlled Strain Qiu and Rao (1988). The Numbers Denote
Separate Pieces of Equipment: 1—torque unit, 2—vane, 3—constant temperature vessel for sample, 4—
constant temperature bath, 5—viscometer drive motor, 6-—viscometer control panel, 7—chart recorder for
torque output, and 8—voltmeter to monitor vane rpm signal.

Torque (N m)

Vane speed = 0.4 rpm

Time (min)

Figure 3-14 Torque versus Time Plot with a Vane in Controlled Strain Operation Where the Maximum
Torque is Used to Calculate the Yield Stress.
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Figure 3-15 Torque versus Deformation Plot with a Vane in Controlled Stress Operation.

where, Ty, 1s the maximum torque reading (N m), and Dy, (m) is the diameter and
H(m) the height of the paddle, respectively. The method is simple to use and consistent
results were obtained for a wide range of food products, such as apple sauce (Qiu and
Rao, 1988), tomato purees (Yoo et al., 1995), and starch dispersions (Genovese and
Rao, 2003a). In a study of the vane yield stress of tomato puree samples, a controlled
shear rate viscometer and a controlled stress theometer provided comparable values
of yield stress (Yoo et al., 1995). However, in the controlled shear rate method, it
is relatively easy to accurately determine the maximum torque; with the controlled
stress theometer, there is uncertainty in the determination of the representative Ty,
value (Figure 3-15).

Structural Characteristics of Dispersions

The vane yield stress technique is a useful technique that applies small deformations
in the initial stages and large deformations in the latter stages. From the initial linear
portion of the torque-time curve at a low shear rate, for example, 0.01 s~!, the shear
modulus (G) can be calculated as:

where, o, and £, are the shear stress and time at the end of the initial linear portion of
the plot, respectively. The product y ¢, is the strain corresponding to oe. Values of G
obtained from vane data at y = 0.01 s~! were of comparable magnitude to those of
G’ obtained from dynamic data in a frequency sweep (Genovese et al., 2004).
Michaels and Bolger (1962) and Metz and others (1979) discussed a structural
model for dispersions of particle flocs that associate randomly to form weakly bonded
aggregates and tenuous networks, giving rise to plastic properties. Genovese and
Rao (2003a) showed that by applying an energy balance at the point of maximum
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deformation (yield point) in the vane test, the contributions of different structural
components to the total yield stress can be estimated:

o0 = 0p + oy + oy (3.30)
00 = 00s (3.31)
Op = 0ps — 00d (3.32)
Oy = Noo¥ (3.33)

where, oy is the stress required to break the bonds between the flocs, oy is the
stress dissipated due to purely viscous drag, and oy is the stress required to break
the aggregate network; ogs and ogqg are the static and dynamic yield stresses of the
samples with undisrupted and disrupted structure, respectively. Similar structural
concepts, flocs or clusters, have been used in recent studies on dispersions (Zhou
et al., 1999; Maranzano and Wagner, 2002); the stress decay following yield stress
was associated with the breaking of bonds (James et al., 1987; Truong and Daubert,
2000), and o, was associated with forces required to push aggregated particles away
from each other and breaking their network (Zhou et al., 1999).

Genovese and Rao (2003a) suggested that first ogg of a sample with undisrupted
structure be determined, followed by a flow test that serves the dual purposes of
breaking down structure and also providing shear rate versus shear stress data, and
finally determination of oq. It appears that for most foods, the viscous component of
yield stress will be small, so that the contributions of bonding and network components
are of major interest. Another important practical use of oo and ogpqg is creation
of texture maps in which their values are plotted against corresponding values of
deformations at yield, yps and ygq, respectively. Such a plot, shown for different
starch dispersions in Chapter 4, provides visual evidence of changes in structure of
a product.

The concepts of inter-particle bonding, net work structure, and viscous dissipation,
as well as texture maps should be applicable to all structured dispersions, such as
cosmetics and other consumer products. The vane yield stress test is a versatile test
in which a fluid food is subjected to small deformations during the initial stages and
large deformations during the latter stages of the experiment. From the former set of
linear data, a shear modulus (G) of the sample can be estimated.

TORSION GELOMETER FOR SOLID FOODS

In a torsion test, a capstan-shaped specimen is twisted in a viscometer, and the gen-
erated stress and strain are measured upto the point of material fracture. Torsion
produces what is called a pure stress, a condition that maintains sample shape and
volume during the test. The material can fail in shear, tension, compression or in a
combination mode, and the test does not dictate the mode of failure (Hamann, 1983).
The main disadvantages of torsion are: (1) specimen shaping and preparation are
usually complex and tedious, and (2) the technique is not applicable to soft or sticky
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materials. It was first used on fruits and vegetables (Diehl et al., 1979), but has been
used on several other foods. Results of torsion gelometry and vane rheometry on
Cheddar, Mozzarella, and processed cheeses were compared (Truong and Daubert,
2001).

PRESSURE-DRIVEN FLOW VISCOMETERS

Capillary/Tube Viscometer

Viscosity measurements can be also conducted using non-rotational pressure-driven
flow viscometers. For example, the glass capillary viscometer in which flow is
induced by gravitational force is used extensively for obtaining data on low-viscosity
Newtonian fluids. In addition, small and large diameter tube viscometers can be con-
structed so that one can obtain shear rate—shear stress data of non-Newtonian foods
(Figure 3-16). The viscometers must be designed such that the pressure drop, Ap
(Pa), over a known length of tube, L (m), and the corresponding volumetric flow rate,
O(m? s1), of the food in laminar flow can be measured. Care must be exercised in
designing the viscometer so that the Ap of food flow is measured over a section L of
the tube free from the influence of fittings and the disturbances at the entrance and
exit of the tube; the latter are known as end effects and are due to the higher pressure
drop in flows that are not fully developed.

In the study of Vitali and Rao (1982), an entrance length of 100 x D and an exit
length of 40 x D were used and the pressure drop was measured in fully developed
flow; therefore corrections for end (entrance and exit) effects were avoided. When it
is not possible to measure Ap over a length of fully developed tube flow, the excess
pressure drop due to end effects can be corrected using a Bagley plot obtained by using
tubes with different (L/D) ratios and plotting pressure drop values at constant shear
rate against those of (L/D) (Figure 3—17). The correction (¢) to (L/D) is obtained by
extrapolating to zero pressure drop, so that the effective length at a specific shear rate
for the specific food material is (L + ¢D). Values of ¢ from Figure 3-17 were 1.10,

Reservoir
_\ Flow direction
dl i L Ap ] 1
i f —]-' "';
i Entrance ' Fully developed r Exit o
| region |  flow region | effect |
I t 1 region |

Figure 3-16 Tube Viscometer Design Considerations (Vitali and Rao, 1982).
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Figure 3-17 Illustration of Bagley End Correction Technique. Pressure drop units in pounds per square
inch as in Brodkey (1967).

2.14,2.59, 2.69, and 2.87 at the shear rates 40, 60, 90, 120, and 250 s~!. Another use
for the data shown in Figure 3—17 is to estimate the entrance pressure drop Ape.

Therefore, when pressure drop data over fully developed flow length cannot be
obtained, the steps involved in obtaining shear rate-shear stress data can be summa-
rized as: (1) Values of (32Q/7 D?) are plotted against the corresponding Ap for each
tube. (2) At selected values of (32Q/m D), the corresponding pressures are obtained
and plotted versus the (L/D) ratio of the tubes as in Figure 3—17. (3) The correction
factor ¢ is obtained from Figure 3—17 and the effective length at a specific shear rate
is calculated as (L + ¢D). (4) From the corrected shear stress and (32Q/7 D?), the
shear rate—shear stress data can be obtained as discussed above. In the study of Jao
et al. (1978) on soy dough rheology, the Bagley correction to end effects was used.
Senouci and Smith (1988) found entrance pressure losses to be less than 10% of the
total pressure drop in a slit die viscometer for maize grits; in contrast, for potato flour
it was as large as 58%.

An outline of the steps involved to derive the equations for shear rate and shear
stress for fully developed flow in a tube is given in Appendix 3-B. The shear stress
(ow) 1s given by Equation (3.34) and the shear rate by Equation 3.35, where the
subscript w is used to emphasize that the values obtained are those at the pipe wall.

DAp
W=
.3 (320 w d(320/7D?)
=3 (m) YT e

(3.34)

(3.35)
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where, D is the diameter of the capillary/tube and L is the length over which
the pressure drop is measured. Equation 3.35 is known as the Weissenberg—
Rabinowitsch-Mooney equation for laminar flow in a tube/pipe in honor of the
scientists who derived it and is made up of a term for Newtonian shear rate,
(320/7 D), and a term that is a correction for non-Newtonian behavior. For fluid
foods obeying the simple power law model, the flow behavior index, #, can be deter-
mined as the slope of a plot of log (32Q/m D?) (abscissa) and log (o) (ordinate), and
it can be used to calculate the non-Newtonian shear rate, y, from the equation:

C 3n41/320
= —_ 3.36
Y 4n (JTD3) (3.36)

One can now construct diagrams of shear rate versus shear stress for non-Newtonian
foods. Vitali and Rao (1982) obtained volumetric flow versus pressure drop data given
in Table 3-3, that were then converted to shear rate and shear stress values shown in
Figure 3—18 and also listed in the table.

Capillary and tube viscometers are relatively inexpensive. However, jackets for
temperature control and large reservoirs for holding food samples can increase their
cost and care must be exercised in analyzing the data obtained with them. As in the
case of rotational viscometers, when food suspensions are being studied, the errors
(slip effects) in the shear rates due to the formation of a thin layer of the continuous
phase at the walls of the tube can be large. Much effort was spent on analyzing the
potential errors in tube viscometers and at least the reviews (e.g., Van Wazer et al.,
1963; Rao, 1977b), if not the original references, should be consulted to appreciate the
experiences of earlier workers. Capillary viscometers are not well suited for studying
time-dependent rheological behavior because of the difficulty in measuring reliable
values of time-dependent wall stresses.

Yield Stress Using a Capillary
If one can determine accurately the minimum pressure required, Apmin, to cause flow
in a horizontal tube, then the yield stress of the material can be estimated from:
D Apmin
0p =
4L

(3.37)

The structure of the food sample would be disturbed considerably during the deter-
mination of Appmin, S0 that the measured yield stress would be closer to the dynamic
yield stress than the static yield stress (Figure 3-10). In contrast, in the vane method
for determination of yield stress both the static and dynamic yield stresses can be
determined.

Die Swell or Jet Expansion

In a highly elastic material with a high first normal stress difference, o1 — 022,
the material expands to a larger diameter, known as die swell or jet expansion. The
diameter of the expanded jet, D, may be estimated from an equation developed by
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Table 3-3 Tube Viscometer Flow Data on Guava Puree 13.6 °Brix, 58°C

Mercury Pseudo
Column Q Shear Shear Rate  True Shear
Test No. (cm) (cm3 s~1)  Stress (Pa) (s™h Rate (s 1)
1 11.3 3.31 291 285 394
2 16.4 7.95 42.3 684 945
3 20.2 12.58 52.1 1,080 1,500
4 23.0 20.28 59.3 1,750 2,410
5 27.2 28.58 70.2 2,460 3,400
6 30.1 38.04 77.6 3,270 4,520
7 33.0 47.39 85.1 4,080 5,630
8 34.8 55.54 89.8 4,780 6,600

Data of Vitali and Rao (1982), density of puree = 1,054 kg m—3.

Sample Calculation, Test no. 5
The following steps illustrate calculation of shear stress and shear rate. Note that centimeter-gram-second
units were used as in the original work (Vitali and Rao, 1982), but the final values are in Sl units.

1. The pressure drop in cm of Hg was converted to Pa:
Ap = pgAh =136 gcm™ x 981 cm s™2 x 27.2 cm = 3.63 x 10° dyne cm™2
2. The shear stress at the wall,

_ DAp 0.491 x 3.63 x 10°

-2
= =702P
m 15635 702 dyne cm 0.2 Pa

Ow

3. The pseudo shear rate was calculated using yy = (32Q/n D3y

32 x 28.58

=5

T =246 x 103!
3.142 x (0.491)3

4. The same procedures were used to calculate shear stresses and pseudo shear rates for all the data. A plot
of log yy versus log ow shown in Figure 3—16 and from linear regression of the data the slope (n) and the
intercept (K’) were calculated to be 0.40 and 3.17 Pa s”. Because n’ = n, the power law flow behavior
index, the consistency index K was evaluated from:

K = Sn'_: 7 =[317/1.38)%4] =278 Pa
(%)
Tanner (1988):
1/6
D 1 |o—o2 2
—_— =14 -] —== 3.38
D * 8 { Ow } ( )

The above equation provides approximate values because the effects of extensional
viscosity and moisture evaporation are not considered.
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Figure 3-18 Shear Rate—Shear Stress Data on Guava Puree Obtained with a Tube Viscometer (Vitali and
Rao, 1982). Both pseudo and true shear rates are shown.

Glass Capillary Viscometer

For low-viscosity Newtonian foods that can flow under normal gravitational force,
glass capillary viscometers can be used. Recalling that the magnitude of viscosity can
be obtained by dividing the equation for shear stress by that for shear rate, one can
derive from the Hagen—Poiseuille equation:

n = (n Ap /8 VL) (3.39)

where, 7 is the viscosity; Ap is the driving pressure for flow (usually product of
fluid density; p x gravity; g x and mean height of fluid column, 4, during flow, i.e.,
Ap = pgh); r the capillary radius; ¢ the time of flow; V' the volume of flow (note that
the volumetric flow rate Q = V' /¢) and L the length of the capillary.

In glass capillary viscometers, both entrance and exit effects depend on the kinetic
energy of the fluid stream in the capillary. Based on extensive experimental data,
the kinematic viscosity, v = n/p, data with a correction term for kinetic energy is
expressed:

v=kt —K/t" (3.40)

where, k = mr*hg/8LQ and K and m are constants. The constant m = 2 for capillaries
ending in trumpet-shaped ends and m = 2/3 for square ends. Typically, whenm = 2,
the value of K is constant for a specific viscometer; for an Ubbelohde viscometer K
was 60 (Van Wazer et al., 1963). More importantly, when viscosity measurements
are conducted such that the efflux times are very long, the kinetic energy correction
factor K/t may be omitted completely.

Therefore, when the time for a standard volume of fluid to pass through a length of
capillary is measured for a standard viscosity () fluid (%) and a test fluid (¢) and,
if the densities of the test and standard fluids are nearly the same, the magnitude of
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viscosity of the test fluid can be calculated as

n = (t/tst) Nst (3.41)

It is important that magnitudes of ¢ and # are determined with care at a specific
temperature, and that magnitude of viscosity of the standard fluid 7y is reliable.
Glass capillary viscometers are not suitable for liquids that deviate substantially from
Newtonian flow or contain large size particles or a high concentration of suspended
solids. In this case, the viscosity is directly proportional to the time of flow ¢.

Ubbelohde Viscometer

As stated in Chapter 1, for the determination of intrinsic viscosity, [n], of a polymer,
viscosity values of several dilute solutions, when the relative viscosities (n/ns) of
the dispersions are from about 1.2 to 2.0, are determined. To facilitate such measure-
ments, the so called Ubbelohde glass capillary viscometer is used that has a large
reservoir to permit several successive dilutions of a polymer solution (Figure 3-19).
Because intrinsic viscosity measurement is important, the test procedure for using
the Ubbelohde viscometer is outlined here in brief (Cannon Instrument Co., 1982).
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Figure 3-19 Schematic Diagram of an Ubbelohde Viscometer (Courtesy of Cannon Instrument Co.).
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(1) A measured volume of sample is charged directly from a pipette through tube
G into the lower reservoir J. (2) The viscometer is placed in a constant temperature
bath in a vertical position; it may take several minutes for the sample to reach the
desired temperature. (3) Tube B is closed with a finger and suction is applied to tube
C until the test fluid reaches the center of bulb C and suction on tube is removed.
The finger from tube B is removed and immediately placed over tube A. (4) After
the finger 1s removed from tube A, the efflux time for the liquid meniscus to pass
from mark D to mark F is measured to the nearest 0.1 s. Essentially, the sample flows
through the capillary H, so that care should be taken to keep it clean after a set of
experiments. Steps 3 and 4 should be repeated to ensure that reproducible results can
be obtained. The viscosity of the sample can be calculated from the efflux time by
multiplying it with the viscometer constant. Alternatively, the values of times for flow
of a standard volume of fluid of different polymer concentrations and of the solvent
can be used to calculate the intrinsic viscosity. (5) The sample in reservoir is diluted
by pipetting a measured volume of solvent and the viscosity of the diluted sample as
described in steps 3 and 4. The intrinsic viscosity is determined by means of either the
Higgins or Kraemer equation for non-polyelectrolytes, that is, plots of n,/c versus
c or In(n,)/c versus c, respectively. For a polyelectrolyte, (c/nsp) is plotted against
¢!/2 from which a straight line is obtained with an intercept of 1/[5] and a slope of
B/[n], where B is a constant (see Equation 1.13). Further, determination of the time
of flow of a polymer solution can be automated by detecting the position of the fluid’s
meniscus by optical means.

Slit (Channel) Rheometer

Slit or channel geometries have been used for studying primarily the rheological
behavior of products processed in extruders, such as cooked cereal doughs. The
applicable equations for shear rate and shear stress have been derived by Dealy (1982),
Steffe (1996), and others, and their derivation is analogous to the corresponding
equations in tube flow. For the fully developed flow of a Newtonian fluid in a slit of
length L, width w, and height (thickness) # (Figure 3-20), the relationship between
the shear stress (o) and the pressure gradient (Ap/L) is given by:

()

where, y is the coordinate in the direction of height. When the ratio of width to height
should be greater than 10, edge effects can be neglected. The velocity profile for a
Newtonian fluid is given by:

v = "2'3},% [1 —4 (%)2] (3.43)
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Figure 3-20 Slit Rheometer Geometry (Redrawn from Rao, 1995).

At the wall (y = h/2), the shear stress and the shear rate of a Newtonian fluid are
given by Equations 3.37 and 3.39, respectively.

6Q)
e 3.44
The shear rate for a non-Newtonian fluid can be obtained from:
: 60\ (2+8
- 345
7= () () 649
where, B equals:
dIn (6Q/wh? Iny
_ din(6Q/wh?)  dlnyn (3.46)

 dln [g (Ap/L)] ~ dlno

Equation (3.46) is analogous to the Weissenberg—Rabinowitsch-Mooney equation
for laminar flow in a tube/pipe. As in pipe flow, the shear stress and the Newtonian
shear rate are calculated first using Equations (3.42) and (3.45), respectively. Using
the slope (8) of a plot of In o and In y in Equation (3.45), the non-Newtonian shear
rates () can be calculated. It is of interest to note that the slit rheometer has been
used also for determining normal stress differences aimed at understanding extrudate
swell. The study by Senouci and Smith (1988) is an example of the use of the slit
rheometer for characterizing the rheological properties of foods.

Miscellaneous Viscometers

Falling Ball Viscometer

In the falling ball viscometer, the time for a standard sphere to fall a standard distance
through a liquid at its limiting velocity is measured. The diameter of the ball is



88 RHEOLOGY OF FLUID AND SEMISOLID FOODS

much smaller than the diameter of the container holding the fluid. This type of test is
described by the Stokes equation:

_(2/9) (ps — pe) gR?
= 7

where, 1 = viscosity, ps the density of the falling ball, p. the density of the fluid, R
1s radius of the ball, g is gravity and V' the limiting velocity. This is another simple
instrument that is useful for clear Newtonian fluids. It has limited applicability for
non-Newtonian fluids and cannot be used for opaque fluids unless a method for
locating the ball at any time is part of the instrument.

(3.47)

Orifice Viscometer

The time for a standard volume of fluid to flow through an orifice is measured. The
orifice may be regarded as a very short capillary. The viscometer is made up of a
cup or bowl! of standard dimensions with an accurately designed diameter orifice in
the bottom. This type of viscometer is often used for quality control of fluid foods
in food processing plants where a rapid, inexpensive method is required and extreme
accuracy is not needed.

Other types of viscometers, such as an oscillation viscometer, that are useful for
characterizing Newtonian foods are also available. However, their use for character-
izing non-Newtonian fluid foods can be justified only if the complex flow fields can
be analyzed and expressions are derived for the shear rate and shear stress.

Bostwick Consistometer

This instrument consists of a rectangular trough whose floor is graduated in millime-
ters. One end of the trough has a holding compartment 100 mL in capacity in which
the test sample is held in place by a spring-loaded gate. It is used in the food industry
to evaluate the consistency of fruit or vegetable purees off-line. The food product,
such as a pureed baby food, is allowed to flow through a channel; the Bostwick con-
sistency is the length of flow recorded in a specified time, typically 30 s. McCarthy
and Seymour (1993) evaluated the flow observed in a Bostwick consistometer as
a balance of gravitational and viscous forces dependent on the height of the fluid,
fluid density and fluid viscosity. For Newtonian fluids, they derived an expression
showing the Bostwick measurement, L, to be a function of trough geometry and fluid
properties:

0.2

3
L=éx (53-‘%) 102 (3.48)

where, £\ is a similarity variable with a theoretical value of 1.411, g is the gravitational
constant, ¢ is fluid volume per unit width, v is the kinematic viscosity, and # is time
of flow. Experimental measurements with four Newtonian fluids (corn syrup and
silicone oils of different viscosities) verified the theoretically predicted dependence
of the extent of flow on kinematic viscosity (McCarthy and Seymour, 1993).
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Additional work (McCarthy and Seymour, 1994) showed that the extent of flow at
a given time was greater in a wider consistometer than in the standard consistometer.
Another significant cause of deviation was that the flow analysis did not consider the
inertial and gravitational flow regimes in the early stages of flow in the consistome-
ter. After the experimental measurements for Newtonian and power law fluids were
compared to theoretical predictions, it was suggested that the theory could be used
to evaluate values for power law parameters. The Bostwick measurement length, L,
after for 30 s was found to be linearly related to: (17,/p) 2.

VISCOSITY MEASUREMENT AT HIGH TEMPERATURES

Many fluid foods are subjected to temperatures greater than 90°C during pasteur-
ization and thermal processing. Therefore, flow properties of fluid foods at these
temperatures are useful in these processing applications. Relatively few studies have
been conducted on rheological behavior of foods at high temperatures (~95°C).
Dail and Steffe (1990) used a pressurized tube (12.7 mm dia) viscometer to study
the flow behavior of 1.82 and 2.72% waxy maize (WM) starch dispersions at 121
to 143°C. This system required a large mass (~160 kg) of test sample and, as
with many tube/capillary viscometers, time-dependent rheological behavior at a
fixed shear rate could not be detected. Abdelrahim et al. (1995) studied the flow
behavior of WM starch dispersions with an indirect-drive (magnetic coupling) pres-
surized (D100/300, Haake) concentric cylinder viscometer system. The uncertainty
in rotational speeds due to slip of the magnetic coupling, friction in the mechani-
cal bearings of the rotating cylinder, and the effect of the clutch mechanism were
of concern. Reliable rheological data, in terms of the basic units of shear rate (s™!)
and shear stress (Pa), can be obtained on a specific food product at process tem-
peratures using any one of the flow geometries (e.g., capillary, concentric cylinder,
cone-plate).

A pressurized direct-drive concentric cylinder viscometer system (Figure 3-21)
was used to obtain shear rate versus shear stress data on a tomato puree at several
fixed temperatures between 76 and 120°C (Figure 3-22), and temperature versus
apparent viscosity data at several shear rates on a 4% waxy rice (WR) starch dis-
persion during gelatinization over the temperature range: 30 to 110°C (Figure 3-23)
(Rao et al., 1998). The drive motor, torque unit, and concentric cylinder unit and tem-
perature control vessel of a Haake RV2 viscometer system (Haake Inc.) were placed
in a chamber (PRC) that could be pressurized to 0.2 MPa (two atmospheres). The
temperature control vessel was insulated to minimize heat loss. A copper-constantan
(36 gage wires) thermocouple placed in the well of the inner concentric cylinder
measured the temperature of the test sample.

The control unit of the viscometer was kept outside the PRC so that the desired
rotational speeds could be selected. The rotational speed and the corresponding
torque data, as well as the temperatures sensed by the thermocouples were recorded
on a lap-top computer (Toshiba, T1200 XE) after analog to digital conversion via
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Figure 3-21 Pressurized Viscometer System for Obtaining Data at High Temperatures (From: Liao, 1998).
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Figure 3-22 Flow Behavior (power law) Data on Tomato Concentrates at 76-120°C (From: Rao et al.
1999).
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Figure 3-23 Apparent Viscosity versus Temperature Data on a Starch Dispersion as a Function of Shear
Rate (80-640 S_I) and temperature (35-118°C) (From: Rao et al. 1999).

a data logger (Digistrip II, Kaye Instruments). The electrical lines to the drive
motor and the torque unit inside the PRC were passed through air-tight Swagelok
fittings.

A high-temperature bath (Model 9500, Fisher Scientific) and a low-temperature
bath (Model MH, Julabo, Germany), both containing silicone oil (Aldrich Chemi-
cal Co.) as the heating/cooling medium, were used to heat and cool the test sample,
respectively. Insulated copper tubing was used for flow of the silicone oil between the
oil baths and the viscometer temperature control vessel; the rigid tubing also helped
in holding the viscometer firmly in the PRC. A set of three valves was used to either
circulate the hot oil outside the PRC and keep it well agitated in the high-temperature
bath or through the viscometer temperature control vessel. Another set of three valves
was used with the low-temperature oil bath.

In a typical experiment, the temperatures of the high- and low-temperature baths
were first set and allowed to reach equilibrium values while the silicone oil was cir-
culated in the lines outside the PRC. Because of energy loss in the high-temperature
lines, there was a substantial difference between the set temperature of the high-
temperature bath and the sample temperature. Therefore, the temperature of the
high-temperature bath was set about 20°C higher than the desired sample temper-
ature. The concentric cylinder system (MVI, r; = 20 mm, r, = 21 mm, 4 = 60 mm)
was carefully filled (~120 mL) with either tomato puree or starch dispersion, and
secured in the temperature control vessel. To keep evaporation losses at a mini-
mum, total experiment time at the high temperatures (95-120°C) was kept close
to 20 min. A Teflon® cover at the top of the concentric cylinder system and a
piece of wet cloth wrapped above the concentric cylinder system helped consid-
erably in reducing moisture loss from both the tomato puree and the starch dispersion
samples.
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IN-PLANT MEASUREMENT OF FLOW BEHAVIOR OF
FLUID FOODS

An in-line measurement is performed in a process line; an on-line measurement is
performed in a bypass loop from the main process line and the food may be returned
to the main process line after measurement is performed. A near-line measurement is
performed on a sample taken from a process line which is often discarded after mea-
surement. Because foods are complex materials (e.g., suspensions, emulsions, gels),
structural changes may take place during sampling (e.g., flow through a valve) for
on-line and near-line measurements (Roberts, 2003). Nevertheless, in principle, the
previously described capillary flow, and rotational concentric cylinder, plate-cone,
and mixer viscometers may be used for in-line, on-line, and near-line measure-
ments. In this respect, Tamura et al. (1989) proposed a helical screw rheometer
as an on-line viscometer. The empirical measurement methods described previously
are used primarily in near-line measurements.

Roberts (2003) listed several requirements that both in-line and on-line measuring
systems for foods should satisfy, including:

Free of hygiene risk. Must be constructed with a food-grade material of con-
struction, permit standard clean-in-place procedures, and be free of dead flow
zones.

Nondestructive. The system should not alter the quality of the product or perturb
the production schedule and process.

Real time operation. In order to minimize down time and waste or rework of a
product, the response time should be short, typically seconds.

Physically robust and stable. In general, the system must require little main-
tenance and withstand the process operating conditions (e.g., temperature and
pressure). The sensor signal must be unaffected by typical environment in a process-
ing plant (e.g., mechanical vibration, electrical interference) and amenable to control
operations.

Easy operation. It would be desirable that the sensor and system should be easy
to operate, provide an acceptable signal for process control, and the results are not
dependent on operator skills. However, determination of non-Newtonian rheological
behavior also requires knowledge of the flow characteristics of the fluid food and its
structure, as well as potential changes that can occur due to the shear rate and temper-
ature prevalent in the measurement system. Thus, in addition to skilled operator, it
would be desirable to have supervisors with a thorough knowledge of the rheological
and physic-chemical behavior of the food product being manufactured.

Tomographic Techniques

Some, if not all, of the requirements of in-line measurement techniques are satisfied
in tomographic techniques that provide spatially and temporally resolved data. The
techniques utilize the inherent properties of the food material and include those based
on: magnetic, acoustic, optical, and electrical signals (Choi et al., 2002). These
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techniques have also been used in measurement of velocity profiles in tubes and
rheology of stationary materials. Here, the emphasis is on determination of in-line
measurement of rheological behavior of fluid foods using tube flow.

Magnetic resonance imaging (MRI) is a spectroscopic technique based on the inter-
action between nuclear magnetic moments and applied external magnetic fields. A
sample is placed in a magnetic field within a radio frequency probe and the response
of the test material: attenuation, frequency, and phase, to energy added in that fre-
quency range is recorded. Two serious constraints of MRI are the need to include a
non-metallic and non-magnetic test section in the flow system; in addition, the costs
of setting up MRI systems in processing plants can be high.

Ultrasonic refers to sound waves with frequencies 20,000 Hz or greater which are
beyond the range of human hearing. The sound waves are transmitted through the
wall of a pipe and the reflections are analyzed. In principle, there are two different
kinds of ultrasonic flow meters: transit time and Doppler flow meters. Both kinds
measure primarily velocity. The primary advantages of ultrasonic Doppler veloc-
ity (UDV) meters over other types, such as turbine and conductivity meters are:
no moving parts are involved, non intrusive, low maintenance, hard to block, and
work on non-conductive media. The UDV and MRI methods offer similar potential
for rheological measurements under fully developed, steady, pressure-driven, tube
flow. In addition, the data processing techniques for MRI and UDV are somewhat
similar.

Doppler meters measure the frequency shifts caused by liquid flow. The frequency
shift is proportional to the liquid’s velocity. Time of flight meters use the speed of the
signal traveling between two transducers that increases or decreases with the direction
of transmission and the velocity of the liquid being measured. Important parameters
to consider when specifying ultrasonic flow meters include flow rate range, operating
pressure, fluid temperature, and accuracy. One-beam Doppler flow meters are widely
used, but multi-beam profiling Doppler flow meters have been reported.

A schematic diagram of an UDV system is shown in Figure 3—24. The relationship
between fluid velocity, v, and UDV data is given by

o

v = o c0sb (3.49)
where, v is the velocity component along the axis of the ultrasound transducer, fp is
the Doppler shift frequency, fo is the frequency of the transmitted pulse, ¢ is the speed
of sound, and @ is the angle between the transducer and the flow direction, typically
45° (Dogan et al., 2003).

The spatial location, d, of the velocity component in the above equation can be
identified by a time-of-flight, Az, measurement that relates the speed of the reflected
wave to the distance traveled:

d= 2! (3.50)
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Figure 3-24 A Schematic Diagram of In-Line Measurement of Flow Properties with an Ultrasonic
Doppler Velocity Meter.

In turn, the values of d can be converted to the radial location in the pipe so that the
velocity profile in a pipe can be obtained. The velocity profile is used to calculate
velocity gradients (shear rates), (dv/dr), at specific locations using an even-order
polynomial curve fit to the velocity data.

v(r) = a+ br* + crt* + dr® + er® (3.51)

Resolution of the velocity data and removal of data points near the center of the tube
which are distorted by noise aid robustness of the curve fit; the polynomial curve fit
introduced a systematic error when plug-like flow existed at radial positions smaller
than 4 mm in a tube of 22 mm diameter. The curve fit method correctly fit the velocity
data of Newtonian and shear-thinning behaviors but was unable to produce accurate
results for shear-thickening fluids (Arola et al., 1999).

With velocimeter-based or point-wise rheological characterization, in addition to
calculation of shear rate profile, the corresponding shear stress distribution is obtained
by combining pressure drop measurements, and the linear relationship between the
shear stress and the radial position in a pipe to be discussed later in this chapter.

UDV and pressure drop AP measurements were carried out on tomato concentrates
with total solids: 8.75, 12.75, and 17.10% (Dogan et al., 2003); the rheological
parameters deduced from these data agreed well with those based on capillary flow
data obtained at four different flow rates. Also, point-wise rheological characterization
using MRI and UDV of 4.3 °Brix tomato juice and 65.7% corn syrup agreed well
with off-line data using a rheometer (Choi et al., 2002). The UDV technique was also
used on 1- to 3-mm diced tomatoes suspended in tomato juice and the yield stress of
the suspension exhibited was characterized in terms of the Hershel-Bulkley model
(Equation 3.12) and the apparent wall slip region modeled as a Bingham fluid (Dogan
et al., 2002).

For reliable characterization of a specific food by the UDV technique, extensive
studies would be necessary to establish the operating parameters for that food and
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flow system. A change in the type of food or the composition of a specific food
may necessitate a thorough evaluation of all operating parameters. Nevertheless, this
technique may find a place in in-line characterization of rheological properties in food
processing plants.

Vibrational Viscometers

Vibrational viscometers are robust, easy to install for in-line sensing of viscosity, offer
minimal disruption of flow in a process line, operate over a wide range of tempera-
tures (e.g., —40-400°C), and provide real-time data. Vibrational viscometers actually
measure kinematic viscosity (viscosity/density) and units are available capable of
measuring kinematic viscosities ranging from 0.1 to 10 mPa s/g cm™3 (Centistokes).
Typically, a vibrational viscometer employs a high frequency (e.g., 650 Hz) torsional
oscillation of a probe: sphere- or rod-shaped that undergoes damping by the fluid
whose viscosity is of interest. The amplitude of oscillation is small, of the order of a
micrometer, and the power consumed is converted to viscosity. When viscosity of a
fluid changes, the power input to maintain constant oscillation amplitude is varied.

However, they may not indicate the true bulk viscosity of a suspension that forms a
thin layer of the continuous phase (e.g., serum of tomato juice) around the immersed
probe or when the probe is covered by a higher viscosity gel due to fouling. Vibrational
viscometers are suitable for measuring viscosities of Newtonian fluids, but not the
shear-dependent rheological behavior of a non-Newtonian fluid (e.g., to calculate
values of the power law parameters).

They may also be suitable for following gelation in near-line or laboratory exper-
iments at a constant temperature. For example, a vibrational viscometer was used
to determine the coagulation time of renneted milk at fixed temperatures (Sharma
et al., 1989, 1992). However, in non-isothermal physical gelation, the elastic modu-
lus depends on the temperature dependence of the resonant response so that precise
correction for the influence of temperature must be known.

EXTENSIONAL FLOW VISCOMETRY

Extensional or elongational flow is another type of deformation that can be used
to obtain information regarding the rheological behavior of foods and it is different
than the shear flows discussed previously. Any abrupt change in the flow geom-
etry (e.g., sudden contraction, flow across an orifice) will generate a flow with
an extensional shear component. In elongational flows, a velocity gradient along
the direction of flow can stretch polymers far from equilibrium. In turn, extended
polymers exert a force back on the solvent that leads to non-Newtonian behavior: vis-
cosity enhancement and turbulent drag reduction. Applications of extensional flows
to foods include atomization, swallowing, and dough sheeting (Padmanabhan, 1995).
Extensional flow data are very important because they differ considerably from shear
data and the resistance to flow in extension can exceed that in shear by orders of
magnitude (Sridhar et al., 1991). Three types of extensional flows have found wide
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acceptance: (1) uniaxial, (2) biaxial, and (3) planar. For any extensional flow, one
can define the “stressing viscosities,” 77 and 57

+ 011 — 033
= —_— 3.52
=30 me (3:52)
+ 022 — 033
= T 3.53
T U+ 2m)é (3:33)
For uniaxial extension m = —1/2 and only nf’ is defined, and for biaxial extension

m = 1 and n; = n; . However, for planar extension m = 0, and n; and 5, are not
equal (Macosko, 1994).

Uniaxial Extension

In uniaxial extension the material is stretched in one direction and compressed equally
in the other two. For uniaxial extension or simple extension of a liquid sample of
length, L, one meaningful measure of strain is (Dealy, 1982):

de =dL/L (3.54)
The strain rate is given by:

de ldL_dlnL

£= — = —— = 3.55
dt L dt dt (3:53)
Because (dL/dr) is velocity, v, the above equation can be written as:
v
¢ = — 3.56
E= (3.56)

When the strain rate, ¢, is maintained constant, the deformation obtained is called
steady simple extension or steady uniaxial extension (Dealy, 1982) and the extensional
viscosity, ng, is related to the normal stress difference:
o111 — 022

nEg (6) = (3.57)
One application of the above equation is to be able to estimate magnitudes of the
normal stress difference: (o1 — 077) as the product of ¢ and ng. However, to obtain
magnitudes of g from the above equation, one must have the means to measure both
the normal stress difference and the strain rate, ¢. A fluid is said to be tension-
thickening when ng increases with increasing €, and tension-thinning when ng
decreases with increasing €. For the special case of a Newtonian fluid with viscosity, n:

nE =31 (3.58)
For a shear thinning fluid with a zero shear viscosity, 7o:

lim [ng ()] = 3mo (3.59)
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The Trouton ratio, 7R, is defined as the ratio of the extensional viscosity to the shear
viscosity:

_TE (€)
n)

Tr (3.60)

Often, it is not possible to reach a steady state in extension and it is convenient to
define a transient extensional viscosity, 7g, that is a function of time, ¢, and the
extensional strain rate, £, (Barnes et al., 1989).

Even with solid foods, with which extensional viscosity measurement is relatively
easy, the main difficulty in extensional viscosity measurement is in achieving steady
state with respect to the applied rate of strain or stress. For example, Barnes et al.
(1989) state that in the experiments conducted by Meissner, the Hencky strain, (In
L/L,, where L, is the original length and L is the length in deformation) of 7 corre-
sponded to stretching the sample to 1,100 times its original length. Therefore, often
the data obtained may be on the transient function, ng(z, ¢). Extensional flow vis-
cosity measurement poses special challenge in low-molecular weight polymers and
the main problem is to achieve a continuous extensional flow field (Barnes et al.,
1989) because the residence time, #s, of polymer molecules in the velocity gradient
is limited and the polydispersity of the molecules (Perkins et al., 1997). Although
several techniques for measuring extensional stresses in polymer solutions have been
proposed, rigorous interpretation of the results from these tests was only possible
through the use of a rheological constitutive equation (Sridhar et al., 1991). This is
because one generates a flow that is dominated by extension and the data obtained are
then interpreted in terms of rheologically meaningful material functions. Two such
flows are called a spin-line or fiber-spin rheometer (Figure 3-25) and the open-siphon
technique (Figure 3-26) (Barnes et al., 1989). These two techniques, often suitably
modified, have been employed by various authors for fluids and semisolids.

Filament Stretching

Sridhar et al. (1991) presented a filament stretching technique for measuring the
extensional viscosity of polymer solutions (0.185% polyisobutylene in kerosene with
zero-shear viscosity 36 Pa s at 20°C) at a constant stretch rate. The sample to be tested
was held between two Teflon disks whose diameter ranged between 1 and 7 mm.
The stationary top disk was attached to a microbalance system with a precision of
1073N. The output of the microbalance was recorded and converted to force on the
filament. The bottom disc was attached to a central shaft of a material testing unit
whose movement was controlled. A small amount of the test fluid in the vicinity of
the disks remained undeformed. Therefore, the stretch rate was calculated from the
decrease of filament radius with time, instead of increase in filament length with time.
The diameter of the filament within the homogeneous portion of the filament during
the stretching experiment was determined with an optics-based diameter measuring
device. Several experiments were conducted to obtain a range of diameters as a
function of time. As an alternative technique for measurement of the diameter, the
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Figure 3-25 A Spin-Line or Fiber-Spin Rheometer for Extensional Viscosity Measurement (Redrawn
from Barnes et al., 1989).

authors suggested photographing the filament at up to four frames per second during
the experiment and determination of the filament dimensions from the negatives. Two
distinct stretching regions were observed: (1) The first local extension rate, £;, was
significantly greater than the overall extensional rate and corresponded to significant
necking of the fluid column when subjected to sudden stretching. This nonuniform
stretching lasted up to half the time it took to stretch the fluid to the maximum
length of about 160 mm. (2) The second extension rate region, &, corresponded to the
homogeneous deformation of the fluid element when only a small amount of fluid
remained next to the discs. Typical magnitudes of ¢; and &, obtained were: 0.72 s~
and 0.33 57!, and 0.92 57! and 0.57 s, respectively. Initially, when the extensional
viscosity was independent of the stretch rate, the Trouton ratio increased slowly upto 3.
Beyond this linear viscoelastic region, the polymer molecules extended considerably
and the extensional viscosity increased dramatically to Trouton ratios > 10°. The
flow rate and change in cross-sectional area of a fluid filament are used to determine
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Figure 3-26 Schematic Diagram of the Open-Siphon Technique for Extensional Viscosity Measurement
(Redrawn from Barnes et al., 1989).

the strain rate (Khagram et al., 1985) and such a device is called a fiber-spinning
instrument.

Stagnation Point Method

In addition, stagnation point (it is a point at which the net magnitude of velocity is
zero, such as at the midpoint of a cylinder or a sphere in cross flow) devices, such as
the dough roll mill, cross slot flow, and opposing jet devices can be used in which an
area of intense extensional flow is created without the need to sustain a continuous
filament. The latter technique is illustrated in Figure 3-27. Clark (1997) obtained
extensional viscosity data on syrups and food gums dispersions using creation of
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Figure 3-27 Opposing Jet Devices can be Used in which an Area of Intense Extensional Flow is Created
(Redrawn from Macosko, 1994).

a stagnation point technique. The ratio of extensional to shear viscosity was about
3.8 for a sugar syrup in reasonable agreement of 3.0 predicted by Trouton rule. The
Trouton ratio for a 0.1% xanthan gum dispersion in 0.1% NaCl was about 4 at low and
16 at high strain rates, reflecting the limited and extensive extension of the molecule
by the extensional flow field, respectively.

Biaxial Extension

Uniaxial extensional viscosity data are scarce in part because of difficulties in con-
ducting uniaxial extension measurements in a reliable manner. In contrast, biaxial
extension studies are relatively easy to conduct, and the availability of universal test-
ing machines in many food science and agricultural engineering departments that can
be adapted for conducting biaxial extension measurements should help popularize
them. In equal biaxial extension, the material is stretched equally in two directions
and compressed in the other. It is convenient to work with circular disks that can
be subjected to biaxial extension (Figure 3-28) together with an universal testing
machine (Chatraei et al., 1981). This technique, called squeezing flow, was adapted
to measurements on foods using lubrication between the food sample and the metal
platens. Squeezing flow between two disks with lubricated surfaces can generate a
homogeneous compression or equal biaxial extension in a high viscosity polymer and
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Figure 3-28 Biaxial Extensional Flow Test Setup of Campanella et al. (1987).

other materials, such as cheeses and peanut butter (Chatraei et al., 1981; Casiraghi
et al., 1985; Campanella et al., 1987). The extensional viscosity can be calculated
assuming a homogeneous deformation, which implies that there is perfect slip at the
wall. The requirement of perfect slip at the walls can be an asset in foods that tend
to slip at walls in conventional viscometric flows, such as melted cheese and other
foods. The pertinent equations for obtaining biaxial extensional viscosity are obtained
assuming an incompressible material undergoing homogeneous deformation; the lat-
ter implies perfect slip at the wall (Chatraei et al., 1981; Campanella et al., 1987).
For the system illustrated in Figure 3-28, the velocity field is:

v, =ér H(E): v = —é7 -;-; vg =0 (3.61)

where v,,v,, and vy are the vertical, radial, and the angular velocity components;
H (¢) is the instantaneous height at time ¢, and r is the radial distance. In an Universal
Testing Machine operated at a constant cross head speed, the strain rate is given by:

Vz

b= 2
HO - th

(3.62)
where Hy is the initial height of the test specimen.

The experiment can be carried out at either constant or time dependent force, and
with the area of the plates being constant and neglecting edge effects, the normal
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stress difference is related to the applied force:

F@)
Ozz = O = —5

; (3.63)
JTI‘O

The biaxial extensional viscosity () was defined as the ratio of the normal stress
difference and the radial extension rate assumed to be half the strain rate:

_ 2F(0) (Ho = vy1)

v,

b (3.64)

For an unvulcanized polydimethylsiloxane, the biaxial viscosity was approximately
six times the shear viscosity over the biaxial extensional rates from 0.003 to 1.0 s~
(Chatraei et al., 1981), a result expected for Newtonian fluids, that is, the relationship
between the limiting value of biaxial extensional viscosity (1) at zero strain rate and
the steady zero-shear viscosity (19) of a non-Newtonian food is:

lim [ny (6)] = 6m9 (3.65)

ep—0
The lubricated squeezing flow technique was applied to melting American cheese
where an Universal Testing Machine with lubricated platens was employed
(Campanella et al., 1987) to obtain experimental data. This technique is particularly
well suited for highly viscous semisolid foods prone to either slip or require consid-
erable effort in pressure-driven methods, such as melted cheese, cheese spreads, corn
massa, tomato pastes, mayonnaise, and peanut butter, and provides data at low values
of strain rate of the order of about 0.01 s™! Conversely, it is not easy to obtain high
strain rates with Universal Testing Machines. In addition, it should be ensured that
the lubricant is not depleted and is in place during a biaxial strain experiment.

Planar Extension

In planar extension, the material is stretched in one direction, held to the same dimen-
sion in a second, and compressed in the third. The work of Perkins et al. (1997)
(co-author Steven Chu is a 1997 physics Nobel laureate for studies on atomic physics)
is an excellent example of the considerations in generating planar elongational flow
for studying extensional viscosity of flourescently labeled DNA molecules. They
tracked individual molecules in an imaging area 100 wm by 94 um and measured
the extension and the residence time of each DNA molecule. They classified the
DNA molecular conformations as dumbbell, kinked, half-dumbbell, folded, uniform,
kinked, coiled, or extended; the first three types were dominant at ¢ = 0.86 s~! that
were significantly greater than the inverse relaxation time (7, = 3.89 s) determined
at strains <0.3. For a single polymer coil, theory suggests that the polymer stretching
occurs at a critical extensional strain rate, &:

fo X — (3.66)
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where, 7] is the longest relaxation time of the polymer. For ¢ < £, the molecules
are in a coiled state and as ¢ is increased, the hydrodynamic force exerted across the
polymer just exceeds the linear portion of the polymer’s entropic elasticity (Perkins
etal., 1997).

Cogswell’s Treatment of Extensional Flow

One technique for measurement of extensional flow that has been used to study
various doughs is that of Cogswell (1972, 1978) for entrance flows. The analysis is
based on several assumptions (Padmanabhan and Bhattacharya, 1993): (1) The flow
is isothermal and creeping (negligible inertial effects), (2) the fluid is incompressible
and has a pressure-independent viscosity, (3) the shear viscosity follows the power
law model, 7, = Ky"~!, (4) there is no slip at the edge of the converging profile, and
(5) that the entrance pressure drop (Ape) in converging flow from a circular barrel
in to a circular die can be considered to be made up of that due to shear (Apes) and
extensional flow (Apeg):

Ape = ApeE + Apes (3.67)

By applying force balances over a cone or wedge-shaped element, Cogswell (1972)
developed relationships between pressure drop and stress. For a sudden planar con-
traction (6 = 90° in Figure 3-29), the apparent planar extensional viscosity is
(Padmanabhan and Bhattacharya, 1993):

3(n+ 1)? (Apeg)’
4}}2%

MpE = (3.68)

Figure 3—-29 Schematic Diagram of Extensional Flow Analysis Geometry by Cogswell (1972).
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and the apparent extension rate is:

2?2%

= 3.69
3(n+1) Apek 369

€

The magnitude of Apeg 1s best obtained directly from experimental studies or
application of Bagley’s analysis. If it cannot be obtained from measurements as in
Padmanabhan and Bhattacharya (1993), it can be estimated by: (1) first estimating
the Ap. using the procedure of Bagley discussed earlier, and (2) calculating Ape g
from Equation (3.64) after estimating Ap. s from (Steffe, 1996):

40\ (3n+1\" 2K )"
N 1-(2 .70
De,S (nrg) ( 4n ) 3ntané ( ("b) .

The required general equations for calculating extensional viscosity can be derived
assuming first that the average stress og and the average extension rate ¢g are related
by a power law relationship (Steffe, 1996):

og = Kg (ép)"™® (3.71)

_ (40\™ (2K (tan6\"™ ro\
e (5] ) () (@) o
ép = [(ﬂi%) tanQ] /2 (3.73)

It should be noted that the above analysis requires knowledge of the actual flow angle
6 of the test fluid that may not be the same as the one in the physical geometry.

MEASUREMENT OF VISCOELASTIC BEHAVIOR OF
FLUID FOODS

While the normal stress and transient flow experiments provide useful data, par-
ticularly with respect to evaluation of constitutive equations, viscoelastic behavior
of many foods has been studied by means of dynamic shear, creep-compliance, and
stress relaxation techniques. The paradigm shift from emphasis on normal stress mea-
surements to dynamic rheological technique took place gradually beginning in the
late 1950s. The application of each of these techniques to foods is considered in the
following sections. It is customary to employ different symbols for the various rheo-
logical parameters in different types of deformation: shear, bulk, or simple extension.
Following Ferry (1980), the symbols employed for the three types of deformation are
given in Table 3-4.
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Table 3-4 Viscoelastic Parameters from Shear, Simple Extension, and Bulk
Compression

Parameter Shear Simple Extension Bulk Compression
Stress relaxation modulus G(tH E() K()

Creep compliance J(t) D) B(t)
Storage modulus G (w) E'(w) K’ (w)

Loss modulus G’ (w) E"(w) K" (w)
Complex modulus G x* (w) E x(w) K*(w)
Dynamic viscosity n () Ne(w) ny(w)
Complex viscosity n*(w) Ne () ny (@)
Oscillatory Shear Flow

Small amplitude oscillatory shear (SAOS), also called dynamic rheological exper-
iment, can be used to determine viscoelastic properties of foods. Here, both the
expressions SAOS and dynamic rheological experiment will be used. The experiments
can be conducted with the Couette, plate and cone, and parallel plate geometries. As
noted earlier, uniform shear is achieved in the gap of a cone-plate geometry. How-
ever, the narrow gap may not be suitable for studying foods containing solids with
dimension greater than about 100m. In a SAOS experiment, a sinusoidal oscillating
stress or strain with a frequency w is applied to the material and the phase difference
between the oscillating stress and strain as well as the amplitude ratio are measured.
The information obtained should be equivalent to data from a transient experiment at
time t = o™’

In the SAOS tests, a food sample is subjected to a small sinusoidally oscillating
strain or deformation y (¢) at time ¢ according to Equation 3.74.

y () = yo sin(wt) (3.74)

where, yp is the strain amplitude and o the angular frequency. The applied strain
generates two stress components in the viscoelastic material: an elastic component
in line with the strain and a 90° out of phase viscous component. Differentiation of
Equation 3.74 yields Equation 3.75 which shows the strain rate y (¢) for evaluating
the viscous component to be 7 /2 radians out of phase with the strain.

v (1) = yp wcos(wt) (3.75)

For deformation within the linear viscoelastic range, Equation 3.76 expresses the
generated stress (op) in terms of an elastic or storage modulus G’ and a viscous or
loss modulus G”.

o9 = Gy sin(wt) + G"yg cos(wt) (3.76)

For a viscoelastic material the resultant stress is also sinusoidal but shows a phase
lag of é radians when compared with the strain. The phase angle § covers the range
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of 0 to /2 as the viscous component increases. Equation 3.77 also expresses the
sinusoidal variation of the resultant stress.

o (t) = op sin(wt + 8) 67

The following expressions that define viscoelastic behavior can be derived from
Equations 3.76 and 3.77:

G = [;5/9} cos 8 (3.78)
0

G = [?] sin 8 (3.79)
0
17

tand = = (3.80)

where, G’(Pa) is the storage modulus, G” (Pa) is the loss modulus, and tan § is the
loss tangent.

The storage modulus G’ expresses the magnitude of the energy that is stored in
the material or recoverable per cycle of deformation. G” is a measure of the energy
which is lost as viscous dissipation per cycle of deformation. Therefore, for a perfectly
elastic solid, all the energy is stored, that is, G” is zero and the stress and the strain
will be in phase (Figure 3—30). In contrast, for a liquid with no elastic properties all
the energy is dissipated as heat, that is, G’ is zero and the stress and the strain will be
out of phase by 90° (Figure 3-30).

For a specific food, magnitudes of G’ and G” are influenced by frequency, tem-
perature, and strain. For strain values within the linear range of deformation, G’ and
G” are independent of strain. The loss tangent, is the ratio of the energy dissipated
to that stored per cycle of deformation. These viscoelastic functions have been found
to play important roles in the rheology of structured polysaccharides. One can also
employ notation using complex variables and define a complex modulus G*(w):

G*| = \/ (G + (G")? (3.81)

We note that the dynamic viscosity and the dynamic rigidity are components of the
complex dynamic viscosity, n*:

n* = (G*w) =1 - i(G/w) (3.82)

where w is the frequency of oscillation; the real part of the complex viscosity 7’ is
equal to (G”/w) and the imaginary part n” is equal to (G’/w). One can also determine
the loss modulus G”, from oscillatory shear data using the expression:

G’ = wn (3.83)

It should be noted that if G’ is much greater than G”, the material will behave more like
a solid, that is, the deformations will be essentially elastic or recoverable. However,
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Figure 3-30 Stress versus Strain Response of a Newtonian Liquid, a Viscoelastic Liquid, and a Perfectly
Elastic Solid in Dynamic Tests (Redrawn from Rao, 1992).

if G” is much greater than G’ the energy used to deform the material is dissipated
viscously and the materials behavior is liquid like. The viscoelastic moduli determined
over a range of frequencies will indicate transition zones corresponding to relaxation
processes dependent on the material’s structure (Ferry, 1980).

Types of Dynamic Rheological Tests

Dynamic rheological experiments provide suitable means for monitoring the gelation
process of many biopolymers and for obtaining insight into gel/food structure because
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they satisfy several conditions (Champenois et al., 1998; Lopes da Silva et al., 1998):
(1) they are non-destructive and do not interfere with either gel formation or softening
of a structure, (2) the time involved in the measurements is short relative to the
characteristic times of the gelation and softening processes, and (3) the results are
expressible in fundamental terms so that they be related to the structure of the network
(e.g., Durand et al., 1990). For the same reasons, they were used to follow the changes
induced on potato cells by cellulase (Shomer et al., 1993), a-amylase (Champenois
et al., 1998) on wheat starch, and can be used in studying other phase transitions
in foods.

Once the linear viscoelastic region is established, three types of dynamic rheolog-
ical tests can be conducted to obtain useful properties of viscoelastic foods, such as
gels, and of gelation and melting. The linear viscoelastic region can be verified with a
given sample by increasing the amplitude of oscillation and noting the magnitude of
phase lag and the amplitude ratio. The limit of linearity can be detected when dynamic
rheological properties (e.g., G' and G”') change rapidly from their almost constant
values. They will be described briefly here and their results discussed extensively
in Chapter 4 on food biopolymer dispersions and Chapter 6 on food gels. The three
types of tests are:

(1) Frequency sweep studies in which G’ and G” are determined as a function of fre-
quency (w) at a fixed temperature. When properly conducted, frequency sweep tests
provide data over a wide range of frequencies. However, if fundamental parameters
are required, each test must be restricted to linear viscoelastic behavior. Figure 3-31
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Figure 3-31 Frequency Sweep Study: Values of G’ and G” of 8% Acid Converted Waxy Maize
Starches Dissolved in 90% DMSO/10% Water were Determined as a Function of Frequency (w) at 20°C
(Chamberlain, 1999).
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illustrates such data obtained on unmodified and acid-hydrolyzed amylopectin dis-
solved in 90% DMSO/10% water with a plate-cone geometry (Chamberlain, 1999).
Frequently, one sees increase in G’ and G” with increasing frequency. Based on
frequency sweep data, one can designate “true gels” when the molecular rearrange-
ments within the network are very reduced over the time scales analyzed, such that
G’ is higher than G” throughout the frequency range, and is almost independent of
frequency (w) (Clark and Ross-Murphy, 1987). In contrast for “weak gels”, their is
higher dependence on frequency for the dynamic moduli, suggesting the existence of
relaxation processes occurring even at short time scales, and lower difference between
moduli values.

(2) Temperature sweep studies in which G’ and G” are determined as a function
of temperature at fixed w. This test 1s well suited for studying gel formation during
cooling of a heated dispersion (Rao and Cooley, 1993), and gelatinization of a starch
dispersion during heating (Figure 3-32) (Tattiyakul, 1997) and gel formation of pro-
teins (Owen et al., 1992). In Figure 3-32, the gelatinization of starch was studied
with a parallel plate (disc) geometry and considerable care was exercised to mini-
mize moisture loss from the dispersions. The existence of the linear viscoelastic range
can be verified in preliminary experiments conducted on a given product at several
temperature steps (Owen et al., 1992).

(3) Time sweep study in which G’ and G” are determined as a function of time
at fixed w- and temperature. This type of test, often called a gel cure experiment, is
well suited for studying structure development in physical gels. Figure 3-33 is an
example of a gel cure experiment on low-methoxyl pectin + Ca®* gels containing
sucrose with a cone-plate geometry (Grosso and Rao, 1998).

Additional insight into gelation and melting phenomena can be obtained from the tem-
perature and time sweep data by calculation of structure development rates (dG’/d¢
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Figure 3-32 Temperature Sweep Data in which G’ and G” at 6.28 rad s™!, 3% Strain, were Obtained on
a 8% Tapioca Starch Dispersion Heated from 60-85°C at 4°C min~' (Tattiyakul, 1997).
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Figure 3-33 Values of G’ and G” During a Gel Cure Experiment on Low-Methoxyl Pectin + Ca 2+ Gels
Containing Sucrose and Sorbitol (Grosso and Rao, 1998).
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Figure 3-34 Values of G’ of 20% Sucrose-Low-Methoxyl Pectin Gels with 0.10 and 0.15% Calcium
Content, and of AG’ Due to Increasing the Calcium Content.

or dn*/dt) or structure loss rates (—dG’/d¢ or dn*/dt (Rao and Cooley, 1993; Lopes
da Silva et al., 1998). From the time-sweep data, because G’ values of gels were
recorded at the same time intervals, the influence of sugars and calcium concen-
trations on them could be examined quantitatively in terms of differences (AG’) in
G’ values; Figure 3-34 shows values of AG’ of low-methoxyl pectin +Ca*t gels
containing 20% sucrose due to increasing the calcium content from 0.10 to 0.15%
(Grosso and Rao, 1998).
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Dynamic rheological studies can be used also to study the characteristics of solid
foods. Often it is convenient to impose a sinusoidal compressive or elongational
strain, so that storage and loss moduli obtained are denoted as E” and E”, respectively
(Rao et al., 1995).

Axial Motion Between Coaxial Cylinders (Segel-Pochettino Geometry)

Axial motion between coaxial cylinders, the Segel-Pochettino geometry (Ferry, 1980:
p. 98), named a Thermal Scanning Rigidity Monitor (TSRM) was used to determine
viscoelastic properties during sol-gel transition of foods (Wu et al., 1985a, 1985b;
Hermann, 1987; Okechukwu et al., 1991). A TSRM, shown schematically in Figure
3-35, was used to assess the rheological changes that occur in cowpea and starch slur-
ries as their temperatures were gradually raised from ambient to 90°C (Okechukwu
et al., 1991). The plunger was attached to a B load cell of a Instron Universal Testing
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Figure 3-35 Schematic Diagram of a Thermal Scanning Rigidity Monitor (Okechukwu et al., 1991).
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Figure 3-36 Estimation of the Storage (Fs) and Viscous Force (Fy) Components of the Peak Force with
a Thermal Scanning Rigidity Monitor (Okechukwu et al., 1991).

Machine (UTM), (Instron Engineering Corp., Canton, MA) and the UTM was oper-
ated in an oscillatory mode with a cross head speed of 0.05 cm min~!, plunger
displacement of 0.1 mm (Okechukwu et al., 1991). At the end of the test, the length
of the plunger covered by the slurry was measured and used in estimating the apparent
storage rigidity modulus, G'.

Values of force were plotted against plunger displacement and delineated for esti-
mates of the storage (F;) and viscous force (Fy) components of the peak force
(Figure 3-36) that are considered typical components of a Kelvin-Voigt (Figure 1-8)
viscoelastic model. The areas under the force-displacement curves were numerically
estimated using a subroutine (IMSL, Houston, TX). The storage force and the cal-
culated areas were used to evaluate the storage rigidity modulus, G’, and the energy
loss, respectively (Wu et al., 1985a; Hamann, 1987). G’ was evaluated for a thin
section of gel of length L, at radial distance r, within the annular region of the TSRM
by Equation 3.84:

F ,dD
= -G = 3.84
2w Lr dr ( )

where, D is the plunger displacement and L is the length of the plunger covered by the
slurry. Equation 3.80 can be solved for the physical boundaries of shear: at r = r|,
deformation (D) = Dy and at r = rp, D = 0, where, | and r, are the radii of the
plunger and tube, respectively, to give Equation 3.85.

G =_F (2 (3.85)
2m LD 71
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To compensate for the additional compressive force experienced by the plunger at
the flat surface an additional term (Smith et al., 1949) 1s needed:

F 2 _ 2
G' : (m" - Zz____ﬁ) (3.86)

- 2n LDy 1 r% + r%

The % energy loss for each cycle (%E)qss) was evaluated using Equation (3.87):

A — Area
Eiges = —22 2 % 100 (3.87)
Area;

where Area; and Area; are the areas under the force deformation plots for the positive
and negative displacements of the plunger for a cycle, respectively. Because the
TSRM can be used in conjunction with a UTM, viscoelastic behavior can be studied
at several frequencies and deformations.

Vibrating Sphere Rheometer

A sphere vibrating at a specific frequency can be used to obtain magnitudes of G’ and
G" at a specific frequency. Such an instrument was used to follow sol-gel transition
of 5, 7, and 10% starch dispersions (Hansen et al., 1990). However, such instruments
seem to have a limited range of oscillation frequencies (e.g., 676-680 Hz). In addition,
the reliability of the data obtained in comparison to data from dynamic rheological
tests in which cone-plate, parallel plate, and concentric cylinder geometries have been
used needs to be established.

Mechanical Models of Dynamic Rheological Data

The results of oscillatory shear data can be expressed in terms of mechanical models.
Elliott and Ganz (1977) employed a modified Bingham body to interpret results
of dynamic rheological tests on salad dressings. The model shown in Figure 3-37,
consists of an elastic element with modulus, E, a friction element having a rest yield
stress oo, a sliding yield stress, 0,5, and a viscous element having a viscosity, nm.
This model was developed to deal with viscoelastic materials with yield stress. In
dynamic rheological testing of these materials, when the amplitude of the imposed
strain is sufficiently low so that the yield stress is not exceeded, the stress response
will be sinusoidal and in phase with the strain. For strains which result in stresses
greater than the yield stress, the response will not be sinusoidal but somewhat square.
In addition to salad dressings, this model was employed also for materials judged
organoleptically to be unctuous (Elliott and Ganz, 1971).

Time-Temperature Superposition

The method of reduced variables or time-temperature superposition (Ferry, 1980:
pp. 266-280) is based on the assumption that all relaxation times belonging of a
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Figure 3-37 Modified Bingham Body to Interpret Results of Dynamic Rheological Tests on Salad
Dressings (Elliott and Ganz, 1977).

given relaxation process have the same temperature dependence and that all contri-
butions to a modulus (and compliance) should be proportional to p7'. Therefore, for
example, changing the temperature from 7 to a reference temperature 7y would cause
a change in G’ and G” equivalent to multiplying them by the temperature-density cor-
rection factor, due to the effect of thermal expansion and to the entropy-spring nature
of the stored elastic energy in the flexible chain theory: (Ty00/7 p). It was not possible
to distinguish between (Topp/T p) and (Ty/T) because they differed by only about
20% for synthetic polymers (Ferry, 1980). The difference between (Tpp0/7T p) and
(To/ Ty would be even less for aqueous food systems. In addition, multiplying the fre-
quency values (w) by the empirically determined shift factor ar, that is, using war for
the ordinate, has the physical significance of the ratio of maximum relaxation times
at different temperatures to that at 7p. Although the time-temperature superposition
technique was developed empirically, there is much theoretical support. Expressions
for ar have been derived based on theories of dilute solution flexible random coils
and undiluted polymers. Successful superposition means that at different temper-
atures the same molecular processes were taking place at different speeds (Lopes
da Silva et al., 1994).

The time-temperature superposition method can be also applied to viscosity data
(Ferry, 1980). For any viscoelastic parameter, exact matching of the adjacent curves
1s an important criterion for the applicability of the method. In addition, when pos-
sible, the same values of ar must superpose all the viscoelastic parameters and the
temperature dependence of ar should have a reasonable form based on experience.
One advantage of the method is that the range of frequencies are extended beyond
those available experimentally. The time-temperature method has been also referred
to as thermorheological simplicity (Plazek, 1996).
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Time-Temperature Superposition of LB Gum and Pectin Dipersions

Lopes da Silva et al. (1994) found that the frequency-temperature superposition,
analogous to time-temperature superposition in transient rheological experiments,
was applicable to a 1% locustbean (LB) gum dispersion so that master curves at Ty =
25°C were obtained for G' and G” (Figure 3-38). In contrast, smooth master curves
could not be obtained for G’ and G” values of 3.5% high-methoxyl pectin dispersions
either separately or for both simultaneously (Figure 3-39). The discrepancies were
higher for a 3.5% low-methoxy! pectin dispersion. It was concluded that the time-
temperature superposition technique was not applicable to the pectin dispersions due
to their aggregated structure. For the studied samples, the vertical shift factor for the
moduli (7ppo/T p) had a small effect on the master curve (Lopes da Silva et al., 1994).

Critical Stress and Strain

While the dynamic experiments described above are to be conducted in the linear
viscoelastic range, another experiment can be conducted in which the results obtained
in the non-linear range are useful. With a controlled-stress rheometer, one can conduct
an experiment in which the stress is increased continuously at a constant oscillatory
frequency, say 1 Hz. Results obtained in such an experiment are shown schematically
in Figure 3—40. As the stress is increased continuously, initially, G’ and G” remain
relatively constant until at a critical value of stress, o, the magnitude of G’ decreases
sharply and that of G” also decreases not as sharply after a slight increase. One may
also use the value of the applied stress at which the curves of G’ and G” intersect
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Figure 3-38 Smooth Master Curves at T, = 25°C were Obtained for G’ and G” of a 1% Locustbean
Gum (LBG) Dispersion by Time-Temperature Superposition (from Lopes da Silva et al., 1994).
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Figure 3-39 Smooth Master Curves could not be Obtained for G’ and G” Values of 3.5% High-Methoxyl
Pectin Dispersions by Time-Temperature Superposition (from Lopes da Silva et al., 1994).
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Figure 3—40 Illustration of Estimation of Critical Stress from a Stress Sweep at a Fixed Frequency
Dynamic Rheological Experiment. Alternatively, as described in the text, one may conduct a strain sweep
experiment.

as the critical stress at which structure of the sample breaks up and that at values of
stress greater than the critical stress the food flows.

With a controlled-strain rheometer, instead of using the stress, one may use the
applied strain as the independent variable and work with values of G’ and G”. The
value of G’ corresponding to the critical strain, y,, at which G” reached its maximum
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value was used as an apparent yield stress of tomato concentrates (Yoo and Rao, 1995).
However, such yield values were lower than dynamic yield stress values determined
using a vane. Additionally, as shown in Chapter 6, y. has been used in fractal models
of gels. The critical stress, o, or strain, ., may be viewed as the point where the
weakest bonds in the gel/food break.

Creep-Compliance Behavior

Creep-compliance studies conducted in the linear viscoelastic range also provide
valuable information on the viscoelastic behavior of foods (Sherman, 1970; Rao,
1992). The existence of linear viscoelastic range may also be determined from torque-
sweep dynamic rheological experiments. The creep-compliance curves obtained at
all values of applied stresses in linear viscoelastic range should superimpose on each
other. Ina creep experiment, an undeformed sample is suddenly subjected to a constant
shearing stress, o.. As shown in Figure 3-41, the strain (y) will increase with time
and approach a steady state where the strain rate is constant. The data are analyzed
in terms of creep-compliance, defined by the relation:

J(t,00) = y/oc (3.88)

A typical creep-compliance curve can be divided into three principal regions
(Sherman, 1970):

1. Aregion (A-B) of instantaneous compliance Jy in which the bonds between the
different structural units are stretched elastically. In this region, if the stress was

JO = I/GO

JR = I/GR
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Figure 341 Illustration of a Creep-Compliance Curve (Redrawn from Rao, 1992).
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removed, the structure of the sample would recover completely. The compliance
is related to the corresponding modulus as:

Jo=1/Gy (3.89)

where, Gy is the instantaneous elastic modulus. Magnitudes of instantaneous elas-
tic modulus, Gy, and of storage modulus G’ at 1 rad s~! were found to be of the
same order of magnitude for a starch paste (Giboreau et al., 1994) and tomato
concentrates (Yoo and Rao, 1996).

2. Region B-C corresponds to a time dependent retarded elastic region with a com-
pliance Jg . In this region the bonds break and reform, but all of them do not break
and reform at the same rate. The equation for this part using mean values for the
parameters is:

JR = Jm[1 = exp (~1/Tm)] (3.90)

Figure 3—41. General creep-compliance curve (Sherman, 1970).

In Equation (3.85), Jy, is the mean compliance of all the bonds and 7y, is the
mean retardation time; T, equals.Jymnm, wWhere nyy, is the mean viscosity associated
with elasticity. One can replace the mean quantities with a spectrum of retarded
elastic moduli (Gj) and the viscosities (n;), where, J; = 1/G;. Typically, one or
two Kelvin—Voigt elements can be used to describe the retarded elastic region.

3. Region C-D is a linear region of Newtonian compliance in which the units as a
result of rupture of the bonds flow past one another. The compliance Jy and the
viscosity are related by:

N =1/1N (3.91)

The viscosity obtained from the above equation in the linear region of a creep
experiment can be used to extend the low-shear rate region of apparent viscos-
ity versus shear rate data obtained in a flow experiment by about two decades
(Giboreau et al., 1994; Rayment et al., 1998). The low shear rate region of about
1073-10° is often used for the characterization and differentiation of structures in
polysaccharide systems through the use of stress controlled creep and non destruc-
tive oscillatory tests. The values of strain (y) from the creep experiment can be
converted to shear rate from the expression: y (¢) = y(¢)/t.

When the stress is suddenly removed at D, the pattern consists of an elastic recov-
ery (D-E) followed by a retarded elastic recovery (E-F). Because bonds between
structural units are broken in region C-D, a part of the structure is not recovered. For
values of time after the applied stress is removed, the recovered strain approaches a
maximum value, S;, called recoverable shear (Dealy, 1982):

Sy = 0o (3.92)
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where, o 1s the applied stress and Je0 1s the value of the straight line portion of
the creep-compliance curve extrapolated to zero time. A shear modulus, G;, can be
defined as the reciprocal of the steady state compliance, Je0 :

oe = G,S; (3.93)

This equation is called “Hooke’s law of shear.”

The creep test is a simple and inexpensive test for viscoelastic foods which provides
valuable information on the rheological parameters. Davis (1973) pointed out that
indeed too much information can be obtained from the creep test. For example,
an eight-parameter rheological model defined by eleven parameters was required
for shortening and lard. One drawback with creep studies using concentric cylinder
systems is that the materials structure is disturbed when the sample is being loaded.

The creep-compliance technique has been used extensively by Sherman and
co-workers for the study of ice cream, model emulsions, margarine, and butter
(Sherman, 1966; Shama and Sherman, 1969; Vernon Carter and Sherman, 1980;
Sherman and Benton, 1980). In these studies, the methodology employed was simi-
lar to that for ice cream, that is, the creep-compliance data on a sample were described
in terms of mechanical models, usually containing four or six elements. Attempts were
made to relate the parameters of the models to the structure of the samples studied.
However, with increased emphasis on dynamic rheological tests and interpretation
of results in terms of composition and structure, the use of mechanical models to
interpret results of rheological tests has declined steadily.

Sherman (1966) studied the viscoelastic properties of ice cream mix and melted
ice cream. The creep-compliance curve for the ice cream mix was described by the
relation:

J(t) =Jo+J1 (1= e/ + (¢/nn) (3.94)

The terms: Jy, Ji, and J>, are the instantaneous compliance, and the compliances
associated with retarded elastic behavior, respectively; t; = n1/G1 and ©r; = 12/Ga
are the retardation times associated with retarded elasticity; 7y, nz, and nN are the
viscosities associated with Newtonian flow.

For melted ice cream, the equation for creep-compliance data was:

JO =Jo+ (1= )+ (1 —e™) + (t/nn) (3.95)

The mechanical analogs corresponding to Equations (3.94) and (3.95) are shown in
Figure 3—42. It is important to note that an association was established between the
components of the ice cream and the components of the rheological model. This in
turn permitted the justification of a six element model for the mix and a four element
model for the melted ice cream.

The creep test can be also used for solid foods and as in the dynamic tests, a
compressive or elongational stress can be employed (Rao et al., 1995). However,
when a compressive stress is imposed, the sample-metal platen interface should be
either lubricated or bonded to minimize frictional effects.
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Figure 3-42 Mechanical Models for Creep-Compliance Data of Ice Cream Mix and Melt (Sherman,
1966).

Transient Viscoelastic Flow

One of the characteristics of viscoelastic foods is that when a shear rate is suddenly
imposed on them, the shear stress displays an overshoot and eventually reaches a
steady state value. Figure 343 illustrates stress overshoot data as a function of shear
rate (Kokini and Dickie, 1981; Dickie and Kokini, 1982). The data can be modeled
by means of equations which contain rheological parameters related to the stresses
(normal and shear) and shear rate. One such equation is that of Leider and Bird (1974):

o =K @)"'[L + (byt — 1) exp (—t/an))] (3.96)

where, o is the shear stress, K and n are power law parameters relating the shear
stress and the shear rate, y is the imposed sudden shear rate, ¢ is the time, X is a time
constant, and a and b are adjustable parameters. The time constant A is related to
the power law parameters relating shear stress and shear rate and those relating the
primary normal stress difference and shear rate:

A = (m/2K)" " (3.97)

The Bird-Leider model predicted well the maximum and the steady state stresses as
well as the times at which they occurred, but its prediction of the shear stress decay
was not satisfactory (Dickie and Kokini, 1982).
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Figure 343 Stress Overshoot Data of Several Foods as a Function of Shear Rate and Predicted Values
by Leider and Bird Model (Dickie and Kokini, 1982).

A number of other models have been developed to describe transient viscoelastic
behavior. However, in order to test the applicability of the models, one must have at
hand carefully obtained rheological data (e.g., obtained using low-inertia measure-
ment systems). Another example of the applicability of models to viscoelastic data
is the study of Leppard and Christiansen (1975) in which the models proposed by
Bogue and Chen, Carreau, and Spriggs were evaluated. In the case of foods, Mason
et al. (1982) developed an empirical model to describe the transient data on stick
butter, tub margarine, and canned frosting (Kokini and Dickie, 1981; Dickie and
Kokini, 1982). For mayonnaises, a model proposed by Larson (1985) was tested by
Campanella and Peleg (1987) as described in Chapter 5 in the section on rheological
behavior of mayonnaises and salad dressings.

Elliott and Ganz (1977) proposed a phenomenological analysis of the recorded
stress-overshoot data (Figure 3—44): g, is the shear stress at the end of the initial
linear portion of the plot, o, is the peak shear stress, oo is the equilibrium shear
stress, and op is the residual shear stress after shearing has stopped. The total strain
that has occurred at different shearing times is the product of the shear rate and time,
so that y z4 = strain at end of initial linear portion of the plot, y#, = strain when peak
shear stress isreached, and y ¢, = strain when equilibrium shear stress is first reached.
The following functions can then be calculated from the above measurements: (1)
shear modulus G = oa/yts, which is a measure of the elastic nature of the fluid,
(2) equilibrium viscosity 1o = 0o0/y, which is a measure of the viscous nature of
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Figure 3—44 Schematic Diagram for Phenomenological Analysis of the Recorded Stress Overshoot Data
at a Constant Shear Rate (Elliott and Ganz, 1975).

the fluid, and (3) work of structure breakdown W = area between the extrapolated
equilibrium shear stress line and the curve above it. Stress growth and decay at a
constant shear rate was analyzed as the excess work (W) of structure breakdown.

B
W=y f (0 — 0x0)dt (3.98)
4

where, y is the constant shear rate, o is the equilibrium shear stress value, and 4
and B are the times at which the stress curve overshot the equilibrium stress value
and the time at which the equilibrium value was reached, respectively. The analysis
of Elliott and Ganz (1975) is simple and can provide useful information.

Stress-Relaxation

In a stress-relaxation experiment, the decay of stress as a function of time is recorded
at a fixed magnitude of deformation. The experiments can be performed with an
instrument such as the Instron Universal Testing machine. However, in order to
minimize errors due to friction between the test sample and the surfaces of the platens
that are in contact with the sample, the sample must be either bonded to the platens
or the contact surfaces must be well lubricated. In many studies, lubrication of the
contact surfaces was employed as it is easier than bonding the sample to the platens.
To further explain salient features of the stress-relaxation technique and the type of
results that can be obtained, we consider a study of the rheological behavior of pectin
sugar gels made from a commercial slow set pectin as a function of concentration,
pH, and sugar content, and aged for 48 h, by means of stress relaxation technique
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Figure 3-45 Typical Stress versus Time Curve Obtained from a Stress Relaxation Experiment (Comby
et al., 1985).

(Comby et al., 1986). A typical stress versus time curve is presented in Figure 3-45.
During the loading period (¢ < t*), a linear relation between force and displacement
was observed, and a compression modulus (Eg) was calculated from the relation:

Ep = 0*/e* = (Lo/Ao) (F*/Al) (3.99)

where, F* is the force corresponding to the deformation ¢* and 4 is the initial cross-
section of the gel; ¢* = (Al/Lg), where Al is the displacement, and Ly is the initial
height of the gel sample; F*/ Al is the slope of the loading curve. From the relaxation
curves, the Young’s modulus £(#) can be obtained after taking into consideration the
relaxation phenomenon during the loading period. One such procedure is the Zappas
approximation reported by Lin and Aklonis (1980):

E(t—-192) =a()/c" (3.100)

This method can be used to estimate E(¢) accurately using data from ¢ = 2¢*; but from
t = 1.3¢* the approximation is good. The relaxation curves were characterized by an
inflection point between 20 and 60 s. Assuming that the inflection point corresponds
to the classical plateau zone, the value of the modulus at this point (£p,) may be viewed
as a pseudo-elastic modulus and interpreted according to theory of gel elasticity that
was proposed for gels with low concentrations (¢ < 0.4%) (Oakenfull, 1984). An
important determination was that the molecular weight of the junction zones was
about (1/4) of the number average molecular weight, that is, that each molecule can
be involved in only two or three junction zones.
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In addition, Comby et al. (1986) calculated the parameters of a two-element
Maxwell model:

E(t)=) Eexp(-t/7) (3.101)

where, 7; is the relaxation time. Magnitudes of Eq, E;,, and E increased with increase
in pectin concentration. However, F; and 75 were not much affected up to pectin
concentration (c) of 1.7% suggesting that in turn the relaxation processes of chain
segments between cross-linking zones were not affected; however, when the polymer
concentration ¢ was increased from 1.7 to 1.8%, there was a sharp increase in 1
reflecting a decrease in chain mobility. The effect of pH on stress-relaxation curves
was examined for 1.7% pectin gels: £, and Ey increased steadily when pH decreased
from 3.2 to 2.6, but remained constant below a pH of 2.6. Increasing sucrose content
of 1.7% pectin gels from 60.3 to 72.3% resulted in increase in the elastic modulus
from 6,750 to 28,300 Pa.

The stress relaxation test can be used for characterizing solid foods after taking
precautions to minimize friction at the platen-food interface (Rao et al., 1995). For
deformations in the nonlinear range, the empirical data analysis technique of Peleg
(1980) has been used in several studies (e.g., Nussinovitch et al., 1990):

Fot
Fo—F()

where, Fy and F(¢) are the initial force and that at any instant, and k| and k; are
constants.

=k + kot (3.102)

Static Measurement of Modulus

Saunders and Ward (1954) showed that a sample of gel placed in an U-tube together
with a capillary containing an indexing fluid (Figure 3—46) can be used to determine
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Figure 346 U-Tube Apparatus for Determination of Gel Modulus Based on (redrawn from Saunders
and Ward, 1954).
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the rigidity modulus of weak gels. Assuming that the gel is entirely elastic, the shear
modulus, E, can be calculated from the equation:

E = Pri/8a* hL (3.103)

where P is the effective pressure (i.e., the applied pressure corrected for the back
pressure of the indexing liquid), , and a are the radii of the wide and narrow tubes,
respectively, /4 is the displacement of the index liquid, and L is the length of the gel.
Because the strain varies from a maximum value of 4a*h/r] at the tube wall to zero
at the tube center, the volume average strain is obtained as 8ah/ 3rg. The stress is
usually applied for 30 s and the displacement of the indexing liquid is recorded as a
function of time. However, many food gels show a time dependent strain (Stainsby
etal., 1984) and, for gels that exhibit syneresis, the test sample as a whole slips along
the tube when pressure is applied. Attempts to minimize slip of the sample include
introducing dimples into the wall of the wide tube (Komatsu and Sherman, 1974) and
coating the tube with a single layer of antibumping granules about 1 mm in diameter
(Stainsby et al., 1984). The latter technique, using tubes 6.25 mm and 0.478 mm in
radii, was found to be suitable for determining the rigidity moduli of starch, amylose,
k-carrageenan, and egg white gels. Of further interest here is that with the modified
apparatus, time dependent strain was not observed for the studied gels so that it may
not be possible to obtain creep data with this technique.

Oakenfull et al. (1989) presented a method for determining the absolute shear
modulus (£) of gels from compression tests in which the force, F, the strain or relative
deformation (§/L) are measured with a cylindrical plunger with radius », on samples
in cylindrical containers of radius R, as illustrated in Figure 3-47. Assuming that the
gel 1s an incompressible elastic solid, the following relationships were derived:

E =fY. (3.104)
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Figure 3—47 Plunger-Cup Geometry for Determination of Modulus of Weak Gels (from Oakenfull
et al., 1989).
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where, f is a parameter whose magnitude depends on the geometrical ratios »/R and
R/L, as shown in Table 3-5, and

Y, = (F/Jrrz) /(8/L) (3.105)

A correction must be applied to the measured force by subtracting the buoyancy
effect, Fy:

Fy = nqgdr’R? /(R2 - r2) (3.106)

Although the technique was illustrated for gelatin gels, it should be applicable to other
gels also. We note here that because magnitudes of the force, F', were very small,
they were measured with a sensitive electronic balance.

Relationship Among Rheological Parameters

Cox—Merz Rule

The superimposition of the shear rate dependence of steady shear viscosity, that is,
na(w), and of the frequency dependence of the complex viscosity, that is, n*(w), at
equal values of frequency and shear rate was first reported by Cox and Merz (1958)
for polystyrene samples, and is known as the Cox—Merz rule.

N (@) = Na(@)w=y (3.107)

The Cox—Merz rule is an empirical correlation that has been confirmed experimentally
for several synthetic polymers (Ferry, 1980), and for solutions of several random-coil
polysaccharides (Morris, 1981). However, many exceptions to the Cox-Merz rule
have also been found for synthetic polymers (Matsumoto et al., 1975; Kulicke and
Porter, 1980) as well as for biopolymer systems (Morris et al., 1981; Mills and Kokini,
1984; Yang and Rao, 1998) and foods (Bistany and Kokini, 1983; Rao and Cooley,
1992). Relationships between the parameters were determined for equal magnitudes
of the shear rate, y, and the frequency, » (Bistany and Kokini, 1983). Based on

Table 3-5 Factors (f) for converting apparent Young’s Modulus into Absolute Shear
Modulus for Different Sizes of Dish and Probe

/R L/R=0.1 L/R=0.2 L/R=0.5 LR=1.0
0.05 0.157 0.0752 0.0381 0.0186
0.10 0.208 0.104 0.0634 0.0331
0.20 0.185 0.102 0.0912 0.0522
0.40 0.0549 0.0632 0.0930 0.0574
0.50 0.0264 0.0490 0.0803 0.0485

0.60 0.0138 0.0384 0.0622 0.0359
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data on ten fluid and semi solid foods, power type relationships were found to be
satisfactory between the parameters.

(@) = Clna (NI, (3.108)

(@) = C'[na (M

(3.109)

y=w

Similarly, a power type empirical equation was found for G//w?(w) and the first
normal stress coefficient, ¥ (y):

Glw?* (w) = C* [y1 ()]¥ (3.110)

Deviation from Cox-Merz rule appears to be an indication of structural heterogeneity
in a food. For example, significant deviations from Cox—-Merz rule were found in
dispersed systems, such as tomato concentrates (Rao and Cooley, 1992) and cross-
linked waxy maize starch dispersions (da Silva et al., 1997; Tattiyakul and Rao,
2000). In contrast to the observation on several foods of dispersed nature, the Cox—
Merz rule was found to be applicable to fluids with homogeneous structure, such
as dispersions of guar gum (Mills and Kokini, 1984) and locust bean gum (Lopes
da Silva et al., 1993).

When departures from the Cox—Merz rule are attributed to structure decay in the
case of steady shear, the complex viscosity is usually larger than the steady viscosity
(Mills and Kokini, 1984). Notwithstanding this feature, the relation between magni-
tudes of n, and n* can be dependent on the strain amplitude used (Lopes da Silva
et al., 1993). Doraiswamy et al. (1991) presented theoretical treatment for data on
suspensions of synthetic polymers. They suggested that by using effective shear
rates, the Cox-Merz rule can be applied to products exhibiting yield stresses. The
shift factors discussed above can be used to calculate effective shear rates.

Relationship Between Viscosity and First Normal Stress Coefficient

In addition to relationships between apparent viscosity and dynamic or complex
viscosity, those between first normal stress coefficient versus dynamic viscosity or
apparent viscosity are also of interest to predict one from another for food process-
ing or product development applications. Such relationships were derived for the
quasilinear co-rotational Goddard—Miller model (Abdel-Khalik et al., 1974; Bird
et al., 1974, 1977). It should be noted that a first normal stress coefficient in a flow
field, ¥1(y), and another in an oscillatory field, | (w), can be determined. Fur-
ther, as discussed below, ¥1(y) can be estimated from steady shear and dynamic
rheological data.

The quasilinear co-rotational Goddard-Miller model can be written as (Abdel-
Khalik et al., 1974, Bird et al., 1974, 1977):

t
o=- / G(t—)r'de (3.111)

-0
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For irrotational and small deformation flows, Equation 3.84 reduces to the general
linear viscoelastic model:

t

o= f G(r—1)ydd (3.112)

-0

Bird et al. (1974) derived relationships to predict ¢r;(y) from dynamic rheological
(Equation 3.113) and apparent viscosity (Equation 3.114) data:

L2, C\ Calny”
‘/fl(}’)—;{n [(1+3) 5 8lnw]}w=? (3.113)

() =K~ / na(y) Ua()’ )d}/ (3.114)

In Equation 3.113, " = G'/w is the dynamic rigidity and G’ the elastic modulus.

In Equation 3.114, n, is apparent viscosity, y 1s an assumed shear rate (e.g.,
y = 10,20, 50 s~! and other values) at which n,(y) is calculated, 3’ is the dummy
variable for integration, and Kis an empirical factor that was found to be 2 for poly-
mer solutions and 3 for polymer melts (Bird et al., 1974, 1977). Normal stresses
were detected in cross-linked waxy maize (CWM) starch dispersions (SDs) of all
concentrations studied: 3.5, 3.75, 4.0, 4.25, 4.5 and 5.0% ww™! and in tapioca
only at the three highest concentrations: 3.5, 3.8, and 4.0% ww~! (Genovese and
Rao, 2003b). Double logarithmic plots of first normal stress coefficients, ¥, versus
shear rates from down curves resulted in quasi-linear plots (Figure 3-48), as was
also observed earlier (Youn and Rao, 2003). Further, values of ¥ increased with
starch concentration. The shear rate dependence of /1, in terms of the slope of each
curve, was almost the same for all the six concentrations of CWM SD, 4.0% tapi-
oca SD, and the sample of CWM granules mixed with tapioca serum; the average
value of the slopes was —1.73 £ 0.05. This suggests that, in that range of concentra-
tions, the number of starch granules did not have a significant effect on the variation
of ¥, with y. The 3.8 and 3.5% tapioca SDs did not follow this general behavior
and the data showed more scatter, probably because of the weak stresses that were
generated.

At the same concentrations: 4.0, 3.75-3.8 and 3.5% values of | of CWM SD were
moderately higher than those of tapioca SDs at low shear rates (not shown here), but
the differences were negligible at high shear rates. It means that normal stresses
depend not only on either volume fraction of starch granules or starch concentration
but also on the nature of the granules. The dispersed phase has a greater influence on
the normal stresses of SDs than the continuous phase. Since normal forces are strongly
related to the elastic component of viscoelastic materials, as previously mentioned,
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Figure 3-48 Double Logarithmic Plot of First Normal Stress Coefficient, ¥, versus Shear Rate from
Down Ramp Curve of 5% Cross-Linked Waxy Maize Starch Dispersions Exhibited Quasi-Linear Plots.
Predictions of Bird et al. (1974, 1977) based on apparent viscosity data for values of the empirical factor
K =2 and 3 are also shown.

it 1s likely that in SDs the normal forces may be associated with the elastic modulus
of the granules.

Also based on the Goddard-Miller model, Bird et al. (1974) derived a relationship
(Equation 3.115) between the apparent viscosity n, and the dynamic viscosity n’ =
G"/w, where G” is the viscous modulus:

s = | lmgalnn’
=B=7 2 dlnw
where, C is a constant = 1. Experimental apparent viscosity up (7aup) and down
(naaw) values of cross-linked waxy maize starch dispersions were compared to those
of complex viscosity, n*, and apparent viscosity predicted by Bird’s Equation 3.112
(na—B) (Genovese and Rao, 2003b). Not surprisingly, 7ayp Was in very good agreement
with n,_p, especially at low starch concentrations where both curves matched over
the entire range of shear rates. This can be attributed to the fact that, unlike 754w,
when measuring nayup, the sample has not been sheared extensively, as was also the
case with the sample used to calculate n,_g from dynamic data.

It should be noted that Equations 3.109-3.111 are unique in that they pre-
dict one rheological parameter from another. Because often it may be possible
to obtain only one set of rheological data easily, such as shear rate versus shear

stress or dynamic rheological data, those equations should be useful in estimat-
ing other rheological parameters. Specific relationships were also derived between

(3.115)

w=y
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the first normal stress coefficient on the one hand and dynamic rheological data on
the other (Equation 3.116).

U1 (w) = ¥ + ¥ cos Qut) — 1" sin Qwt) (3.116)

i =n"/o (3.117)
Y1 (@) = [-1" (@) + 1" Qw)]/w (3.118)
Y1) = -1 (@) — 7' Quw)]/o (3.119)

In Equation 3.116, v is rigorously defined as [(o] — 022)/ ()7201)2], and is the sum
of a constant term 1//{1 and two oscillating terms, accounted by | and ¥/{’; )}201 is
the strain rate amplitude. Equations 6 to 8 suggest that oscillatory shear stress data
are related to oscillatory primary normal stress difference data (Ferry, 1980). Youn
and Rao (2003) calculated values of v (w) for starch dispersions is applicable to
oscillatory shear fields.

Deborah Number

A unique dimensionless number in rheology is the Deborah (De) number (named
after the song of Deborah, Book of Judges, the Old Testament) that compares the
time scale of the deformation process (7p) to the observation time (%,):

De = p/t, (3.120)

typically, the time #p for liquids is very small and is very large for solids. Small
Deborah numbers signify liquid-like behavior and large numbers signify solid-like
behavior. Further, a material may exhibit solid-like character because either its char-
acteristic time is large or the deformation process is very fast. For example, when a
flat stone thrown at a suitable angle bounces several times on a calm body of water,
because of the fast deformation process, the water is behaving like a solid. Charac-
teristic deformation time scale can be estimated as the reciprocal of the shear rate or
dynamic frequency, while characteristic observation times may be assumed to be the
various relaxation and retardation times mentioned earlier. The Deborah number in
terms of other variables has been used to better understand rheological behavior of
dispersions (Chapter 4) and other phenomena.

Commercial Rheometers

Many of the earlier commercial viscometers have been of the constant shear rate
design where the speed of rotation was the controlled variable and the resulting shear
stress was measured. However, viscometers and rheometers in which the shear stress
is controlled and resulting shear rate or strain can be measured are available now.
Because they provide an opportunity to conduct studies related to yield stress, creep-
compliance, stress relaxation, and rate of breakdown of weak structures, it seems
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likely that their use will become more widespread in the future. In addition, because
with most fluid foods the stresses to be measured are of relatively low magnitudes, a
few low-shear rheometers that are capable of measuring them have been introduced.
Further, to better understand how food structure deforms under elongational and other
flows at the micro scale, equipment is being developed to visualize food structure
behavior under deformation combining confocal microscopy and shear/compression
apparatus (e.g., Nicolas and Paques, 2003). One can anticipate that more rheo-optical
studies will be conducted which should provide both visual and rheological data on
foods at the micro scale.

All the major manufacturers of viscometers and rheometers have Internet sites
that illustrate and describe their products. In addition, many of the manufacturers
are offering seminars on rheometers and rheology. Earlier lists of available models
of rheometers and their manufacturers were given by Whorlow (1980), Mitchell
(1984), and Ma and Barbosa-Canovas (1995). It is very important to focus on the
proper design of a measurement geometry (e.g., cone-plate, concentric cylinder),
precision in measurement of strain and/or shear rate, inertia of a measuring system
and correction for it, as well as to verify that the assumptions made in deriving the
applicable equations of shear rate have been satisfied and to ensure that the results
provided by the manufacturer are indeed correct.

Some Precautions with Foods

In addition to using a well-designed viscometer or a rtheometer, many precautions
should be taken to insure that the rheological data obtained on a food sample are
reliable. The first step is to choose a measurement geometry that is amenable to
analysis of the flow in the geometry so that a mathematical expression for the shear rate
can be derived. A specific food and a measuring geometry can pose their unique set of
problems during rheological experiments. Often, these problems can be identified by
careful examination of the steps involved in the measurements and careful observation
during the experiment; they should be analyzed and steps taken to ensure that they
are overcome. Some of the factors to be considered in using the capillary, cone-
plate, parallel plate, and concentric cylinder geometries were mentioned under each
geometry in this chapter.

One serious problem in working with foods is dehydration of the test sample, such
as from the edge of a parallel plate or a cone-plate geometry, or the exposed annular
ring of a concentric cylinder geometry. Moisture loss from a test sample can be a
significant factor during either: (1) a long-duration low-temperature experiment, (2)
a short-duration high-temperature rheological experiment, or (3) when the humidity
of the surrounding atmosphere is low. In particular, the exposed sample surface area
is large in the cone-plate and the parallel plate geometries. In dynamic rheological
tests, silicone or mineral oil can be placed at the sample edge to prevent moisture loss
but care must be taken that the oil does not penetrate in to the food or dissolve a food
component (e.g., lipids by a mineral oil). In the concentric cylinder geometry, only
the annular ring shaped food surface at the top is exposed.
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Attempts to minimize moisture loss from a food sample during a shear rate versus
shear stress include: placing a solvent trap above the cone-plate and parallel plate
geometries, placing an annular ring/disc above the exposed surface of a concentric
cylinder geometry, and saturating the surrounding atmosphere with moisture. It is
emphasized that sometimes with rotating viscometer geometries: cone-plate, parallel
plate, and concentric cylinder, one may at best minimize moisture loss, but may not
be able to eliminate it. For example, Rayment et al. (1998) found moisture loss from
guar gum solutions containing rice starch was very severe at concentrations greater
than 33% of the latter and could not obtain reliable data. The converse problem, that
is, moisture gain due to condensation at low measurement temperatures is of concern
because the moisture can dilute the test sample significantly. With a tube/capillary
viscometer, a closed system can be designed to prevent both moisture loss and gain.

Another common problem with two phase foods (e.g., mustard) and melted cheese
is the formation of a thin water or oil layer next to the walls of the measuring geometry.
Because this layer of water or oil has a finite velocity during the experiment (slip),
the zero-velocity boundary condition (no slip) at the interphase between the food and
the measuring geometry that is used in deriving the equations for shear rate is not
satisfied.

It is tempting to study time-dependent rheological behavior of a food and apply
different flow models to the data collected. However, during loading of the sample in
to a viscometer geometry, the structure of the food is altered and the degree to which
the structure is altered depends on the shearing during sample loading. Therefore, the
results obtained will depend on the extent of shearing the sample undergoes prior to
data collection. Often, the remedy chosen is to allow the sample to rest for a period of
time during which the structure recovers. Obviously, another option, when possible,
is to create the test sample in situ in the test geometry and conduct the rheological tests
without going through the steps of loading the sample in to the measuring geometry.
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Appendix 3-A

Analysis of Flow in a Concentric
Cylinder Geometry

One can derive applicable equations for shear rate starting from either the general
equations of conservation of mass (continuity) and conservation of momentum
(motion) or by conducting balances of mass or momentum on a differential shell.
Numerous examples of using the conservation equations or shell balances can be
found in Bird et al. (1960) and other texts on transport phenomena. For the concentric
cylinder geometry shown in Figure 3—1, it will be assumed that the inner cylinder is
rotating and the outer cylinder is stationary. Interested readers can derive the appli-
cable equations for the case of outer cylinder rotating using appropriate boundary
conditions.
First, from a simple force balance, the total torque (M) on the inner cylinder is:

O X 2nrih x ri = =M (3A.1)

In terms of torque per unit height, 7" = h , Equation 3A.1 becomes:

T

21 ri2

(3A.2)

Orp = —

To describe the flow between the inner and outer cylinders, we use cylindrical coor-
dinates (r, 8, z) and note that the fluid moves in a circular motion; the velocities in the
radial the axial directions are zero: v = rS2, v, = 0, v, = 0, and due to symmetry
3/06 = 0.
Also, at steady state dp/d¢t = 0. The equation of continuity in cylindrical
coordinates is:
a—p + l‘a— (Prvr) + l_ (ove) + — (pvz) =0
at  ra
All terms 1n the above equation are zero.
The r-component of the equation of motion is:

v v, vgov, Vi av
p(—r-+v—r+—2——r—79+w——r)

at T or  r 96 3z
op 10 1 doyy oOge 30y,
=TT (r a7 "o+ 5 5z ) e
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The r-component of the equation of motion reduces to:

—p—= = —— (rop) — — (3A3)
r 4

Equation 3A.3 deals with the normal stresses o, and oyg. For the purpose of illus-
tration we consider the #-component of the equation of motion in detail and note in
particular that vy = f(r):

f-component:

vy dvg vgdvg Vg vy
p(at vr8r+r89+ r +vZaz)
_ 1ap ( 1 0 ( 2 ) 1 dogg  J0p;

X S0 R TR

r2 or

) + 0gs (3A.4)

Under steady flow condition dvg /3¢t = 0, v, = 0, dvg/d6 = 0 and dvy/dz = 0,
the LHS of Equation 3A.3 reduces to zero. On the right hand side, dp/36 = 0
because there is no pressure gradient in the 6-direction and pgg = 0 because there
is no #-component of gravity. dogg /06 and doy,/dz = 0 because there are no shear
gradients in the 8 and z directions. There is no pressure gradient in the 6 direction.
We thus have for the #-component:

3(rlo
(ora) _ (3A.5)
ar
The z-component reduces to:
d
0=-2L 1 ), (3A.6)
0z

Equation 3A.6 simply describes the hydrostatic pressure in the gap between the two
cylinders. Differentiation of Equation 3A.5, which contains the shear stress of interest,
o9, results in:

r*do,g + 2rogdr =0 (3A.7)

Equation 3A.7 can be rearranged to:

d
dr = -7
2 049

(3A.8)

The boundary condition at the inner cylinder rotating at an angular velocity 2 is
ve = riQ2 at r = r; and at the stationary outer cylinder is v = 0 at ¥ = r,; both
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expressions are based again on the assumption of no slip condition at a solid-fluid
interface. The velocity distribution is obtained from:

ve f d(ve/r)

- T dr (3A.9)

r

i

Substituting from Equation 3A.8 for dr Equation in 3A.9 and using the appropriate
integration limits:

Oy i
Vo rd (vg/r)\ doyg f (rd (vg/ r)) doyg
A = 3A.10
r f ( dr ) 2079 dr 20,4 ( )
0j Oro

By using the Leibnitz rule and noting to differentiate with respect to o,4, and with
the boundary conditions: 0,9 = oj atr =r; and 6,9 = 0¢ atr = ry:

d(vg/r) _ 1 dve/r)\ ([ d(vs/r)
) I G o | I

Noting that Q@ = (vg/r) and y = (r(d(ve/r)/dr)), Equation 3A.9 can be written as:

dQ;
2oig—‘ =V — Vo (3A.12)
Oj

Therefore, while it is relatively easy to calculate the shear stress at the surface of
the rotating cylinder from Equation 3A.2, one can only derive an expression for the
difference in shear rates at the surfaces of the inner and outer cylinders from the basic
equations of flow. Additional work is required to calculate the corresponding shear
rate y; and there have been several approaches to determination it. One approach has
been to apply infinite series solution to the differential equation in 3A.12.

A popular method of calculating the shear rate at the surface of the rotating cylinder
is to assume that the test fluid follows the simple power law model:

(3A.13)

g [rdo»e/r)]"

dr

Equation 3A.12 can be solved after recalling Equation 3A.2 for shear stress:

1/n
Vo T n ~2/n

o __( L\ C 3A.14
(2n1<) T (3A.14)
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Using the boundary conditions v = 0 at r = r, and v = r{Q at r = rj one can
obtain the equation given earlier, Equation 3.7:

ri 2
2Qri2 - (E)

e

When n = 1 (Newtonian fluid), the Margules equation for shear rate is obtained:

(3A.15)

) ZQriz
=
[1 = (ri/ro) ]
Thixotropic/Antithixotropic Yes ———» (CCG may be suitable if sample is
Behavior Expected? prepared in situ or time is allowed for sample to

recover and measuring system inertia is low

l

No, and steady shear data are desired; perhaps a CCG can be used if end effects are
minimized

Is the fluid a suspension in which the solids tend to settle (e.g., ungelatinized
starch granules in water) at any time in the CCG?

l

Yes —» Do notuse CCG

No

l

Is the gap between cylinders very small? Yes ———> Perhaps can use Newtonian ¥ as
the true shear rate

No. Correct Newtonian y using Krieger or power law-based
method

Figure 3A-1 Decision Tree for Using a Concentric Cylinder Geometry.
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Examining the limiting form of the second part of Equation 3.7 as r; — r,:

imi - (ri/ro)® : ( 2ri/ro )
L -1 _,
mit l n [1 - (ri/ro)z/n] } rigl}’o ~n(2/n) (f”i?'o)(z/")'"l

Therefore, when ; — r,, the shear rate of a non-Newtonian fluid tends to that of
a Newtonian fluid. In Table 31, values of the correction factor in parenthesis in
Equation 3.7 are given for several values of the flow behavior index, », and the ratio
(r;/ro) of the concentric cylinders, and they confirm that: (1) they are small when
r; = ro, and (2) they may be large when the fluids are substantially non-Newtonian
and when (ri/r,) < 0.95.

While the concentric cylinder geometry is relatively easy to use in rheological
studies, some of its limitations should be recognized as shown in Figure 3-44.



Appendix 3-B

Analysis of Steady Laminar Fully
Developed Flow in a Pipe

The shell balance method will be used to examine steady laminar flow of a fluid in
a pipe. For the geometrical system illustrated in Figure 3B~1 and for steady lam-
nar fully developed flow of a fluid, a shell momentum balance can be conducted
(Bird et al., 1960; Geankoplis, 1983) using the cylindrical coordinates, r, 8, and z.
The momentum balance is conducted on a control volume shell at a radius » with
dimensions Ar and Az.

1. The balance of two opposing forces is:

PAl; = pAl.op, = p Qrr Ar)|, — p Qrr Ar)| 44, (3B.1)

2. The shear or drag force atradius ¥ = 0,, (277 Az) which can be considered to be the
momentum flow in to the cylindrical surface of the shell. The net efflux of momentum
1s the difference between the magnitudes the momentum out and momentum in:

0z 2rr Az)|,pp, (OUT) = 0y, 2rr Az)|, (IN) (3B.2)

3. The momentum flux across the annular surface at z and z + Az is zero because the
axial velocity v; is of the same magnitude at z and z + Az.

4. Recognizing that the sum of forces acting on control volume = rate of momentum
out of control volume — rate of momentum in to control volume:

pQRrarAn)|, — p2rrAr), a, = 0 2rr Az)|, 4 A, (OUT)
— 0, 2nr Az)|, (IN) (3B.3)

The above equation can be simplified to:

rar (plz - plz—l—Az) = Az [(rUrz)lr+Ar - (’”O'rz)|r] (3B.4)

Pz+a-

Figure 3B-1 Schematic Diagram for Force Balance in Laminar Capillary Flow.

145



146 RHEOLOGY OF FLUID AND SEMISOLID FooDS

Dividing both sides by (ArAz), results in:

r (p'z - p|z+Az) _ (Vo'rz)lr-J,-Ar - (rarz)lr

3B.5
Az Ar ( )
As Ar and Az — 0, the above equation becomes:
d d
réZ = - (ror) (3B.6)
After integration one gets:
rdp (3B.7)
FOp = ——— +¢ .
¥z 5 dz 1
which can be rearranged to:
rdp ¢
= ——— 4 — 3B.8
Oyz 24z + - ( )

By using the condition o,, = 0 at » = 0 (center line), the integration constant ¢; =0,
so that the stress distribution across the radius of the pipe 1s:

rdp
S 2dz
that for the wall of the pipe becomes: oy, = —[(r,/2) (dp/dz)], because at r = r,,
0,, = 0w. When the pressure drop, Ap, is measured for fully developed flow over a
length, L, the equation for the shear stress at the wall is:
_DAp
Ow = A
We will derive an expression for the volumetric flow rate, O, and then another for the
shear rate. Because the axial velocity, v,, is dependent on the radial position:

(3B.9)

Opz =

(3B.10)

To o Yo v atr=ry
Q= /2m’vzdr =7 f v, (r)d (rz) =7 /vz2r dr+m f 72 dv, (3B.11)
0 o] 0 v, atr=0

Assuming a no slip boundary condition, that is, v; = 0 at r = r,, the right hand side
of the above equation can be written as:

ro Vz
n f v.2r dr—m [ ¥ dv, (3B.12)
(o] (o]

The above equation can be integrated and noting that v, = O atr = r,, and r =
(ro/0w)0orz, ONe can obtain the expression:

Ow

3
0= (Egg) jafz (-%Vi) do,. (3B.13)
O’w r
0
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Multiplying both sides of the above equation by 4 and rearranging, we get:

Ow
40 4 oy dv,
0

The above equation can be used for deriving a general solution for tube flow and
specific expressions for the volumetric flow rates of fluids exhibiting different rheo-
logical behaviors. For a Newtonian fluid, noting that the shear rate, —(dv, /dr) = %”i,
it can be shown that:

40 oy 1DAp

—= = =—-— 3B.15
nrd o n 4L ( )
or that the viscosity of a Newtonian fluid:
DAp/4L 1
= (———:E—/w——)—, that is, n ~ — ~ flow time (3B.16)
(8v;/D) Vz

Equation 3B.16 is the basis for calculation of viscosity of a Newtonian fluid using
glass capillary viscometer. It should also be recognized that (4Q/x rg) = (320/7D%)
gives the shear rate for Newtonian fluids but not for non-Newtonian fluids and it is
called pseudo shear rate. Additional steps are required to obtain an expression for the
true shear rate.

Differentiating both sides of Equation 3B.14 and setting the limits:

d[og (40/m7)] _, > (_dvz)

doy, TUW dr

(3B.17)

Further differentiating the left hand side and rearranging, one obtains the general
solution for the true shear rate in tube flow:

dv, 3 40  owd (4Q/7rrg)
(5)=() e+ T -

Equation 3B.18 is known as the Weissenberg—Rabinowitsch-Mooney (WRM)
equation in honor of the three rheologists who have worked on this problem. An
alternate equation can be derived for fluids obeying the power law model between
shear stress and the pseudo shear rate:

o =K' (4Q/m§)"/ (3B.19)
(_S‘l’z) _ 3+l (fg) (3B.20)
dr 4n'  \7r

To use the WRM equation, the steps involved are: (1) using a tube/pipe/capillary of
known diameter (D) and length (L), several sets of volumetric flow rate (Q) versus
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pressure drop (AP) data are obtained under isothermal fully developed and no slip at
the pipe wall conditions.

(2) The quantities (4Q/7rrg) and (DAp/4L) are calculated, plotted, and a smooth
curve fitted.

(3) At each value of (4Q/Jrr§), the value of: d(4Q/x rg) /doy 1s determined and the
true shear rate calculated using Equation 3B.18. Alternatively, for many foods, plots
of the quantities: log (4Q/ nrg) and log (D Ap/4L) are straight lines with slopes »’
that can be used in Equation 3B.20 to obtain the true shear rate.

The test fluid is low viscosity Newtonian? Yes ———> Use glass capillary

l

No, Fluid is non-Newtonian; perhaps a capillary/tube viscometer can be used

Is the fluid a suspension in which the solids tend to settle (e.g., ungelatinized starch
granules in water) in the reservoir and tube?

Yes ———> Do not use tube viscometer.

No

Can Ap be measured over fully developed flow length? Yes —————> A single tube can
be used

No ———> Use several tubes with different L/D ratios and
Bagley's end correction method

Figure 3B-2 Decision Tree for Using a Capillary/Tube Viscometer.
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(4) Generally, for a given fluid, values of n’ and of n of the power law model: 0 = Ky”"
will be the same. However, the value of K’ ino = K ’(4Q/nrg)” is related to the
consistency index K by the equation:

1 n
K’:K(3n+ ) (3B.21)
4n

As an example, forn = 0.3, K’ = 1.15K.
From Equation 3B.19, an expression can be derived for a pipe-flow apparent
viscosity (7ap) based on the diameter D and the average axial velocity in the tube (v,):

85 n -1
Tap = K'(%f) (3B.22)

When n = n’, together with Equations 3B.21 and 3B.22, one can obtain the
generalized Reynolds number (GRe):

D' [ An \”
GRe = Ty (3n+1) (3B.23)

Some of the considerations in selecting a capillary/tube viscometer for viscosity
measurement are shown in Figure 3—45.



Appendix 3-C
Analysis of Flow in a Cone-Plate Geometry

We assume that the cone of radius r, and cone angle 6, is on top over the plate
rotating with an angular velocity &2 while the bottom plate is stationary as shown in
Figure 3—7. We consider the equation of motion in spherical coordinates r, 8, ¢. For
steady fully developed flow, the velocity components vg = Q0 and v, = 0, and vy is a
function of » and 6. In addition we consider pressure variations (body forces) to be
negligible and that the value of 6, is very small, <0.1 rad. The »-component reduces:

V3 1 d

P'"di 2 ar (7‘2 Jrr) - 201 % (C.1)
rs or ¥

The #-component reduces to:

I o t6
(050 5iN ) ~ —— 04 = 0 (3C.2)
¥

rsiné 90
The ¢-component of the equation of motion reduces to:

1 dopy 2 coté
r 96

Ogp = 0 (3C.3)

We note that the ¢-component contains the shear stress og4. The boundary conditions
are: v = 0 at & = /2 because the plate is stationary and vy = rQ2 cos 6, at
0 = (m/2) — 6,. First, we will derive an expression for the shear stress by conducting
a simple torque balance on the plate:

27 Fo

M= ffr ogyp dr d¢p = 09¢‘n/2 (3C.4)

Integration of Equation 3C.3 results in the expression: 0ggl(xr/2) = 04¢(0) sin? 4.
Therefore,

3IM
ogy (0) = ——————— 3CS5
9 ©) 213 sin’ @ (3€-3)

When 6, < 0.1 rad, sinz(% — 6,) ~ 1, so that:

M
27r}

Ogyp = (3C6)
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Defining T, as the torque per unit area, Equation 3C.4 can be written in terms of the
cone diameter D:

3Tcn

Ohy = (3C.7
From Equations 3C.5 and 3C.6, it follows that the shear stress in a cone-plate geometry
is essentially uniform.

To obtain an expression for shear rate, we can simply say that for low values of the
cone angle 6, we need not distinguish between sin 6, and 6, (Whorlow, 1980) when

the shear rate at radius » will be:
y — r —
)/r = rgo — 90

(3C.8)

Alternatively, we can consider the velocity distribution (Brodkey, 1967) for vy:

0
Vo d (vg/rsiné)
= —df 3C9
rsinf / do ( )
O=m/2

We can also substitute for from Equation 3C.3, d6 = %%&% g;)l';daw and also switch

limits: ogy at & = 0 and opjaee at 6 = /2. For a Newtonian fluid, we can substitute
in 3C.9 the relationship between shear rate and shear stress and get 3C.11

d iné
oo = 1 [sinelﬂgil] (3C.10)
7(/21
Vo g
= -—td6 3C.11
r sin 6 fnsin@ (C.1D

0

After substituting for o4 in 3C.11 and performing the integration results in:

3T 0
Yo o [cot 6, — In (tan E) sin 0] (3C.12)

r 4nr,

Equation 3C.12 can be written for the boundary condition at § = 5 — 6,

! tan 6, — cos f,In : —tan@o) (3C.13)
4nr, ° "\ 1 + tan#, )

Qcosb, =

For low values of the cone angle 6,, the above equation becomes:

3T 378
(o + 6p) = ——
nro 77D

Q=

Therefore, ogy = 77.%'



CHAPTER 4

Rheology of Food Gum and
Starch Dispersions

M. Anandha Rao

Gums and starches are used extensively as thickening and gelling agents in foods.
Therefore, understanding their rheological characteristics is of considerable interest.
Because many food gums in dispersions have random coil configuration and starch
dispersions have granules, it would be better to study their rheological behavior
separately.

RHEOLOGY OF FOOD GUM DISPERSIONS

Several water soluble gums, also called hydrocolloids, are being used in foods and
their chemical composition and applications have been well documented (Glicksman,
1969; Davidson, 1980), and some of their characteristics are summarized in
Table 4-1. Imparting viscosity, gelation, and film formation are the main function-
alities of food gums. The predominant interest in the food industry is in dispersions
of relatively low gum concentrations because of their use in practice. It is empha-
sized that considerable care should be exercised in preparation of the gum/starch
dispersions and the references mentioned in this chapter should be consulted for
suitable preparation techniques. In particular, a reasonable period of hydration
should be allowed for all polymer dispersions and for charged polymers, to con-
trol their conformation, the pH and the ionic strength of the dispersion should be
controlled.

Rheological Models for Apparent Viscosity-Shear Rate Data

Apparent viscosity-shear rate data of food polymer dispersions have been reviewed
by Launay et al. (1986), Lopes da Silva and Rao (1992) and others. The general log 1,
versus log y curve, discussed in Chapter 2, has been used to characterize food polymer
dispersions. For example, Lopes da Silva et al. (1992) found that both the modified
Carreau and the Cross models, wherein the infinite shear viscosity was considered
to be negligible, described the apparent viscosity-shear rate data of locustbean (LB)

153
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Table 4-1 Principal Biopolymers Used in Foods and their Classification
Based on Origin*

Natural Semi-synthetic Synthetic
Plant exudates Cellulose derivatives Polyvinylpyrolidone (PVP)
Gum Arabic Sodium carboxymethyl cellulose Polymers from polyethylene
Adraganta gum  Methylcellulose oxide (Polyox)
Karaya gum Hydroxyethylcellulose
Gatti gum Hydroxypropylmethyl cellulose
Algal extracts Other derivatives
Agar Modified starches
Alginates Low-Methoxyl pectins
Carrageenans Propylene glycoalginates
Furcellaran
Gums from seeds
Guar
Locust Bean gum
Mesquite
Gums from cereals
Starches
Plant extracts
Pectins
Gums from fermentation
Xanthan
Dextran
Gums of animal origin
Gelatin

Casseinates

*Adapted from Glicksman (1979).

gum (Figure 4-1) and pectin dispersions (Figure 4-2) well, especially when there
were experimental data in the plateau region at low shear rates.

=
1+ (acy)”

no

"I T G 42
where, o and A are time constants related to the relaxation times of the polymer in
solution and m and N are dimensionless exponents. However, when experimental data
were scarce in the plateau region, as was the case with low concentration pectin solu-
tions of pH 7.0, 0.1 M, the Carreau model was adept at predicting the zero-shear rate
viscosity. In general, the deviations between predicted values by the Carreau model
and the experimental data were at high shear rates. It is emphasized that, as illus-
trated by the high magnitudes of R? in Table 42 for Carreau model and in Table 4-3

Na 4.1)
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LBG solutions in NaCl 0.1M (pH 7.0)

1.8 ® 038% 8 0.60%
] 3 040% + 0.69%
] 46% w 077%
141 © 0.49% + 082%
4
1.01 s 115%
. + 12i%
0,
061 137%
t%. -
= 021
(]
W
—0.2'_
0.6
~1.01
_1 4d s

-1.5 -10 =05 00 05 1.0 15 20 25 30
Log 7

Figure 4-1 Apparent Viscosity (na) versus Shear Rate (y) of Locustbean Gum Dispersions (0.1 N, pH 7)
of Different Concentrations (adapted from Lopes da Silva et al., 1992; Lopes da Silva, 1994).
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Figure 4-2 Apparent Viscosity (na) versus Shear Rate (y) of High-Methoxyl Pectin (0.1 N, pH 7)
Dispersions with Different Concentrations (adapted from Lopes da Silva et al. 1992; Lopes da Silva,
1994).
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Table 4-2 Carreau Model Parameters for Locust Bean Gum Solutions (ionic strength
0.1M, pH 7.0) (Lopes da Silva et al., 1992)

Sample (%) M0 A N R? Residual
0.38 0.1386 0.03799 0.1593 1.000 1.844 x 1074
0.40 0.1992 0.04552 0.1769 0.9999 1.147 x 10™3
0.46 0.2995 0.06076 0.1882 0.9999 1,645 x 103
0.49 0.4241 0.06618 0.2125 0.9998 4.851 x 103
0.57 0.7134 0.07798 0.2399 0.9998 7.762 x 103
0.60 1.020 0.1200 0.2265 0.9995 2.886 x 1072
0.69 1.589 0.1250 0.2554 0.9995 4819 x 102
0.77 2.345 0.1755 0.2504 0.9985 2.094 x 10~1
0.82 3.321 0.2091 0.2515 0.9986 2.988 x 101
0.91 4.917 0.2727 0.2590 0.9954 1.193
0.98 7.086 0.3584 0.2459 0.9896 4.592
1.00 8.681 0.4064 0.2456 0.9886 5.769
1.15 14.00 0.5973 0.2341 0.9738 20.20
1.21 19.24 0.8044 0.2152 0.9606 39.72
1.37 30.63 1.0739 0.2006 0.9638 52.24

Table 4-3 Cross Model for Locust Bean Gum Solutions (ionic strength 0.1M,

pH 7.0) (Lopes da Silva et al., 1992)

Sample (%) 10 « m R2 Residual ~ MRD (x10?)
0.38 0.1513 0.01939 0.7640 1.000 1.180 x 10~% 0.1269
0.40 0.2155 0.02396 0.7606 1.000 5.184 x 10~4 0.1747
0.46 0.3284 0.03167 0.7726 1.000 4.279 x 104 0.1276
0.49 0.4562 0.03118 0.8088 0.9999 2.998 x 103 0.3061
0.57 0.7516 0.02768 0.8965 0.9996 1.733 x 102 0.5405
0.60 1.113 0.05566 0.8133 0.9999 5.443 x 10~3 0.2515
0.69 1.708 0.05134 0.8773 0.9997 2.889 x 10~2 0.6125
0.77 2.516 0.06845 0.8712 0.9995 6.941 x 10~2 0.4222
0.82 3.526 0.07147 0.9043 0.9995 9.541 x 10~2 0.3555
0.91 5.361 0.1132 0.8564 0.9992 0.2124 0.4375
1.00 9.340 0.1459 0.8526 0.9983 0.8833 0.1653
1.15 15.23 0.2098 0.8217 0.9944 4.362 0.2999
1.21 21.00 0.2552 0.7965 0.9904 9.725 0.3782
1.37 33.25 0.2894 0.8158 0.9921 11.46 0.2539
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Figure 4-3 Apparent Viscosity (na) versus Shear Rate (3} of Mesquite Seed Gum Dispersions with
Different Concentrations (adapted from Yoo et al., 1994).

for Cross model with data on LB gum dispersions, pH 7.0, ionic strength 0.1 M , both
models followed the experimental data well.

Yoo et al. (1994) also found that the Cross and Carreau models were satisfactory
for the most part in describing the data that covered the zero-shear and the power
law regions of mesquite seed gum. Also in agreement with Lopes da Silva et al.
(1992), the Carreau model described well the viscosity data shown in Figure 4-3
over a wide range of shear rates except in the power law region at high shear rates in
concentrations >1.4 g 100 mL™!.

Time Constants of Viscoelastic Foods

Time constants are related to the relaxation times and can be found in equations based
on mechanical models (phenomenological approaches), in constitutive equations
(empirical or semiempirical) for viscoelastic fluids that are based on either molecular
theories or continuum mechanics. Equations based on mechanical models are covered
in later sections, particularly in the treatment of creep-compliance studies while the
Bird-Leider relationship is an example of an empirical relationship for viscoelastic
fluids.

Time constants based on molecular theories have been derived for rod like and
bead-spring models (Bird et al., 1977b; Ferry, 1980). For example, Whitcomb and
Macosko (1978) showed that the conformation of xanthan gum in solution is rod like
with some flexibility. The bead-spring model has found extensive use in the literature
on polymers. The development of molecular theory for dilute solutions of linear
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polymers credited to Rouse relates the time constant to molecular weight and other
basic parameters. The theory assumed that a polymer molecule is made up of beads
joined together by flexible spring segments. The equation for the first spring in terms
of the zero shear rate viscosity of the polymer solution (7¢) and the viscosity of the
solvent (7ng):

_ 6(no — ns)M
w2cRT

where, TR is the Rouse time constant, M is the molecular weight, ¢ is the concentration,
Risthe gas constant, and T is the absolute temperature. Equations for the time constant
in terms of intrinsic viscosity of a polymer solution (Ross-Murphy, 1984) and zero-
shear viscosity of a polymer melt (Elbirli and Shaw, 1978) can be found; in the case
of polydisperse polymers, it was suggested that a weight average molecular weight
can be used in the equation. A time constant due to Zimm derived a few years after
Rouse can also be used.

Because shear rate—shear stress data can be obtained relatively easily, a number of
rheologists explored the possibility of determining the time constants from these data.
Most shear-thinning (pseudoplastic) fluids behave as Newtonian fluids at low shear
rates and at a particular shear rate they begin to show their pseudoplastic behavior; the
reciprocal of the shear rate at which the transition from Newtonian to pseudoplastic
behavior occurs is the characteristic time or the time constant.

Data must be obtained at very low shear rates in order to observe the aforementioned
transition and because obtaining such data may not be an easy task, a number of
models have been proposed and fourteen of these were evaluated by Elbirli and Shaw
(1978) for experimental data on polymer melts. Some of the models containing two
parameters were found to fit the data and also predict characteristic times as well
as some of the models containing three and four parameters. The predicted time
constants were higher than those based on Rouse’s equation (Equation 4.3), but the
correlation between the two was quite good for the data examined. Among the two
parameter models, the Eyring equation was found to have a slight edge over others
in terms of correlation with the Rouse constant:

(n/n0) = [sinh™' Ay 1/Ap (4.4)

where, n¢ and A are the two parameters of the model.

The Carreau model not only described well the flow data of LB gum solutions, but
the magnitudes the time constant (1) were in good agreement with those of Rouse
time (tr) constant derived from solution viscosity data while the Cross (c) time
constants were lower in magnitudes; both the Carreau and the Cross time constants
followed well power relationships with respect to the concentration (c) of the solutions
(Lopes da Silva et al., 1992):

4.3)

Ao = 0.672¢*%°  R?=0.98] (4.5)
ae = 0.425¢%12  R? =0.958 (4.6)
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The lower magnitudes of the empirical constants in Equation 4.6 reflect the lower
magnitudes of the Cross time constant discussed above.

Rheological Properties of Binary Mixtures of Equal Concentration

Equation 4.7 (Kaletunc-Gencer and Peleg, 1986) and Equation 4.8 (Miller and Mann,
1944), have been used to calculate the “expected” viscosity of the mixtures of equal
concentration and to find a blend equation to predict the viscosity properties of LBG
and pectin mixtures (Lopes da Silva et al., 1992):

Nmix = XANA + XB7B 4.7)
Nmix = x> - a0 (4.8)

where X and Xp are the weight fractions of gum A and gum B, respectively, and
na and np are the apparent viscosities (fitted values) of the pure dispersions of gum
A and B at the same concentration, respectively. Equation 4.7 does best when the
difference between molecular weights of the components is not too great (Bird et al.,
1977a). This can be one of the possible reasons for the divergence of the predicted
values relative to the experimental values.

Equation 4.7 does indicate the absence of synergistic effect, but it does not to
predict the viscosity of the pectin-LB gum polymer blends with concentrations of
1.5%. Equation 4.8 was first used by Miller and Mann (1944) in calculations of
power requirements for agitation of mixtures of immiscible liquids. Harris (1970) has
used the logarithmic form of this equation to relate the steady zero-shear viscosity of
two-component blends of polystyrene solutions with the steady zero-shear viscosity
of the separate components and for CMC/guar gum blends with satisfactory results
(Plutchok and Kokini, 1986). Equation 4.8 does best when the difference between
molecular weights of the components is not too great (Bird et al., 1977a) and predicted
a geometric mean viscosity that provided better approximation to the experimental
values for the viscosity of pectin-LB gum solutions (Lopes da Silva et al., 1992).

Apossible and most likely explanation for the low value of viscosity for the mixtures
based on Equation 4.7 is the very different viscosity dependence on concentration for
the pectin and LB gum solutions, and not a true antagonism. To work with these gum
solutions at equal concentration and to detect some possible synergism or antagonism
between them, we must take into account the viscosity-concentration dependence of
dilute gum solutions over the range of concentrations of each gum in the mixture.

Morris (1981) suggested that when the apparent viscosities of two gum disper-
sions at equal concentrations are substantially different, in order to account for
the different viscosity-concentration relationships for the two gums, the apparent
viscosity of mixtures of solutions of two gums be studied by mixing solutions
of the two biopolymers with concentrations adjusted to give similar viscosities.
The steps in this procedure for pectin and LB gum dispersions were (Lopes
da Silvaetal., 1992): (1) the shear rate—apparent viscosity data of solutions of pectin
and LB gum with different concentrations were obtained, and (2) the concentrations
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of pectin and LB gum solutions that had nearly equal zero-shear viscosities and that
permitted gathering of apparent viscosity-shear rate data over a wide range of shear
rates were selected.

Effect of Biopolymer Concentration on Zero-Shear Viscosity

In earlier studies on solutions of synthetic polymers (Ferry, 1980), the zero-shear
viscosity was found to be related to the molecular weight of the polymers. Plots of
log n versus log M often resulted in two straight lines with the lower M section having
a slope of about one and the upper M section having a slope of about 3.4. Because
the apparent viscosity also increases with concentration of a specific polymer, the
roles of both molecular size and concentration of polymer need to be understood. In
polymer dispersions of moderate concentration, the viscosity is controlled primarily
by the extent to which the polymer chains interpenetrate that is characterized by the
coil overlap parameter c[n] (Graessley, 1980). Determination of intrinsic viscosity
[n] and its relation to molecular weight were discussed in Chapter 1. The product c[#]
is dimensionless and indicates the volume occupied by the polymer molecule in the
solution.

The various concentration regimes of importance following de Gennes and cowork-
ers (Tirrell, 1994) are: dilute (¢ < ¢*), semidilute (¢* < ¢ < ¢¥), and concentrated
(¢ > ¢*). At low concentrations (¢ < ¢*), the polymer chains are not in contact each
other, the polymer coils have infinite dilution radii, and the viscosity is relatively
low (Figure 4-4). A good rule of thumb for determining that concentration effects
will become important is when the magnitude of c[n] is about unity. At the overlap
threshold concentration (¢ = ¢*), the coils begin to overlap and there is no contrac-
tion. It can be shown that the functional dependence of ¢* on M is: ¢* ~ M4/,
In the semidilute region, the coils contract (Figure 4—4), but the shrinking does not
continue indefinitely and the polymer chain reaches a minimum (8) dimensions at a
concentration c* that is independent of molecular weight.

c<c*

Figure 4-4 Polymer Chain Entanglement in Dispersions. At low concentrations, the polymer chains are
not in contact each other. At high concentrations, the polymer chains are in contact with each other
contributing to a large increase in viscosity.
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In contrast to c[n], the quantity M[n] is termed the hydrodynamic volume and is
directly proportional to the volume occupied by each molecule as can be deduced
from the equation to rotate a polymer molecule in a complex spherical shape:

(r_2)3/ 2
M
where, ® is a universal constant (Rodriguez, 1989).
Graessley (1967) introduced the use of reduced variables, n/ng and y/yg, to
represent viscosity data at several concentrations and temperatures. Tam and Tiu
(1989) determined yy as the shear rate where n, = 0.9 n9 while Morris et al. (1981)
determined yp when n, = 0.1 ng. Figure 4-5 illustrates applicability of the reduced
variables technique to data on mesquite seed gum dispersions, where data shown in
Figure 4-3 were converted using the following values of 79 and y,: 0.088 Pa s and
7.63 s~! for the 0.80% dispersion, 0.33 Pa s and 4.29 s™! for the 1.2% dispersion,
1.56 Pas and 0.89 s~! for the 1.6% dispersion, and 4.50 Pa s and 0.45 s™! for the 2%
dispersion, respectively.
A versatile reduced parameter approach of Graessley (1974) accounted for not only
the shear rate but also polymer concentration and temperature:
n—ns _ [(no—n)M] .
=|—— |
no — s cRT

where, s is the solvent viscosity, M is the molecular weight, ¢ is the polymer con-
centration, R is the gas constant, and 7T is the temperature. The molecular relaxation

=9

(4.9)

(4.10)

10 ———r— T
& 0.8%
o 1.2%
0 1.6%
1t v 7
£
=
0.1F |
0.1 1 10 100 1,000

20

Figure 4-5 Plot of the Reduced Variables: n/ng versus y/yg (3 is the shear rate when 3 = 0.979)
Mesquite Seed Gum Dispersions (data of Yoo et al., 1994).
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time, Ty, is defined by the terms in the bracket. When ng > 75, the above equation

can be simplified to:
7 (mo—mM | .
LA B Ciel 4.11
- [ AT ] () (4.11)
For polyelectrolytes (charged polymers), Tam and Tiu (1993) utilized the expression
for specific viscosity in the equation of Fuoss—Strauss :

Nsp [n]

e 4.12
c (1+ Bcl/?) (4.12)
Tam and Tiu (1993) derived the expression:
Ui 1/2 (no —ns)M | .
—=(1+B —_— 4.13
D)2

1/2 resulting in an intercept

To determine the value of B, (c/nsp) 1s plotted against c
of 1/[n] and a slope of B/[n].

A plot of log c[n] against log [(no — ns)/ns] of several food gum solutions at
25°C adapted from Morris et al. (1981) is shown schematically in Figure 4-6. In the
figure, there are two concentration regions: (1) a region of dilute dispersions where
the viscosity dependence on concentration follows a 1.4 power, and (2) a region of
concentrated dispersions where the viscosity dependence on concentration follows
a 3.3 power. The latter value is typically found for entangled polysaccharide chains
dissolved in good solvents. The transition from the dilute to the concentrated region
occurred at a value of ¢[n] = 4. The concentration at which the transition from dilute
region is denoted as ¢*. However, data on a few biopolymers such as guar gum and
LB gum were found to deviate from the above observations. First, the region of
concentrated solution behavior began at lower values of the coil overlap parameter
c[n] = 2.5. Second, the viscosity showed a higher dependence on concentration
with a slope of 4.1 instead of about 3.3. These deviations were attributed to specific
intermolecular associations (hyperentanglements) between regular and rigid chain
sequences in addition to the simple process of interpretation.

Launay et al. (1986) suggested that there could be two transitions, instead of
one transition shown in Figure 4-6, before the onset of high concentration-viscosity
behavior. The critical concentration at the boundary between the semidilute and con-
centrated regimes is denoted as ¢**. Such behavior was also found for citrus pectin
samples with different values of DE at pH 7 and 0.1 M NaCl (Axelos et al., 1989;
Lopes da Silva and Rao, 2006). Because the intrinsic viscosity of a biopolymer can
be determined with relative ease, Figure 4-6 can be used to estimate the zero-shear
viscosity of that biopolymer at a specific polymer concentration at 25°C.

Concentration Dependence of the Zero-Shear Viscosity of
Gum Mixtures

Figure 4-7 shows viscosity data of HM pectin and LB gum dispersions, and blends of
dispersions with similar viscosity, at pH 7.0 and ionic strength 0.1 M. All the solutions
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Figure 4-6 Illustration of Dilute and Concentrated Regimes in Terms of Log c[n] (coil overlap parameter)
against Log nsp = [(no — ns)/ns] (nsp = specific viscosity); slope of 3.3 for entangled polysaccharide
chains dissolved in good solvents and 4.1 for polymers with specific intermolecular associations.
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Figure 4-7 Plot of c[n] against Log nsp = [(n0 — ns)/ns] for High-Methoxyl Pectin and Locustbean
Gum, and Blends of Solutions with Similar Viscosity, at pH 7.0 and Ionic Strength 0.1M (Lopes da
Silva et al., 1992).
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studied were above the critical concentration (c*), corresponding to c[n] ~ 4.5 for
random-coil polysaccharides (Morris and Ross-Murphy, 1981). For this concentration
regime, relationships with different exponents for the dependence of the specific
viscosity on the coil overlap parameter (c[n]) were obtained:

for LB gum solutions: Nsp X c[n)*? (4.14)
for LB gum 38:HM Pectin 62 blend solutions: ng, o c[77]3'9 (4.15)
for LB gum18:HM Pectin 82 blend solutions: ngp o c[n*? (4.16)
for LB gum6:HM Pectin 94 blendsolutions: 1 o cin)*? 4.17)
for HM pectin solutions: Nsp X c[;7]3'6 (4.18)

The slope 3.6 is near the expected value for disordered random-coil polysaccharides
(Morris et al., 1981), and consistent with the value of 3.3 obtained for citrus pectin
samples (Chou and Kokini, 1987; Axelos et al., 1989). For the LB gum solutions, a
higher coil overlap dependence was obtained (slope & 4.2) in good agreement with the
data for galactomannan samples (Morris et al., 1981; Robinson et al., 1982), which
can be attributed to the presence of more specific polymer-polymer interactions.
Intermediate values of exponents were obtained for the mixtures suggesting that
the hydrodynamic volume of each polymer was not significantly affected by the
presence of the other, even in concentrated solutions. However, the slopes obtained
for the mixtures were slightly greater than expected by simple additivity, which can
be due to the errors in the ngor to the very important presence of galactomannan
entanglements.

Concentration Dependence of the Zero-Shear Viscosity of
Amylopectin Solutions

Figure 4-8 is a plot of log c[n] against log [(no — ns)/ns] of hydrolyzed and
unhydrolyzed amylopectin samples dissolved in 90% DMSO and 10% water
(Chamberlain, 1999; Chamberlain and Rao, 2000). The Newtonian viscosities used
to determine 7, in the dilute region were those determined in intrinsic viscosity
measurements, while the zero-shear viscosities determined from steady shear flow
tests were used in the concentrated region. The slope in the dilute region again was
about 1.4 as found for random-coil polymer dispersions, while in the concentrated
region the slope was 3.6. Based on the intersection of the lines fitted to the dilute
and concentrated regions, the ¢* region for acid-hydrolyzed Amioca starches in
90% DMSO was found at c[n] = 2 and 5, = 3, these values are lower than in
Morris et al. (1981) (c[n] = 4 and ns, = 10). For guar and LBG, the region of
concentrated solution behavior began at lower values of the coil overlap parameter
c[n] = 2.5. However, in the concentrated region, the viscosity of the acid-hydrolyzed
Amioca starches showed only a slightly higher dependence on concentration with a
slope of 3.6.
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Figure 4-8 Plot of c[n] against Log nsp = [(ng —ns)/ns] for Hydrolyzed and Unhydrolyzed Amylopectin
Dissolved in 90% DMSO/10% Water (Chamberlain, 1999).

Viscoelastic Behavior of Food Gum Dispersions

The magnitudes of G’ and G” obtained for LB gum solutions of 0.75%, 1.02%, and
1.22% in distilled water, are shown in Figure 4-9; similar behavior was observed with
2.19% and 3.97% HM pectin solutions (Lopes da Silva et al., 1993). For both LB
gum and HM pectin, the magnitudes of G’ were lower than those of G” over the range
of gum concentrations and over a large range of the oscillatory frequencies studied.
Log G’ and log G” versus log w plots followed either a single or two straight lines.
The frequency at which G’ became equal to G” will be called cross over frequency,
while, in the case of data that followed two straight lines, the frequency at which the
break occurred will be denoted w*.

The cross over frequency for LB gum and LM-pectin decreased with increase
in concentration; for LB gum from 27.4 to 12.0 rad s~! as the concentration was
increased from 0.75 to 1.22% and for LM-pectin from 64.4 to 31.9 rad s~! as the
concentration was increased from 2.78 to 3.98% (Table 4-4). In contrast, the cross
over frequency for HM-pectin solutions increased from 49.2 to 231 rad s~! when the
concentration was increased from 2.19 to 3.93% (Table 4-5).

In the study of mixtures of LB gum and HM-pectin solutions, the single gum
solutions were selected so that the apparent viscosities were equal at a shear rate of
about 10 s~!. The LB gum and HM-pectin concentrations of the solutions with pH
7.0, 1onic strength 0.1 M, were 0.72 and 3.38%, while those made with dissolved in
distilled water were 0.96 and 3.51%, respectively; the proportion of LB gum in the
mixtures was 25, 50, and 75%. The cross over frequency for the mixtures decreased as
the proportion of LB gum in the mixture was increased (Lopes da Silva et al., 1993).
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Figure 4-9 Magnitudes of G’ and G” for Locustbean Gum Solutions of 0.75%, 1.02%, and 1.22% in
Distilled Water (Lopes da Silva et al., 1993).

Table 4-4 Power Law Correlation Between G’ and G”, and Frequency (rad s~ 1),
and the Cross Over Frequency for Solutions of LBG (natural pH and ionic
strength)

*

w
Cross-over

Sample A B’ RZ A" B’ R? Frequency G G
LBG 0.75% 0316 146 1.00 2.15 0.907 1.00
(w < @®)

6.6 5.2
LBG 0.75% 0668 1.07 0999 4.05 0.522 0.995 27.4
(w > w*)
LBG 1.02% 172 142 100 7.85 0.867 1.00
(w < %)

50 44
LBG 1.02% 505 0.75 10999 18.3 0.298 0.997 17.3
(w > ™)
LBG 1.22% 405 142 1.00 154 0.852 1.00
(0 < 0¥

45 40

LBG 1.22% 13.9 0.605 0.999 38.0 0.199 0.989 12.0
(0 > ™)
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Table 4-5 Power Law Correlation Between G’ and G”, and Frequency (rad s~ 1)
Solutions of HM-Pectin (natural pH and isoionic dilutions)

Cross-over
Sample A B’ R? A’ B” R? Frequency
HMP 2.19% 0.0349 1.61 0.998 0.758 0.824 0.997 49.2
HMP262% 0.199 120 0995 133 0844 1.00 197
HMP276% 0.186 128 0.996 166 0.821 0.999 116
HMP 3.07% 0.386 117  0.997 255 0.813 1.00 211
HMP 3.48% 0878 1.07 0999 466 0.773 1.00 261
HMP 3.79% 1.91 0934 0.997 6.53 0.741 1.00 584
HMP 3.93% 2.04 0.960 0.998 3.12 0.554 0.998 231

166 0912 0999 (0*=75rads™ 1)

Cox-Merz Rule for Biopolymer Dispersions

The Cox—Merzrule (Cox and Merz, 1958) is useful in predicting steady shear viscosity
from complex viscosity and vice versa:

7" (@) = 1a(0)|w=y (4.19)

Lopes da Silva et al. (1993) obtained the flow data by increasing the shear stress
from zero to a maximum value, that depended on the concentration of the sample,
and reducing it over the same range in a continuous manner. The time taken for
the up and down curves was standardized. For examining the correlation between
dynamic and steady shear properties, the down flow curves (decreasing shear stress)
and the dynamic data obtained also by decreasing the oscillatory frequency (from 10
to 0.01 Hz) were used.

A common feature observed was the departure between the steady shear viscosity
(na) and the real component of the dynamic viscosity (n') at large values of shear rate
and frequency, with the expected more rapidly decrease of n” with frequency than 7,
does with shear rate (Bird et al., 1977a), which can be attributed to the very different
molecular motions involved in the dynamic and steady shear at high w and y (Ferry,
1980). Because of the relatively high value of strain amplitude used in our tests (36%)
and the two-phase nature of our HM dispersions, the observations with respect to n*
and 7, are in agreement with those of Matsumoto et al. (1975).

High-Methoxyl Pectin Dispersions

For high-methoxylpectin dispersions, magnitudes of n*(w) were almost always
lower than those of n,(y), only converging at higher values of frequency and
shear rate (Figure 4-10). Such behavior is not very common in biopolymeric sys-
tems and was reported for semidilute solutions of xanthan gum in 0.5% NaCl
(Rochefort and Middleman, 1987) and aqueous solutions of hydroxyethyl guar gum
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Figure 4-10 Cox-Merz Plot for Rheological Data on High-Methoxyl Pectin Dispersions (Lopes da
Silva et al., 1993).

(Lapasin et al., 1991). In addition, Kulicke and Porter (1980) reported that for
clustered synthetic ionomers also that magnitudes of n*(w) were < n,(y). How-
ever, most of the deviations from the Cox-Merz rule are attributed to structure decay
due to the effect of strain deformation applied to a system being low in oscillatory
shear and sufficiently high in steady shear to break down intermolecular associa-
tions. In these cases, the magnitudes of n*(w) are higher than those of n,(y) (Lopes
da Silva et al., 1993). The observed departure from the Cox—Merz rule may be
attributed to aggregation phenomena of the HM pectin in solution (Davis et al., 1980;
Paoletti etal., 1986; Sawayama et al., 1988). Consequently, the HM pectin dispersions
were not true solutions, but were two-phase systems with pectin micro-aggregates
dispersed into the solvent.

In addition, for dispersed polymer systems at small strain amplitudes, Matsumoto
et al. (1975) observed a pronounced departure from the Cox—Merz rule, with n,
much smaller than »n* at the same rate of shear and angular frequency. They also
observed that n* decreased with increase in the strain amplitude such that for high
strain amplitudes n* was smaller than 7,.

Low-Methoxyl Pectin Dispersions

The LM pectin solutions followed quite satisfactorily the correlation of Cox and Merz
(Lopes da Silva et al., 1993) (Figure 4-11). The different behavior in comparison to
the HM pectin solutions can be attributed to the less extension of intermolecular
association, as a result of electrostatic repulsions due to the presence of ionized free
carboxyl groups (higher charge density).

The viscosity values in oscillatory shear at low frequency, especially for the LM
pectin solutions for which the oscillatory tests were extended to lower frequency



Rheology of Food Gum and Starch Dispersions 169

175 Steady shear versus complex and dynamic viscosity —
LM-pectin dispersions (isoionic dilutions)
o 1,
= 1.254 A 7*
&b !
) o N
i
=
2 075
5
on
Q
-
0.25+
-0.25 y 1

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Log j(s7™!); log w(rad s71)

Figure 4-11 Cox-Merz Plot for Rheological Data on Low-Methoxyl Pectin Dispersions (Lopes da
Silva et al., 1993).

magnitude, may be suggestive of either the existence of a yield stress, which can be
substantiated by the results obtained in our earlier study in steady shear flow. On the
other hand, the effects of friction in our controlled stress rheometer (Krieger, 1990)
also cannot be ruled out.

Locustbean Gum Dispersions

For locustbean (LB) gum aqueous solutions, at low shear rate and frequency, n*, n’
and 77, have similar magnitudes but n* and n’ slightly smaller than 7,; at higher shear
rate and frequency, n* and n’ diverged while n* and n, converged, with n* becoming
higher than 7, (Lopes da Silva et al., 1993) (Figure 4-12). Similar behaviour at high
shear rate and frequency was previously reported for guar gum solutions (Mills and
Kokini, 1984). Departures from the Cox~Merz rule were observed for galactoman-
nan samples at low shear rates and frequencies (Morris et al., 1981) which were
attributed to the presence of high density of entanglements “hyper-entanglements”
resultant from very specific polymer—polymer interactions. In the LB gum solutions,
the departure seems to increase with decreasing concentration. Mesquite seed gum
dispersions (Yoo et al., 1994) showed reasonable agreement with the Cox-Merz
rule unlike the departures found for galactomannan samples at low shear rates and
frequencies.

Constitutive Equations Based on Molecular Structure
Constitutive equations relate stress tensor to various kinematic tensors and can be

used to solve flow and other engineering problems. The development of constitutive
equations to describe the state of stress continues to be an active area of research.
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Figure 4-12 Cox-Merz Plot for Rheological Data on Locustbean Gum Dispersions (Lopes da
Silva et al., 1993).

They have been developed based on either molecular structure or continuum mechan-
ics where the molecular structure is not considered explicitly and the response of a
material is independent of the coordinate system (principle of material indifference).
In the former, the polymer molecules are represented by mechanical models and
a probability distribution of the molecules, and relationships between macroscopic
quantities of interest are derived. Three models have found extensive use in rheology:
the bead-spring model for dilute polymer solutions, and the transient net work and
the reptation models for concentrated polymer solutions and polymer melts.

Dilute Polymer Solution Molecular Theory

In a dilute polymer solution, there are no entanglements of the individual molecules
and the molecules can be considered to be essentially isolated from each other, so that
treatment of an individual molecule is sufficient. Much work was done to understand
the rheological behavior of dilute polymer solutions using the concept that a polymer
molecule can be idealized as dumbbells, that is, two beads connected by a spring.
The hydrodynamic, Brownian, and intramolecular forces acting on the beads are
considered when the dumbbells are suspended in a Newtonian fluid. Because experi-
mental data cannot be taken at concentrations considered to be sufficiently low for the
absence of intermolecular interactions, data obtained at low polymer concentrations
(e.g., ¢ < 1072 gmL~}) must be extrapolated to infinite dilution (Ferry, 1980).
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The appropriate viscoelastic functions are the dynamic rheological properties
(storage modulus G’ and the loss modulus G”, and the dynamic viscosities n” and
n’") extrapolated to infinite dilution and are called the intrinsic dynamic rheological
properties:

[G'] = }i_%(GVC) (4.20)
[G'] = cl.i%[(G” — wis)/c] (4.21)
('] = lim[(n" = ns)/nsc] (4.22)
[n"] = lim (n/nsc) (4.23)

The results of theories of several molecular models (e.g., rigid and flexible molecules)
are predicted to be proportional to R7 /M, where M is the molecular weight that is
often assumed to me uniform. The theoretical predictions are conveniently expressed
in terms of the reduced dimensionless intrinsic moduli:

[G"Ir = [G'1Mpt/RT (4.24)
[G"Ir = [G"IM/RT (4.25)

Two theories based on the bead-spring model have found extensive use in the poly-
mer literature. In Rouse’s theory, the hydrodynamic interactions between the motions
of the submolecule junctions is ignored and is based on the change in free energy
associated with the entropy decrease for nonrandom configurations and the tendency
of a system to diffuse towards a random state (Ferry, 1980). In Zimm’s theory, inertial
forces are neglected and the force on each bead is calculated as the sum of: (1) hydro-
dynamic drag force by the solvent, (2) the force associated with Brownian motion, and
(3) the Hookean springlike forces exerted by two neighboring submolecules (Ferry,
1980). Rouse’s theory predicts:

y T
[G'lr = [G"]k = m(wn)l/z (4.26)
The predictions of Zimm’s theory are:
[G'1r = 1.05 (w7;)*? (4.27)
[G"]r = 1.82 (w11)*/? (4.28)

Figure 4-13 contains the predictions of the Rouse theory on the left and of the Zimm
theory on the right. As is to be expected, the predictions of the Zimm theory that takes
the hydrodynamic interactions into account predicts well experimental data.

Concentrated Polymer Dispersions

For a long time, based on experimental rheological data, some kind of intermolecular
coupling was suspected. Pioneering studies by Tobolsky and others lead to the concept
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Figure 4-13 Predictions of Reduced Storage and Loss Moduli by Models of Rouse (left) and Zimm
(right).

of an entangled network structure with two sets of relaxation or retardation times. The
transient net work model is an adaptation of the network theories of rubber elasticity.
In concentrated polymer solutions and polymer melts, the network junctions are
temporary and not permanent as in chemically crosslinked rubber, so that existing
junctions can be destroyed to form new junctions. Earlier, it was mentioned that
a critical concentration, c¢*, exists below which a polymer dispersion exhibits dilute
solution behavior and above which it exhibits concentrated solution behavior. In terms
of molecular weight dependence, a low-molecular weight region where 7g increases
almost in direct proportion to molecular weight M and a high-molecular weight region
where 7 increases with the 3.4 power of the molecular weight. Further studies led to
the conclusion that polymer chain entanglements are topological and not dissociating
junctions (Ferry, 1980).

The transient net work model is an adaptation of the network theory of rubber
elasticity. In concentrated polymer solutions and polymer melts, the network junctions
are temporary and not permanent as in chemically crosslinked rubber, so that existing
junctions can be destroyed to form new junctions. It can predict many of the linear
viscoelastic phenomena and to predict shear-thinning behavior, the rates of creation
and loss of segments can be considered to be functions of shear rate.

The concept of polymer entanglements represents intermolecular interaction dif-
ferent from that of coil overlap type interaction. However, it is difficult to define the
exact topological character of entanglements. The entanglements concept was aimed
at understanding the important nonlinear rheological properties, such as the shear rate
dependence of viscosity. However, viscoelastic properties could not be defined quan-
titatively as is possible with the reptation model. Because an entanglement should be
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Figure 4-14 Illustration of Reptation Concept, Credited to de Gennes and Doi and Edwards, of a Polymer
Chain in a Concentrated Polymer Solution. The cross sections of the constraining chains and the tube for
reptation of the polymer chain are shown,

able to slide along the contours of the participating molecules and changes its position
with thermal motions, for better understanding of rheological behavior entanglement
points or loci are not very useful. Instead, one can consider a model with topological
restraints such as a tube placed to surround a polymer molecule and that conforms to
the molecule’s contortions (Figure 4-14). Such a model was introduced by Edwards
and mathematically treated by de Gennes who pointed out that the easiest escape for
sufficiently long chains is achieved by sliding along the contorted contour, that is, by
reptation.

The tube model avoids dealing with specification of an average molecular weight
between entanglement points (M.), but the diameter of the tube (d) is an equivalent
parameter. Further, the ratio of the contour length to diameter (L/d) is taken to be
approximately the magnitude of the entanglements per molecule (M /M.). Some of
the important relationships predicted from the reptation model include (Tirrell, 1994):

Arep ™~ M3 (4.29)

where, Arep 1S the longest relaxation time that is time for the chain to diffuse one chain
length or renew its configuration. The self diffusion coefficient:

Dg ~ M_2 (430)
and viscosity:
n~ M> (4.31)

The prediction of the above equation is the closest of any molecular theory to exper-
imentally observed 3.4 power. A constitutive equation based on the reptation model

can be written as:
t

7= / {Ml [t —¢. (6, 0), L, )] C;

o0

=1
+ Mylt — O, 1 (t,£), L (1,0)[(C;  )* 1 dt (4.32)
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where, T is the extra stress tensor, and /; and I, are the invariants of the Finger

—1

deformation tensor C;  that incorporates both stretch and rotation in the deformation
gradient. The memory functions M; and M, can be written as products of functions
of the past time (¢ — ¢') and of deformation only. In continuum mechanics, the above
equation is known as the Kaye-BKZ equation (De Kee and Wissburn, 1998). More
discussion on constitutive equations can be found in the texts of Bird et al. (1977b),
Dealy and Wissburn (1990), and Carreau et al. (1997).

RHEOLOGY OF HEATED STARCH DISPERSIONS

Starch Granules and Composition

Starch is the major energy reserve of seeds, roots, and tubers, and is produced in small
individual packets called granules (Whistler and Daniel, 1985). The composition and
characteristics of starches have been well covered elsewhere (Whistler and Daniel,
1985; Hoseney, 1998) and they will be reviewed only briefly here. The characteristics
of starch granules vary in an individual plant depending on the tissue environment.
For example, granules in corn’s central floury endosperm are round, yet those in the
outer, proteinacious, horny endosperm are angular (Whistler and Daniel, 1985). As
discussed under the rheological behavior of dispersions in Chapter 2, the rheological
behavior of starch dispersions also is influenced very strongly by the volume fraction
and state of the granules in the dispersion.

Starch granules have a nucleation point, the hilium, around which the granule
is formed. A Maltese cross pattern, characteristic of birefringency, with its center
at the hilium can be seen when the granule is viewed with polarized light. Gran-
ules contain molecules of amylose and/or amylopectin that seem to be uniformly
arranged (Whistler and Daniel, 1985). All starch molecules are natural polymers of
anhydroglucose units and are present in either a linear or branched configuration.
Linkages between the glucose molecules occurs through enzymatic condensation in
the plant at carbons 1 and 4 (forming a linear polymer) or carbons 1 and 6 (forming
a branched polymer) (Langan, 1986).

Amylose, the linear starch polymer, typically has molecular weights ranging from
10° to 10® and 500 to 5,000 glucose residues per molecule. It has been determined that
some «-(1A6)-branching exists in the amylose molecule on the order of 2—8 branch
points per molecule, with side chains ranging in length from 4 to >100 glucose units
(Galliard and Bowler, 1986). Based on published data on [n] in DMSO, Norisuye
(1996) suggested that amylose is a random coil as a whole, but that it has certain
irregular helical conformation. In addition, a relationship between intrinsic viscosity
and molecular weight (M) was suggested for amylose samples with M > 5 x 10%:

[n] = 1.70 x 10~°)°70

Native starches contain approximately 25% amylose, yet there are some mutant vari-
eties of corn that contain 85% amylose (high-amylose corn) or no amylose (waxy
maize) (Whistler and Daniel, 1985). Amylose leaches from starch granules during
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the gelatinization stage and affects both the viscosity of the continuous phase and the
rate of retrogradation on cooling. During gelatinization, a starch is transformed from
an ordered, crystalline, state to a disordered, amorphous state. Starch retrogradation
is a time and temperature dependent process in which, during cooling, the linear
regions return to a crystalline and reduced solubility state causing bread staling and
syneresis in starch gels.

Amylopectin characteristically has a molecular weight greater than 10® with 5%
of its structure containing «-(1 — 6)-branch points (Galliard and Bowler, 1986). It
is generally agreed that the amylopectin chains are assembled in a cluster structure
yet a consensus has not been found for the fine structure, nature of branching, and
proportions of side-chains in amylopectin (Galliard and Bowler, 1986).

In food products, starch can be either a mere ingredient used in low concen-
trations to thicken the product texture or the main component responsible for the
texture. The former kind of products usually contain water in excess of gelatiniza-
tion requirements while, in the latter, such as baked products, water is available in
limited amount. In rheological studies on dispersions of low starch concentrations,
because of settling of the ungelatinized granules, considerable caution should be
exercised to ensure that different samples taken from a dispersion contain the same
concentration of starch granules. Likewise, granule settling will occur in viscometer
geometries that are vertically oriented, for example, concentric cylinder and vertical
capillary/tube.

Starch Gelatinization

Starch granules show birefringence in the form of a “maltese cross” when viewed
under polarized light. The amylopectin molecules in the starch granule are partially
crystalline. At room temperature, the polymers in the amorphous phase of the starch
granule are glassy under dry conditions. At about 22% moisture and at 25°C, the
polymer will go through a glass transition (Hoseny, 1998). Irreversible changes,
often referred to as gelatinization, occur when a starch-water mixture is heated above
a critical temperature that depends on the source of starch. These changes include
loss of birefringence and, more importantly, crystallinity that allows the granules
to swell under excess water conditions. For illustration, the DSC output for gela-
tinization of starch in a Russet Burbank potato sample under excess water conditions
(Bu-Contreras, 2001), and an idealized output curve of starch with intermediate water
content are shown in Figure 4-15. For the excess moisture curve, drawing a tangent
at the start and end points of transition, one can determine well-defined gelatiniza-
tion initiation, T,, peak, T, and end, T¢, temperatures, respectively. The area under
the curve 1s a measure of the energy required for the transition, AH. For gelatiniza-
tion at intermediate water condition two endothermic peaks are observed. Often, the
temperature at the end of gelatinization is called the starch melting temperature.
Sucrose and other sugars increase the gelatinization temperature of starches; the
increase depends on the water activity of the sugar solution and the sugar: the gela-
tinization temperature of starch increased with decrease in water activity of the sugar
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Figure 4-15 Schematic of DSC Thermograms of Starch Heated in Excess and Limited Water Content. At
low water content the endotherm shows two peaks: M| and M, (Hoseney, 1998).

solution, and at the same water activity, sugars with longer chain lengths (sucrose,
maltose, and maltotriose) increased the gelatinization temperature more than sugars
with shorter chain lengths (fructose and glucose). At very high sugar content, the
starch does not gelatinize at all and the product collapses during baking, as with
cookies and fudge brownies (Hoseney, 1998). In limited water (< ~30%), the gela-
tinization temperature increases as the moisture content decreases. In a sugar solution,
the sugar displaces part of the water and, in effect, decreases the moisture content;
therefore, the gelatinization temperature increases in sugar solutions. Hoseney (1998)
pointed out that the increase in the onset gelatinization temperature is also due to
lowering of the water activity.

Chaotropic salts, such as calcium chloride, decrease the starch gelatinization tem-
perature to the extent that gelatinization may take place at room temperature. In
contrast, non-chaotropic salts raise the gelatinization temperature. While fats and
emulsifiers have minimal affect on the starch gelatinization temperature, they affect
the rate of starch granule swelling after gelatinization (Hoseney, 1998).

Gelatinization Temperature and Extent of Gelatinization

Temperature versus enthalpy profiles similar to those shown in Figure 4-15 are
obtained when starches are heated either in excess water, that is, when water : starch
ratios are equal to two or greater, or under intermediate water content. The start of the
endothermic peak at T, corresponds to loss of birefringence, in the form of the typical
“Maltese cross,” when the starch granule is viewed under polarized light. A single
endotherm, such as that obtained under excess water conditions, is referred to as the
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M1 endotherm. Based on data obtained with DSC (Roos, 1995), it can be said that
many starches heated in excess water conditions exhibit gelatinization temperature
ranges of about 7-10°C and the gelatinization initiation temperatures (7, ) range from
about 50 to 68°C.

As the amount of water is reduced, the DSC peak for starch gelatinization widens.
For example, for wheat starch, the range of temperatures for gelatinization is about
7°C in excess water, and at low water content (water: starch, 0.35:1) it is greater than
30°C and the endotherm shows two peaks (Hoseney, 1998), M| and M>, respectively.
In addition, the starch does not gelatinize completely even at 100°C. Therefore, when
foods containing starch, such as rice and spaghetti, are boiled, the starch granules
at or near the surface gelatinize easily, but those in the interior of the food may
not gelatinize. The extent of gelatinization of starch inside a food will depend on
the temperature and water content that in turn depends on diffusion of water. For
wheat starch and water, based on enthalpies of gelatinization, Fukuoka et al. (2002)
proposed an empirical equation for extent of gelatinization (EG) as a function of
moisture content (m, g water/g starch) and temperature (7', °C) which is valid for
054 <m< 15

3.15m/(1 4+ m) — 0.946
1 + exp[—0.1792(T — 69.1)]

EG(m,T) = (4.33)

After gelatinization, a starch dispersion may be regarded as a composite material
consisting of swollen granules and granular fragments dispersed in a continuous
biopolymer matrix (Evans and Haisman, 1979; Eliasson, 1986; Morris, 1990; Noel
et al., 1993). Therefore, the properties of the dispersed phase (granules), the con-
tinuous phase, and interactions between them are three important considerations for
insights into the rheology of gelatinized starch suspensions. Often, these properties
are affected by the experimental variables during gelatinization.

VISCOUS AND VISCOELASTIC PROPERTIES DURING HEATING
OF STARCH DISPERSIONS

Rheological changes in heated starch dispersions (SDs) have been studied under
isothermal and non-isothermal heating conditions. Under isothermal conditions, the
apparent first-order reaction rate and the Arrhenius models were used to describe the
rate of starch gelatinization and the influence of temperature on the rate, respectively
(Kubota et al., 1979; Lund, 1984; Okechukwu et al., 1991). However, because of
the important role of temperature history, changes in 7, during gelatinization can
not be described accurately by the models obtained under isothermal conditions.
Temperature and heating rates are important variables during the sol-gel transition
period; in addition, the shear rate (y ) or dynamic frequency (w) has a significant effect
on 7, or complex viscosity (n*), respectively. A good appreciation of the transition
phase is vital to a full understanding of the rheological properties of gelatinized starch
dispersions.
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Figure 4-16 Results on an 8% (w/w) Starch Dispersion Obtained by Differential Scanning Calorimetry
are Compared with Dynamic Rheological Data (Yang et al., 1997).

Because foods containing starches are heated continuously over a range of temper-
atures, viscosity versus temperature or viscosity versus time profiles are of interest.
Results on an 8% (w/w) unmodified corn starch dispersion (SD) obtained with a DSC
are compared with dynamic rheological data in Figure 4-16. The initial temperature
of gelatinization from both methods was about the same, ~67°C, but the differ-
ences in peak and conclusion temperatures from the two methods were considerable.
The DSC peak temperature, due to the melting of starch crystallites cooperatively in
excess water, coincided with that of first rise in viscosity where the rate of develop-
ment of viscosity was the greatest. Because of the continued swelling of the starch
granules, the viscosity increased until 90°C. After the peak viscosity, further increase
in temperature resulted in a decrease in viscosity (Yang and Rao, 1998).

Model of Dolan et al.

Dolan et al. (1989) developed a model (Equations 4.34 and 4.35) to describe apparent
viscosity as a function of time during starch gelatinization under non-isothermal
conditions and additional discussion on its application to starch dispersions can
be found in Dolan and Steffe (1990). The model contains an exponential function
of the temperature-time history and the Arrhenius equation to describe the gela-
tinization reaction. The special form of the model for constant shear rate and starch
concentration is:

Naim =~ = [1 — exp(—kW)]" (4.34)
Tloo — Nug
W= [T(t) (_AEg) dt (4.35)
= exp RT0) .

where, n, is apparent viscosity (Pa s), 7n4im dimensionless apparent viscosity.
Nug ungelatinized apparent viscosity (Pa s), 1o highest magnitude of 7, during
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Figure 4-17 Applicability of the Model of Dolan et al. (1989) to a 8% Corn Starch Dispersion n* Data
(Yang and Rao, 1998),

gelatinization, W is integral of time-temperature history, o is a constant, Egis
activation energy of gelatinization (J mol™1), R is gas constant (8.314 J mol ~!K 1),
and T temperature of fluid (K).

Figure 4-17 illustrates applicability of Equation 4.34 to the n*-time data obtained
at 1.26 rad s~! on a 8% corn SD, magnitudes of E,, k and « in Equations 4.34
and 4.35, over the range of heating rates studied were: 240 kJ mol™!, 1.95E +
30, and 0.668, respectively (Yang and Rao, 1998). These values are in reasonable
agreement with those of Dolan et al. (1989): 210 kJ mol~!, 0.846 E + 26, and 0.494,
respectively, considering that n* instead of n, and starch from a different source
were used. The value of R? was relatively high (R* = 0.96) but the experimental
data showed deviations from the predicted curve for time-temperature history values
5.0x 1073 t0 1.25x 10739 K 5. Equations 4.33 and 4.34 with the calculated constants
can be used to obtain apparent viscosity from any temperature-time history during
gelatinization, provided that the initial and maximum viscosities are known; however,
because of granule sedimentation, the former is difficult to determine experimentally.
Better fit may be obtained by expressing E;; as a function of temperature and the
Arrhenius relationship to be temperature-time history dependent (Dolan et al., 1989;
Dolan and Steffe, 1990).

Model for »*-Temperature Data (Yang and Rao, 1998)

A n* versus temperature master curve was derived for corn starch dispersions (Yang
and Rao, 1998) based on separate characteristics: (1) n, versus temperature profiles
of dispersions of a specific starch (e.g., corn, bean) are usually similar over narrow
ranges of starch concentrations (Launay et al., 1986; Champenois et al., 1998), so
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that it may be possible to develop simple relationships for estimating viscosity over
specific ranges of concentration. (2) Because n* data are obtained at low strains
with minimal alteration of the SD structure, they provide unique opportunities for
studying applicable models. (3) Empirically obtained frequency shift factor (Ferry,
1980) has been used successfully in time-temperature superposition studies on food
polymer dispersions (Lopes da Silva et al., 1994), and the applicability of similar, if
not identical, scaling of frequency was explored for SDs.

Two critical factors for obtaining reliable n* data were (Yang and Rao, 1998): (1)
control of the sample volume that was loaded carefully on the bottom rheometer plate
and removal of excess dispersion from the edge of the top plate, and (2) minimizing
water evaporation from the sample when the temperature was high and avoiding
displacement of paraffin oil by tiny air bubbles from the edge of the top plate. Dynamic
rheological data were obtained using 4 cm diameter parallel plate (gap 500 pm)
geometry of a Carri-Med CSL-100 rheometer (TA Instruments, New Castle, DE).
A plate-cone geometry was also tried, but the narrow gap (52 wm at the center)
contributed to capillary suction of the few drops of paraffin oil that were placed on
the exposed edge of the plate to minimize loss of water vapor during heating into
the com SD. In contrast, with the parallel plate geometry, the drops of paraffin oil
placed soon after the storage modulus (G’) reached values that were measurable did
not penetrate into the corn SD. Because of the narrow gap (500 pm) between the
parallel plates, settling of starch granules was not a problem as might have been in a
concentric cylinder geometry and the structure formation was not disrupted because
of the low magnitude of oscillatory strain.

Influence of Heating Rates

The 7* data obtained at a fixed frequency (1.26 rad s~!) and at different heating rates
plotted against temperature (Figure 4-18) over the range of heating rates: 1.6-6.0°C
min~! collapsed to a single curve. The maximum difference in the magnitudes of
complex viscosity between the highest (6.0°C min™!) and the lowest (1.6°C min™!)
heating rates was about 25%.

The slight decrease in n* that occurred after the first increase (Figure 4-18),
was found to be concomitant with end of the DSC endothermic peak due to melt-
ing of crystallites (Eliasson, 1986). Because of continued swelling of the starch
granules, the viscosity increased until about 90°C leading to the formation of a
transient network of granules touching each other and sometimes resulting in gran-
ule disruption (Blanshard, 1987) and amylose leaching (Eliasson, 1986). Similar
viscosity-temperature behavior has been noted for other cereal starches (Launay et al.,
1986; Doublier, 1987). However, acomplete shear- and temperature-dependent curve,
such as in Figure 4-18, was not presented earlier.

Heating at a Fixed or Increasing Temperature

After the peak viscosity was reached, increasing the temperature further resulted
in decrease in viscosity (Eliasson, 1986; Doublier, 1987) that can be attributed to
rupture of the granules. Two distinct types of curves were obtained after the peak
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Figure 4-18 The n* Data of a 8% Corn Starch Dispersion at a Fixed Frequency (1.26 rad s~ 1) and at
Different Heating Rates Plotted against Temperature (Yang and Rao, 1998).

(Figure 4-19) viscosity was reached depending on whether: (1) the temperature was
maintained at 92°C for about 2.5 min or at 95°C for about 5.5 min, or (2) the tem-
perature was increased upto 95°C continuously after the peak viscosity temperature.
The former was characterized by a slower rate of decrease in n* after the temperature
was held constant and the latter by a rapid rate of decrease in n* upto the final tem-
perature (95°C) suggesting that the network structure formed during gelatinization
was drastically weakened by increase in the temperature.

It is theoretically possible that at very high heating rates, starch granule swelling
would be limited by moisture diffusion. However, a more practical limitation would be
to obtain reliable rheological data at a high heating rate because the temperature range
over which viscosity of the corn SD increases would be covered in a short time period.

Influence of Frequency

At a fixed heating rate of 2.1°Cmin~! and over the range of frequencies employed
from 1.26t047.12 rads™!, the profiles of n* at a specific frequency versus temperature
were similar in shape, so that by choosing an arbitrary reference frequency wy, all
the n*-temperature curves at the different frequencies could be reduced to a single
curve. A master curve of reduced complex viscosity ng = (w/w;) versus temperature
was obtained using w; = 6.28rads™! (1.0 Hz) at the heating rate of 2.1°Cmin~".
When data from a limited number of experiments conducted at high w values: 62.83
rad s~ (10 Hz) and 78.54 rad s™! (12.5 Hz) at the heating rate of 2.16°C min~! were
considered, scaling of frequency could be achieved by a more general relationship:

w\?
= (——) (436)

Wy
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Figure 4-19 Two Distinct Curves were Obtained after the Peak Viscosity was Reached Depending on
Whether: (1) The temperature was maintained at 92°C for about 2.5 min or at 95°C for about 5.5 min,
or (2) the temperature was increased up to 95°C continuously after the peak viscosity temperature (a 8%
corn starch dispersion).

where, (w/ a)r)/3 is the frequency shift factor and the magnitude of the exponent, B,
need to be determined from experimental data at @ and ;. For complex viscosity
data at 62.83 rad s™! (10 Hz) and 78.54 rad s~! (12.5 Hz), with &, = 6.28 rad s,
values of 8 were 0.913 and 0.922, respectively. It is noteworthy that both increas-
ing and decreasing segments of the viscosity-temperature data at all the frequencies
were reduced to a single curve. Complex viscosity data on 8% corn SDs from experi-
ments conducted at different heating rates and frequencies were also superposed using
6.28 rad s~! (1.0 Hz) as w; (Figure 4-20). Figure 4-20 is the master curve of reduced
complex viscosity ny data obtained on the 8% corn SD at different heating rates and
frequencies and it represents data at several shear rates as a function of temperature.
The above modeling procedure was found to be applicable to the n* data obtained
on 6% corn SDs at a heating rate of 3.0°C min~! and at dynamic frequencies: 3.14,
12.57, and 47.12 rad s~ 1. The superposition of the n* versus temperature data suggests
that the molecular mechanisms involved were similar at the different heating rates
and oscillatory frequencies used, and depended mainly on the temperature history of
the corn SD. It also suggests that the studied corn SDs exhibited thermorheologically
simple behavior (Plazek, 1996).

The same modeling procedure was applied to 3.5% corn SDs and the results used
to numerically simulate heat transfer to SDs in a can (Yang, 1997). From recent
studies (Yang and Rao, 1998; Liao et al., 1999), the general shape of viscosity
versus temperature for native, as opposed to cross-linked, starch dispersions is as
shown in Figure 4-20. It is important to note that the values of viscosity of the
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Figure 4-20 Master Curve of Reduced Complex Viscosity 7y = #*(w/wr) Data Obtained on the 8%
Corn Starch Dispersion at Several Heating Rates and Frequencies (Yang and Rao, 1998). The letters A-D
refer to stages in granule growth.

gelatinized dispersions at the higher temperatures are sustantially higher than those
of the ungelatinized dispersions.

State of Granules During Heating

The important role of suspended solids in the viscosity of a dispersion was discussed
in Chapter 2. The shape of the curve in Figure 420 reflects the changes in the volume
fraction of starch granules, that in turn is due to the changes in the size of the granules
and release of amylose, as a dispersion is heated. Initially at low temperatures, the
granules are in the raw state and the volume fraction is low. As the granules swell
due to water absorption as they are heated (Figure 4-20, segment A—B—C), the vol-
ume fraction increases and reaches a maximum value (Figure 4-20, C). With further
heating, the granules rupture and disintegrate resulting in a gradual decrease in the
volume fraction of the granules in the dispersion (Figure 4-20, segment C-D). The
rupture of granules also results in the release of additional amylose that contributes to
the viscosity of the continuous phase of the starch dispersion. Thus, in Figure 4-20,
the segment C-D is not a mirror image of the segment A-B—C. The leached amylose
and the granule remnants contribute to a viscosity at point D that is higher than that
at point A.

It is emphasized that the state of the starch granules has a major influence on the
viscosity of a starch dispersion. In this respect, Tattiyakul and Rao (2000) reported that
the decrease in the apparent viscosity of a cross-linked waxy maize starch dispersion
did not decrease significantly after the maximum viscosity was attained. However,
both Tattiyakul and Rao (2000) and Liao et al. (1999) confirmed that master curves
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of reduced apparent viscosity versus temperature can be generated for application in
heat transfer studies.

Rheological Properties of Gelatinized Starch Dispersions

When an aqueous suspension of starch is heated isothermally above the gelatinization
onset temperature, the granules absorb large amounts of water and swell considerably
to impart substantial increase to the viscosity of the suspension. As granule swelling
progresses, the suspension is transformed into a paste which exhibits rheological
properties very different from the initial suspension. The swelling of granules is also
accompanied by leaching or solubilization of granular constituents, mainly amylose,
into the continuous suspending matrix. Granules swell to a maximum value at elevated
temperatures, followed by granular disruption and exudation of granule contents into
the suspension matrix.

Rheology of Starch Dispersions with Intact Granules

Starch gelatinization up to peak viscosity studied by various techniques such as vis-
cometry and particle size measurement by laser diffraction, is essentially a first order
kinetic process whose extent is determined principally by pasting temperature and
time (Kubota et. al., 1979; Lund, 1984: p. 59; Okechukwu et al., 1991; Okechukwu
and Rao, 1995).

Mild thixotropy has been observed in gelatinzed wheat starch dispersions char-
acterized at low temperatures such as 25°C but not at 60°C and above (Doublier,
1981; Harrod, 1989; Bagley and Christianson, 1982). The time dependent rheologi-
cal behavior shown by starch is attributed to structure formation by amylose leached
into the suspending matrix on cooling to low gelling temperatures (Ellis et al., 1989).

At low starch concentrations, most authors have used the simple power law model
without a yield stress for describing shear responses over a wide range of shear.
The flow behavior index »n and the consistency coefficient K are useful parameters
for describing the flow behavior of starch suspensions. Gelatinized starch pastes
preheated to temperatures of about 90°C are generally reported to be shear-thinning
(pseudoplastic) fluids with values of n considerably less than 1.0 (Evans and Haisman,
1979; Doublier, 1981; Colas, 1986; Ellisetal., 1989; Noel etal., 1993). This value was
also reported to decrease linearly with increasing starch concentration in cross-linked
corn starches (Colas, 1986). This observation appears consistent with the those of
Evans and Haisman (1979) who showed that in suspensions of corn, potato, modified
corn and tapioca starches as well as wheat flour, the index decreased rapidly from
unity and approached a constant value at high concentration. Yield stress of starch
dispersions is covered after discussion on their flow behavior.

Shear Thickening in Starch Dispersions

Several studies on starch gelatinization have indicated that some starches, notably
wheat, corn, waxy maize and cross-linked waxy maize may show shear thickening
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Figure 4-21 Typical Granule Size Distribution Data of Heated Corn Starch Dispersions are shown;
significant increase in granule size resulted due to heating (Okechukwu and Rao, 1996a).

(dilatant) behavior with values of the power law flow behavior index, n, greater than
1.0 during the early stages of gelatinization (Bagley and Christianson, 1982; Dail and
Steffe, 1990a, 1990b; Okechukwu and Rao, 1995). Shear-thickening flow behavior
was reported in wheat starch dispersions heated at 60°C for 15 min (Bagley and
Christianson, 1982) using a 2.61 mm gap concentric cylinder viscometer measured
at 23°C. Dintzis and Bagley (1995) reported shear-thickening behavior in Amioca
(98% amylopectin) (7.7%) dispersions in cans heated at 140°C and the rheological
behavior examined at 50°C in a 2.61 mm gap concentric cylinder viscometer. It was
also reported in cross linked waxy maize starch (National 465) (1.82 and 2.72%) at
121-143°C (Dail and Stefte, 1990a, 1990b) using a tube (1.27 cm diameter) flow
viscometer.

Typical granule size distribution (GSID) data of heated corn starch dispersions
(Okechukwu and Rao, 1996a) are shown in Figure 4-21. Similar data were presented
for other starch dispersions: cowpea (Okechukwu and Rao, 1996b), cross-linked
waxy maize (Chamberlain, 1996), and tapioca (Tattiyakul, 1997). These data seem
to suggest a relationship between n and the change in polydispersity of granules
during the sol-gel transition process. Specifically, the flow behavior index appears to
decrease linearly with increase in the standard deviation (SD) of heated corn starch
granules (Okechukwu and Rao, 1995). With an R? of 0.98, Equation 4.37, which is
independent of pasting temperature, provides the basis for resolving the changes in
the value of n observed at various stages of starch gelatinization.

n=2.17 - 0.0968 SD (4.37)

The above equation suggests a maximum # value of about 2.2 for corn starch. The min-
imum values of n, usually within the pseudoplastic range, would depend in part on the
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particle size distribution of the gelatinizing granules which increases as gelatinization
progresses. By arbitrarily choosing gelatinization to be complete at 95°C, it was
shown that a range of values of n can be obtained depending on the extent of granule
swelling of corn starch (Okechukwu and Rao, 1995).

Apparently, the different values of #n found in the literature for suspensions of the
same starch pasted under various temperature-time profiles reflect various extents of
starch granule swelling. Early investigations on the rheology of raw starch suspensions
reveal that dispersions of corn starch in water and aqueous mixtures of ethylene glycol
and glycerin exhibited dilatant behavior with values of n in the range 1.2-2.5 (Griskey
and Green, 1971). It would therefore appear that gelatinization may be described as
a transition process that transforms the rheological behavior of starch suspensions
from dilatant to pseudoplastic.

Hoffman’s study (1972) on polyvinyl chloride spheres in dioctyl phthalate disper-
sions pointed out that shear-thickening flow behavior is a reproducible phenomenon.
Hoffman suggested that: “The discontinuous viscosity behavior which occurs at solids
concentrations above 0.50 is caused by a flow instability in which surfaces of spheres,
packed in two dimensional hexagonal packing at low shear rates, breakup into less
ordered arrays of spheres. In any given viscometric flow the ordered surfaces of
spheres are parallel to surfaces of constant shear and one axis of the packing always
points in the direction of flow.” However, computer simulation studies on dispersions
of rigid particles suggest formation of clusters of particles that leads to initiation of
shear-thickening behavior (Bossis and Brady, 1989). As shear rate is increased, the
loss of long-range orientational order that results in discontinuous viscosity behav-
ior is also referred to as “shear melting” (Chow and Zukoski, 1995b). Particle size
distribution, volume fraction, shape, particle-particle interaction, continuous phase
viscosity, and type, rate and time of deformation are important factors in dilatancy
(Barnes, 1989; Boersma et al., 1991, 1992; Laun et al., 1991).

Role of Particles in Shear-Thickening Non-Food Dispersions

In shear-thickening behavior of non-food colloidal dispersions, mostly TiO; particles,
the role of particle size distribution has been examined by D’Haene et al. (1993). These
studies on rigid particles with dia. 1-600 nm and relatively high viscosity suspending
fluids (e.g., dioctyl phthalate) reveal several important features of shear-thickening
(Barnes, 1989; Boersma et al., 1991, 1992; Laun et al., 1991; Chow and Zukoski,
1995a, 1995b). The smaller diameter particles and higher viscosity suspending fluids,
such as dioctyl phthalate, result in very low particle Reynolds numbers, defined as
(Russel et al., 1989):
2 .
Re, = b :” (4.38)

To illustrate the order of magnitudes, at a fixed y = 100s™!, the particle Reynolds
number for typical 500 nm particles in dioctyl phthalate (0 = 980 kgm ™3, = 0.054
Pas)is4.54 x 10~7, while that for a typical 30 um starch granule in water (o = 1,000
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kg m™3, n = 0.001 Pa s) at the same y is 9.0 x 1072, so that the flow regimes are
substantially different.

From electrostatic interaction between two particles and the hydrodynamic inter-
action between two particles approaching each other along the their line of centers,
Boersma et al. (1991) developed an equation for y. of high volume fraction
dispersions, that is, dispersions with small interparticle distances, 4:

. 2mepe1Wo kh

T Ton nsa® 2 (4.39)
where, g9 is permitivity of vacuum, ¢; is relative dielectric constant, ¥ is sur-
face potential of sphere, here equal to ¢-potential of the particles in the medium,
ns 1s the continuous medium’s viscosity, a is particle radius, « is the reciprocal
Debye double layer thickness, and # is distance between two particles. This equation
restricted to small values of 4, is valid to (h/a < 0.05, where a is the particle radius)
within £25% error. A simpler estimate of the shear rate at which shear-thickening
appears was derived using a dimensionless number (Ny) from the characteristic mag-
nitudes of the interparticle and shear forces. Shear-thickening will occur at values of
Ng > ~1.0:

. 2mepe1Wo

Ve = (4.40)

67 nsa’

Boersma et al. (1991) suggest that experimental and calculated values of y. be
compared at a volume fraction ¢, given by:

a 3
b = (a — /K) (0.605) (4.41)

However, the model over predicted the shear rate for thickening and also failed to
capture the volume fraction dependence of the critical shear rate (Chow and Zukoski,
1995a, 1995b).

Chow and Zukoski (1995a, 1995b) observed that although all suspensions that
were ordered at rest melted with increase in shear rate, thickening was observed
only at a volume fraction greater than a critical value ¢, which occurred near 0.5
for particles with diameters 250 nm. Shear melting occurred for all samples with
¢ > ¢Pmelt (= 0.38) while shear-thickening occurred only for ¢ > ¢ (~ 0.5). Near ¢,
the thickening was weakened and reversible and as ¢ approached 0.6, the thickening
became “nearly violent.” For shear-thickening samples, starting at a critical stress the
shear rate remained at a nearly constant value over a range of applied stresses that was
limited by fracture of the sample (D’Haene et al., 1993). This suggests that controlled
stress rheometers are better suited to study the transition to shear-thickening (D’Haene
et al., 1993).

For oscillatory strains less than approximately 0.03—0.04, the suspensions showed
linear viscoelastic response with the plateau modulus, Gg, being independent of fre-
quency (Chow and Zukoski, 1995b). Because Gy increases exponentially with volume
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fraction, by investigating properties over a wide volume fraction range, a correlation
can be established indicating that stresses marking the onset of microstructural or
rheological transitions were independent of ¢ if scaled on the suspensions elastic
modulus Gy. By scaling stress on Gy, the constitutive response of the latex suspen-
sion was reduced to a single, volume fraction independent curve when plotted as a
function of the Deborah number:

De = (nsy/Go) (4.42)

where 7 is the continuous phase viscosity and y is the shear rate. Chow and Zukoski
(1995b) suggested that this correlation results from 7s/Gg represented the natural
relaxation time of the suspension.

Size Distribution of Intact Starch Granules

Granule swelling during starch gelatinization progresses in a manner that increases
the granule size distribution when measured by the standard deviation of granules
in suspension (Okechukwu and Rao, 1995). This change in the polydispersity of
the starch granules introduces important rheological consequences on the suspension
behavior. Over a wide range of swelling of cowpea starch granules heated at 67-80°C,
n decreased from 1.3 to 0.56 with increase in (SD/SDyg) of unruptured granules in the
starch dispersion, where SDy is the standard deviation of the unheated granules. Over
a granule SD of 15-32 um, a power law equation correlated the two dimensionless
variables n and (SD/SDy):

sp \ 14
=236 — R? = 0.95 4.43
" <SD0) (4.43)

Therefore, in addition to the concentration of starch that influences the magnitude
of n (Colas, 1986; Evans and Haisman, 1979), increase in polydispersity of the

gelatinized granules appears to be an important factor in decreasing the severity of
shear thickening and increasing pseudoplasticity of gelatinized starch dispersions.

Antithixotropic Behavior of Cross-Linked Starch Dispersions

The antithixotropic nature of the thermally processed for 8, 15, and 30 min at 120°C
cross-linked waxy maize (CWM) starch dispersions was observed clearly in shear
cycles: 5-min ascending and 5-min descending. The response curves of each sample
(Figure 4-22) indicate that each sample became more viscous with shearing, that is,
it exhibited time-dependent shear-thickening (antithixotropic) behavior. Further, the
antithixotropic behavior was irreversible in that after the shearing was stopped the
structure did not return to the structure prior to shearing.

While it is possible that the hysteresis loops in Figure 4-22 were affected by
sample preparation procedure, for example, the stirring prior to rheological testing,
there were distinct differences between the sheared and unsheared samples, thus
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Figure 4-22 The Flow Curves of Cross-Linked Waxy Maize Samples Heated at 120°C for 5, 15, and
30 min were More Viscous After Shearing, that is, They Exhibited Time-Dependent Shear-Thickening
(antithixotropic) Behavior.

suggesting shear-induced structure. CWM starch dispersions have visible, possibly
shear-induced, structure in the form of clusters. The CWM starch granule heated at
120°C for 30 min. (Figure 4-23) had dents and crevices throughout the surface and
appeared to have pores on the surface. It is possible that the granule crevices served as
linkage sites to aid in attachment to other granules. The membranes also have many
microscopic finger-like protrusions on the surface. After shearing for three cycles,
the thermally processed samples did not appear to have sustained any surface damage
reflecting the strength and resilience of the granules due to cross-linking. However,
the morphology of the gelatinized granule population has been modified by shearing
with concomitant time-dependent shear-thickening.

The aqueous dispersions of cross-linked waxy maize heated at 120°C for 8 min,
15 min, and 30 min all showed a shear-thinning behavior (Chamberlain, 1996;
Chamberlain et al., 1998). In addition, as described above, an antithixotropic loop
was found in the shear rate versus shear stress curves for the three samples with the
stresses of the descending shear curve being higher than those of the descending shear
curve for each sample. The loops for 8 and 15 min were similar, but the stress values
of 30 min loop were significantly higher than those of the 8 and 15 min loops indi-
cating that the latter was more viscous than the other two dispersions. In Figure 1-5,
the time-dependent shear-thickening (antithixotropic) behavior during three succes-
sive shear cycles of a cross-linked waxy maize starch dispersion heated at 120°C for
30 min was shown.

Time-dependent shear-thickening behavior was also seen with autoclaved 2.0%
dispersions of unmodified waxy maize starch in 0.2N KOH (Dintzis and Bagley,
1995). Two hysteresis loops were seen in the first shear cycle: one loop, at shear rates
<200s~!, was anticlockwise indicating time-dependent shear-thickening, and the
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Figure 4-23 A Sheared Cross-Linked Waxy Maize Granule Heated at 120°C for 30 min had Dents and
Crevices Throughout the Surface and Appeared to have Pores on the Surface.

other loop, at shear rates > 250s~ !, was clockwise indicating thixotropic behavior.
A second shear cycle resulted in only one clockwise loop. The unmodified waxy
maize starch dispersed in DMSO showed the same behavior as that in 0.2 N KOH.
Dintzis and Bagley (1995) showed that a 2% gently dispersed waxy maize starch
dispersion exhibited both thixotropy (at shear rates > 60s~!) and anti-thixotropy (at
shear rates < 40s™!). With additional stirring, the 2% waxy maize starch dispersion
had an anti-clockwise loop indicative of antithixotropic behavior. Phase microscopy
revealed that the sheared waxy maize starch preparations had a mottled appearance
indicative of refractive index inhomogeneities.

Tattiyakul and Rao (2000) carefully examined the shearing conditions in studies on
starches that reported antithixotropic behavior (Table 4-6). From the data in the table,
she suggested that antithixotropic behavior resulted from shear-induced structure
formation, that occurred predominantly when the level of shear stress imposed on the
sample was less than 120-150 Pa.
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Table 4-6 Relationships Between (D;/Dy)? and Volume Fraction of Heated 2.6%
Starch Dispersions

Starch Intercept  Slope  R2  Reference

Unmodified corn 0.16 0.011 0.86 Okechukwu and Rao
(1995)

Cowpea 0.09 0.013 0.84 Okechukwu and Rao
(1996)

Cross-linked waxy maize 0.23 0.0015 0.98 Chamberlain et al.
(1998)

Tapioca (15 < (Dy/Dp)® < 40) ~0* 0.012 NA Rao and Tattiyakul
(1998)

Tapioca (40 < (Dy/Dp)® < 50) ~0* 0.044 NA Rao and Tattiyakul
(1998)

*Dy is the diameter of the heated starch granule and Dy is that of the unheated granule.
*Physically meaningless values —0.07 and —1.4 were obtained.

Starch Granule Mass Fraction and Viscosity

The mass fraction of granules plays an important role in the magnitudes of rheolog-
ical properties of starch dispersions (Evans and Haisman, 1979). Because of their
deformable nature, it is difficult to determine volume fraction of starch dispersions
accurately and it is preferable to work with starch granule mass (SGM) fraction, (cQ),
where c is dry starch concentration, w/w, and Q is the mass of hydrated starch gran-
ules per unit weight of dry starch. To determine the mass of the hydrated granules,
a 20 ml sample of evenly dispersed starch suspension is centrifuged for 15 min at
1,000 x g (Eliasson, 1986; Leach etal., 1959) and the top clear supernatant is removed
leaving behind the swollen sediment. In addition, the liquid in the interstices should
be drained carefully; otherwise, high values of ¢Q will result. SGM fraction takes
into consideration both solids concentration and volume of starch granules after water
absorption, and plays an important role in consistency and yield stress (Bagley and
Christianson, 1982; Okechukwu and Rao, 1995) as well as the viscoelastic properties
(G', G”) of starch dispersions, and has been referred to as “notional volume fraction”
(Evans and Lips, 1992).

The mean diameter of the granules and the size distribution of the granules influ-
ence the magnitude of consistency index and the flow behavior (shear-thinning or
shear-thickening), respectively (Okechukwu and Rao, 1995). Increase in the volume
fraction of solids in a starch dispersion can be achieved by either increasing the con-
centration of the solids or through volume expansion of the solids. Linear relationships
were found between cQ and (D;/ Dp)? (Dy 1s the diameter of the heated starch granule
and Dy is that of the unheated granule) over a wide range of the latter for heated SDs
of corn (Okechukwu and Rao, 1996b), cowpea (Okechukwu and Rao, 1996), and
cross-linked waxy maize starches (Chamberlain, 1996) (Table 4-7). For the tapioca
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Table 4-7 Shear Siress Range at Which Antithixotropic Behavior of Starch

Dispersions was Reported (Tattiyakul, 2000)

Shear Stress Shear Rate

Material Range (Pa) Range (s~ 1) Reference
1.5-2.5% 0 <o <~100 O1<y< Carriere (1998)
Gelatinized waxy 200s~1 (2 &
maize starch in 90% 2.5%) and
DMSO, 25°C 0.1<y<

5005~

(1.5%)
Autoclaved 2.6% 0<o <~150 01<y< Chamberlain
cross-linked waxy 10005~ (1996)
maize starch, 20°C
3% waxy rice starch 0<o <~40 O<vy< Dintzis et al.
in 0.2N NaOH, 25°C 22551 (1996)
2% waxy maize 0<o <30 O<y< Dintzis and
starch in 0.2N KOH, 7505~ Bagley (1995)
30°C
7.7% autoclaved 0<o <150 O<y< Dintzis and
waxy maize starch, 7505~ Bagley (1995)
50°C
3%, 5%, 8% 10+5<0 < 6<y< Harréd (1989)
modified potato 150 + 50 54051
starch, 10-90°C
5% modified waxy ~90 y =200s" Rao et al. (1997)
maize starch, 20°C
5% cross-linked 0 <o <~150 01<y < This work
waxy maize starch 125.7s~1
(Purity W), 20°C
6% Purity W, 20°C 0<o <~150 0.1 <1}'/ < This work

40s~
5% Purity W, 0 <o <~150 01<y< This work
20-80°C 500s~"

SDs (Rao and Tattiyakul, 1999) two linear relationships provided a better fit of the
data: one for values of (D /Do)3 from about 15 to 40 and the other from 40 to about
50 (Figure 4-24). In determination of Q, centrifuging and siphoning off the top layer
of supernatant fluid are not precise procedures that contributed to the spread of the
cQ data points in Figure 4-24. For tapioca starch dispersions, a large increase in
cQ at high values of (D;/Dyp)?> is noteworthy. Because tapioca starch had a higher
value of slope, especially at high (D;/Dy)> values, the starch granule diameter ratio
contributed to a higher increase of cQ of tapioca SDs.

The ratio of mean granule diameters (D;/Dg) can be used to correlate consistency
coefficient data of starch dispersions. At low values of cQ, the granules were suf-
ficiently apart and did not affect dispersion viscosity substantially. As ¢Q increased
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Figure 4-24 For Tapioca Starch Dispersions Two Linear Equations or a Single Exponential Equation (not
shown) Provided a Better Fit of the Data between ¢Q and (D¢/ D0)3 (Dy is the diameter of the heated starch
granule and Dy is that of the unheated granule) (Rao and Tattiyakul, 1998).

above a threshold value, granule-granule interaction increased accompanied by large
increase in dispersion viscosity. Figure 4-25 shows the relationship between the gran-
ule diameter ratio (D;/Dy) and the consistency coefficient (K) of gelatinized 2.6%
tapioca SDs, that can be expressed by the equation:

K = Ky exp{e(Dt/Do)} (4.44)

where, Ky and ¢ are empirical constants. K increased gradually at the beginning and
rapidly as the granule diameter ratio approached its maximum value. At (Dy/Dg) =
3.4, values of K started to increase rapidly. The estimated values of Ky, ¢, and R? for
various 2.6% SDs are given in Table 4-8. The higher value of ¢ for tapioca starch
indicates that, among these four starches, the starch granule ratio had the highest
influence on the consistency coefticient (K) of the tapioca starch dispersions. During
the later stages of gelatinization involving the bursting of granules, a progressive
reduction in suspension viscosity takes place and Equation 4.43 does not describe the
suspension viscosity data.

Mass Fraction versus Relative Viscosity

The relative viscosity of the gelatinized 2.6% tapioca SDs was calculated using
Equation 4.45:

fleo (4.45)

Ms

Nroo =
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Figure 4-25 The Relationship between the Granule Diameter Ratio (D¢/Dg) and the Consistency
Coefficient (K) of Gelatinized 2.6% Tapioca Starch Dispersions (Rao and Tattiyakul, 1998).

Table 4-8 Relationships between (D;/Dy) and the Power Law Consistency Index of
Heated Starch Dispersions: K = Ky exp {e (Dt/Dg)}

Starch Ko(m Pas™) € R2 Reference

Unmodified corn 2.07 x 10~° 369 0.99  Okechukwu and Rao (1995)

Cowpea 240x107° 484 096 Okechukwu and Rao (1996)

Cross-linked 2.13x 10~7 3.36 092  Chamberlain et al. (1998)
waxy maize

Tapioca 6.14x 1010 740 090 Rao and Tattiyakul (1998)

Dy is the diameter of the heated starch granule and Dy is that of the unheated granule.

where, 10 18 the relative viscosity, 7 1s the Casson viscosity (mPa s) (Table 4-9),
and 7; is the viscosity (mPa s) of the supernatant determined at 20°C; Table 4-9 also
contains yield stress values calculated using different exponents in the Casson model.
The #n; values of tapioca SDs strongly depended on their volume fraction and there
was considerable scatter in the values as a result of uncertainties in estimating 700
and cQ values (Figure 2-8). The line in Figure 2—-8 represents values predicted by
the model (Equation 4.46) of Quemada et al. (1985) with the structural parameter
k = 1.80:

| -2
”e = (1 _ §k<cQ>) (4.46)

Quemada et al. (1985) reported values of & in the range 2.50-3.82 for dispersions of
rigid solids, and 1.70-1.85 for red blood suspensions. Because heated starch granules
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Table 4-9 Volume Fraction (cQ), Casson Yield Stress (0., Pa, m = 0.25 and m =
0.50) and Infinite Shear Viscosity (10, mPa s), Viscosity of Supernatant (s, mPa
s), and Relative Viscosity (n;) of Tapioca Starch Dispersions

Dispersion* cQ o0ge;Mm=025 150, M=025 ope, Mm=050 s nr

61°C, 240 min  0.39 0.002 7.2 0.11 153 4.7
67°C, 5 min 0.62 0.120 12.1 1.13 202 6.0
67°C, 15 min  0.67 0.071 27.0 1.48 248 10.9
67°C,30min  0.72 0.181 13.9 1.64 260 53
67°C,60 min  0.77 0.188 14.3 1.78 276 5.2
70°C, 5 min 0.77 0.078 30.1 1.96 1.97 153
70°C, 15min  0.82 0.098 32.1 2.10 282 114
74°C, 1 min 0.78 2.77 139.45 2.25 285 489

*Heating temperature and time.

are deformable, the value £ = 1.80 of red blood cells was selected for the data on
tapioca SDs. Given that the Krieger—Dougherty model predictions were substantially
different than from experimental n, values of SDs (Ellis et al., 1989; Noel et al.,
1993; Tattiyakul, 1997), the reasonable applicability of Equation 4.45 (Quemada
et al., 1985) to tapioca SDs is noteworthy. However, the model of Quemada et al.
(1985) 1s a phenomenological model, while that of Krieger—Dougherty is based on
intrinsic viscosity of a single sphere.

Effect of Starch Concentration

Power law relations of the form shown in Equation 4.46 have been used to describe
the influence of starch concentration on the viscosity of gelatinized wheat starch
suspensions over the shear rate range 20 and 200 s~1.

K =K.’ (4.47)

where, K is in Pa s” and starch concentration was defined in mg ml~! (Doublier,
1981). For gelatinized starch characterized at 70°C, K. = 8.74 x 10~7 and b = 3.88
for starch concentration, ¢, in the range 2.5-8%. Evans and Haisman (1979) reported
that the apparent viscosity at any shear rate 7, y raised to power 0.4 was linearly
correlated with concentration for potato, tapioca and corn starches within the shear
rates 10'-10%s~1:

(na,7)** = K''(c = co) (4.48)
where, ¢ is the concentration at which the viscosity extrapolated to zero and K'!!

is a proportionality constant. Thus at various shear rates it is possible to construct
linear plots relating apparent viscosity with starch concentration. Plots of apparent
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viscosity as a function of starch concentration were later shown by Bagley and Chris-
tianson (1982) to be greatly affected by the pasting temperature and time. However,
they obtained a temperature independent master plot which correlated the viscosity
over cQ ratio (n/cQ) with the mass fraction of swollen starch granules in gelatinized
wheat starch suspension, c¢Q. A similar master plot was also obtained by plotting
the ratio K/cQ against volume fraction of swollen corn starch granules since at low
starch concentrations volume fraction approximates mass fraction (Okechukwu and
Rao, 1995); for a 2.6% corn starch suspension the plot could be represented by
Equation (4.48):

% = 0.48exp(16.94 cO) R* = 0.85 (4.49)
C

Yield Stress and Structural Characteristics of Dispersions

It is known that concentrated gelatinized starch dispersions exhibit yield stresses at
low shear rates (Evans and Haisman, 1979; Kubota et al., 1979; Doublier, 1981;
Christianson and Bagley, 1984; Colas, 1986; Harrod, 1989; Giboreau et al., 1994).
In these and other earlier studies, values of yield stresses were determined by extrap-
olation of shear rate versus shear stress data using a flow model such as the Hershel
Bulkey. Yield stresses of gelatinized corn starch suspensions at granule volume frac-
tion (cQ) of about 0.6 were shown to increase with granule swelling (Christianson
and Bagley, 1984). Yield stresses so determined are influenced by the flow model
used and the number of data points used.

In contrast to yield stresses calculated using flow models, as discussed in Chapter 3,
vane yield stresses are more reliable and additional information on the structure of the
dispersions can be obtained from them (Genovese and Rao, 2003¢). Values of the static
and dynamic vane yield stresses of heated 5% (w/w) cross-linked waxy maize (CWM),
tapioca, and Amioca starch dispersions determined at different vane rotational speeds
(shear rates) are shown in Figure 4-26 (Genovese and Rao, 2003c). Those values
reflect the structural differences between the SDs as well as their responses to structure
break down. Additional valuable information on the behavior of the dispersions before
and after structure beak down was obtained by plotting values of the static and dynamic
yield stresses against the corresponding values of strain at which values of the yield
stress were recorded. Such a plot, which may be called a texture plot, for the three
starch dispersions is shown in Figure 4-27.

Effect of Temperature on Flow Behavior

The viscosity of fully gelatinized starch suspensions generally decreases with increase
in temperature. This rheological response of heated starch dispersions has been shown
to follow an Arrhenius dependency of the consistency coefficient on temperature as
shown in Equation 4.49.

K = Ktoexp (Ea/RT) (4.50)
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where, E, is the activation energy and Ko an empirical constant. For a wheat starch
dispersion heated to 96°C, values of E; = 5.13 kcal mol ™! and Ko = 1.51 x 104
Pa were reported (Doublier, 1981).

DYNAMIC RHEOLOGICAL BEHAVIOR OF STARCH DISPERSIONS

Viscoelastic properties of starch dispersions are of interest to better understand their
structure (Biliaderis, 1992). In addition, studies on synthetic-particle dispersions
(Boersma et al., 1992; Chow and Zukoski, 1995b) showed that they may play a
role in understanding their flow behavior. As a reminder, one can anticipate that the
viscoelastic behavior of starch dispersions also is influenced very strongly by the
volume fraction and state of the granules in the dispersion.

Effect of Particle Characteristics on Modulus

Evans and Lips (1992) extended the work of Buscall et al. (1982a, 1982b) to relate
the shear modulus, G, of a dispersion of spherical particles to various characteristics
of the particles and the continuous medium:

$epnGp 1/3 ~13\172 8 23 _13\3/2
¢= Sr(l — pp) Pred (1 B ¢red ) N § red (1 - (pred ) (4.51)

where, Gy 1s shear modulus of material of spherical particle, i, is Poisson’s ratio, ¢y,
1s the volume fraction for close-packing and ¢req is the reduced phase volume fraction
(¢/dcp) thatis given as ¢req = (ap/ h)3; ag is undeformed particle radius, # is distance
to nearest particle. Evans and Lips suggested that for fully swollen starch granules,
phase volume fraction ¢ = cQ. However, agreement between experimental data on
starch dispersions and theory was poor but the theoretical trends were followed by
Sephadex spheres used in chromatography columns (Evans and Lips, 1992, 1993).
The difference between theory and experiment for heated starch dispersions was
because the granules were not truly spherical and rigid “macroscopic elastic spheres”
as well as they were polydisperse in nature. Also, it was not possible to determine
the representative viscoelastic behavior of all the granules from the stress-strain data
on a few granules using the cell poker technique (McConnaughey et al., 1980) that
still provides mainly qualitative results (Zahalak et al., 1990). Plots of SGM fraction
versus normalized, based on value of G’ at ¢Q = 1, G’ data on starches resulted in
three groups: chemically modified, root and tuber, and cereal (Evans and Lips, 1992)
that were attributed to “structural origins” of the starches.

ROLE OF CONTINUOUS AND DISPERSED PHASES ON
VISCOELASTIC PROPERTIES OF STARCH DISPERSIONS

To examine the role of the starch granule and of the continuous phase on the dynamic
rheological properties, two starches were selected (Genovese and Rao, 2003a) whose
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characteristics were substantially different from each other: a cross-linked waxy maize
(CWM) and tapioca, a tuber starch, with 19.3% amylose. The volume fraction occu-
pied by the starch granules (¢) was determined using the Blue Dextran exclusion
method (Evans and Haisman, 1979; Tester and Morrison, 1990).

Experiments were carried out in which the continuous phase was interchanged.
Two starch dispersions with similar volume fractions of granules, ¢ ~ 0.64, were
prepared as described in detail in Genovese and Rao (2003a). One dispersion was
prepared by mixing the continuous phase of the CWM sample (mainly water) to the
tapioca granules, in the same weight proportion as in the original sample of the tapioca
SD. In a similar manner, the supernatant of the tapioca SD, essentially a solution of
amylose in water, was mixed with the CWM sediment. Rheological experiments were
performed at 20°C on these samples under the same conditions used for the original
tapioca 3% and CWM 4.25% SDs, respectively.

The dynamic rheological characteristics of the SD made up of tapioca granules in
CWM continuous-phase are compared with those of the original tapioca 3% w/w in
Figure 4-28. The absence of amylose from the continuous phase did not have a notice-
able effect on the storage (G’) and the loss (G”) moduli. In Figure 4--29, the dynamic
rheological behaviors of SDs made up of CWM granules in tapioca-continuous-phase
and the original CWM 4.25% are compared. The addition of amylose to the contin-
uous phase produced a moderate increase in G’, but G” remained almost the same.
Thus, it can be stated that the presence of amylose in the continuous phase. The loss
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Figure 4-28 Storage (G')and Loss (G'") Moduli versus Angular Frequency (w) of Tapioca Granules Mixed
with the Cross-Linked Waxy Maize (CWM) Continuous Phase, Compared to the Original Tapioca 3% w/w.
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Figure 4-29 Storage (G') and Loss (G”) Moduli versus Angular Frequency () of Cross-Linked Waxy
Maize (CWM) Granules Mixed with the Tapioca Continuous Phase, Compared to the Original CWM
4.25% wiw.

modulus did not change noticeably due to the presence of amylose, and the effect on
the storage modulus, if any, is a moderate increase. Therefore, the higher elasticity of
the CWM SD, with lower amylose content than tapioca, may be attributed exclusively
to the structural properties of the granules.

Cross-Linked Waxy Maize Starch Dispersions

Figure 4--30 shows the dynamic properties, storage modulus (G, Pa) and loss modulus
(G”, Pa) versus frequency w (rad s~') of gelatinized cross-linked waxy maize (CLW)
starch dispersions of 3, 4, and 5% solids. In all dispersions, G’ was much higher
than G”, that is, the dispersions exhibited gel-like behavior over the studied range
of frequencies. Both G’ and G” increased with concentration and showed a weak
dependence on frequency at low values. This dependency was more pronounced in
dispersions of higher concentration.

The Cox—Merz rule (Equation 4.51) was not applicable to gelatinized CWM starch
dispersions in the range of concentrations studied in that the complex viscosity (n*)
was higher than the flow viscosity over the range of frequencies and shear rates studied
(Figure 4-31).

n" (@) = Ng(®)lw=y (4.52)

where, n* = (G /w) = 1/ —i(G’/w), w is the frequency of oscillation (rad s~!) and
IG*| = /(G")? + (G")2. Deviation from Cox—Merz rule also reflects the gel-like
nature of the gelatinized dispersions (Ross-Murphy, 1984). The complex viscosity
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Figure 4-30 The Dynamic Properties, Storage Modulus (G’, Pa) and Loss Modulus (G”, Pa), versus
Frequency (rad s~ 1y of Gelatinized Cross-Linked Waxy Matze Starch Dispersions of 3, 4, and 5% Solids
(da Silva et al., 1997).

can be further expressed in terms of real and imaginary parts, n* = n’ — in”; it is
interesting to note that the dynamic viscosity (') is in better agreement with the
apparent viscosity than with n* (Figure 4-31).

4% Tapioca Starch Dispersions

Double logarithmic plots of #* versus dynamic frequency (w, rad s~!) and n, versus
shear rate (y) of a 4% tapioca starch dispersion heated at 70°C for 30 min, were
described by Equations 4.52 and 4.53, respectively.

n*=183w7%"  R?*=1.00 (4.53)
na = 8.36y"7 R* = 1.00 (4.54)

A modified Cox—Merz relationship was found to be applicable between n* and n,:
n* (@) =224 (M1 o=y  R* =100 (4.55)

This relationship is useful for calculation of apparent viscosity data from complex
viscosity data or vice versa.

For the 4% tapioca starch dispersion heated at 70°C for S min, values of 7,
decreased with y, but those of n* increased with w after an initial decrease
(Figure 4-32). For the data shown in Figure 4-32, the critical frequency (w.) at
which the transition occurred was about 100 rad s~!. In comparison to y, values for
shear-thinning to shear-thickening flow behavior of 2.6% tapioca and cowpea starch
(Okechukwu and Rao, 1996) dispersions, the value of w. = 100 rad s~! is lower. It
is possible that the 7, versus y data of the 4% dispersion heated at 70°C for 5 min
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Figure 4-31 The Cox—-Merz Rule was not to Applicable to Gelatinized Cross-Linked Waxy Maize Starch
Dispersions in the Range of Concentrations Studied in that the Complex Viscosity (n*) was Higher than
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had a y; at a very high shear rate. However, because the objective was to examine
applicability of the Cox—Merz relationship, very high values of y were not used.
Given that heated starch dispersions were found to exhibit shear-thinning and shear-
thickening (Bagley and Christianson, 1982; Okechukwu and Rao, 1995, 1996ab), as
well as time-dependent shear-thickening (Chamberlain, 1996; Dintzis and Bagley,
1995; da Silva et al., 1997) flow behavior, perhaps it should not be surprising that
shear-thickening should be seen in n* versus w data.

EFFECT OF SUGAR ON RHEOLOGY OF STARCH DISPERSION

Addition of a sugar was shown to affect the rheological behavior of dispersions of
several starches, including: wheat (Cheer and Lelievre, 1983), potato (Evans and
Haisman, 1982), corn (Evageliou et al., 2000), and sago (Ahmad and Williams,
1999). Addition of either sucrose or fructose resulted in increase in the storage (G’)
and loss (G”) moduli of heated 5% w/w Amioca starch dispersions; in Figure 4-33
data on dispersions containing sucrose are shown (Genovese et al., 2004). The static
vane yield stress (ops) also increased with addition of either sucrose or fructose
(Table 4-10), suggesting that sugars increased the strength of the internal bonds or
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Figure 4-33 Magnitudes of G’ and G” Increased with Addition Sucrose (based on data in Genovese et al.,
2004). AS60 is Amioca-60% Sucrose, AS30 is Amioca-30% Sucrose, and AS30 is Amioca-0% Sucrose.

cohesiveness of the SDs; in general, fructose was slightly more effective than sucrose
(Genovese et al., 2004). Ahmad and Williams (1999) explained the influence of the
sugars on the structure of native starch dispersions in terms of inhibition of chain
organization: The sugar molecules with equatorial hydroxyl groups (e.g., ribose)
prevent chain reordering, making the whole structure weaker, while the sugars with
axial hydroxyl groups (e.g., fructose) have the opposite effect.
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Table 4-10 Magnitudes of Static (ogs) and Dynamic (ogq) Yield Stress and Angu-
lar Deformation (6) of 5% Amioca — 30% Sugar SDs, Pasted in Rotavapor (RV) or
Retort (RT)

Undisrupted Sample Disrupted Sample

Sugar Pasting

(30% w/w) Procedure 0 (rad) ops (Pa) 0 (rad) ooq (Pa)
None RV 0.99 + 0.01 174+21 239+027 45+00
Sucrose RV 095+0.00 375+16 252+035 6.1+0.1
Sucrose RT 1.851+028 358+27 251+035 54104
Fructose RV 1.14+0.04 341+15 272+011 57+04
Fructose RT 1.58+0.13 381+25 314+037 51+£00
Fructose RT (t=0) 1.44 39.9 3.41 5.0
Fructose RT (t = 135 2.31 49.5 3.00 5.2
Fructose RT (t = 265) 3.66 52.5 3.28 5.1

RHEOLOGICAL BEHAVIOR OF STARCH-PROTEIN DISPERSIONS

In many foods, both starch and protein can be encountered so that understanding
interactions between them would be useful. The selectivity in interaction between
proteins and starches is best seen in results of dynamic rheological studies. The results
depend upon the molecular structure of protein, the starch: state of the granules
and the amylose/amylopectin ratio, the composition of protein and starch, as well
as the phase transition temperatures are important factors influencing protein-starch
interaction. Because proteins and starches are thermodynamically different polymers,
their presence together may lead to phase separation, inversion, or mutual interaction
with significant consequences on texture (Morris, 1990).

In an aqueous medium, a given protein and polysaccharide can be compatible or
incompatible. If they are thermodynamically incompatible, a two-phase system is
obtained in which the two molecules are mostly in separate phases. However, if they
are thermodynamically compatible, two types of mixtures can be formed: (1) a homo-
geneous and stable system in which the two molecules coexist in a single phase, or
(2) a two-phase system where the molecules interact and both are in essentially con-
centrated phases. Further, there is a coacervation due to an electrostatic association
between the two polymers. Anionic polysaccharide and protein are incompatible at pH
values above the protein’s isoelectric point (point of minimum solubility, pH &~ 5.1)
and completely compatible below it due to the net opposite charges they carry. Factors
affecting protein-polysaccharide compatibility and the characteristics of their com-
plexes include the molecular characteristics of the two molecules (e.g., molecular
weight, net charge, and chain flexibility), the pH, ionic strength, temperature, the
protein/polysaccharide ratio, rate of acidification, and rate of shear during acidifica-
tion (Tolstoguzov, 1985, 1991). The rheological behavior of specific starch/protein
systems are discussed next.
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Gluten/Starch

In food products, starch can be either a mere ingredient used in low concentrations
to thicken the product texture or the main component responsible for the texture. The
former kind of products usually contain water in excess of gelatinization requirements
while, in the latter, such as baked products, water is available in limited amount. In
these products, made from wheat flour, gluten is considered to be the main component
responsible for viscoelastic properties. Nevertheless, experiments on dough made
with only starch and gluten revealed that starch does not act only as an inert filler
but interacts with gluten and is active in determining the viscoelastic behavior of
both the dough and the cooked product (Faubion and Hoseney, 1990; Petrofsky and
Hoseney, 1995).

Addition of gluten to 6.5-6.6% (w/w) dispersions of different starches ata 1% level
calculated on dry starch basis increased the G’ of wheat and rye starches, lowered
that of maize starch but did not affect the modulus of barley, triticale and potato
starches (Lindahl and Eliasson, 1986). G’ was also found to increase with increas-
ing amounts of gluten (1-4%) added to the wheat starch. Studies on starches with
different amylose/amylopectin ratios suggest that gelatinization of amylopectin and
not amylose favors a synergistic interaction with proteins leading to an increase in
dispersion viscosity (Chedid and Kokini, 1992; Madeka and Kokini, 1992).

Addition of gluten strongly changed the viscoelastic properties of starch pastes and
gels. In pure starch dispersions, the rheological unit was a starch granule that deter-
mined the viscoelastic behavior of the whole network due to its ability to be deformed
or packed (Champenois et al., 1998). When gluten was present, the rheological units
were no longer the starch granules but the “cells” formed by gluten fibrils and filled
by starch granules. In the case of flour, the internal lipids obviously play an important
role so that it cannot be considered rheologically to be a simple blend of starch and
gluten. The range of gluten/starch ratios studied (0-0.20) included the natural ratio
in flour of 12/88 (Chedid and Kokini, 1992). When gluten was added to starch, the
water content was calculated based on the weight of both starch and gluten. There-
fore, compared to a pure starch dispersion of the same concentration, there was less
starch in a gluten/starch dispersion, but the water/starch ratio was almost constant.
The gluten delayed or partly reduced the contact between granules.

The probable effect of adding gluten was to hinder granule-granule interactions
because, at the temperatures corresponding to the early stage of swelling, the amylose
had not yet leached out of the granules. It is hypothesized that the gluten fibrils became
embedded between the starch granules and consequently hindered the formation of
the granule network (Figure 4-34). This structure may be described as a phase-
separated network of starch granules and gluten (Morris, 1986). The gluten fibrils
hinder the formation of the starch network that normally occurs either by granule-
granule interactions (early stage) or by amylose chain entanglements (later stage)
(Figure 4-34). The presence of these fibers weakened the starch network, so that
gluten probably plays the role of fault zones in the network structure. It is thus
possible to imagine that the presence of both gluten and an emulsifier or a lipid could
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Figure 4-34 Schematic of a Network of Wheat Starch Granules and Gluten (Champenois et al., 1998).

result in a synergistic effect among them. Indeed, values of G’ and G” for flour were
much lower than those for gluten/starch mixtures even though G/S was equal to 0.20
(Table 4-11).

Soy Protein/Corn Starch

The shape of the G’ versus w curves for all corn starch-SP isolate dispersions was
similar, where G’ exhibited a small dependence on frequency (Figure 4-35). The 10%
corn starch dispersion had the highest and the 10% SP isolate dispersion the lowest
value of G’. The values of the other dispersions were between these two limits. Gel
compositions in order of decreasing G’ values were: 10% CS > 1SI:9CS =~ 3SI:7CS~
5SI:5CS > 7SI:3CS > 9SI:1CS > 10% SI, where CS is corn starch and SI is SP isolate
(Liao et al., 1996).

The corn starch-SP isolate dispersions displayed true gel-like behavior. Table 412
contains magnitudes of the slopes (#' and »”) and intercepts (K’ and K”) in the
equations:

G =K' (»)" (4.56)
G =K"()" (4.57)
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Table 4-11 Storage Modulus G’ (Pa) and tan § at the End of Heating (EH) of Dis-
persions of Wheat Starch, Gluten/Starch Blends, and Flour (Champenois et al.,
1998)

Starch/Flour Concentration, g kg~

Sample 60 80 100 150 200 300
Storage modulus (G', Pa)

Starch 140 342 779 2,531 7,565 31,898
G/S=0.12 Lv 295 616 1,422 3,713 19,150
G/S=0.20 LV Lv 533 986 1,101 6,606
Flour LV 68 102 320 1,567 5,894
tané

Starch 0.36 0.19 0.21 0.19 0.09 0.04
G/S =0.12 >1 0.238 0.20 0.15 0.10 0.06
G/S=0.20 >1 >1 0.30 0.18 0.22 0.13
Flour >1 0.44 0.46 0.40 0.22 0.21

G/S is gluten to starch ratio; LV = Low value (< 10 Pa)

800

600

G’ (Pa)

400

HH
-4

200

! 1 I 1 ! i
0 10 20 30 40 50 60 70

o (rad s71)

Figure 4-35 The Shape of the G’ versus w Curves for all Corn Starch-Soyprotein Isolate Dispersions was
Similar, where G’ exhibited a small dependence on frequency. In order of decreasing G’ values were: 10%
CS > ISL:9CS & 3SL:7CS = 5SI:5CS > 7SI:3CS > 9SL:1CS > 10% SI, where CS is corn starch and SI
is SP isolate (Liao et al., 1999).

In the starch-SP isolate dispersions, the starch continuous network was formed first
as a result of its lower transition temperature. Because the denaturation temperature of
7S globulin was close to the gelatinization temperature of corn starch, the diffusion and
aggregation of amylose molecules and the swelling of starch granules was a little bit
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Table 4-12 Magnitudes of Intercepts (X', K”) and Slopes (v, n”) from Linear
Regression of Log w versus Log G’ and Log G” of Different Ratios of Corn Starch
(CS)-Soybean Protein Isolate (SPI) Mixtures

G (Pa) G" (Pa)

Mixture K’ n K" n”’

10% Cornstarch (CS) 562.3 0.10 29.5 0.24
10% SPI 281.8 0.07 39.8 0.002
9% CS + 1% SPI 398.1 012 29.5 0.23
7% CS + 3% SPI 426.6 0.11 44.7 0.19
5% CS + 5% SPI 416.9 0.10 51.3 0.14
3% CS + 7% SPI 398.1 0.09 53.7 0.08
1% CS + 9% SPI 338.8 0.08 47.9 0.013
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Figure 4-36 Plot of the Experimental Values of G’, at a Frequency of 30 rad s™!, of Dispersions of
Various Soyprotein Isolate/Corn Starch Ratios and of Corn Starch with 6-10% Solids. It also has a straight
line that interpolates G’ values between those of corn starch and soyprotein isolate.

hindered and reduced. This could be the reason for the value of G’ of starch-SP isolate
dispersions being lower than that of 10% starch dispersion. However, comparison
with G’ values of 6-10% starch dispersions reveals the substantial contribution of
the SP isolate. The unfolding protein molecules continued to penetrate the amylose
aggregates, especially in the early stages of gel formation when the starch paste was
still weak and two continuous networks were formed. The two structures supplement
each other and the properties of proteins add to those of the starch network already
present.
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Figure 4-36 is a plot of the experimental values of G, at a frequency of 30 rad s/,
of dispersions of various SP isolate/corn starch ratios and of corn starch with 6-10%
solids. It also has a straight line that interpolates G’ values between those of corn
starch and SP isolate. When the proportion of starch was less than 5%, the measured
values were higher than the interpolated values. While above 5% starch content, the
interpolated values were higher than the measured.

The asymmetry in the G’ versus corn starch content (Figure 4-36) is typical of
several protein-polysaccharide systems in which phase separation and inversion have
occurred (Ross-Murphy, 1984; Tolstoguzov, 1985). However, the magnitudes of G’
of the individual components with 10% solids differ only by a factor of two and
are lower than in other such systems (Tolstoguzov, 1985). More severe asymmetry
was observed in dispersions containing corn starch on the one hand, and 11S and 7S
globulins on the other (Chen et al., 1996). At starch concentrations less than 5%, the
continuous phase made up predominantly by SP isolate is weaker, and the effect of
adding the stronger (higher modulus) starch granules is to increase G, the so called
isostress (Ross-Murphy, 1984; Morris, 1986) condition. As the starch concentration
was increased further, phase inversion occurred in that the stronger starch dispersion
was the continuous phase and the SP isolate dispersion became the dispersed phase
(Figure 4-36). Additional insight in to the interaction of corn starch-SP isolate was
found in creep-compliance data (Liao et al., 1996).

Cowpea Protein/Cowpea Starch

The development of G’ in 10% solids gels from blends of cowpea protein and cowpea
starch over a 10 hr aging period at 20°C is shown in Figure 4-37 (Okechukwu and
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Figure 4-37 Development of G” in 10% Solids Gels from Biends of Cowpea Protein and Cowpea Starch
over a 10 hr Aging Period at 20°C (Okechukwu and Rao, 1997).
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Rao, 1997); G’ increased from an initial value, G, to a maximum plateau value,
Grnax- that increased with the proportion of starch in the mixture. A slight decrease in
G’ was observed during the later part of aging, probably due to weakening of starch
granules. The rise in G’ up to the maximum value followed an apparent first order

rate process, Equation 4.58.

dX
= kx 4.58
P (4.58)
Gl — G . o
where X = —#-———" k is arate constant and  is aging time. Estimated values
Gmax - GO

of the apparent rate constants at 20°C were: 0.016, 0.022, and 0.023 min™"' for the
blends at protein/starch ratios (R) of 5/5, 3/7, and 1/9, with R? values 0.96, 1.00, 1.00,
respectively. The variation of G|, (Pa) with mass fraction (x;) of starch in the blend
was described by the equation:

o =7.69(x)>;  R*=0.998 (4.59)

Tmax

The nearly equal values of the exponents for the variation of G’ with starch con-
centration in cowpea starch/protein mixtures (within the range of R < 1/9) and in
cowpea starch gels emphasizes the important contribution of starch to the structure
of the former. Development of G’ in the protein-starch gels followed an essen-
tially apparent first order process and did not show either the dominant two-stage
growth pattern seen in starch gels or the almost linear pattern observed in the cowpea
protein gels.

At pH values close to 7.0 the cowpea protein solubilized and formed the continuous
phase in which raw starch granules were dispersed. On heating, the granules absorbed
water and as they swelled they exuded some amylose into the continuous matrix prior
to the protein denaturation. The higher transition temperature of the protein compared
to that of starch created the environment for the leaching of amylose into the solution
of the protein (Muhrbeck and Eliasson, 1991). The coexistence of the protein and the
amylose in the continuous phase may be responsible for the distinct kinetic pattern
in the observed development of G’ in the cowpea protein-starch blends. For such a
system, the protein/starch ratio (R) would reflect the protein/ amylose ratio in the
continuous matrix and may be considered to be an important parameter for assessing
G’ of the mixture gels.

Figure 4-38 shows the variation of G’ at 1 Hz of protein/starch gels (10% solids)
from frequency sweeps on gels after 1 hr of aging with starch fraction (x5). Upto
xs < 0.8(R < 2/8), G’ of the mixed gels was higher than that of cowpea starch gel at
the same concentration. For x; > 0.8, G’ of the starch gel was higher than G’ of the
mixed gel. Figure 4-38 also contains G’ at 1 Hz from frequency sweeps on gels of
cowpea protein and corn starch after 1 hr of aging at 25°C. Addition of the cowpea
protein to corn starch at high levels did not affect the magnitude of G’ of gel and at
low levels resulted in a slight decrease. Similar decrease in G’ was observed after
the addition of 1% gluten to corn starch (Lindahl and Eliasson, 1986). Recognizing
that G” of 10% solids cowpea protein gels was too low to be measured, the shape of
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Figure 4-38 Variation of G’ at 1 Hz of Protein/Starch Gels (10% solids) from Frequency Sweeps on Gels
after 1 hr of Aging with Starch Fraction (xs).
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Figure 4-39 The Higher G’ Values of the Protein/Cowpea Starch Gels at Low Levels of Starch Appears
to be due to Favorable Kinetics during the Early Stages of G’ Development. For aging periods less than
250 min in 5% solids gels, G’ of the mixed gel (5% solids and 5 parts protein and 5 parts starch) was more
than that of the starch gel of equivalent solids content. At a higher starch and solids level (9%), G’ of the
mixed gel (9% solids and 1 part protein and 9 parts starch) was lower throughout the aging period.

the modulus-starch fraction curves of the mixed gels containing either corn starch or
cowpea starch suggests phase separation. The higher G’ values of the protein/cowpea
starch gels at low levels of starch appears to be due to favorable kinetics during the
early stages of G’ development (Figure 4-39). For aging periods less than 250 min in
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5% solids gels, G’ of the mixed gel (5% solids and 5 parts protein and 5 parts starch)
was more than that of the starch gel of equivalent solids content. At a higher starch
and solids level (9%), G’ of the mixed gel (9% solids and 1 part protein and 9 parts
starch) was lower throughout the aging period.

Whey Protein Isolate/Cross-Linked Waxy Maize Starch Dispersions

Whey protein isolate (WPI) is a byproduct from cheese and casein manufacture,
and has excellent gelation properties, a high nutritional value and functional prop-
erties that can be utilized to meet the demands of value added food applications.
Thermal gelation of whey protein involves an initial denaturation-unfolding step fol-
lowed by aggregation into a protein network (Aguilera and Rojas, 1996; Zasypkin
et al.,, 1997). Aggregation of unfolded protein molecules occurs by hydrophobic
and sulthydryl-disulfide interactions (McSwiney et al., 1994; Mleko and Foegeding,
1999). B-lactoglobulin is the main protein in whey that dominates the overall gelling
behavior (McSwiney et al., 1994).

Thermal gelation of a protein is influenced by many factors, such as the protein
concentration, pH, and presence of salts. Protein—protein interactions are gener-
ally favored at conditions that reduce the net charge on the molecules, that is, pH
values near the isoelectric point (Boye et al., 1995). Monovalent and divalent salt
ions screen electrostatic interactions between charged protein molecules (Bryant

Il I

WPI/CWM

G’ (Pa)

Figure 4-40 Influence of Starch Mass Fraction (xs) on the Storage Modulus (G”) at 1 Hz of Heated Mixed
WPI/CWM Dispersions, 5% Total Solids, after Aging for 4 hr at 20°C.
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Figure 4-41 Influence of Starch Mass Fraction (xg) on the Apparent Viscosity (7,) at the End of the Up
Curve (300 s~ 1) of Heated Mixed WPI/CWM Dispersions, 5% Total Solids, 20°C.

and McClements, 2000). Specifically, calcium is reported to promote heat-induced
aggregation and gelation of whey proteins (Van Camp et al., 1997).

Dynamic and flow rheological characteristics of heated mixed whey protein isolate
(WPI) and cross-linked waxy maize starch (CWM) dispersions: 5% solids, pH = 7.0,
75 mM NaCl, were examined at starch mass fractions (xs) from 0 (pure WPI) to 1
(pure CWM) (Ravindra et al., 2004). The mixed dispersions had lower values of G’
than the pure WPI dispersion, primarily due to the disruptive effect of CWM granules
on the WPI network. The point of phase inversion (minimum G’ value) was at about
xs = 0.65 (Figure 4-40).

With respect to flow behavior (not shown here), pure WPI dispersions (xs = 0) up
and down shear stress ramp curves showed thixotropic behavior, as also reported by
Mileko and Foegeding (2000). Dispersions with xs = 0.2 were almost superimposed
over a wide range of shear rates higher than 50 s~! and showed a slight anti-thixotropic
possibly due to an order-disorder transition, as reported by Mleko and Foegeding
(1999) in WPI dispersions > 3% heated at 80°C in a two-step process, first at pH 8.0
and secondly at pH 7.0. Dispersions with x; = 0.4 and 0.6 exhibited shear thinning
thixotropic behavior. Dispersions with x; = 0.8 and 1 exhibited shear thinning anti-
thixotropic behavior typical of pure CWM dispersions suggesting that at this high x
the heated mixed WPI/CWM dispersions behaved more like a CWM dispersion.

After shearing of the heated mixed WPI/CWM dispersions during the up ramp in
the rheometer, the apparent viscosity at 300 s~! increased with starch mass fraction.
That increase reflected the dominant effect of the still intact CWM granules in the
structure disrupted during the shearing of the blends (Figure 4-41).
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Figure 4-42 Values of Yield Stress of Starch-Xanthan Dispersions Relative to those of the Starch-Water

Dispersions (YS/YS0) and Relative Mean Granule Diameters (D/D0) Plotted against Values of c[n] of
Xanthan Gum; waxy maize (WXM), cross-linked waxy maize (CWM), and cold water swelling (CWS).

RHEOLOGY OF STARCH-GUM DISPERSIONS

In order to understand well, the rheological behavior of a starch-gum system, the
molecular characteristics of the gum and the structural characteristics of the starch
should be determined. In addition, the starch-gum mixture should be heated under
controlled conditions. Christianson et al. (1981) reported synergistic interaction
between wheat starch and the gums: Xanthan, guar, and methyl cellulose. Synergistic
interactions were also observed between corn and wheat starches on the one hand
and guar and locust bean gum on the other (Alloncle et al., 1989). They suggested
that because starch dispersions are suspensions of swollen granules dispersed in a
macromolecular medium, it was suggested that the galactomannans were located
within the continuous phase. Therefore, the volume of this phase, accessible to the
galactomannan was reduced.

Two-phase liquid separation occurred in mixtures of potato maltodextrin with
locust bean gum, gum arabic and carboxymethyl cellulose (Annable et al., 1994)
Rheological properties of potato maltodextrin were greatly influenced by the addi-
tion of gum arabic. At low additions, the storage modulus (G’) was greatly enhanced,
while at higher additions, corresponding to compositions in the two phase region
of the phase diagram, lower values of G’ were obtained. The rate of PMD gelation
followed first order kinetics and the rate constant increased with increasing gum
arabic concentration.
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Table 4-13 Comparison of static yield stress (YSS), Pa, of xanthan gum, starch-water
and starch-xanthan gum mixtures, and of interactions

YSS starch-
Xanthan YSS water
(%) Xanthan(A) (B) C=A+B YSS(D) D-C  Interaction
Waxy maize
0.00 -— 23.9 23.9 23.9 0.0 —
0.35 1.9 23.9 25.7 36.6 10.9 S
0.50 3.5 23.9 27.4 40.5 13.1 S
0.70 5.1 23.9 28.9 40.2 1.3 S
1.00 8.6 23.9 325 28.4 -4.1 A
Cross-linked waxy maize
0.00 — 59.3 59.3 59.3 0.0 —
0.35 1.9 59.3 61.2 59.0 -2.2 A
0.50 3.5 59.3 62.9 33.4 -29.5 A
0.70 5.1 59.3 64.4 35.2 —29.2 A
1.00 8.6 59.3 68.0 31.7 -36.3 A
Cold water-swelling
0.00 — 39.2 39.2 39.2 0.0 —
0.35 1.9 39.2 41.1 56.4 15.3 S
0.50 3.5 39.2 42.7 58.1 15.4 S
0.70 5.1 39.2 44.3 55.6 11.3 S
1.00 8.6 39.2 47.8 58.6 10.7 S

a = static yield stress of xanthan gum dispersion, b = static yield stress of each starch dispersion, C =
A+ B, D = static yield stress of starch-xanthan dispersion. Interaction = S (synergistic), A (antagonistic),—no
interaction.

Achayuthakan et al. (2006) studied vane yield stress of Xanthan gum-starch dis-
persions. The intrinsic viscosity of Xanthan gum was determined to be 112.3 dl/g
in distilled water at 25°C. In addition, the size of the granules in the dispersions of
the studied starches: waxy maize (WXM), cross-linked waxy maize (CWM), and
cold water swelling (CWS) were determined. The values of yield stress of the starch-
xanthan dispersions relative to those of the starch-water dispersions (YS/YS0) and
relative mean granule diameters (D/D0) plotted against values of ¢[n] of xanthan gum
are shown in Figure 4-42. With the values of YS/YSO0 being less than 1.0, there was
no synergism between CLWM starch and xanthan gum.

Table 4-13 contains the static yield stresses of the xanthan dispersions in water
(Column A), of the three starches in water (Column B) and their sum (Column C),
and those of the mixed starch-xanthan dispersions (Column D). One can say that there
is synergism between xanthan and starch if values in Column D are higher than those in
Column C; if they are lower, there is antagonism. From the table, it seems that WXM
(except with 1% xanthan concentration) and CWS starches exhibited synergistic
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interaction with xanthan, while CLWM starch-xanthan dispersions exhibited antag-
onistic behavior.
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CHAPTER 5

Rheological Behavior of
Processed Fluid and
Semisolid Foods

M. Anandha Rao

In this chapter, the rheological properties of processed fluid and semisolid foods will
be discussed. Where data are available, the role of the composition of the foods on
their rheological behavior will be emphasized. In addition, literature values of data
on several foods, many of which are discussed here and some that are not discussed,
are given at the end of this chapter.

FRUIT JUICES AND PUREES: ROLE OF SOLUBLE AND
INSOLUBLE SOLIDS

Fruit juices and plant food (PF) dispersions are important items of commerce. Single
strength and concentrated clear fruit juices, that is, juices from which insoluble solids
and dissolved polymers (e.g., pectins) have been removed, exhibit Newtonian flow
behavior or close to it and the sugar content plays a major role in the magnitude of
the viscosity and the effect of temperature on viscosity (Saravacos, 1970; Rao et al.,
1984; Ibarz et al., 1987, 1992a,b). Magnitudes of flow parameters of fruit juices and
purees are summarized in Table 5-B, of tomato pastes in Table 5-C, and the effect
of temperature on apparent viscosity and consistency index are summarized in Table
5-D. It should be noted that the viscosity (or apparent viscosity, consistency index)
of concentrated fruit juices decreases with increase in temperature and the magnitude
of the activation energy of clear fruit juices increases markedly with increase in sugar
content.

Because depectinized and filtered apple and grape juices are Newtonian fluids,
equations were derived by Bayindirli (1992, 1993) that can be used to estimate their
viscosities as a function of concentration and temperature. The equation for viscosity
of both apple and grape juices is of the form:

n o { A (°Brix) ]
= “*P\ [100 — B (°Brix)]

(5.1)

Nwa
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where, 1 is the viscosity (mPa s) of depectinized and filtered apple juice, nwa =
viscosity of water at the same temperature (mPa s), and 4 and B are constants.
For apple juice in the concentration range 14-39 °Brix and temperature 293-353 K
(20-80°C), the constants 4 and B are:

A=-024+(91792/T) B =2.03-0.00267T (5.2)

For grape juice in the concentration range 19-35°Brix and temperature 293-353 K
(20-80°C), the constants 4 and B are:

A=-379+(1821.45/T) B =10.86+0.000441T (5.3)

In both Equation 5.2 and 5.3, the temperature T is in K. For the purpose of illustra-
tion, from Equations 5.2 and 5.3, the viscosity of 30 °Brix apple juice at 20°C was
estimated to be 4.0 mPa s and that of grape juice 2.8 mPa s, respectively.

Rao et al. (1984) studied the role of concentration and temperature on the viscos-
ity of concentrated depectinized and filtered apple and grape juices. At a constant
temperature, the effect of concentration could be well described by an exponential
relationship. For example, at 20°C, the effect of concentration (~41-68 °Brix) on
the viscosity of apple concentrates was described by the equation (R? = 0.947):

n = 1.725 x 107> exp[0.136 (°Brix)] (54)

For concentrated grape juice samples (~41-68°Brix) at 20°C, the effect of concen-
tration was described by (R? = 0.966):

n = 2.840 x 107> exp[0.137 (°Brix)] (5.5)

The effect of temperature and concentration on the viscosity of concentrated apple
juice can be combined to obtain a single approximate equation that can be used for
estimating viscosity as a function of both temperature and concentration (°Brix):

na = Aexp (Ea/RT) exp [B (°Brix)] (5.6)

For apple juice, the constants A,E,, and B were: 3.153 x 10714 Pas, 45.0 kJ mol ™!,
and 0.167 °Brix !, respectively, and the R? = 0.940. For the viscosity of concen-
trated grape juice concentrates, the constants 4, E,, and 8 were: 6.824 x 10714 Pas,
46.6 kJ mol~!, and 0.151 °Brix ~!, respectively, and the R?> = 0.971. The above
equation should be considered to provide only approximate values of viscosity
because E, is an average activation energy for the entire range of concentrations stud-
ied. In fact, the £, of concentrated apple and grape juices are exponentially dependent
on the °Brix values (Figure 5-1). Figure 5-1 illustrates the important role of sugar
content on the activation energy of concentrated apple and grape juices. The respec-
tive equations describing the influence of °Brix on the £, (kJ mol~!) of the apple and
grape juice are:

E, = 5.236.exp [0.0366 (°Brix)] ; R* = 0.94 (5.7)
E, = 8.587 exp [0.0294 (°Brix) ] ; R* = 0.97 (5.8)
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Figure 5-1 Values of the Flow Activation Energy (E;) of Concentrated Apple and Grape Juices are
Exponentially Dependent on their °Brix Values.

Thus a more accurate estimate of the viscosities of concentrated apple and grape juices
can be obtained by incorporating the value of E, calculated using either Equation 5.7
or 5.8 at a specific concentration in Equation 5.6. Although two separate equations
were derived for the apple and grape juice concentrates, one could easily justify a
single equation that would be reasonably applicable to both concentrates.

Role of Plant Food Insoluble Solids

Several observations useful to concentrated purees can be found in studies on the
rheological behavior of non-food dispersions that have been reviewed earlier in
Chapter 2 and elsewhere (Jinescu, 1974; Jetfrey and Acrivos, 1976; Metzner, 1985);
other useful studies include on the rheology of rigid fiber suspensions by Ganani and
Powell (1985) and on slurries of irregular particles (Wildemuth and Williams, 1984).
Also, there has been what may be called a kinetic or structural approach to rheology
of suspensions (Michaels and Bolger, 1962; Hunter and Nicol, 1968) where the basic
flow units are assumed to be small clusters, or aggregates, that at low shear rates give
the suspension a finite yield stress.

The solid particles in PF dispersions are not of simple shapes (e.g., spheres, rods)
and they are deformable, and have multimodal size distributions (Tanglertpaibul and
Rao, 1987a). Also, the particles are hydrated and are in physical and chemical equi-
librium with the continuous medium so that they differ significantly from artificial
fibers such as of glass or of synthetic polymers. The continuous phases of PF disper-
sions also have features that are different than those of non-food suspensions. The
continuous medium of a typical food dispersion, usually called serum, is an aqueous
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solution of sugars, organic acids, salts, and pectic substances. The chemical compo-
sition of the continuous medium depends on the particular commodity, the cultivar,
and factors such as the extent of ripening.

The differences in characteristics of plant food dispersions can lead to significant
interparticle forces compared to viscous forces, and Brownian motion can be impor-
tant, resulting in different flow and rheological characteristics. For example, while
negligible wall slip effects were reported for pipe flow of glass fiber suspensions in
silicone oils (Maschmeyer and Hill, 1977), they were of concern for PF dispersions
in capillary flow (Kokini and Plutchok, 1987) and in a concentric cylinder geometry
(Higgs, 1974; Qiu and Rao, 1989). Food dispersions are complex materials whose
characteristics with respect to the nature of the insoluble solids as well as those of
the fluid media often are determined a priori to experimentation. Non-food suspen-
sions, such as glass fibers in mineral oils and in polymers, can be custom made with
one’s choice of continuous and dispersed media having the desired characteristics. In
contrast, for preparing a set of engineered PF dispersion samples, the source for the
continuous and dispersed phases is another PF dispersion.

Nevertheless, in order to understand the role of various components of PF dis-
persions, systematic studies on the role of the amount and size of insoluble solids
can be conducted by careful preparation of the test samples. Figure 5-2 illustrates
the processing steps used to vary pulp particle size distribution in tomato concen-
trates (Tanglertpaibul and Rao, 1987a). Similar processing technique was used in the
preparation of apple sauce samples by Rao et al. (1986) and Qiu and Rao (1988).
The amount and the size distribution of the insoluble solids in the PF dispersions

{ Fresh tomatoes: sorted, washed ]

[ Crushing in hammer mill J

[ Hot break: 98°C, 4 min 5 s ]

y

[ Finishing: using screens }

0.51t0 1.14 mm

h 4

Evaporate to obtain concentrates
with different solids content

Figure 5-2 Illustration of the Processing Steps in Tomato Concentrates; Finisher Screens with Different
Diameter Openings were Used to Vary Pulp Particle Size and Content (Tanglertpaibul and Rao, 1987a).
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depend to some extent on the size of the screen employed in the finishing operation
during their manufacture (Tanglertpaibul and Rao, 1987a) and to a limited extent on
the speed of the finisher (Rao et al., 1986).

In the rheological behavior of concentrated pulpy fruit juices and purees (e.g.,
orange and grapefruit juices), both the pulp and sugar contents were found to be
the key components (Mizrahi and Berk, 1972; Duran and Costell, 1982; Vitali and
Rao 1984). In tomato concentrates also, where sugar content is not as high as in
concentrated fruit juices (e.g., orange juice), both pulp and sugars are key components
(Harper and El Sahrigi, 1965; Rao et al., 1981; Fito et al., 1983).

The viscosity (or apparent viscosity) of a suspension can be related to the viscosity
of the continuous medium in terms of the relative viscosity, 7;:

Viscosity of suspension

= Viscosity of continuous medium )
and the volume fraction of solids, ¢ (Jinescu, 1974; Metzner, 1985). Because of
the compressible nature of PF dispersions, the direct determination of the magnitude
of ¢ is difficult as it depends on the centrifugal force employed in the separation
of the phases. In samples of tomato concentrates, volume fraction of solids was
determined from volumetric measurements to be about 0.15-0.45 (Tanglertpaibul and
Rao, 1987b). In the case of concentrated orange juice (COJ), for the purpose of quality
control, the amount of dispersed solid matter (pulp content) in a 12 °Brix sample is
determined at 360 g so that the pulp content in different samples is determined at a
standard centrifugal force and at a standard concentration that sets, to a reasonable
extent, the continuous medium’s viscosity (Praschan, 1981). The pulp content of
COJ, as determined by the standard method, ranges from about 2 to 16% . Because of
the highly viscous nature of apple sauce and tomato concentrates as well as the large
amount of pulp content, the technique used for COJ may not be satisfactory for these
products. Therefore, ratios such as pulp : total sample weight (Takada and Nelson,
1983) and pulp : serum (Tanglertpaibul and Rao, 1987b) have been employed.

Size Distribution of Fruit Juice Solids

Size distribution data on solid particles of PF dispersions are sparse. Carter and Buslig
(1977) determined size distribution of relatively small pulp particles in COJ with a
Coulter counter. Wet sieving technique was employed on apricot puree, apple sauce,
and tomato concentrates (Rao, et al., 1986; Trifiro et al., 1987; Tanglertpaibul and
Rao, 1987a) where volume fractions of solids retained on standard sieves were used
to calculate the approximate average particle sizes. It is clear that the solid particles
of PF dispersions have multimodal size distributions. Also, changes in particle sizes
induced by homogenization of apricot puree affected consistency of the puree (Duran
and Costell, 1985), while changes induced by using finisher screens of different
sizes affected the rheological properties of a tomato puree (Tanglertpaibul and Rao,
1987a). Because the volume fraction of some of the tomato concentrates was in the
range 0.15-0.45 (Tanglertpaibul and Rao, 1987a), these results are consistent with
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the general observation (Metzner, 1985) that distribution of particle sizes affects
dispersion viscosities when volumetric loading of solids is above 20%.

Because relatively low-cost powerful desk-top computers and instruments have
become available, size distribution of tomato pulp particles can be examined based
on laser diffraction (den Ouden and van Vliet, 1993). Although most tomato pulp par-
ticles were smaller than 900 m, the upper particle size limit of the LS130 instrument,
a few particles were larger (den Ouden and van Vliet, 1993; Yoo and Rao, 1996).
Particle size distributions of 21 °Brix concentrates (Figure 5-3, top) illustrate the
general shape of size distribution versus particle diameter profiles. The distributions
reveal differences, although minor, between the concentrates from 0.69 and 0.84 mm
finisher screens. Interestingly, serum obtained from a commercial concentrate after
centrifugation at 100,000 x g for one hour also contained relatively large particles,
>100-200 pwm as measured by laser diffraction (Figure 5-3, bottom). The presence
of the few large particles could be due to the finishing operation in which the tomato
pulp is forced through finisher screen holes resulting in elongated shreds of cell wall
and skin of the fruit.
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Figure 5-3 Particle Size Distributions of 21 °Brix Tomato Concentrates (top) Derived from Using 0.69
and 0.84 mm Finisher Screens, and in Serum Obtained from a Commercial Concentrate after Centrifugation
at 100,000 x g for 1 h (bottom) (Yoo and Rao, 1996).
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While the size distribution of reasonably well defined smaller (max. dia ~100 wm)
gelatinized corn starch granules could be determined reliably with the Coulter LS130
and its role in rheological behavior established (Okechukwu and Rao, 1995), simi-
lar efforts for tomato concentrates requires further work. Also, what role these few
large particles may play in the rheological behavior of the concentrates is not very
obvious so that determination of their exact sizes (e.g., by using an instrument with
a wider range of particle sizes) may provide only marginal understanding of the size
distribution but not of the rheology of the concentrates. Because of the relatively
wide range of size distribution of the tomato pulp particles (Figure 5-3), it is unlikely
that shear-thickening flow behavior will be encountered with tomato concentrates
as in gelatinized starch dispersions that can exhibit relatively narrow particle size
distributions (Okechukwu and Rao, 1995).

Serum Viscosity of Plant Food Dispersions

The viscosities of the continuous media of PF dispersions depend on their compo-
sition, viz., sugar and pectin content that in turn may be affected by cultivars, fruit
maturity, and processing conditions. The continuous media of apple sauce with sugar
concentration of about 16 °Brix and tomato concentrates with sugar concentrations
in the range 6-25 °Brix were Newtonian fluids (Rao et al., 1986; Tanglertpaibul and
Rao, 1987b). At high concentrations, where the plant polymers are concentrated, they
can be expected to be mildly shear-thinning fluids as was the case with the serum
of concentrated orange juice with concentration of about 65 °Brix (Vitali and Rao,
1984). Caradec and Nelson (1985) found that heat treatment of tomatoes resulted
in loss of serum viscosity. Correlations in terms of the relative viscosity, 1y, for
relatively low magnitudes and narrow ranges of sugar concentrations, such as the
continuous media of apple sauce and tomato concentrates, may be possible with just
the pectin content as the independent variable. Information regarding serum intrin-
sic viscosity, which is a measure of the hydrodynamic volume and is related to the
molecular weight of the biopolymer in solution, will be very useful. Magnitudes of
intrinsic viscosity can be determined either from extrapolation techniques, such as
with the Huggins’ equation or from the slopes of straight lines of quantities based on
relative viscosity. Magnitudes of intrinsic viscosity varied slightly with the method
of determination, the extent of heat treatment, and to a lesser extent on the shearing
experienced by the food suspension (Tanglertpaibul and Rao, 1988c¢).

Rheological Properties of Frozen Concentrated Orange Juice (FCOJ)

Concentrated orange juice (65 °Brix) is a major item of commerce with over a million
tons being exported by Brazil and another million tons being produced in Florida.
Figure 54 illustrates the steps in the manufacture of 65 °Brix concentrated orange
juice and Figure 5-5 the preparation samples with different amounts of pulp (Vitali
and Rao, 1984a, 1984b). At a fixed temperature, the flow behavior of concentrated
65 °Brix orange juice serum is nearly Newtonian while that of 65 °Brix orange
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Figure 54 Unit Operations in the Manufacture of 65 °Brix Concentrated Orange Juice Samples with
Different Amounts of Pulp (Vitali, 1983).

Diagram for production of juices with different pulp content
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Figure 5-5 Steps (top to bottom) in the Preparation Samples with Different Amounts of Pulp from 65
°Brix Sample (Vitali, 1983).
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Figure 5-6 The Flow Behavior of Concentrated 65 °Brix Orange Juice Serum is Nearly Newtonian
(slope = 0.86) While that of 65 °Brix Orange Juice is a Mildly Shear-Thinning Fluid (slope = 0.69) (based
on data in Vitali, 1983).

juice is a shear-thinning fluid (Figure 5—6). Also at a fixed temperature, the effect
of concentration (¢) of soluble solids (°Brix) and insoluble solids (pulp) on either
apparent viscosity or the consistency index of the power law model of FCOJ can be
described by exponential relationships (Vitali and Rao, 1984a, 1984b). Earlier, the
influence of soluble solids on the consistency index of FCOJ was shown in Figure
2-10. The influence of pulp content on the consistency index is shown in Figure 5-7,
where In X is plotted versus % pulp content. Equations 5.10 and 5.11 are applicable to
the consistency index (K) of the power law model (in Chapter 2, Equations 2.35 and
2.36, respectively). In the case of FCOJ, insoluble solids are expressed in terms of pulp
content determined on a 12 °Brix sample by centrifugation at for 10 min at 360 x g.

K = K exp [Bg (°Brix)] (5.10)
K = K" exp B (Pulp)] (5.11)
where, K¢, K?, By, and Bﬁ are constants. As pointed out in Chapter 2, to study the

effect of composition variables, one can also work with apparent viscosity instead of
the power law consistency index.

Effect of Temperature

The flow behavior of FCOJ is strongly influenced by temperature as seen in Figure 5-8
where data at several temperatures from Vitali and Rao (1984a, 1984b) are shown.
A wide range of temperatures are encountered during FCOJ processing and storage,
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Figure 5-7 The Influence of Pulp Content on the Consistency Index (K') is Shown, Where In X is Plotted
versus % Pulp Content (Vitali and Rao 1984b).

Power law model

o=Kjn
10° E
= 10°E
& -
I ~
© i
10 |
1 AL Ll Ly I $ L b i
107! 1 10 102 10
767

Figure 5-8 The Flow Behavior of FCOJ is Strongly Influenced by Temperature; Lines Representing
Data at Several Temperatures from Vitali and Rao (1984a) are shown.
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Figure 5-9 Arrhenius Plots for the Effect of Temperature on Apparent Viscosity at 100 s~ (na,100) and
Consistency Coefficient (K) of Pera FCOJ with 5.7% Pulp Content (Vitali and Rao, 1984b).

so that the effect of temperature on rheological properties needs to be documented.
The effect of temperature on either apparent viscosity or the consistency index, K,
of the power law model (Equation 5.12) of FCOJ can be described by the Arrhenius
relationship. The equation for the consistency index is:

K = Koo exp (Eax /RT) (5.12)

where, K is the frequency factor, E,x is the activation energy (J mol™ ! ), R is the gas
constant, and 7T is temperature (K). A plot of In K (ordinate) versus (T~!) (abscissa)
results in a straight line, and E,;x = (slope x R), and K is exponential of the
intercept. Figure 5-9 illustrates applicability of the Arrhenius relationship for FCOJ
(Vitali and Rao, 1984b). The activation energy should be expressed in joules (J), but
in the earlier literature it has been expressed in calories (1 calorie = 4.1868 joules).
Instead of the consistency index of the power law model, the apparent viscosity has
been used in some studies.

Literature Values of Rheological Properties of FCOJ

It is clear from the above discussion that the rheological properties of FCOJ will
depend on the °Brix, pulp content, size and shape of the pulp particles, and pectin con-
tent of FCOJ sample, and the temperature at which the data were obtained. Carter and
Buslig (1977) studied particle size distribution in commercial frozen FCOJ samples.
Mizrahi and coworkers conducted systematic studies on FCOJ that they described
as a physicochemical approach (Mizrahi and Berk, 1970; Mizrahi and Firstenberg,
1975; Mizrahi, 1979). They used a modified Casson equation to describe the flow
behavior of FCOJ.

Because the power law model (Equation 2.3) is used in determination of pumping
and mixing power requirements, literature values of the power law parameters of
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several FCOJ samples reported by Crandall et al. (1982) and Vitali and Rao (1984a,
1984b) are given in Table 5-B. The different values in Table 5B reflect the influence
of fruit varieties, °Brix, pulp content, and temperature. In particular, the strong
influence of temperature on the consistency index of the power law model should be
noted. The constants in Equations 5.10 to 5.12 that describe the effect of temperature,
°Brix, and pulp content on the consistency index of the power law model presented
by Vitali and Rao (1984a, 1984b) are summarized in Table 5-B. These data should
be useful, albeit with caution, in estimation of ball park values of the power law
parameters of FCOJ from temperature, °Brix, and pulp content data.

Rheological Properties of Tomato Concentrates

Numerous studies have been conducted on tomato concentrates using quality control
instruments, such as the Bostwick consistometer. Unfortunately, for a specific set
of test samples, values of Bostwick consistency decrease with increase in solids
concentration making it impossible to obtain data at high solids loadings. Attempts at
correlating Bostwick readings and basic viscosity data on Newtonian fluids in terms
of theoretical analysis based on gravity wave flow were successful (McCarthy and
Seymour, 1994a); however, similar attempt with non-Newtonian fluids (McCarthy
and Seymour, 1994b) and attempt at empirical correlation met with moderate success
(Rao and Bourne, 1977).

The power law parameters (consistency index and flow behavior index) of tomato
concentrates reported in the literature can be found in Table 5-B. Tanglertpaibul and
Rao (1987b) examined the contribution of soluble solids to the rheological properties
of tomato concentrates (Figure 5—10) with concentrates made from a single finisher
screen. They also (Tanglertpaibul and Rao, 1987b) examined the influence of different
finisher screen sizes (0.51-1.14 mm) on flow properties. From the shear rate versus
shear stress data obtained on 20% solids concentrates made from juices that were
produced using different finisher screen openings shown in Figure 5-11, it can be seen
that using a 0.69 mm screen resulted in concentrates with the highest viscosity; use
of the 0.69 mm screen probably resulted in juice with highest pulp content. Because
the composition of tomatoes and other fruits depends on the particular varieties being
employed and their maturity, the effect of finisher screen size on the pulp content and
size distribution should be further explored.

The role of pulp content on flow behavior was examined by adding tomato pulp
to concentrates with different soluble solids: 5.6, 10.0, 15.0, and 20.0 °Brix. A plot
of the pulp content versus the apparent viscosity at 100 s~! (Figure 5-12) is shown
where the linear relationship is valid only over the narrow range of pulp contents.
Because the influence of pulp content was approximated and the apparent viscosity at
100 s~!, a meaningless negative intercept was obtained. More importantly, the data
in Figure 5-12 reflect the important role of solids loading on rheological behavior.

Rao et al. (1981) studied the influence of temperature and total solids content (c)
on the apparent viscosity at 100 g1 (na,100) of tomato concentrates prepared from the
varieties grown at the New York State Agricultural Experiment Station: Nova, New
Yorker, #475, #934 hot break process, and #934 cold break process. The results of
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Nova hot break process concentrates were expressed by a model slightly different
than that used to examine concentrated apple and grape juices.

Na,100 = & exp (Ea/RT) (cf) (5.13)

The results for Nova concentrates were: @ = 1.3 x 1077, £, = 9.21 kJ mol~!, and
B = 2.6. It is very encouraging that these values were close to those reported by
Harper and El Sahrigi (1965) for the tomatoes of variety VF6: o = 1.05 x 1077,
Ea = 9.63 kI mol~!, and 8 = 2.0. Magnitudes of A for the concentrates made from
New Yorker hot break process, #475 hot break process, #934 hot break process, and
#934 cold break process were: 2.5, 2.4, 2.5, and 2.4, respectively, while that of Nova
tomato concentrates was slightly higher, ~2.6 (Figures 5-13 and 5-14).

Thus, an useful general result is that the viscosity of tomato concentrates can be
scaled by the factor (totalsolids)®>. For example, at a fixed temperature, one can
predict the viscosity 1, of a tomato concentrate having the concentration ¢, from the
magnitude 7, of a concentrate of the same variety having the concentration ¢ from
the relationship:

m = (c2/c1) (5.14)

Viscoelastic Properties of Tomato Concentrates

Dynamic rheological and creep compliance, J(¢), data were obtained on tomato
concentrates made from Pinto #696 hot-break juice prepared and two finisher screens
having holes of diameter 0.69 mm (0.027 in) and 0.84 mm (0.033 in) were used (Yoo
and Rao, 1996); the finisher was operated at 1000 rpm. The magnitudes of G’and G”
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Figure 5-13 Log-log Plot of the Apparent Viscosity at 100 s~' versus Total Solids of Tomato

Concentrates from #475 and New Yorker Tomatoes Using Hot-Break Juice; the Slopes of the Lines were
2.4 and 2.5, Respectively.

of three concentrates from juice using a 0.84 mm screen as a function of dynamic
frequencies are shown in Figure 5-15. Values of G’ were higher than those of G”,
but the values of the slopes were about the same (0.17-0.19). In general values of
the power law consistency coefficients, K’ and K", between G’ and G” against the
dynamic frequencies, shown in Table 5-E, were higher for the concentrates made
from the juice using a 84 mm screen.

G =K (w)" (5.15)
G =K" (w)" (5.16)

The compliance J(¢) at any time was described by a six-element model made up of

an instantaneous compliance, two Kelvin—Voigt bodies, and Newtonian compliance
(Sherman 1970):

JO =Jo+J (1 —e ™)+ (1 —e 2) +t/n (5.17)
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where, Jy = 1/Gp is the instantaneous elastic compliance, J; = 1/G; J1 =
1/Gy and J» = 1/G; are the retarded elastic compliances, t; and 7, are retar-
dation times, n is viscosity, and Gg, Gy, and G, are moduli (Sherman, 1970;
Rao, 1992).

The auto mode of analysis of the experimental J(f) versus ¢ data provided mag-
nitudes of model parameters that followed the experimental data better than those
obtained in the manual mode of data analysis. The latter were very sensitive to
estimates of instantaneous modulus and, in some instances, there were consider-
able differences between experimental data and model predictions (not shown here).
Therefore, the results of auto mode data analysis are presented in Table 5-E; the
standard deviations of the parameters are also in Table 5-E in parentheses. The stan-
dard deviation of J; was higher than those of the other parameters reflecting greater
uncertainty in its estimation.
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Figure 5-15 Magnitudes of G'and G” of Three Tomato Concentrates from Juice Using a 0.84 mm Screen
as a Function of Dynamic Frequencies.

The effect of the two finisher screen sizes on the J(¢) versus ¢ data was examined
at 21 °Brix and the concentrate from 0.84 mm screen was more viscoelastic than that
from 0.69 mm screen. Because the particle size distributions of the two concentrates
were similar, it appears that the higher pulp content, 38.6% in the former as opposed
to 32.5% in the latter, is the primary reason for the difference in the magnitudes of
the rheological parameters.

As expected, magnitudes of instantaneous elastic modulus, Gy = (1/Jp), and of
storage modulus G’ at 1 rad s™! (Yoo and Rao, 1996). Also, as noted by Giboreau
et al. (1994) for a gel-like modified starch paste, the two parameters were of the same
order of magnitude. Further, as can be inferred from data in Table 5-E, the other
moduli from creep-compliance data (G| = 1/J;, Gy = 1/J2) and the Newtonian
viscosity increased with increase in °Brix.

Rheological Properties of Tomato Pastes

Rao and Cooley (1992) examined the flow properties of tomato pastes and their serum
samples, as well as the dynamic rheological properties of the pastes. It should be noted
that tomato pastes are of higher concentration than tomato concentrates. From the
steady shear rheological data, obtained with a concentric cylinder viscometer, given
in Table 5-C, it can be seen that the tomato paste samples had high magnitudes of yield
stress. Further, they were highly shear-thinning in nature: the range of magnitudes
of the flow behavior index (n) was 0.13-0.40; the average value was 0.28 with
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Figure 5-16 Magnitudes of log w versus log G’, log G”, and log n* of a Tomato Paste (Rao and
Cooley, 1992).

o = 0.062. Magnitudes of Casson yield stresses were in the range: 78-212 Pa. The
tomato paste serum samples were low viscosity Newtonian fluids; their viscosities
ranged from 4.3 to 140 mPa s.

Plots of log w versus log G" and log G”, such as that shown in Figure 5-16, showed
that G’ was higher than G” at all values of w employed; in addition, the decrease in
n* confirmed the shear-thinning nature of the TP samples. Further, linear regression
of log G’ and log G” versus log w data showed that the resulting straight lines had
low values of slopes (0.075-0.210 for G’ and 0.110-0.218 for G”).

From a structural point of view, it is known that for true gels log w versus log G’
or log G” plots have very low slopes (Ross-Murphy, 1984), while for weak gels and
highly concentrated solutions such plots have positive slopes and G’ is higher than
G" over large ranges of w. In addition, as discussed in detail below, magnitudes of n*
were greater than 7, for all magnitudes of shear rates and oscillatory frequencies. This
means that TP samples did not behave as true gels, but exhibited weak gel properties.

Applicability of Cox—Merz Rule

With automated rheometers it is relatively easy to obtain dynamic shear data than
steady shear data. For this reason, the interrelationship between w and n* on one
hand and y and 5, on the other is of interest. The Cox—Merz rule, that is, equal
magnitudes of 1, and n* at equal values of y and w, respectively (Equation 5.17),
was obeyed by several synthetic and biopolymer dispersions (Lopes da Silva and
Rao, 1992).

n* (@) = Na (V) lo=y (5.18)

However, it is not obeyed by biopolymer dispersions with either hyperentanglements
or aggregates (Lopes da Silva and Rao, 1992). Because of the strong network structure
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Figure 5-17 Modified Cox—-Merz Plot for Tomato Concentrates (Rao and Cooley, 1992).

with interspersed tomato particles, there was considerable deviation between the log
y versus log 1, and log w versus log n* data on the TP samples. However, the two
lines were parallel to each other. Further, by multiplying w by a shift factor («), the
two sets of data could be made to follow a single line (Figure 5-17). Shift factors for
correcting the frequency were calculated for the 25 tomato paste samples to be in the
range: 0.0029-0.029. It is of interest to note that the shift factors for 18 of the tomato
paste samples were in the relatively narrow range: 0.0041-0.012; the average value
of the shift factor for these samples was 0.0074 with a standard deviation of 0.0019.
Therefore, from dynamic shear data and tabulated shift factors, it would be possible
to estimate steady shear data from dynamic shear data, and vice versa.

Role of Composition of Tomato Pastes

Earlier studies have shown that solids loading plays an important role in the rheo-
logical behavior of tomato concentrates (Takada and Nelson, 1983; Tanglertpaibul
and Rao,1987b). However, it is emphasized that tomato pastes cannot be classified as
distinct suspensions in which the solids are suspended in continuous fluid media. The
difference in the structures of tomato concentrates and pastes is very well indicated
by the magnitudes of centrifugal forces required to separate the solids (dispersed
phase) from the serum (continuous phase). For the tomato concentrates, magnitudes
of centrifugal force <30,000 x g were sufficient to separate the solids and the serum
(Takada and Nelson, 1983; Tanglertpaibul and Rao, 1987b). In contrast, a centrifugal
force of 100,000 x g was necessary to separate the two phases of TP samples in this
study. Therefore, the classical relative viscosity-volume fraction relationships used
for correlating data on suspensions would not be appropriate for TP samples. Indeed,
attempts at correlating relative viscosity, based on apparent viscosity of tomato pastes
at 10 s~! and serum viscosity, with volume fraction of solids alone were not successful
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in that very low values of R? were obtained. It is likely that the shape of the particles
should be also taken into consideration (Yoo and Rao, 1994).

The rheological properties of the complex network structure of tomato pastes may
be assumed to be made up of two contributions: (1) one network structure contributed
by the solids phase, in proportion to ¢, and (2) another network structure contributed
by the liquid (continuous phase), in proportion to ¢; = 1 — ¢s. However, the effective
continuous phase 1s not the low-viscosity serum itself, but a highly viscous liquid that
is an integral part of the tomato paste. Also implicit is that the solids fraction plays
a major role in the structure of the TP samples, that is, it can be considered to be the
structuring component. These assumptions are also in line with the weak gel behavior
indicated by the dynamic shear data.

Model for Apparent Viscosity of Plant Food Dispersions

Because no general theories exist even for concentrated non-food suspensions of well
defined spherical particles (Jeffrey and Acrivos, 1976; Metzner, 1985), approaches
to studying the influence of the viscosity of the continuous medium (serum) and
the pulp content of PF dispersions, just as for non-food suspensions, have been
empirical. In PF dispersions, the two media can be separated by centrifugation and
their characteristics studied separately (Mizrahi and Berk, 1970). One model that was
proposed for relating the apparent viscosity of food suspensions is (Rao, 1987):

Na.PFD = Naserum + 4 (pulp)® (5.19)

where, 1, prp is the apparent viscosity of suspension, 7, serum 1S the apparent viscosity
of serum, and pulp refers to the pulp content. The model is simple and predicts the
viscosity of the serum when the pulp content is zero. The coefficient 4 indicates the
contribution of a unit amount of pulp content and the coefficient B is the slope of a
plot of log pulp versus log nspecific 0f the dispersion and it reflects the relative intensity
of the effect of pulp content in different food suspensions or the effect of different
processes and/or cultivars that could influence the pulp content. However, innovative
and broadly applicable models that describe the role of pulp content are needed for
PF dispersions.

Structure Based Models for Steady Shear Properties

For correlating the consistency coefticient (K') of the power law model and the Casson
yield stress (o¢.), again the lower bound form of Takayanagi model (Ross-Murphy,
1984) was satisfactory:

(1/8SP) = [(¢s/)] + [(1 — ¢5)/B] (5.20)

where, SSP is a steady shear rheological parameter, either the consistency coefficient
(K) of the power law model or the Casson yield stress (o¢.), and 4 and B are constants.
For the consistency coefficient, magnitudes of 4, B, and R? were: 900, 72, and
1.00, respectively, and for og they were: 135, 112, and 1.00, respectively. For the
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consistency index, 21 (out of 25) values predicted by Equation (5.18) were within
+20% of the experimental results, while for the Casson yield stress, 19 values were
within £25%.

Structure Based Models for Dynamic Properties

Based on the above assumptions, correlations were developed first for the intercepts
(K’,K”) and slopes (n',n") of log w-log G’ and log w—log G” data. The correlation
form that was successful was again the lower bound form of Takayanagi model
(Ross-Murphy, 1984):

(1/DRP) = [(¢s/4)] + [(1 — ¢5)/B] (5.21)

where, DRP 1s a dynamic rheological property, and 4 and B are constants. Magni-
tudes of the constants and R? were determined by nonlinear regression (GENSTAT,
Numerical Algorithms Group, Oxford, UK). For K’ values of 4, B, and R? were:
9540, 4807, and 1.00, respectively, and for K" they were: 1552, 6197, and 1.00,
respectively. We note that the mean value of n’ was 0.177 and that of n” was 0.152.
Agreement between predicted K’ and K" values was not as good as for the steady
shear properties: 17 predicted K’ and 19 K" values were within +30%.

Because of the wide variability in tomato pastes due to different cultivars and
processing methods, the constants in the structure-based correlations would not be
universally applicable. However, the correlations can be used to obtain order of
magnitude estimates of the rheological properties of tomato pastes without extensive
and expensive experimentation. The various constants are valid within the ranges of
the variables from which they were derived. More importantly, it is our hope that
studies will be conducted to make use of the concepts presented here with respect to:
the weak gel nature of tomato pastes, shift factors for Cox—Merz rule, and structure
based (¢s and ¢; = 1 — ¢s) relationships for correlating the rheological parameters.

Yield Stress of Structured Food Products

The vane method has become an accepted means of measuring yield stresses of foods
since it was used by Qiu and Rao (1988). It was also observed that the magnitudes of
the yield stress of apple sauce from the vane method (Table 5-F) were much higher
than those from the flow models (not shown); in a few instances the former were
more than twice the latter. In an attempt to understand the difference between the
two types of yield stresses, we turn to the model presented by Michaels and Bolger
(1962). Because the underlying assumptions of the model have been reviewed by
others (Metz et al., 1979; Duran and Costell, 1982; Genovese and Rao, 2003), only
the pertinent aspects of the model will be covered here. In the model, the stress
necessary to produce deformation at a constant rate is divided into three parts:

00 = Op + Op + Oy (5.22)



244 RHEOLOGY OF FLUID AND SEMISOLID FOoDS

where, oy, is the stress required to break the structural bonds between the flocs, oy
is the stress required to break the aggregate network, and oy is the stress dissipated
due to purely viscous drag. The extension of this model to vane yield stress data on
dispersions (Genovese and Rao, 2003) will be discussed under structural analyses.
Another yield stress, the Bingham yield stress (og ) can be obtained by extrapolation
of only the linear portion of the shear rate versus shear stress diagram to zero shear
rate (Michaels and Bolger, 1962). The Bingham yield stress is part of the total stress
at high shear rates. One contribution of the model of Michaels and Bolger (1962) is
that o is proportional to the volume fraction of solids raised to the power of three
and that op is proportional to the square of the volume fraction of solids. Also, it is
known that the magnitude of op is higher than that of g¢. In addition to the two yield
stresses, the viscosity at infinite shear rate (7o) also has been shown to be important.

Influence of Pulp Content on Yield Stress

One result of the work of Michaels and Bolger (1962) is the prediction that oq is
proportional to the volume fraction of solids raised to the power of three and that o
is proportional to the square of the volume fraction of solids. Also, they confirmed
their predictions with data on dispersions that had magnitudes of og less than 0.9 Pa.
The apple sauce samples of Qiu and Rao (1988) were highly concentrated dispersions
with some magnitudes of o of about 80 Pa. In addition, the pulp content determined
by centrifugation at 360 g had a relatively narrow range of magnitudes. For this reason,
verification of the Michaels-Bolger model was shown with data on the samples in
which the amount of pulp was adjusted.

RHEOLOGICAL PROPERTIES OF CHOCOLATE

The basic ingredients of chocolate are crystalline sugar, cocoa solids, a liquid phase
and an emulsifier, lecithin (Hartel, 1998). Most chocolate coatings contain less than
1% water. In melted chocolate, the solid particles are dispersed throughout the lipid
carrier and the rheological properties depend on the interactions between the solid
particles and the continuous lipid phase. The lecithin coats the solid particles thus
affecting the Casson yield stress and plastic viscosity. The polar group of lecithin
interacts at the solid surfaces, particularly the sucrose crystals, where most of the
water is located, and provides a bridge between the hydrophilic surface and the lipid
phase. Thus, lecithin allows the movement of solids under shear (Hartel, 1998).
Increasing the amount of lecithin results in an initial decrease in yield stress, but a
significant increase subsequently (Chevalley, 1975). Addition of small amounts of
cocoa butter reduce chocolate viscosity (Chevalley, 1975) and different emulsifiers
produce a wide range of plastic viscosities and yield stresses (Wayland, 1994). As
the average size of cocoa solids and sugar crystals was increased from 2 to 50 pm
at a constant level of fat and emulsifier, the Casson plastic viscosity and yield stress
decreased significantly (Musser, 1973). Also of interest is that both plastic viscosity
and yield stress increase as water content is increased in the range of 0.1-2%. The
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Quemada et al. (1985) model (Equation 2.11) was used to analyze data on cocoa
dispersions (Fang et al., 1996) and the role of cocoa butter replacers (Fang et al.,
1997). Selected values of rheological properties of chocolate are given in Table 5-G.
In addition, the data of Fang et al. (1996) (Table 5-H) before and after degasification
as a function of temperature are note worthy.

An alternate method, instead of using the Casson model parameters, for measuring
the yield stress and viscosity of chocolate and related cocoa products was proposed
(Servais et al., 2004). Instead of obtaining shear rate versus shear stress data and
conducting linear regression on the square roots of those values, the method is based
on recording the value of the stress at a shear rate of 5 s™! as representative of the
yield stress of chocolate and the value of the viscosity at a shear rate of 40 s~! as rep-
resentative of the infinite-shear (Casson plastic) viscosity. In addition, the difference
between the viscosities measured at a shear rate of 40 s™! during the ramp up and
down in shear rate is a representative measure of thixotropy. The proposed method
was validated with both research grade rheometers and factory grade viscometers.
However, it should be noted that the value of the stress at a shear rate of 5 s~! may
not be in agreement with the vane yield stress.

RHEOLOGY OF MILK AND MILK CONCENTRATES

The study of Fernandez-Martin (1972) on the viscosity of milk and its concentrates
pointed out that, over a wide range of concentrations, the milk concentrates were
Newtonian fluids. Data presented much later by others (Kokini, 1992; Velez-Ruiz
and Barbosa-Canovas, 1998) support that finding (Table 5-I). The flow behavior
of milk concentrates, and the effect of temperature and concentration on it were
modeled in a manner similar to those of concentrated orange juice (Vitali and Rao,
1984a, 1984b) and tomato concentrates (Rao et al., 1981; Tanglertpaibul and Rao,
1987b). Velez-Ruiz and Barbosa-Canovas (1998) studied the flow behavior of milk
concentrates with 17.2, 19.6,22.3, 24.9, 30.5, 42.4, and 48.6% total solids at 5, 15, and
25°Cover a four-week storage period. The samples with less than 19.6% solids content
showed Newtonian behavior up to the third week of storage (Table 5-I). The samples
above this level of concentration, especially above 24.9% solids content, exhibited
mild shear-thinning non-Newtonian behavior. Only the two concentrates with 42.4
and 48.6% solids contents exhibited yield stress, albeit relatively low magnitudes. The
power law model was used to describe the flow behavior of concentrates upto 30.5%,
and the Herschel-Bulkley model to describe the behavior of the concentrates with
42.4 and 48.6% solids contents. Over the range of temperatures studied, the effect
of temperature on the flow behavior index was minimal, which is in agreement with
reports by other researchers (Raoetal., 1981), whereas the influence of temperature on
the consistency coefficient was significant, in agreement with Rao et al. (1981). The
effect of temperature on the consistency of milk concentrates followed the Arrhenius
equation. Magnitudes of the energy of activation for flow (£,) relating the consistency
coefficient of the concentrates to temperature ranged from 2.42 to 11.8 kcal mol~!.
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The magnitude of E, (kcal mole™!) increased slightly with storage time: one week,
5.90 £ 1.02; two weeks, 5.94 £ 1.56; three weeks, 6.22 % 2.99; four weeks, 7.91 +
2.52. The combined effect of temperature and concentration was modeled using an
equation similar to 5.13 and the results are given in Table 5-1.

RHEOLOGY OF MAYONNAISE, SALAD DRESSING,
AND MARGARINE

Mayonnaise, salad dressing, and margarine are o/w emulsions that are used as spreads
in conjunction with salads, breads, and other foods. The discussion in Chapter 2 under
emulsions should be consulted with respect to the basic concepts of stability, that is,
separation of phases. Regular, as opposed to low-fat, mayonnaise has a dispersed
phase (oil) concentration of about 70-80%. Often the emulsifying agent in these
foods is egg yolk. The role of oil, water, egg yolk, thickening agents (usually gums),
salt, and sugar have been studied by food technologists and summarized in recent
publications (Harrison and Cunningham, 1985, 1986). The physical changes in the
dispersed droplets occur through the processes of creaming, flocculation, and coales-
cence. Creaming denotes the movement of oil droplets under the action of gravity;
flocculation denotes the clustering of droplets, and coalescence means the sponta-
neous joining of small droplets into larger ones. Unless phase separation occurs,
creaming and flocculation in o/w emulsions may not lead to detectable changes in
the appearance and rheological behavior. However, coalescence of droplets which is
associated with the free fat from o/w emulsions is generally unacceptable at all levels
(Dickinson and Stainsby, 1982, 1987).

Small droplet size is created by high pressure homogenization and the premature
coalescence of the droplets is minimized by adsorption of an emulsifier at the interface.
Generally egg yolk is used as the emulsifier, that is, to lower the o/w interfacial
tension. Gums such as CMC, propylene glycol, guar gum, and xanthan gum are
used as emulsion stabilizers in mayonnaise and salad dressings. Therefore, the time
required to hydrate gums is an important factor in the stability of emulsions.

Rheological properties of mayonnaise have been studied using different rheological
techniques: steady shear rate-shear stress, time dependent shear rate-shear stress,
stress growth and decay at a constant shear rate, dynamic viscoelastic behavior, and
creep-compliance viscoelastic behavior. More studies have been devoted to the study
of rheological properties of mayonnaise than of salad dressings, probably because
the former is a more stable emulsion and exhibits complex viscous and viscoelastic
rheological behavior.

Because of the existence of yield stress as well as time-dependent rheological
behavior of mayonnaise, it would seem reasonable to expect that traditional relation-
ships between steady shear properties on one hand and small amplitude dynamic
properties on the other that were found for polymeric liquids will not hold for
mayonnaise. Bistany and Kokini (1983) showed that the Cox—Merz rule and other
relationships at low shear rates and frequencies: did not hold for mayonnaise and
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other semisolid foods. Further, one must also be careful when using dynamic tests on
emulsions, such as mayonnaise, in view of the potential for aiding coalescence of the
oil droplets and consequently altering the structure of the sample.

Stress Overshoot Data of Mayonnaise

Several studies were conducted on the stress overshoot and/or decay at a constant shear
rate. Kokini and Dickie (1981) obtained stress growth and decay data on mayonnaise
and other foods at 0.1, 1.0, 10.0 and 100 s™!. As expected from studies on polymers,
shear stresses for mayonnaise and other food materials displayed increasing degrees
of overshoot with increasing shear rates. The Bird-Leider empirical equation was
used to model the transient shear stresses.

o = —Ky"[1 + (by — 1) exp (—t/an))] (5.23)

where, y is the shear rate, ¢ is time, A is time constant, a and b are constants, and
K and n are power law constants. At very small times for a constant shear rate, the
model reduces to:

o = constant (b yt) (5.24)

Equation (5.23) simulates the elastic response or sudden overshoot when a constant
shear rate is applied. The peak shear stress is reached at a time 7, given by:

tmax = ani + L (5.25)
by
The magnitude of omax can be calculated by substituting the above expression for
tmax In Equation (5.23). After oy i reached, the term exp —(1/anA) simulates the
exponential decay; the product: as a whole controls the exponential decay.

Kokini and Dickie (1981) found that the Bird-Leider equation provided moderately
good predictions for peak shear stresses (omax ) and the corresponding times (#max ), but
the prediction of shear stress decay was poor. They suggested that a series of relaxation
times, as opposed to a single exponential term, would be needed for mayonnaise and
other materials.

Campanella and Peleg (1987) presented stress growth and decay data on mayon-
naise at shear rates of 1.8, 5.4, 9.9, and 14.4 s~ ! with a controlled shear rate viscometer
and a concentric cylinder geometry. They modeled the data by a three-constant model
that was a modification of Larson’s (1985) model that was successfully employed
for polyethylene melts with a wide distribution of molecular weights. The model
employed by Campanella and Peleg was:

t
+/}HMawﬁms (5.26)
0

o (t) T (m)sin(mn) flmi g—my

Ooo 7T (myy)™ ! m
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where, 0 is the steady state stress I is the gamma function; m and m; are constants;
y is the shear rate; s = ¢ — ¢; and the deformation history of the experiment is
described by:

vt -0 <t <0

y_))(t—t’) 0<t <t (5.27)

The constant m has a value 0 < m; < 1 and it is representative of the relaxation
modulus, when it is expressed as:

G(t-f)=C(t-¢)™ (5.28)

The parameter m, is obtained from the time at which the maximum shear stress is
reached, fax:

1

VYmax

my = (5.29)
The above relationship implies that tna« is inversely proportional to the imposed
shear rate and this was found to be true for the experimental data. From experimental
data, the values of m; = 0.3 and my = 0.07 were determined. Even though the
damping constant (m,) was assumed to be shear rate dependent, a single represen-
tative value of my was found to be satisfactory because m; was a weak function of
shear rate.

Figoni and Shoemaker (1983) also found that a single first order function did not
adequately describe the stress decay data of a mayonnaise sample. They suggested
that two independent first-order processes, each with a different rate constant but
acting simultaneously are major contributors to the stress decay data on mayonnaise.
The first process was attributed to the reversible flocculation—-deflocculation process
of o1l droplets that occurs during the steady shear process, while the second term
describes the changes occurring in the continuous phase. The possibility that the
two first-order processes were applicable to the flocculation and deflocculation of
aggregates of two size groups of oil droplets was also suggested.

Creep-Compliance Behavior of Mayonnaise

Creep-compliance behavior of mayonnaise and other emulsions have been investi-
gated by Sherman and coworkers. The chief advantage of the creep-compliance test is
that data can be obtained with minimal disturbance to the test samples and under linear-
viscoelastic regime. Nearly all, if not all, of the previous studies were conducted with
commercial (supermarket) samples whose compositions were not determined. There-
fore, the role of composition on the rheological parameters could not be determined.
In contrast, Kiosseoglou and Sherman (1983) employed the formulations shown in
Table 5-J in order to study the effect of egg white on the rheological properties of
mayonnaise. In addition, the effects of pH, salt, and sugar on rheological properties
were studied.
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The creep-compliance data on the mayonnaises were modeled by means of the six
parameter model:

Jty=Jo+J (1= ")+ (1-e2)+1t/y (5.30)

We note that the creep-compliance parameters can be used to calculate the moduli £; =
1/J; and viscosities n; = E;7;. In the following, the magnitudes of the viscoelastic
parameters, that is, the moduli and the viscosities, will be discussed.

The viscoelastic parameters reached maximum values within one hour after prepa-
ration of the emulsions and then they decreased continuously as the emulsions
were aged. The Ey values (Pa) of freshly prepared mayonnaise increased as the
pH decreased: pH 6.2, Ey = 750; pH 4.5, Ey = 885; pH 3.9, Ey = 1220; and
pH 3.3, Ep = 1351. There was a substantial decrease in the viscoelasticity param-
eters as the emulsions were aged at room temperature at all values of pH except
at pH 6.2.

Ataconstant pH 3.9, salt increased the initial viscoelasticity, the effect being greater
at the 0.25% (w/w) level than at the 1.25% level. However, the rate of decrease in E
was lower at the 1.25% NaCl than at 0.25%. Sugar had much smaller effect than salt
on the viscoelasticity of mayonnaise. Replacing egg yolk by egg white, while keeping
the total solids content constant, increased Ey. When the egg yolk content was kept
constant and additional egg white was incorporated, all the viscoelastic parameters
increased substantially. With an egg yolk/egg white ratio of 0.5, the viscoelasticity
parameters decreased least when the mayonnaises were aged.

The addition of salt to the egg yolk solution during the preparation of the solutions
disrupts the granules and provides additional surface active material for adsorption,
such as «- and B-lipovitellins and phosvitin. In this regard, Chang et al. (1972)
observed with an electron microscope a continuous speckled layer around oil drops
and also a fibrous membrane on the surface of drops after they were washed with
water. The electron-dense particles in the speckled layer were interpreted to be egg
yolk lipoproteins and the fibrous material to be livetin-phosvitin complex.

The low viscoelasticity of mayonnaise in the presence of sugar was considered
to be due to the shielding effect exerted by sugar molecules on the protein groups
which were involved in interaction and network formation between the oil drops. The
higher viscoelasticity of mayonnaise containing egg white was thought to be due to
strengthening of the interlinked network structure by interaction with the egg yolk
components of the interfacial membrane around the oil drops.

RHEOLOGY OF SALAD DRESSINGS

Rheological properties of salad dressings also were studied using the techniques:
steady shear rate-shear stress, stress growth and decay at a constant shear rate,
dynamic viscoelastic behavior, and creep-compliance viscoelastic behavior.

Tanaka and Fukuda (1976) studied the steady shear rate-shear stress behavior,
thixotropic behavior, and dynamic viscoelastic behavior of salad dressing prepared
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with different stabilizing agents (0.6%, w/w): guar gum, tragacanth gum, pectin,
starch paste, tamarind seed extracts, and xanthan gum. The power law flow behav-
ior index ranged from 0.20 when xanthan gum was used to 0.68 when corn starch
was added. A thixotropy index (TI) was calculated as the sum of the difference
between the magnitudes of the shear stress in increasing (Syi) and decreasing (Sq;) of
shear rates:

4
Tl =) (Sui—Sa) (531)
1

where, the magnitudes of the shear stresses: Sy; and Sq; were read off at four unspec-
ified shear rates. Magnitudes of TI, of apparent viscosity at a shear rate of 0.1 s~ of
dynamic elasticity, G’, and of dynamic viscosity, 1’, were highest for salad dressings
with xanthan gum and lowest for dressings with corn starch.

Elliott and Ganz (1977) noted that steady shear and dynamic rheological properties
of commercial salad dressings covered a wide range of magnitudes. Because the
products were being sold successfully on the commercial market, they suggested that
a strict control of rheological properties is not necessary. A modified Bingham body,
shown in Figure 3-37, was used to account for the observed response to dynamic tests
of the samples that exhibited yield stresses. Stress growth and decay at a constant
shear rate was analyzed as the excess work (W) of structure breakdown discussed in
more detail in Chapter 3:

B
W=y / (0 — 000)dt (5.32)
A

where, y is the constant shear rate, o is the time-dependent stress, o is the equilib-
rium shear stress value, and 4 and B are the times at which the stress curve overshot
the equilibrium stress value and the time at which the equilibrium value was reached,
respectively. The slopes of log n, versus log y data of the salad dressings were
between —0.72 and —0.86.

Paredes et al. (1988) found commercial bottled salad dressings to be more viscous
than dressings prepared from dry mixes. The Arrhenius activation energy of flow for
the commercial dressings ranged between 10.5 and 20.5 kJ/mole. Thixotropic behav-
ior at a constant shear rate was described better by the Weltman equation (Equation
5.33) than the equation of Hahn et al. (Equation 5.34).

o =A; — B logt (5.33)
log (o0 — 0e) = 4y — Byt (5.34)

where, o is the shear stress, ¢ is time in seconds, o is the equilibrium shear stress,
and 41, 4>, By, and B, are constants.
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Commercial bottled salad dressings showed higher viscoelasticity than dressings
prepared from dry mixes, and bottled reduced calorie dressings exhibited intermediate
viscoelasticity (Paredes et al., 1989). A four-parameter model described the creep-
compliance behavior of the commercial salad dressings and the effect of storage on
a prepared salad dressing containing xanthan gum:

JO)=Jo+J (1 —e /™) +1t/n (5.35)

The viscoelastic parameters of the model salad dressing (Table 5-K) decreased with
storage time until 21 days and then increased from the 28th to the 42nd day. Specif-
ically, the dramatic changes in the magnitudes of the viscoelastic parameters during
the first two weeks are noteworthy. Kiosseoglou and Sherman (1983) also reported
decrease in viscoelasticity of o/w emulsions during storage up to the maximum stor-
age time of 20 days. The observed increase in viscoelasticity after 21 days by Paredes
et al. (1989) was most likely related to the hydration of xanthan gum in the salad
dressings, and that an eventual decrease and stabilization in the viscoelasticity of the
salad dressings would be inevitable. The study of Paredes et al. (1989) points out,
among other things, that the role of hydrocolloids as salad dressing ingredients must
be studied (Andon, 1987).

Melting characteristics of margarines and table spreads are important for flavor
release and consumer acceptance. Oscillatory measurements as a function of temper-
ature and also drop points, were used to quantify rheological changes accompanying
melting, and DSC measurements were used to quantify melting of fat crystals in these
products (Borwankar et al., 1992). For low-fat spreads rheological changes charac-
teristic of melting could occur at a temperature higher than when fat melting occurs
and that the fat melting is largely unaffected by emulsification. The rheology of low-
fat spreads was governed by emulsion characteristics such as the proportion of the
aqueous phase and the size of the water droplets. Drop point measurements provide
a simple method to determine melting in the rheological sense. Perceived meltability
of these products, in general, was due to a combined perception of cooling sensation
accompanying the melting of fat crystals and the sensation of flow accompanying
the rheological transitions. The cooling sensation was significant only for the case of
butter and high-fat margarines; in these cases the fat melting and rheological tran-
sitions both occurred at about the body temperature. In reduced fat products, the
cooling sensation was not significant and perceived meltability correlated with the
viscoelastic and drop point data.

STRUCTURAL ANALYSES OF FOOD DISPERSIONS
Role of Suspended Particles in Soy Milk

While application of structure-based models to rheological data, such as the Casson
model, provides useful information, structure-based analysis can provide valuable
insight in to the role of the structure of a dispersed system. Bodenstab et al. (2003)
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estimated the contributions to flow shear stress of soy milk by the suspended particles
and the suspending fluid.

where, oy is the shear stress caused by the viscous forces generated by the suspend-
ing fluid (continuous phase) and o, is the shear stress caused by interaction between
suspended particles. The former is temperature dependent and in the latter the temper-
ature dependency can be neglected. In the direct interparticle interactions, Coulomb’s
mechanical friction forces, hydrogen bonds, electrostatic attraction, and hydrophobic
attraction may be important. As pointed out earlier, in some food suspensions, it may
not be easy to separate the suspending fluid from the suspended particles because part
of the former being enclosed by the latter.

-2 .
% E
o =(1—¢p) nsm}?-y?i)’; (5.37)

where, ¢y, is the volume fraction of solids in the dispersion, 7 is the dynamic viscosity
of the suspending fluid (continuous phase), y is the apparent shear rate, yeq is the
equivalent shear rate; yeq is defined as the shear rate that would be necessary to shear
the suspending fluid in the absence of dispersed solids so that the same volumetric
energy would be dissipated as in the dispersion, and Ep is the energy dissipation
by direct interparticle forces. The term, E,/V 'y, has the dimensions of shear stress
and it represents op. In the above equation (Equation 5.37), there are two unknown
parameters: Yeq and £, that may be estimated from measurements at two temperatures
on a specific dispersion. Here, the implicit assumptions are: (1) there is negligible
change in the flow pattern of a dispersion when the temperature is varied over a
moderate range, (2) the composition of the dispersion does not change over the
temperature range, and (3) the interparticle forces depend only weakly on temperature.

Based on an earlier study of Sommer (1975) on synthetic-particle suspensions, the
relationship for yeq 1s:

: y (o1 — 02)
. = 5.38
e \/(l—cpp)(m—nz) 39

where the subscripts 1 and 2 refer to the values of stress and viscosity of the dispersion
at temperatures 1 and 2. Typical values of temperature that were used were 10 and
25°C, and 20 and 40°C (Bodenstab et al., 2003).

Using the expression for yeq, Equation 5.37 becomes:

gy — 02
m-—m

G =05+ 0p = 1s + 0p (5.39)
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For the soy milks studied, direct interparticle interactions were found to be significant
at particle concentrations above about 20 g/100 g. Between about 15.0 and 26.3
g/100 g concentration, direct interactions between suspended particles became greater
than the viscous flow of the suspending fluid and dominated the overall properties of
the dispersions. It appears that shear stresses resulting from interparticle forces were
fairly independent of shear. However, o, the shear stress caused by the suspending
fluid, was much more shear sensitive.

STRUCTURAL COMPONENTS OF YIELD STRESS

In the kinetic or structural approach to rheology of dispersions (Michaels and Bolger,
1962) the basic flow units are assumed to be small clusters or flocs that at low shear
rates give the dispersion a finite yield stress. The clusters associate randomly to form
weakly bonded aggregates and tenuous networks, giving rise to plastic and structural
properties. In Chapter 3, the concept of static, ags, and dynamic, oqq, yield stress was
introduced. Based on the work of Michaels and Bolger (1962), from an energy balance
at the point of maximum deformation (yield point) in the vane test, the contributions
of different structural components to the total yield stress, ogs, may be estimated
(Genovese and Rao, 2003):

00s = Op + Oy + Oy (5.40)

The stress to break the bonds between the flocs may be calculated as the difference
between the static, ogps, and the dynamic, ogq, yield stresses of the samples with
undisrupted and disrupted structure, respectively.

Op = 00s — 00d (5.41)

where, oy, 1s the stress required bonds between the flocs, oy, is the stress dissipated due
to purely viscous drag, and o, is the stress required to break the aggregate network.
Given that oy = 1y is very small in most dispersions, one can estimate the two
contributions o}, and oy,.

Genovese and Rao (2005) determined the vane yield stress of commercial samples
of apple sauce, tomato concentrate, mustard, mayonnaise, and tomato ketchup. For
each sample, they determined first the static yield stress, ogg, of a sample with undis-
rupted structure, followed by a flow test that served the dual purposes of breaking
down structure and also providing shear rate versus shear stress data, and finally
determined the dynamic yield stress, ogq4. Magnitudes of the static and dynamic yield
stresses are shown in Figure 5-18. For the foods studied, the viscous component of
yield stress was small, so that the contributions of bonding and network components
were of major interest. For the homogenized products, mayonnaise, mustard, and
ketchup oy, > o, while for products processed in a finisher, applesauce and tomato
puree o, > op. The contribution of bonding to the static yield stress of the products
that were homogenized: mayonnaise, mustard, and ketchup ranged between 53 and
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65%, while that of finished, non-homogenized products: apple sauce and tomato
puree was about 20%.

Tarrega et al. (2006) found that the addition of a small amount of A-carrageenan to
starch-milk systems resulted in a large increase in the structure’s strength. The con-
tribution of bonding increased due to the presence of A-carrageenan-casein network
for both native and cross-linked maize starch dispersions. Achayuthacan et al. (2006)
found that values of o}, of heated dispersions of xanthan gum with various starches:
waxy maize, cross-linked waxy maize, and cold water swelling decreased and those
of oy, increased with increase in xanthan gum concentration.

Texture Map Based on Vane Yield Stress

As stated earlier, values of the static and dynamic yield stresses are determined on
samples that are undisturbed and disturbed, respectively. A texture map can be created
when those yield values are plotted against the corresponding values of the deforma-
tion. The texture map of three heated starch dispersions based on yield stress versus
deformation was shown in Figure 4-27 (Genovese and Rao, 2003). Figure 5-19is a
texture map of the structured foods: apple sauce, ketchup, mustard, and tomato con-
centrate (Genovese and Rao, 2005). In the figure, values of the static and dynamic
yield stresses determined using the vane method at different shear rates were plotted
against the corresponding values of the angular deformations. Unlike a traditional
texture map, a map based on static and dynamic yield stresses indicates the behav-
ior of a food with both undisturbed and disturbed structure; it should be useful in
understanding the role of processes that may alter a food’s structure.
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Appendix 5-A

Literature Values of Rheological
Properties of Foods

Paul E. Okechukwu and M. A. Rao

Literature values of rheological properties of fluid foods are useful in design and
handling applications. Earlier, Holdsworth (1971, 1973) presented compilations of
the literature values of rheological properties of fluid foods. Magnitudes of the flow
properties of several foods from the literature that were selected after examination of
the measurement technique used are listed in several tables: (1) viscosity of water in
Table 5-A, (2) fruit juices and purees in Table 5-B, (3) tomato pastes (Rao and Cooley,
1992) in Table 5-C, (4) the effect of temperature on apparent viscosity and consistency
index of fruit juices and purees in Table 5-D, (5) creep-compliance parameters of
tomato concentrates (Yoo and Rao, 1996) in Table 5-E, (6) values of yield stress of
prepared apple sauce samples using the vane method and extrapolated Bingham yield
stress in 5—F (Qiu and Rao, 1988), (7) flow properties of chocolate in Table 5-G,
(8) flow properties of chocolate before and after degasification in Table 5-H (Fang
et al., 1996), (9) flow properties of mustard, mayonnaise, fats, and oils in Table 5-I,
(10) effect of storage on the viscoelastic properties of a model salad dressing (Paredes
et al., 1989) in Table 5-K, (11) the effect of temperature on flow properties of oils as
reported by Lang et al. (1992) in Table 5-L; an unusual model: Inn = A+ (B/T+C)
was used to describe the effect of temperature, (12) flow properties of dairy products
in Table 5-M, (13) flow properties of meat batters in Table 5-N, (14) flow properties
of egg products in Table 5-O, (15) flow properties of syrups and honeys in Table 5-P,
and (16) viscosity of wines in Table 5-Q. Some of the tables listed above have not
been referred to in Chapter 5.
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Table 5-A Viscosity of Water at Different Temperatures (Perry, 1950)

Temperature (°C) Viscosity (mPa s)

Water 0 1.7921
1 1.7313
2 1.6728
3 1.6191
4 1.5674
5 1.5188
6 1.4728
7 1.4284
8 1.3860
9 1.3462
10 1.3077
11 1.2713
12 1.2363
13 1.2028
14 1.1709
15 1.1404
16 1.1111
17 1.0828
18 1.0559
19 1.0299
20 1.0050
20.2 1.0000
21 0.9810
22 0.9579
23 0.9358
24 0.9142
25 0.8937
26 0.8737
27 0.8545
28 0.8360
29 0.8180
30 0.8007
31 0.7840
32 0.7679
33 0.7523
34 0.7371
35 0.7225
36 0.7085
37 0.6947
38 0.6814
39 0.6685
40 0.6560

41 0.6439
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Table 5-A
Temperature (°C) Viscosity (mPa s)
42 0.6321
43 0.6207
44 0.6097
45 0.5988
46 0.5883
47 0.5782
48 0.5683
49 0.5588
50 0.5494
51 0.5404
52 0.5315
53 0.5229
54 0.5146
55 0.5064
56 0.4985
57 0.4907
58 0.4832
59 0.4759
60 0.4688
61 0.4618
62 0.4550
63 0.4483
64 0.4418
65 0.4355
66 0.4293
67 0.4233
68 0.4174
69 0.4117
70 0.4061
71 0.4006
72 0.3952
73 0.3900
74 0.3849
75 0.3799
76 0.3750
77 0.3702
78 0.3655
79 0.3610
80 0.3565
81 0.3521
82 0.3478
83 0.3436
84 0.3395
85 0.3355

continued
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Table 5~-A Continued

Temperature (°C) Viscosity (mPa s)
86 0.3315
87 0.3276
88 0.3239
89 0.3202
90 0.3165
91 0.3130
92 0.3095
93 0.3060
94 0.3027
95 0.2994
96 0.2962
97 0.2930
98 0.2899
99 0.2868

100 0.2838
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