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Preface to the First Edition

Considering that the science ofrheology 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 ofthe 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 ofcomposition 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 ofrheology 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



viii RHEOLOGY OF FLUID AND SEMISOLID FOODS

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 Jose 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 ofFood 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 ofFluid 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 ofFlow and Viscoelastic Properties,
Chapter 4-Rheology ofFood 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

IX
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understanding of rheology of fluid and semisolid foods. Several references listed
at the end ofeach chapter are of studies conducted with my students who have made
valuable contributions. I thank Paul Okechukwu and Jose 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 ofFood 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 tum 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 offoods, 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 offoods 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 aI., 1960) by conducting a balance of either mass or momentum on
a stationary volume element of finite dimensions (e.g., ~x, ~y, ~z in rectangular
coordinates) through which the fluid is 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 ofEquation 1.1 can be omitted. The applicable partial
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differential equations are obtained in the limit as the dimensions ofthe control volume
tend to zero. The primary objective here is to point out to readers the origins ofuseful
relationships and the assumptions made in deriving them, and present the equation
of continuity in Appendix I-A, and the equation of motion in cartesian, cylindrical,
and spherical coordinates in Appendixes I-B, I-C, and I-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 I-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 ofa polymer or insoluble solids can be expected to exhibit
Newtonian behavior. A small amount (~1%) ofa dissolved polymer can substantially
increase the viscosity and also alter the flow characteristics from Newtonian ofwater
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 VanWazer et al. (1963) and those ofviscoelastic 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 ofRheology was formed also provides a fascinating
picture of the development of the science of rheology. 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 (aij), 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, al2 = a21 while the other four tangential com-
ponents, a13, a23, a31, and a32 are equal to zero, so that the stress tensor may be
written as:

r=
all al2 0
a21 a21 0
o 0 a33

(1.2)

The stresses, all, a22, and a33 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, ~, in viscometric flows are:

e=
o y 0
y 0 0
o 0 0

(1.3)

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 1], and the first and second normal
stress coefficients \111 and \112 can be evaluated from the stress tensor using Equations
(1.3-1.5) which relate specific stress components aij to the shear rate i:

a21 ==1](Y)

au - a22 == \II1(y)2

a22 - a33 == \112 (y)2

(1.4)

(1.5)

(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 1] and \II1 are large and positive, whereas \112 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 \111 (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, \111 (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 ofstate (Ferry,
1980). When the strains are relatively small, that is, in the linear range, the constitutive
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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 ofrheological 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 ofa fluid or the rotational speed ofa rotating cylinder, cone or
plate. In general, the determination ofstress corresponding to the shear rates is not very
difficult. However, calculation ofapplicable 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-l. 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 a be used to denote shear
stress. However, the symbol t 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 1] for Newtonian fluids, whose viscosity does not depend on
the shear rate, and for non-Newtonian fluids to indicate shear rate dependence by n«.
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 a
1]a = = -:-

shear rate y
(1.7)

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 (1]0), is a useful parameter.

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

The SI unit for viscosity is Pa s
1 Pa s = 1000 cP = 1 N s m-2 = 1 kg m-1 s-1 = 0.67197 Ibm ft-1 s-1

1 poise (P) = 1 dyne s cm-2 = 0.1 Pa s
1 cP = 0.001 Pa s = 1 mPa s = 0.01 P
1 Ibm ft-1 s-1 = 1.4882 kg m-1 s-1 = 1.4882 Pa s = 1488.2 cP
Kinematic viscosity (cSt) = viscosity (cP)/density (g cm-3)

1 St = 100 cSt = 0.0001 m2 s-1
1 calorie = 4.1868 JOUle (J)

The gas constant, R = 8.314 (J mor ' K-1)

Boltzmann constant, k = 1.38 x 10-23 N m K-1
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Because much work was done with viscosity expressed in poise in sensory assessment
ofviscosity, 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,

100

_ IIr - -tr. - -t.- -

20 40 60 80
Shear rate (s-l)

o~::...�

o

100

-+- Shear thinning
...... - Herschel-Bulkley

500 ---- Newtonian
-.- Bingham

---+- Shear thickening

Figure 1-2 Basic Shear Diagram ofShear Rate versus Shear Stress for Classification ofTime-Independent
Flow Behavior ofFluid 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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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 ofshear
(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 ofbeing due to breakdown ofstructural 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 (ao) (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 is 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 ofthe 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 tum
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 ofshear 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.



10 RHEOLOGY OF FLUID AND SEMISOLID FOODS

[t]

O-""""'......L.-J......-J-......L.-J......-J-......L.-J......-J-......L.-..L......J.........L.-..L......J.........L.-..L......J.........L.-..L......J.........L.-..L......J...---'-.J.......J

o 200 400 600 800 1,000 1,200 1,400
Shear rate (S-l)

Figure 1-4 Time-Dependent Shear-Thinning (thixotropic) Behavior of a Tapioca Starch Dispersion
Heated at 67°C for 5 min, Data of Tattiyaku1(1997).
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Figure 1-5 Time-Dependent Shear-Thickening (antithixotropic) Behavior ofa Cross-linked Waxy Maize
Starch Dispersion Heated at 120°C for 30 min, Data ofChamberlain (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
ao (ifpresent) 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-1 is:

aso
1]a,SO = -.- (1.8)

Yso

where, aso is the shear stress corresponding to a shear rate of 50 s-1. The zero-shear
viscosity 1]0, is an important parameter in the study of shear-thinning fluids. It is the
limiting viscosity at very low shear rates. The important role of 1]0 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 [1]], of a polymer in solution depends only on the dimensions of the polymer
chain. Because [1]] 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 (1]/ 1]s) of the dispersions are from about
1.2 to 2.0 to assure good accuracy and linearity ofextrapolation 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 (1]sp) divided by concentration (c):

[1]] = limit (1]sp/ c)
c-+o

(1.9)

where, 1]sp = [(1] - 1]s)/ 1]s], and 1] and tt» are the viscosities of the solution and the
solvent, respectively. When a dilute solution exhibits shear-thinning behavior, its
zero shear viscosity, 1]0, 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 [1]] from experimental dilute
solution viscosity data (Tanglertpaibul and Rao, 1987). The two equations commonly
employed for determining [1]] of food gums are those ofHuggins (Equation 1.10) and
Kraemer (Equation 1.11):

1]sp = [1]] + k1 [1]]2 c
c

In (1]r) / c = [1]] + k2[1]]
2c

(1.10)

(1.11)

In Equation (1.11), 11r is the relative viscosity (11 / 11s). Equations 1.10 and 1.11 imply
that plots of 1]sp / c versus c and In(1]r)/ c versus c 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 k1 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 k2) are theoretically related by the equation:

(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 aI., 1994).

For polyelectrolytes (charged polymers), a plot of 1]sp/cversus C may be a curve.
An alternate expression of Fuoss and Strauss (1948) can be used (Chamberlain and
Rao, 2000):

(1.13)
1]sp [1]]

C (1 + Bc1/ 2)

When (c/1]sp) is plotted against c1/ 2, a straight line is obtained with an intercept of
1/[1]] and a slope ofB/[1]].

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

(1.14)
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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 ofthe 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, [1]] and
rheological behavior are also affected by the pH and the ionic strength ofthe solution;
therefore, their values should be controlled in studies of [1]] and their rheological
behavior.

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

Biopolymer Solvent M fry] (dl/g) Reference

Apple pectin
DE*-72.9% NaCI 0.155 M 155,000 6.13 Michel (1982)
DE-60.5°lo 113,000 4.45

Xanthan gum Water 168 Launay et al. (1984)
NaC12°lo 36.7

Sodium alginate Ionic 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 (a) is applied to a rod of length L in a tension mode
and that results in a small deformation ~L. The linear relationship between stress (a)
and strain (y) (also relative deformation, y == ~L /L) is used to define the Young's
modulus of elasticity E (Pa):

a == 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:

G(t, y) = a(t, y)
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 ofdeformation (e.g., linear or shear) will not be important.
Further, the extensional and the shear relaxation moduli are related as:

E(t) == 3G(t) (1.17)
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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:

da = ydG (1.18)

Defining the memory function as: M(t) = -dG(t)jdt, one can express a large linear
deformation as the sum ofall the small linear deformations that in tum can be written
as the integral over all past times:

t

a = - f M(t - t')y(t')dt'

-00

(1.19)

where, t' is the past time variable in the range - 00 to the present time t. The elapsed
time is denoted as s = (t - t'), and Equation 1.17 can be written as:

t

a = - f M(s) y(t -s)ds

-00

(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:

da = Gda = G
dy

dt = Gy dt
dt

t

a = - f G(t - t')ydt'

-00

(1.21 )

(1.22)
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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, An,and the constants, Gn:

N

G(t) == L:Gn exp(-t/An)

n=l

In the unlikely event of G(t) being described by a single exponential term:

G(t) == Go exp( -t/A)

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

t

JG -(t-t')/'A· d Ia == - oe Y t

-00

(1.23)

(1.24)

(1.25)

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

00

G(s) =JH;A) e-sj >.. dA

o

(1.26)

Linear Viscoelasticity in Differential Form

Three equations are basic to viscoelasticity: (1) Newton's law of viscosity, a == fry,
(2) Hooke's law ofelasticity, Equation 1.15, and (3) Newton's second law ofmotion,
F == rna, 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:

da . G'
a +A- == 17Y == A oY

dt
(1.27)

A convenient manner of interpreting viscoelastic behavior of foods is in terms of a
spring that has a modulus E and a dashpot that represents a Newtonian fluid with
viscosity 17 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:

TI
TI =-

E
(1.28)

(1.29)

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

dy
a = TId{ +Ey

For constant stress, the above equation can be integrated to describe the deformation:

a
A= E [I - exp(- EI TI) t ]

In terms of the retardation time, T2, the above equation is:

a
y = - [I - exp (- tI T2) ]

E

(1.30)

(1.31)

The Kelvin-Voigt elements are used to describe data from a creep experiment and the
retardation time (T2) is the time required for the spring and the dashpot to deform to
(I - IIe), or 63.21% ofthe total creep . In contrast, the relaxation time is that required
for the spring and dashpot to stress relax to l ie or 0.368 ofa (0) at constant strain. To
a first approximation, both TI and T2 indicate a measure of the time to complete about
half of the physical or chemical phenom enon being investigated (Sperling, 1986).

LENGTH SCALE OF FOOD MOLECULES AND FOODS

When studying the rheological behavior ofa food, knowledge of the compo sition of
the food, espec ially 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 103 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
10-9-10-6 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, Df = 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).



Introduction: Food Rheology and Structure 19

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 Ca2+ or by acid coagulation.

The thermodynamic definition ofa phase transitions is based on changes occurring
in Gibbs free energy, G, and chemical potential, JL, at the transition temperature
(Sperling, 1986, 2001). A first-order transition is defined as one in which the first
derivatives of G and JL 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 JL 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- 1 and 10°C min-I. The heat flow versus temperature
diagrams are known as thermograms.

Glass Transition in Foods

At the glass transition temperature, Tg, the amorphous portions ofa 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 Tg can be taken as
the temperature at which one-half of the change in heat capacity, ~cp, has occurred
(Sperling, 1986). Besides DSC, other experimental techniques that have been used
to determine Tg include dilatometry, static and dynamic mechanical measurements,
as well as dielectric and magnetic measurements (Sperling, 1986).
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Temperature --.

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, ~Cp, has occurred.

Solution

0)

~ Freeze-concentrated
~
0)

S "0) T'
~ g

Ice and Glass
Glass

~

I
o Weight fraction of solids

Figure 1-10 State Diagram Illustrating Glass Transition, Tg, and Melting, Till, Temperatures, and the Dif-

ferent Phases: Glass Transition Temperature of Unfrozen Solute-Water Phase, T~, and the Corresponding

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

Roos (1995) noted that the decrease in viscosity above Tg 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 Tg. Determination of Tg values as a
function of solids or water content and water activity can be used to establish state



Introduction: Food Rheology and Structure 21

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 Tg curve, the product is in a glassy state. Besides
the Tg of water, commonly accepted as 136 K and of the anhydrous solute, the glass
transition temperature of unfrozen solute-water phase, T~, and the corresponding

solids weight fraction, X~ 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).
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Appendix I-A

Momentum and Heat Transport Equations for
Incompressible Fluids

Transport Equations in Vector Notation

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

V·V=o

DV
p- = -Vp - [V· r] + pg

Dt

kV2r = -(V oq) - (r : VV)

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

Cartesian Coordinates (x, y, z):

ap a a a- + -(pvx ) + -(pvy ) + -(pvz ) == 0
at ax ay az

Cylindrical Coordinates (r, e, z):

ap 1 a 1 a a- + -- (prv r ) + -- (pve) + - (pvz) == 0
at r ar r ae az

Spherical coordinates (r, e, ¢):

ap 1 a ( 2) 1 a . 1 a- +-- pr vr +-.-- (pve sine) +-.-- (pv¢) = 0
at r2 ar r sin e ae r sin e a¢

Equation of Motion in Rectangular Coordinates (x, y, z) in terms of (1

(Bird et al., 1960)

x-component:

(
avx avx avx avx) ap (aaxx aayx aazx)

p -+vx-+v -+vz- =--+ -+-+- +pgx
at ax Y ay az ax ax ay az

(A)

Source: Bird, R.B., Stewart, W.E., and Lightfort, E.N. 1960. Transport Phenomena, John Wiley and
sons, New York.
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y-component:

(
aVy avy avy avy) ap (aaxy aayy aazy)

p -+vx-+v-+vz- ==--+ -+-+- +pg
at ax y ay az ay ax ay az y

(B)

z-component:

(
avz avz avz avz) ap (aaxz aayz aazz)

p -+vx-+v -+vz- ==--+ -+-+- +pg
at ax y ay az az ax ay az y

(C)

The Equation of Motion in Spherical Coordinates (r, (J, cP) in terms of (1

(Bird et al., 1960)

r-component:

(
aVr aVr ve aVr v¢ aVr v~ + v~)

p -a-t + vr-
a-r + -;:- -a-e + -r-si-n-e -a¢- - --r-

== - ap + (~~ (r2arr) + _~_ i!...- (arosin 0)
ar r2 ar r SIn e ae

1 aar¢ aee + a¢¢)+-.-e -aA. - + pgr
r SIn 'f/ r

8-component:

(
ave ave ve ave v¢ ave Vrve v~ cot e )

p -a-t + Vr-a-r + -;:- -a-e + -r-si-n-e -a¢- + -r- - --r-

== _~ ap + (~~ (r2are) + _.1_i!...- (aoo sine)
r ae r2 ar r SIn e ae

1 aae¢ are cot e )
+-.--- + - - --a¢¢ + pge

r SIn e a¢ r r

¢-component:

(
av¢ av¢ ve av¢ v¢ av¢ v¢vr vov» )

p -+v -+--+---+-+-cot8
at r ar r ae r sine a¢ r r

1 ap (1 a (2 ) 1 aae¢ 1 aa¢¢
= - r sinO a¢ + r2 ar r ar¢ + ~iii} + r sinO---a;j;

ar ¢ 2 cote )+- + --ae¢ + pg¢
r r

(A)

(B)

(C)
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Equation of Motion in Cylindrical Coordinates (r, (J, z) in terms of (1

(Bird et al., 1960)

r-component:

(
aVr aVr VB aVr V~ avr)

p -+Vr-+----+Vz-at ar r ae r az

ap (1 a 1aarB aBB aarz)= -- + -- (rarr) + --- - - + - + pgr
ar r ar r ae r az

z-component:

(
avz avz VB avz avz)

p - +vr- + -- +Vz-at ar r ae az

ap (1 a 1aaBz aazz)
= -- + -- (rarz) + --- + - + pgz

az r ar r at} az

(A)

(B)

(C)



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: (I) 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
ofchanges in it. It may be used, together with experimental data, to estimate values of
parameters that help characterize the rheological behavior ofa food sample. One such
model is that ofCasson (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 SomeTwo- andThree-Parameter FlowModels for Describing ShearRate
(y) versusShear Stress (a) Data

a = fJY

Ya=--------

[7}~ + KE(a ) (1/ nE)- 1]

a = [fJooY + KsynS]

fJO - fJoo
fJa = fJoo + 1 + (aCy)m

_ + fJO - fJoo
fJa - Ilco [1 + (Acy)2]N

a = Kyn

,.
a - ao = fJ Y

a - aOH = KKynH

aO.5 = KOc + Kc(y)O.5

a n1 =a;1 +fJoo(y)n2

a = [(aov)1/nv + KVy]nV

*Discussed in text.

Newtonian model*

Ellis model for low shear rate data containing fJO
(Brodkey, 1967)

Sisko model for high-shear rate data containing
tlco (Brodkey, 1967)

Cross model for data overa wide range of shear
rates*

Carreau model fordataoverawiderange ofshear
rates*
Power law model used extensively in handling
applications*
Bingham model*
Herschel-Bulkley model*

Casson modelusedespecially in treating dataon
chocolates*

Mizrahi and Berk (1972) model is a modification
of the Casson model

Generalized model of Ofoli et al. (1987)*

Vocadlo (Vocadlo and Moo Young, 1969) model

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 aI., 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:

a == rry (2.1)

As per the definition of a Newtonian fluid, the shear stress, a, and the shear
rate, y, are proportional to each other, and a single parameter, n, the viscosity,
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characterizes the data. For a Bingham plastic fluid that exhibits a yield stress, 0'0, the
model is:

,.
a-0'o = rJ Y (2.2)

where, rJ' 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: rJ'
and 0'0, 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 ofshear-thinning
and shear thickening fluids:

a =Kyn (2.3)

where, K the consistency coefficient with the units: Pa sn is the shear stress at a shear
rate of 1.0 s-l 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 ofa Newtonian fluid (n = 1), the consistency
index K is identically equal to the viscosity of the fluid, n, 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:

log a = log K + n log y (2.4)

The parameters K and n are determined from a plot of log a versus log y, and the
resulting straight line's intercept is log K and the slope is n. If a large number of a
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 a

will provide statistically best values ofK and n. Nevertheless, a plot of experimental
and predicted values of log y and log a is useful for observing trends in data and
ability of the model to follow the data. Figure 2-1 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-Bulkley (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 n) 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 Plot of Log Shear Rate (]i) versus Log Shear Stress (a) for a 2.6%> Tapioca Starch Dispersion
Heated at 67°C for 5 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: 101-104s- 1 that can be obtained with many commercial viscome-
terse 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:

(2.5)
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where, y is shear rate (s-1), a is shear stress (Pa), nH is the flow behavior index,
KH is the consistency index, and aOH 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, KH and
nH can be determined from linear regression of log a - aOH versus log(y) as the
intercept and slope, respectively. Alternatively, nonlinear regression technique was
used to estimate aOH, KH, and nH (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:

aO.5 = KOe +K e(y )O.5 (2.6)

For a food whose flow behavior follows the Casson. model, a straight line results
when the square root of shear rate, (y )0.5, is plotted against the square root of shear
stress, (a )0.5, with slope K e and intercept KOe (Figure 2-2). The Casson yield stress is
calculated as the square ofthe intercept, aOe = (KOe)2 and the Casson plastic viscosity
as the square of the slope, 17Ca = (Ke)2. The data in Figure 2-2 are of Steiner (1958)
on a chocolate sample. The International Office ofCocoa 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, 1700' (Metz
et al., 1979) ofdispersions by considering the limiting viscosity at infinite shear rate:

(da) (d(Ja) da )
dy -(--+00 = dY d(Ja) -(--+00

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

and

deJa) s;
dy 2~

dO'
deJa) = 2Ja

(2.8)

(2.9)
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Figure 2-2 Plot of (y)0.5 versus (0')0.5 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,

(2.10)

Quemada Model

Quemada et al. (1985) proposed a viscosity equation for dispersed systems based
on zero-shear, 1]0, and infinite-shear, 1]00' viscosities, and a structural parameter, A,
dependent on the shear rate, that may be written as:

where,

1]

1]00

1
A== -----

[1 + (t c y )0.5]

(2.11)

(2.12)

The time constant tc is related to the rate of aggregation ofparticles due to Brownian
motion. For highly concentrated dispersed systems, 1]00 will be much lower than 1]0,

so that (1]00 / 1]0)« 1 and the dispersion may have a yield stress, and Equation (2.11)
reduces to the Casson model (Equation 2.6) (Tiu et aI., 1992) with the Casson yield
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stress, aOe = (1]oo/te). 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 aI., 1996, 1997) to be
discussed in Chapter 5.

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 aI. (1987):

(2.13)

where, n1 and n: are constants, and 1]00 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 (1]0) 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]00). The three regions may be thought ofbeing due
rearrangement in the conformation ofthe biopolymer molecules in the dispersion due
to shearing. In stage 1 when the magnitude ofy 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 (1]a) of the solution can be correlated with shear rate (y) using
the Cross (Equation 2.14) or the Carreau (Equation 2.15) equations, respectively.

1]0 - 1]00

l1a = 1100 + 1+ (aer)m

1]0 - 1]00

(2.14)

(2.15)
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170

Log (shear rate)

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, ae and Ae are time constants related to the relaxation times of the polymer in
solution and m and N are dimensionless exponents. Because magnitudes of 1]00 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 1]00 has been neglected (Abdel-Khalik et aI., 1974; Lopes da Silva
et aI., 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 aI., 1992), konjac flour gum (lacon et aI., 1993), and mesquite gum solution
(Yoo et aI., 1995), and other gums (Launay et aI., 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]00' the Cross exponent m tends to a value (1 - n ), where n is
the power law flow behavior index (Launay et aI., 1986; Giboreau et aI., 1994). For
the shear rate, Ye, where 1]ap = (1]0 + 1]00)/2, the Cross time constant ae = l/Ye.
Generally, Ye gives an order ofmagnitude ofthe 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 ofthe rheological behavior
ofpolysaccharide polymers in solution and the difficulty involved in obtaining exper-
imental data over the applicable shear rate range ofl0-6-104s- 1 (Barnes etaI., 1989).
The low shear rate region of about 10-3-10° 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
101-104s- 1 falls within the operational domain of most commercial rheometers, so
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that the range of 10-3-104 S-1 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 ofthe rheological behavior ofglass-filled polymers
(Poslinski et al., 1988):

. -1 [1 (1 · )2]-N1Ja = aOy + 1Jp + ApY (2.16)

where, ao is the yield stress, 1Jp is the plateau viscosity, and Ap and N are constants to
be determined from experimental data. Rayment et al. (1998) interpreted the rheolog-
ical behavior ofguar 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:

(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:

a = A - Blogt (2.18)

where, a is shear stress (Pa), t is time (s), and A (value of stress at t = 1 s) and B
are constants. A plot ofa 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 A and B for cross-linked
waxy maize starch dispersions.

Tin-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:

(2.19)
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Table 2-2 Weltman Equation Parameters for Cross-Linked WaxyMaizeGelatinized
StarchDispersions (Da Silvaet aI., 1997)

ShearRate (5-1)

Weltman Cone.
Parameter (%) 50 100 200 300

3 6.97 x 10-2 5.76 x 10-2 4.22 x 10-2

A 4 2.97 x 10-1 2.08 x 10-1 1.72 x 10-1 9.54 x 10-2

5 5.39 x 10-1 3.88 x 10-1 3.55 x 10-1

3 1.58 x 10-3 5.71 x 10-4 1.66 x 10-5

B 4 3.15 x 10-3 2.07 x 10-3 5.29 x 10-3 7.83 x 10-3

5 8.30 x 10-5 1.06 x 10-2 8.79 x 10-3

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, a is the shear stress (Pa), y is the shear rate (s-I), A is a time-dependent
structural parameter that ranges from an initial value ofunity to an equilibrium value
Ae, aOH is the yield stress (Pa), KH is the consistency index (Pa s"), and nH is the
flow behavior index. The decay of the structural parameter with time was assumed
to obey a second order equation:

dA 2dt = -kl (A - Ae) (2.20)

where, the constant kl is a function of shear rate to be determined experimentally.
While the determination of aOH, KH, and nH is straight forward, estimation ofkl and
Ae requires the use of values of apparent viscosities (1]a) (Tiu and Boger, 1974):

(2.21)

and

(2.22)

where,

. klY
al(Y) = +K "nH (2.23)

aOH HY

It can be shown (Tiu and Boger, 1974), that a plot of 1/(1]a -1]e) versus time will yield
a straight line ofslope al and repeating the procedure at other shear rates will establish
the relationship between al and y, and hence kl and y from Equation 2.20. For a
commercial mayonnaise sample, values of the different parameters were: Ae = 0.63,
aOH = 7.0 Pa, KH = 28.5 Pa s", nH = 0.32, and kl was a weak function of shear
rate; specifically, k; = 0.012 y0.13 (Tiu and Boger, 1974).
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ROLE OF SOLIDSFRACTION IN RHEOLOGY OFDISPERSIONS

Following Einstein's work (Einstein, 1906, 1911) (Equation 2.24) on dilute rigid
sphere dispersions, models for estimating viscosity of concentrated non-food dis-
persions of solids are based on volume fraction (1) of the suspended granules and
the relative viscosity of the dispersion, 17r = (17/17s), where 17 is the viscosity of the
dispersion 17s is the viscosity of the continuous phase (Jinescu, 1974; Metzner, 1985).

17r = 1 + 2.51 (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.

(2.25)

Wildemuth and Williams (1984) modeled the 17r of rigid sphere suspensions with
a shear-dependent maximum volume fraction (1m). The applicability of a shear
dependent 1m (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:

(
1 )-[1JlcPm

17r = 1 - -
¢m

(2.26)

where, [17] and 1m are the intrinsic viscosity and maximum packing fraction ofsolids.
Theoretically, [17] should be 2.5 for rigid spheres and 1m should be about 0.62 if the
spheres are ofuniform diameter (Krieger, 1985), but Choi and Krieger (1986) found
it necessary to use values of [17] of2.65-3.19 to fit Equation 2.25 to viscosity-volume
fraction data on sterically stabilized poly methylmethacrylate spheres. For calculating
values of 17r according to the Krieger-Dougherty equation, a value of1m = 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 17r predicted (Figure 2-4) are close to each other. In Figure 2-4 for the
Krieger-Dougherty model, 1m was taken to be 0.62 and [17] to be 2.5. It is emphasized
that the above equations were derived for rigid solids; because ofthe 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
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Figure 2-4 Relative Viscosityversus Volume Fraction Ratio (<p / <Pm) Predictedby Models of Frankel-
Acrivosand Krieger-Dougherty<Pm = 0.62 and [1]] = 2.5.

with aspect (L /D) ratios :s30 in polymer melts is of interest:

rJr = [1 - (¢/A)]-2 (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:

(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 ofA decreases as aspect ratio
of suspended particles increases; for example, when the aspect ratio is 1.0 (smooth
sphere) the magnitude ofA 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 17r
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 17r are attained
at solids loading much lower than for rigid spherical particles (Figure 2-5).

Because ofthe compressible nature offood 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 ofplant 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, rJr, versus Volume Fraction of Solids Predicted by Model of Kitano et al.
(1981) for Rigid Spheres (A = 0.68) and Crystal-Like Solids (A = 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 A 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 A 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 A = 0.5 and the structural parameter k = 1.80:

(
1 )-2

17r = 1 - "2 k¢ (2.29)

They reported values of k 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:

(2.30)
1700

17roo = -
178

where, TJroo is the relative viscosity based on the Casson viscosity, Ilsx» (mPa s)
at 20°C, and 178 is the viscosity (mPa s) of the supernatant determined at 20°C.
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Figure 2-6 Procedure for Producing Tomato Pulp Particles of Narrow Particle Size Distribution (Yoo
and Rao, 1994).
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Rao, 1994).
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Volume Fraction. The Line in the Figure Represents Values Predicted by the Model of Quemada et al.
(1985) with the Structural Parameter k = 1.8 (Rao and Tattiyakul, 1998).

The model of Quemada et al. (1985) with the structural parameter k = 1.80 gave a
satisfactory fit (Figure 2-8). Because heated tapioca starch granules are deformable,
the value k = 1.80 ofred blood cells was selected for the data on tapioca STDs. Given
that the Krieger-Dougherty (1959) model predictions were substantially different
than experimental 1]r 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
aI. (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
aI. (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 ofparticles 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
(Agarwal a et aI., 1992).

The important role of volume fraction on the structure of rigid sphere dispersions
has been uncovered recently; as the volume fraction ofhard 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 aI. 2002).

Modulus of Gels of Fractal Flocs

In addition to the volume fraction ofsolids, their fractal nature also affects rheological
properties. Shih et aI. (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

Palm oil or lard fat
Cocoa butter

Salatrim®
Milk fat and/canola oil blends
Whey protein isolate + CaCI2 gels
Soy protein isolate gels, pH 3.8 and 0.2 M NaCI
Starch gels
Egg white protein gel, pH 3.7

Fractal Dimension, Of

2.82-2.88
2.37
2.90

1.97-1.99
2.30-2.60

2.30
2.79-2.81
1.90-2.10

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

G' ~ cjJ(d-2)/(d-Dr) (2.31)

where, Dr is the fractal dimension of the colloidal floc and d is the Euclidean
dimension ofthe 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 Dr 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
ONAPPARENT VISCOSITY OF FOODS

The effect ofconcentration on the zero-shear viscosity ofbiopolymer dispersions can
be expressed in terms of the coil overlap parameter, c[1]], 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 (1]a) or the consistency index of the power law model (K) can be described
by either exponential or power law relationships:

1]a ex exp(ac) (2.32)

n« ex c
b (2.33)

K ex exp(a'c) (2.34)

K ex cb' (2.35)

where, a,a', 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 (COl) of
Vitali (Vitali and Rao 1984a, 1984b) to illustrate the exponential model for the
effect of soluble solids (OBrix) 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-l
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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, -looe (Vitali and Rao, 1984a, 1984b)

°Brix (17a,100 Pa s In, 17a,100 K, Pa sn In K

50.8
56.5
57.9
61.6
65.3

0.29
0.65
0.83
1.62
3.38

-1.2379
-0.4308
-0.1863

0.4824
1.2179

0.89
2.18
2.56
5.61

23.58

-0.1165
0.7793
0.9400
1.7246
3.1604

Pera orange juice, 65 °Brix, -10°C
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Figure 2-10 The Influence of Insoluble Solids on Apparent Viscosity at a Shear Rate of 100 s-l
(l1a, 100) and on the Consistency Coefficient, K, of Pera Concentrated Orange Juice, Data of Vitali and
Rao (1984b).

(1Ja,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 ofconcentration (c) ofsoluble solids (OBrix) and insoluble solids (Pulp)
on either apparent viscosity or the consistency index of the power law model of
FCO] can be described by exponential relationships (Vitali and Rao, 1984a, 1984b).
Equations 2.36 and 2.37 are applicable to the consistency coefficient (K) ofthe power
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Figure 2-11 The Influence of Soluble Solids on Apparent Viscosity at a Shear Rate of 100 s-l (1]a,100)

and on the Consistency Coefficient, K, ofPera Concentrated Orange Juice, Data ofVitali and Rao (1984a).

law model. In the case ofFCOl, it should be noted that insoluble solids are expressed
in terms ofpulp content determined on a 12 °Brix sample by centrifugation at 360 x g
for 10 min (Table 2-5).

K == K C exp(BK°Brix)

K == KP exp(BkPulp)

(2.36)

(2.37)

where, K C
, K P , BK,and Bk are constants.

The role of insoluble solids can be also studied in terms of the relative viscos-
ity (1]r == apparent viscosity of COl/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 Cal. The values of 1]a,lOO also, as expected, follow
a profile similar to that of 1]r (Figure 2-12). The two curves are described by the
equations:

1]r == exp(9.90 x pulp fraction)

1]a,lOO == 1.95 x exp(9.90 x pulp fraction)

(2.38)

(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 -looe (Vitali and Rao, 1984a,
1984b)

Pulp, % 1]a,100 Pa s In, 1]a,100 K, Pasn In K

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
11.1 5.76 1.7509 23.91 3.1743

7 7

6
Pera orange juice, 65 °Brix, -10°C

6
lo-.

--y = 1.95 * el\(9.90x)R2 = 0.9970
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Figure 2-12 The Strong Influence ofPulp Fraction on the Viscosity of Concentrated Orange Juice (COJ)
and the Relative Viscosity (1Jr) of COJ.

Peclet Number of Dispersions

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

3 .
P _ 1]oroY

e - kT (2.40)

where, 1]0 is the viscosity of the suspending liquid (serum), ro is the particle radius, k
is the Boltzmann constant (1.38 x 10-23 Nm K- 1) , and T is the absolute temperature.



Flow and Functional Models for Rheological Properties ofFluid Foods 47

8

.£ 600
0
U
rJJ

'>
~
;;> 4.~

Q)
~
l::
~

2

0
15 17 19

o TP6 (17.5%)

• TP4 (17.7%)

21 23

Ln Peclet number

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 Pe» 1, hydrodynamic effects dominate and a dispersion of
spherical particles exhibits shear-thinning behavior. In contrast, when Pe« 1, the
distribution ofparticles 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 ofthe linear relationship
ofTP6 sample is slightly higher than that ofTP4 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 ofthe 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 ofparticle 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 of0.01-10 urn(Rahalkar, 1992). Many ofthe 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, in a 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 ofsubdivision. 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 ofan 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
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(Dickinson, 1993). They consist of mixtures ofmany 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, ~GR, that can be divided into
enthalpic (~HR) and entropic (~SR) contributions:

(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 ~HR and ~SR can be
either positive or negative, it is possible for the value of ~GR 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 f3 -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-a-
phosphatidylcholine after emulsification caused an increase in strength of a heat-set
f3-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 ofnuclear 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 OFTEMPERATURE 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:

77a == 7700A exp(Ea/ RT) (2.42)

where, tt« is the apparent viscosity at a specific shear rate, rJooA is the frequency
factor, E, is the activation energy (J mol-I), R is the gas constant (J mol- 1K -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 Ea is the energy barrier that must be overcome before the elementary flow
process can occur. The term: exp (- EalRT) may be explained as a Boltzmann factor
that gives the fraction of the molecules having the requisite energy to surmount the
barrier. Hence, Ea is the activation energy for viscous flow. From a plot of In tt«
(ordinate) versus (1IT) (abscissa), Ea equals (slope x R) and rJooA is exponential of
the intercept.

The Arrhenius equation for the consistency coefficient is:

K == «: exp(EaKIRT) (2.43)

where, K oo is the frequency factor, EaK is the activation energy (J/mol), R is the gas
constant, and T is temperature (K). A plot of In K (ordinate) versus (liT) (abscissa)
results in a straight line, and EaK == (slope x R), and K oo is exponential of the
intercept. The activation energy should be expressed injoules (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 aI., 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 aI., 1986):

B'
log 1] =A' + ---

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 ofthe WLF parameters their significance
can be clarified and it is functionally equivalent to the WLF equation (Ferry, 1980;
Soesanto and Williams, 1981):

(
1] / 1]0 ) c?(T - To)log - -- - ------

pT Po To - c~ + (T - To)
(2.45)
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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 aI., 1986)

Sample 1700 Ea , kJ mot:' SSQ R2

Apple 68.3 °8rix
Apple 64.9 °8rix
Apple 60.1 °8rix
Apple 55.0 °8rix

Grape 68.3 °8rix
Grape 64.5 °8rix
Grape 59.9 °8rix
Grape 54.0 °8rix

1.366E-15
1.671E-15
2.610E-13
5.050E-11

2.150E-14
9.810E-13
2.940E-12
7.610E-11

79
76
62
48

73
63
58
49

0.10260
0.02870
0.00110
0.00100

0.31770
0.03950
0.00620
0.00130

1.00
1.00
1.00
0.99

1.00
1.00
1.00
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 aI., 1986)

Sample A' 8' Too SSQ R2

Apple 68.3 °8rix -7.26 1,049 132.8 0.01356 1.00
Apple 64.9 °8rix -7.56 1,035 130.9 0.01360 1.00
Apple 60.1 °8rix -6.87 911 124.3 0.00208 1.00
Apple 55.0 °8rix -6.07 896 94.0 0.00048 1.00

Grape 68.3 °8rix -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, Too and B' are related to c~, c~, and a reference temperature To, often
called the glass transition temperature, by the following two equations:

Too == To - c~

o
B' == __c_1__

(To - Too)

(2.46)

(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 (AI-Malah et aI., 2001; Sopade et aI., 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 == ACb1 exp(Ea / RT) (2.48)

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

K = A' exp (:~ + be)

MIXING RULES FOR TWO COMPONENT BLENDS

(2.49)

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 ofvalues for the shear mod-
ulus Gc of a composite formed from components x and y with shear moduli Gx 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
(isostress).

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

Gc == cPxGx + cPyGy (upper bound, isostrain)

(1/Gc) == (cPx/Gx) + (cPy/Gy) (lower bound, isostress)

(2.50)

(2.51)

Values of Gc predicted by the above two models are shown in Figure 2-15. Implicit
in the above models is that the experimental value of Gc lies between those of G, and
Gy . For a simple phase-separated system, the lower bound form (isostress) should
predict Gc 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 (Gc) 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, Gc follows the lower bound isostress limit. with increasing fraction of y, there will be a phase
inversion and Gc 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 ofa starch-soyprotein system (Chapter 4), tomato
paste (Chapter 5), and mixed gel systems (Chapter 6). However, given that most foods
contain several major components (c), the number and distribution of phases (P) is
much more complex as seen from the phase rule:

P = (c - J+ 2) (2.52)

where,J 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. Plot the data (a - y)-look for trends in data and artifacts ofrheometer. Sometimes,
most, but not all, of the data can be used for subsequent analysis. If the data are
not reliable, why fit models?
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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 R2 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 descr ibed previously by others (e.g., Whorlow, 1980; Macosko, 1994). The text
by Van Wazer et aI. (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 oflittle value . A viscometer must be capable
ofproviding readings that can be converted to shear rate (y) and shear stress (a) in the
proper units of s-1 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
ofthe 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: (I) 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 1],

and average velocity v in a tube is that the Reynolds number (Equation 3.1), named
after Osborne Reynolds, is <2, 000:

Dvp
- < 2,000

1]
(3.1)

Viscosity measurements are done under laminar flow conditions. Under conditions of
turbulent flow ofNewtonian 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 ofapplicable 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-l; helical
channel extruder, 1,000-3,000 s-l; and filling machine nozzle, 30-3,000 s-l. 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: (32Q/nD3),

where Q is the volumetric flow rate (m3s-1)ofthe food andD 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 ofabout 10 to 30 s-1 , 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-l.

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 ofexpressions for the shear rate requires solution of the
continuity and momentum equations with the applicable boundary conditions. The
derivation ofequations 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 that in 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 is 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 is 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

II

=L,.

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):

M
a=--

2nr;h

where, ri is the radius of the rotating bob.

(3.2)

Newtonian Shear Rate

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

. 2Q
)IN=-----

[1 - (ri/ro)2J
(3.3)

where, Q is the angular velocity of the rotating bob, ri is the radius of the bob, and r0

is the radius ofthe 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:

(3.4)

where 17 is viscosity; M is the torque on the bob, Q is the angular velocity of the
rotating bob, h is the length of the bob in contact with the fluid, ri is the radius of the
bob, and ro is the radius of the cup. For a given instrument with a given geometry
this equation reduces to:

17 = CM/Q (3.5)

where, C is the instrument constant == 1/[(4nh) {(1/r;) - (1/ r~) }]. 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)

where, Q is the angular velocity of the rotating bob, "I is the shear rate at the bob, ai

is the shear stress at the bob, and 8 = (cup radiuslbob 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):

(3.7)

From equation 3.7, as shown in Table 3-1, 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 (ri/ro) 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, Yo, is zero in Equation 3A.12, the expression
for the shear rate is:

(3.8)

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 ShearRate Correction Factors forConcentric Cylinder Geometry

XX= {1 _ (~)2} YY = n {1 _ (~)2/n}
Correction

(rj/ro) Value of n xx Factoryy

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 ofthe 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 (dQi/dai) 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) ao (ro )Q--- --- +-In-
- 4rrh 1]' r; r~ 1]' ri

(3.9)

where ao is yield stress and 1]' 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 )iN to the Casson model parameters Koc,Kc, and shear stress,
a. Steiner's approach is valid for values of a == (ri/ro) between 0.5 and 0.9, and )iN
values greater than 0.1 s-l when a == 0.9 and 0.01 s-l when a == 0.5.

{(l +a)~} =Kc {(l+a)Jrn"} +2K oc (3.10)
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The limited restrictions on the ranges ofshear rate and the values ofthe ratio (rilro) for
using Equation 3.10 are due to retaining only the first term in the series expansion of
In(rilro) and neglecting the higher order terms. From a plot {(I + a)JYN"} (abscissa)
versus {(I + a)J(1} (ordinate) (Figure 3-2), where a == (rilro), the Casson model
parameters can be calculated from the slope (m)K; == mand intercept (b)Koc == b12.
It will be recalled that the Casson yield stress is calculated as aoc == (Koc)2 and the
Casson plastic viscosity as 1]Ca == (Kc)2. Values of aoc and 1]Ca (Table 3-2) of two
chocolate samples whose viscosity data were obtained by Steiner (1958) with two
concentric cylinder systems: MVI, (rilro) == 0.95 and MVIII, (rilro) == 0.72 were
determined by plotting {(I + a)JYN"} versus {(I + a)J(1} (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.

3020

y = 7.79 + 1.49x,R/\2= 1.00, MVI-800

y = 3.04 + 1.0Ix, R/\2= 1.00, MVI-850

y = 8.55 + 1.54x,R/\2= 1.00, MVIII-800

y = 2.48 + 1.lOx,R/\2= 1.00, MVIII-850

10

40
,-I'-.,

trl • MVI-8000
,-...,

30 A MVI-850
00
00 • MVIII-800Q)

.b + MVIII-85000
~
clj

20Q)

..c

~
~

10+......
~

0
0

(1+a) {(Shear rate) a.5}

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, (JOc = (Koc)2, and Plastic Viscosity, 1}Ca = (Kc)2,
Values of Chocolate Samples with Couvertures 800 and 850 Determined with two
Rotovisco Concentric Cylinder Systems MVI, (ri/ro) = 0.95, and MVIII, (ri/ro) = 0.72.
Steiner, 1958

Measuring System
and Sample Intercept = 2KOc (Joe (Pa) Slope = Kc 11Ga (Pa s)

MVI, 800 7.79 15.2 1.49 2.22
MVI, 850 3.04 2.3 1.01 1.02

MVII',800 8.55 18.3 1.54 2.37
MVIII, 850 2.48 1.5 1.10 1.21
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Anumberof concentric cylinderdesignfactors affectthe rheological dataobtained
and these are discussed next.

End Effects in Concentric Cylinder Systems

In Equation3.2, the measured torqueshouldbe onlydueto the lateralsurface (2nrih)
of a vertical cylinder. Therefore, any significant drag on the ends of the rotating
cylindershouldbe eitherminimized by design, forexampleby providingan 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
(Mbb) contributed by the end can be estimated:

2nr3 (l In) (Qj)n
Mbb - 1 -

- 3 + n hb

where, hb is the gap between the bottom of the cylinder (Figure 3-3) and the cup,
and n is the power law flowbehaviorindex that can be obtainedfrom a plot of log Q

versus log M. The total torquedue to the lateralsurfaceof the bob and the bob's end
isM +Mbb·

Anotherapproach of accounting for endeffect,calledthe Mooney-Ewart approach
(Whorlow, 1980), is to replacethe end with a conewhoseinfluence can be calculated

Inner
cylinder

1-------,i$1

Outer
cylinder

ro

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, am:

2 ( reg)M = 2nreg h + -.- am
3sma

The stress am occurs at a radius reg:

2 2 2
2 r j ror ----
eq - r2 + r 2

I 0

(3.13)

Double Concentric CylinderSystem

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

,,,,
i
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Figure 3--4 Mooney-Ewart Geometry to Account for End Effect in a Concentric Cylinder Geometry.
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Figure 3-5 Double Concentric Cylinder Geometry for Low-Viscosity Fluids.
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shown in Figure 3-1, 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
(rl/r2) = (r3/r4). For the geometry shown in Figure 3-5, the expression for the
shear stress, analogous to Equation 3.2 is:

M
a=-----

2nh (r~ + r~)
(3.14)

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

(3.15)

Slip in Concentric Cylinder Systems

In some foods, a thin layer oflow-viscosity fluid forms at the solid-fluid interface that
in tum 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:

dr» Tip

dr == 2nr3

Integration from the inner to the outer cylinder gives:

(3.16)

(3.17)

(3.18)

In the above equations, wand Q are the angular velocity of liquid and cylinder,
respectively, f3 is the slip coefficient (defined as f3 = slip velocity/shearing stress), cp
is the fluidity, and T is the torque per unit height (Mh- I ).

In a controlled-shear rate viscometer such as the Haake Rotovisco, T is determined
as a function of Q, while in constant stress rheometers, such as the Carri-Med, Q

is determined as a function of T. In order to determine surface slip in a co-axial
cylinder viscometer, one must vary the ratio ritr: as well as T and Q (Mooney,
1931). Specifically, one can determine Q at constant T using three combinations of
cups and bobs of radii ri / rl, rs / ri. and r3/ ri. The coefficient of slip is given by:

2nr3

f3 = __2 (N12 + N23 + N13)
T



(3.19)

(3.20)
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where,N is the rotational speedfor theappropriate concentric cylindersystem. When
the bob is rotating, as is the case in many rheometers, the slip velocities for the cup
(v~up) and bob (v~ob) are givenby the equations:

v~up = f3 [2Jr~ L]
cup

v~ob = ~obQ - f3 [2 ~ L]
tt r bob

The velocity difference across the test material is: v~ob - v~up and the ratio of this
velocityto the velocitydifference withoutslip [(v~ob - v~up)I Vbob] is the factorused
to correctthe shear rate. It mustbe notedthat Mooney (1931) also suggestedthat one
may use only two concentric cylinder systems and this suggestion was interpreted
in a quantitative manner by Yoshimura and Prud'homme (l988a) who derived the
necessaryequationsfor such systems.

Toestimateslip velocities, the rotational speedsat specificvaluesof torquefor the
threeconcentric cylinderunits (Figure3-6) specifiedin the theoryof Mooney(1931)
were determined (Qiu and Rao, 1989; Grikshtasand Rao, 1993). The magnitudes of
theradiiof thethreeconcentric cylinderunitsrl, ri, andrs were: 18.4,20.04,and21.0
mm,respectively. Experiments wereconductedso that the rotational speedsN12, N13,

1", =20.04 mm

1", =2 1.0 mm

Figure 3-6 Diameters of Concentric Cylinders Used in a Study of Slip Velocities Using the Method of
Mooney (Qiu and Rao, 1989).
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and N23 were determined at the same magnitude oftorque, where the subscripts 12, 13,
and 23 denote the appropriate combination ofcup and bob; for example, the subscript
12 denotes a bob of radius rl and a cup of radius ri- The slip coefficient (f3) 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):

viwff;- - > 41.3
v ri

(3.21)

where, w is the width of the gap, Vi is the peripheral velocity of the inner cylinder,
ri is the radius of the inner cylinder, and v == 'lP is the kinematic viscosity of the
fluid.

Plate and Cone Geometry

The apex ofa cone is brought into close proximity, but not in to contact, ofa 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 of50 urn 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 is
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 ofrotation. 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



(3.22)

(3.23)

(3.24)
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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.

3Ten
Shear stress, ao¢ = D

. Q
Shear rate, y = -

eo
where, Ten is the torque per unit area, D is the diameter of the rotating cone or plate,
Q is the angular velocity, and eois the cone angle in radians . In general eois usually
quite small (2°-4°). It is readily apparent from Equation 3.22 that the magnitude of
y 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 ro separated by the gap h (Figure 3-8). Assuming steady, laminar,
and isothermal flow, the expression for shear rate is:

. Qro
y=-

h



(3.25)
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-.-h
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Figure 3-8 Schematic Diagramof a ParallelDisk Geometry.

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

(J' = 3M [1 + ~ dlnM]
2Jrr~ 3 din y

where, Q is the angular velocity, r0 is the disk radius, and h 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 com starch dispersion. They found
that the paraffin oil placed at the edge of the starch sample did not penetrate into the
starch. The gap h between the disks can be selected to accommodate foods containing
large particles and a rough guide for a suitable gap width is for h ~ lOx 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
a rotating vane (Figure 3-9) that minimizes settling and separation ofthe product. The
technique was developed for the determination ofpower 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):

(3.26)

where, ks is a constant that must be determined for each paddle (Rao, 1975; Rao
and Cooley, 1984) and N is rotational speed (revolutions s-l) of the paddle. The
constant k, can be determined from a semi logarithmic plot of (1 - n) (abscissa)
versus 10g[Pj(KNn+1d 3) ] (ordinate) (Rieger and Novak, 1973), and the slope of the
resulting line is equal to: -log k., For a given impeller, tests must be conducted such
that the necessary data are obtained: P, the power (Nm s-l ); N, the rotational speed

Each vane =
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Figure 3-9 Schematic Diagram of a Vane that can be Used for Obtaining Yield Stress, and Shear Rate
versus Shear Stress Data.
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Figure 3-10 Plot of (l - n) (abscissa) versus log [P /(KNn+1d 3) ] for an Eight-Blade Vane.

(S-l); 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 (I - n) can be obtained. Figure
3-10 illustrates such a plot for an eight blade impeller, d = 5.8 em and h = 4.4 em
(not shown here). For geometries wth large surface areas, the method of matching
viscosities is less likely to contribute to errors. A value ofks ofabout 19 was estimated
from Figures 3-9 and 3-10.

Magnitude of ks can also be determined by matching the torque with a Newtonian
fluid ofa 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 3-11 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
ofks 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 Illustrationthe MatchingViscosityTechnique for the Eight-BladeVane.

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):

Kx (ksNx)nX

«, (ksNy)ny
(3.27)

where, T; and Ty are the magnitudes oftorque measured with the test and the standard
fluids, N, and Ny are the rotational speeds employed with the test and standard fluids,
K, and K; are the magnitudes ofthe consistency coefficient ofthe test and the standard
fluids, and n, and ny are the magnitudes of the flow behavior index of the test and the
standard fluids. Because all the terms other than Kx , 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 tum can be
used to calculate shear rates and shear stresses from the relationship:

(2.3)

Flow Behavior Using a Vane

From numerical simulation of flow of power law fluids in a narrow-gap vane-in-
cup geometry (ri == 8.5 mm, ro == 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 is equal to that in conventional
concentriccylinderviscometergeometryandidenticalflowcurveswouldbe obtained.
Further, significantand suddendrop in viscositywas observedwith both geometries;
compared to the concentric cylinder geometry, the shear rate at which the drop in
viscosity occurredwas higher with the vane geometry. It is emphasizedthat, 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 equivalentshear rate shouldbe used.

YIELD STRESS OF FOODS USING A VANE

Yield stress is an important rheological property in foods such as tomato catsup,
tomatosauce,andmeltedchocolate. Experimental measurement of yieldby the relax-
ationtechniquedescribedbyVanWazeret al. (1963)is timeconsumingandthevalues
are affectedby prior shearingof sample.Yieldstressvaluesobtainedby 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
structurehas a high yield stress, called staticyield stress. In contrast,a samplewhose
structure has been disturbed by shear has a lower magnitude of yield stress, called
dynamicyield stress. The shearingof a sample may take place during loadingof the
sample into a measuringgeometryand collectionof rheologicaldata.

A relatively simple techniqueusing 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

I

Dynamic yield stress

Shear rate

Figure 3-12 Illustration of Static and Dynamic Yield Stress (Keentok, 1982).



MeasurementofFlow and Viscoelastic Properties 77

to examine yield stress of applesauce (Qiu and Rao, 1988) and other pureed foods
(Yooet 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, aov, is
then calculated from the equation:

JrD~ (H 1)r: == -2- D
v

+"3 aov

5

o 0

o
o

D

(3.28)

Figure 3-13 Vane Yield Stress Setup at Controlled Strain Qiu and Rao (1988). The Numbers Denote
Separate Pieces of Equipment: I-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.

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, Tm is the maximum torque reading (N m), and D; (m) is the diameter and
H(m) the height ofthe 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 aI., 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 rheometer 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 rheometer, there is uncertainty in the determination of the representative Till
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-1, the shear
modulus (G) can be calculated as:

(3.29)

where, O'e and te are the shear stress and time at the end of the initial linear portion of
the plot, respectively. The product yte is the strain corresponding to O'e. Values of G
obtained from vane data at y = 0.01 s-1 were of comparable magnitude to those of
G' obtained from dynamic data in a frequency sweep (Genovese et aI., 2004).

Michaels and Bolger (1962) and Metz and others (1979) discussed a structural
model for dispersions ofparticle floes 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:

aO == aOs

ab == aos - aOd

ay == 1]ooY

(3.30)

(3.31)

(3.32)

(3.33)

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

Genovese and Rao (2003a) suggested that first aos 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 ofaOd. It appears that for most foods, the viscous component of
yield stress will be small, so that the contributions ofbonding and network components
are of major interest. Another important practical use of aos and aOd is creation
of texture maps in which their values are plotted against corresponding values of
deformations at yield, YOs and YOd, 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 aI., 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, Sp
(Pa), over a known length oftube, L (m), and the corresponding volumetric flow rate,
Q(m3 s"), of the food in laminar flow can be measured. Care must be exercised in
designing the viscometer so that the Sp 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 Sp 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 (LID) ratios and plotting pressure drop values at constant shear
rate against those of (LID) (Figure 3-17). The correction (~) to (LID) 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 t; from Figure 3-17 were 1.10,

Flow direction

Reservoir

I
~--------

~-
I

L,~p
I I.. ,- .. I- .. ,

I f I I
I Entrance I Fully developed I Exit ,
I region I flow region I effect I
1 I I I
I I I region I

Figure 3-16 Tube Viscometer Design Considerations (Vitali and Rao, 1982).
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y = -1.0973 + 3.6576e - 2x RA2 = 1.0, 40 lis
y=-2.1433+3.0618e-2x RA2 = 1.0,60 lis
y = -2.5867 + 2.5867e - 2x RA2 = 1.0, 90 lis
y = -2.6870 +2.2391e - 2x RA2 = 1.0, 120 lis
y = -2.8722 +1.5976e - 2x RA2 = 1.0, 250 lis
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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-1 . Another use
for the data shown in Figure 3-17 is to estimate the entrance pressure drop ~Pe.

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/n D3) are plotted against the corresponding ~p for each
tube. (2) At selected values of (32Q/rrD 3) , the corresponding pressures are obtained
and plotted versus the (L /D) ratio of the tubes as in Figure 3-17. (3) The correction
factor sis obtained from Figure 3-17 and the effective length at a specific shear rate
is calculated as (L + sD). (4) From the corrected shear stress and (32Q/nD3) , the
shear rate-shear stress data can be obtained as discussed above. In the study of lao
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 100/0 of the
total pressure drop in a slit die viscometer for maize grits; in contrast, for potato flour
it was as large as 580/0.

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
(aw ) is 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.

D~p
aw ==--

4L

. _~(32Q) aw d (32Q/ n D
3

)
Yw - 4 n D3 + 4 da

w

(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,
(32Q/nD3), and a term that is a correction for non-Newtonian behavior. For fluid
foods obeying the simple power law model, the flow behavior index, n, can be deter-
mined as the slope ofa plot of log (32Q/n D3) (abscissa) and log (aw ) (ordinate), and
it can be used to calculate the non-Newtonian shear rate, y, from the equation:

Y= 3n + 1 (32Q)
4n nD3

(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 aI.,
1963; Rao, 1977b), ifnot the original references, should be consulted to appreciate the
experiences ofearlier 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

Ifone can determine accurately the minimum pressure required, ~Pmin, to cause flow
in a horizontal tube, then the yield stress of the material can be estimated from:

D~Pminao= ---
4L

(3.37)

The structure of the food sample would be disturbed considerably during the deter-
mination of ~Pmin, so 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, all - a22,

the material expands to a larger diameter, known as die swell or jet expansion. The
diameter of the expanded jet, DI, 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. (em) (em3s-1) Stress (Pa) (S-1 ) Rate (S-1)

1 11.3 3.31 29.1 285 394
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 81 units.

1. The pressure drop in cm of Hg was converted to Pa:

~p = pg~h = 13.6 9 cm-3 x 981 cm s-2 x 27.2 cm = 3.63 x 105 dyne cm-2

2. The shear stress at the wall,

_ O~p 0.491 x 3.63 x 10
5

_ 02 d -2 - 702 P
aw - ~ 4 x 63.5 - 7 yne cm - . a

3. The pseudo shear rate was calculated using YN = (320/][ 0 3 ) :

. = 32 x 28.58 = 2.46 x 1035-1
YN 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 YN versus log aw 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' [ 0.4]
K = (3~~1r = 3.17/(1.38) = 2.78 Pa

Tanner (1988):

(3.38)

The above equation provides approximate values because the effects of extensional
viscosity and moisture evaporation are not considered.
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• True shear rate
y = 0.44 + 0.40x, R/\2= 0.996

• Pseudo shear rate
y = 0.50 + 0.40x, R/\2= 0.996
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Figure 3-18 ShearRate-Shear StressData on GuavaPuree Obtainedwith a TubeViscometer (Vitaliand
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 ofviscosity can
be obtained by dividing the equation for shear stress by that for shear rate, one can
derive from the Hagen-Poiseuille equation:

TJ = (JT Sp r
4t/8VL)

where, 1] is the viscosity; ~p is the driving pressure for flow (usually product of
fluid density; p x gravity; g x and mean height of fluid column, h, during flow, i.e.,
Sp == pgh); r the capillary radius; t the time of flow; V the volume of flow (note that
the volumetric flow rate Q == V1t) 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 == 1]1p, data with a correction term for kinetic energy is
expressed:

v =kt-Kltm (3.40)

where, k == Jrr4hg / 8LQ andK andm are constants. The constantm == 2 for capillaries
ending in trumpet-shaped ends and m == 2/3 for square ends. Typically, when m == 2,
the value ofK is constant for a specific viscometer; for an Ubbelohde viscometer K
was 60 (Van Wazer et aI., 1963). More importantly, when viscosity measurements
are conducted such that the efflux times are very long, the kinetic energy correction
factor K 1t" may be omitted completely.

Therefore, when the time for a standard volume offluid to pass through a length of
capillary is measured for a standard viscosity (1]st) fluid (tst) and a test fluid (t) 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

rJ = (t/ tst) rJst (3.41)

It is important that magnitudes of t and tst are determined with care at a specific
temperature, and that magnitude of viscosity of the standard fluid rJst 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 t.

Ubbelohde Viscometer

As stated in Chapter 1, for the determination of intrinsic viscosity, [rJ], of a polymer,
viscosity values of several dilute solutions, when the relative viscosities (rJ / rJs) 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).

~ A
.... B

C
D

..... E

-4 F

G

... H

-e

350
A48 J

Figure 3-19 Schematic Diagram of an Ubbelohde Viscometer (Courtesy of Cannon Instrument Co.).
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(1) A measuredvolume 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) TubeB is closed with a finger and suction is appliedto 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 immediatelyplaced over tube A. (4) After
the finger is removed from tube A, the efflux time for the liquid meniscus to pass
from mark D to mark F is measuredto the nearest0.1 s. Essentially, the sampleflows
through the capillary H, so that care should be taken to keep it clean after a set of
experiments. Steps 3 and 4 shouldbe repeatedto ensurethat reproducible results can
be obtained. The viscosity of the sample can be calculated from the efflux time by
multiplyingit with the viscometerconstant.Alternatively, the valuesof timesfor flow
of a standard volume of fluid of differentpolymer concentrations and of the solvent
can be used to calculatethe intrinsicviscosity. (5) The sample in reservoir is diluted
by pipetting a measuredvolume of solventand the viscosityof the diluted sample as
describedin steps3 and4. The intrinsicviscosityis determinedby meansof eitherthe
Higgins or Kraemer equation for non-polyelectrolytes, that is, plots of 17splc versus
c or In(17r)1c versus c, respectively. For a polyelectrolyte, (c117sp) is plotted against
cl / 2 from which a straight line is obtained with an intercept of 11[17] and a slope of
BI[17], where B is a constant (see Equation 1.13). Further, determination of the time
of flowofa polymersolutioncanbe automatedby detectingthe positionof the fluid's
meniscusby 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
applicableequationsforshearrateandshearstresshavebeenderivedbyDealy(1982),
Steffe (1996), and others, and their derivation is analogous to the corresponding
equations in tube flow. For the fully developedflow of a Newtonianfluid in a slit of
length L, width w, and height (thickness) h (Figure 3-20), the relationship between
the shear stress (a) and the pressure gradient (~p1L) is given by:

a = (i) (~) (3.42)

where,y is the coordinatein the directionof height.Whenthe 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:

(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
)IN = h2w

The shear rate for a non-Newtonian fluid can be obtained from:

y = (:2:)(2
; ~ )

where, f3 equals:

~ = dIn (6Q/wh
2

) = d In)iN

d In [~ (.6.p/ L) ] d Ina

(3.44)

(3.45)

(3.46)

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 (fJ) of a plot of In a and In y in Equation (3.45), the non-Newtonian shear
rates (y) 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



(3.47)
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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) gR2

1]==
V

where, 1] == viscosity, Ps the density of the falling ball, Pe the density of the fluid, R
is 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.

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:

(
3)0.2

L = ~N ~: to.2 (3.48)

where, ~N is a similarity variable with a theoretical value of 1.411,g is the gravitational
constant, q is fluid volume per unit width, v is the kinematic viscosity, and t is time
of flow. Experimental measurements with four Newtonian fluids (com 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: (fJa/P)-0.2.

VISCOSITY MEASUREMENT ATHIGH 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 (r-v95°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 (r-v 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 ofWM 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 anyone 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 (PRe) 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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Pressurized dircet drive viscometer system
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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 Concen trates at 76-120oC (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-l) 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 Swage10k
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 ofthe 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 ofthree 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, rj == 20 mm, r o == 21 mm, h == 60 mm)
was carefully filled (rv120 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 ofnon-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 ofthe 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

clD
v== ---

2/0cos e
(3.49)

where, v is the velocity component along the axis of the ultrasound transducer, fD is
the Doppler shift frequency,jQ is the frequency ofthe transmitted pulse, c is the speed
of sound, and e is the angle between the transducer and the flow direction, typically
45° (Dogan et aI., 2003).

The spatial location, d, of the velocity component in the above equation can be
identified by a time-of- flight, !1t, measurement that relates the speed of the reflected
wave to the distance traveled:

cS:
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 tum, 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.

vCr) = a + br2 + cr4 + dr6 + er8 (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 of22 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 aI., 1999).

With velocimeter-based or point-wise rheological characterization, in addition to
calculation ofshear 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 ~pmeasurements 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% com 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 aI., 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 ofrheological properties in food
processing plants.

VibrationalViscometers

Vibrational viscometers are robust, easy to install for in-line sensing ofviscosity, 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 106 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 ofa 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 aI., 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 tum, 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," 17t and 17-;-:

+ all - a33

171 = 2(2+m)£

+ a22 - a33

172 = 2(1 +2m)8

For uniaxial extension m = -112 and only 17t is defined, and for biaxial extension
m = 1 and 17t = 17i. However, for planar extension m = 0, and 17t and 17i are not
equal (Macosko, 1994).

UniaxialExtension

In uniaxial extensionthe material is stretchedin one directionandcompressedequally
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 = dLIL

The strain rate is given by:

. de 1 dL d InL
e=-=--=--

dt L dt dt

Because (dL / dt) is velocity,v, the above equation can be written as:

. V
8 =-

L

(3.54)

(3.55)

(3.56)

When the strain rate, 8, is maintained constant, the deformation obtained is called
steadysimpleextensionor steadyuniaxialextension(Dealy, 1982)andtheextensional
viscosity, 17E, is related to the normal stress difference:

(3.57)

One application of the above equation is to be able to estimate magnitudes of the
normal stress difference: (all - a22) as the product of 8 and 17E. However, to obtain
magnitudesof 17E from the above equation, one must have the means to measureboth
the normal stress difference and the strain rate, 8. A fluid is said to be tension-
thickening when 17£ increases with increasing i; and tension-thinning when 17£
decreaseswith increasingi: For the specialcaseof aNewtonianfluidwithviscosity, n:

17E = 317

For a shear thinning fluid with a zero shear viscosity, 170:

lim [17E (8)] = 3170
£-+0

(3.58)

(3.59)
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The Trouton ratio, TR, is defined as the ratio of the extensional viscosity to the shear
viscosity:

T _ 1JE (8)
R- 1J(Y)

(3.60)

Often, it is not possible to reach a steady state in extension and it is convenient to
define a transient extensional viscosity, ryE, that is a function of time, t, and the
extensional strain rate, 8, (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
LILa, where La 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, ryE (t, 8). 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, tres, 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 ofpolymer solutions (0.185% polyisobutylene in kerosene with
zero-shear viscosity 36 Pa s at 200 e ) 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
10-3N. 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 offilament 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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+Wind-up or suction device

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 ofthe filament dimensions from the negatives. Two
distinct stretching regions were observed: (l) The first local extension rate, 8I, 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 ofabout 160 mm. (2) The second extension rate region, 8, corresponded to the
homogeneous deformation of the fluid element when only a small amount of fluid
remained next to the discs . Typical magnitudes of 81 and 82 obtained were : 0.72 s-I
and 0.33 s", and 0.92 s-I and 0.57 s-I, respectively. Initially, when the extensional
viscosity was independent ofthe 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 > 103. The
flow rate and change in cross-sectional area ofa fluid filament are used to determine
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Figure 3-26 Schemat ic Diagram of the Open-Siphon Technique for Extensional Viscosity Measurement
(Redrawn from Barnes et al., 1989).

the strain rate (Khagram et aI., 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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TorqueM
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Center line
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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% NaCI 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 ofuniversal 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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z

F(t), Vz = constant
Lubricated top plate

f
Anchored lubricated bottom plate Deformed specimen

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:

Vz = 8T H(t);
. r

Vr = -cST "2; Ve = 0 (3.61)

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

(3.62)
Vz

B=---
Ho - v-t

where Ho 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(t)
(fzz - (fIT = --2

»r:
(3.63)

The biaxial extensional viscosity (1]b) was defined as the ratio of the normal stress
difference and the radial extension rate assumed to be half the strain rate:

2F(t) (Ho - vzt)
1]b = 2

nroVz
(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-1
(Chatraei et aI., 1981), a result expected for Newtonian fluids, that is, the relationship
between the limiting value ofbiaxial extensional viscosity (1]b) at zero strain rate and
the steady zero-shear viscosity (1]0) of a non-Newtonian food is:

(3.65)

The lubricated squeezing flow technique was applied to melting American cheese
where an Universal Testing Machine with lubricated platens was employed
(Campanella et aI., 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, com
massa, tomato pastes, mayonnaise, and peanut butter, and provides data at low values
of strain rate of the order of about 0.01 s-1 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 Nobellaureate 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 urn by 94 urn 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 B= 0.86 s-1 that
were significantly greater than the inverse relaxation time (if == 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, Be:

. 0.5
8e~ -

il
(3.66)
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where, i1 is the longest relaxation time of the polymer. For B < Be, the molecules
are in a coiled state and as Bis increased, the hydrodynamic force exerted across the
polymer just exceeds the linear portion of the polymer's entropic elasticity (Perkins
et al., 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, tt« =K yn-1 , (4) there is no slip at the edge ofthe converging profile, and
(5) that the entrance pressure drop (~Pe) in converging flow from a circular barrel
in to a circular die can be considered to be made up of that due to shear (~Pe,S) and
extensional flow (~Pe,E):

Sp; = ~Pe,E + ~Pe,S (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 (0 = 90° in Figure 3-29), the apparent planar extensional viscosity is
(Padmanabhan and Bhattacharya, 1993):

(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:

. 2y2 1Ja
8E==-----

3 (n + 1) /j.Pe,E
(3.69)

The magnitude of /j.Pe,E is 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 Sp; using the procedure of Bagley discussed earlier, and (2) calculating /j.Pe,E

from Equation (3.64) after estimating /j.Pe,S from (Steffe, 1996):

(4Q ) (3n+l)n 2K ( (ro)3n)
/j.P S - - -- 1 - -

e, - Jrr~ 4n 3n tan e 10
(3.70)

The required general equations for calculating extensional viscosity can be derived
assuming first that the average stress O"E and the average extension rate 8E are related
by a power law relationship (Steffe, 1996):

~Pe,E = (;~rE (~::) (ta;erE(1 _(~ynE)

fE = [(;~) tan e'J;2

(3.71)

(3.72)

(3.73)

It should be noted that the above analysis requires knowledge ofthe actual flow angle
eof 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 ofdeformation: 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

Stress relaxation modulus
Creep compliance
Storage modulus
Loss modulus
Complex modulus
Dynamic viscosity
Complex viscosity

Shear

G(t)
J(t)

G'(w)
G"(w)

G * (w)
rl' (r»)
rJ*(w)

Simple Extension

E(t)
O(t)
E'(w)
E"(w)

E * (r»)
rJ~(w)

rJ~(w)

Bulk Compression

K(t)
B(t)

K'(w)
K"(w)
K*(w)

rJ~(w)

rJ~(w)

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 100J-Lm. In a SAOS experiment, a sinusoidal oscillating
stress or strain with a frequency to 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 == w-1 .

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

Y(t) == Yo sin(wt) (3.74)

where, Yo is the strain amplitude and co 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 yet) for evaluating
the viscous component to be JT/2 radians out of phase with the strain.

yet) = YO wcos(wt) (3.75)

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

ao = G' Yo sin(wt) + G"Yo cos(wt) (3.76)

For a viscoelastic material the resultant stress is also sinusoidal but shows a phase
lag of 8 radians when compared with the strain. The phase angle 8 covers the range
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of 0 to T{ 12 as the viscous component increases. Equation 3.77 also expresses the
sinusoidal variation of the resultant stress.

aCt) = ao sin(wt +8) (3.77)

(3.79)

(3.78)

(3.80)

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

G' = [~~] cos 8

Gil = [~~] sin 8

G"
tan 8 = -

G'

where, G'(Pa) is the storage modulus, G" (Pa) is the loss modulus, and tan 8 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 ofdeformation. 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):

(3.81)

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

n" = (G*lw) = rJ' - i(G'lw) (3.82)

where w is the frequency of oscillation; the real part of the complex viscosity rJ' is
equal to (G"Iw) and the imaginary part rJ" is equal to (G'Iw). One can also determine
the loss modulus G", from oscillatory shear data using the expression:

G" ,= WrJ (3.83)

It should be noted that ifG' 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
viscouslyandthe materialsbehavioris liquidlike. Theviscoelastic modulidetermined
over a range of frequencies will indicate transitionzonescorresponding to relaxation
processesdependenton the material's structure (Ferry, 1980).

Types of Dynamic Rheological Tests

Dynamicrheological experiments providesuitablemeans for monitoringthegelation
processof manybiopolymers andfor obtaininginsightintogel/foodstructurebecause
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they satisfy several conditions (Champenois et aI., 1998; Lopes da Silva et aI., 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 ofthe network
(e.g., Durand et aI., 1990). For the same reasons, they were used to follow the changes
induced on potato cells by cellulase (Shomer et aI., 1993), a-amylase (Champenois
et aI., 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 ofgelation 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 oflinearity can be detected when dynamic
rheological properties (e.g., G' and Gil) 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 Gil are determined as a function offre-
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/I0% water with a plate-cone geometry (Chamberlain, 1999).
Frequently, one sees increase in G' and Gil 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 Gil throughout the frequency range, and is almost independent of
frequency (z») (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 Gil are determined as a function
of temperature at fixed co. This test is 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 ofthe 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 Gil 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 + Ca2+ 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'jdt
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Figure 3-32 Temperature Sweep Data in which G' and G" at 6.28rad s-l, 3%Strain, were Obtained on
a 8%Tapioca Starch Dispersion Heated from 60-85°C at 4°C min- 1 (Tattiyakul, 1997).
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Figure 3-33 Values ofG' 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 ti.G' Due to Increasing the Calcium Content.

or d17* jdt) or structure loss rates (-dG'jdt or d17*jdt (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 (~G') in
G' values; Figure 3-34 shows values of ~G' of low-methoxyl pectin +Ca2+ 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 aI., 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 aI., 1985a, 1985b;
Hermann, 1987; Okechukwu et aI., 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 aI., 1991). The plunger was attached to a B load cell of a Instron Universal Testing

Heating fluid
--~-----~

..- - - ------,r----_

To instron

....--- Plunger

Heating fluid
--~

Insulated
tube

.... - Thermocouple

r--~2d~~~I:=:==:::;-Teflon plug

Figure 3-35 Schematic Diagram ofa Thermal Scanning Rigidity Monitor (Okechukwu et aI., 1991).
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Figure 3-36 Estimationof the Storage (Fs) and ViscousForce (Fv ) Componentsof the Peak Force with
a Thermal ScanningRigidity Monitor (Okechukwuet aI., 1991).

Machine (VTM), (Instron Engineering Corp., Canton, MA) and the VTM was oper-
ated in an oscillatory mode with a cross head speed of 0.05 em min-I, plunger
displacement of 0.1 mm (Okechukwu et al., 1991). At the end of the test, the length
ofthe 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 (Fs) and viscous force (Fv ) 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:

r, ,dD
-==-G-
2JTLr dr

(3.84)

where, D is the plunger displacement and L is the length ofthe plunger covered by the
slurry. Equation 3.80 can be solved for the physical boundaries of shear: at r == rl,

deformation (D) == DI and at r == r2, D == 0, where, rl and ri are the radii of the
plunger and tube, respectively, to give Equation 3.85.

(3.85)
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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) is needed:

D ( 2 2), rs r: r2 - rl
G = 2nLD[ inrt - r~ + rf

(3.86)

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

Areal - Area-
Eloss == x 100

Areal
(3.87)

where Arealand 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 VTM, 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
Gil at a specific frequency. Such an instrument was used to follow sol-gel transition
of5, 7, and 10% starch dispersions (Hansen et al., 1990). However, such instruments
seem to have a limited range ofoscillation 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 ofmechanical 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 aO,r, a sliding yield stress, ao,S' and a viscous element having a viscosity, 11m.
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 pT. Therefore, for
example, changing the temperature from T to a reference temperature To would cause
a change in G' and Gil equivalent to multiplying them by the temperature-density cor-
rection factor, due to the effect of thermal expansion and to the entropy-spring nature
ofthe stored elastic energy in the flexible chain theory: (Topo/T p). It was not possible
to distinguish between (To Po / Tp) and (To / T) because they differed by only about
20% for synthetic polymers (Ferry, 1980). The difference between (Topo/Tp) and
(To / T) would be even less for aqueous food systems. In addition, multiplying the fre-
quency values (w) by the empirically determined shift factor aT, that is, using coaT for
the ordinate, has the physical significance of the ratio of maximum relaxation times
at different temperatures to that at To. Although the time-temperature superposition
technique was developed empirically, there is much theoretical support. Expressions
for at 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 aI., 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
is an important criterion for the applicability of the method. In addition, when pos-
sible, the same values of at 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).



Measurement ofFlow and Viscoelastic Properties 115

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 To ==
25°C were obtained for G' and Gil (Figure 3-38). In contrast, smooth master curves
could not be obtained for G' and Gil values of3.5% high-methoxyl pectin dispersions
either separately or for both simultaneously (Figure 3-39). The discrepancies were
higher for a 3.5% low-methoxyl 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 (Topo/T p) had a small effect on the master curve (Lopes da Silva et aI., 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 Gil remain
relatively constant until at a critical value of stress, ac , the magnitude of G' decreases
sharply and that of Gil 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 Gil intersect
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Figure 3-38 Smooth Master Curves at To = 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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Pectin Dispersions by Time-Temperature Superposition (from Lopes da Silva et aI., 1994).
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Figu re 3-40 Illustration of Estimation of Critical Stress from a Stress Sweep at a Fixed Frequency
Dynamic Rheological Experiment. Alternative ly, 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 Gil . The
value of G' corresponding to the critical strain, Yc, at which Gil reached its maximum
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value was used as an apparent yield stress oftomato 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, Yc has been used in fractal models
of gels. The critical stress, ac, or strain, Yc, 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 oflinear 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. In a creep experiment, an undeformed sample is suddenly subjected to a constant
shearing stress, a., 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:

(3.88)

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

1. A region (A-B) of instantaneous compliance Jo in which the bonds between the
different structural units are stretched elastically. In this region, if the stress was
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Figure 3-41 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/Go (3.89)

where, Go is the instantaneous elastic modulus. Magnitudes of instantaneous elas-
tic modulus, Go, and of storage modulus G' at 1 rad s-1 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 JR. 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:

(3.90)

Figure 3--41. General creep-compliance curve (Sherman, 1970).
In Equation (3.85), Jm is the mean compliance of all the bonds and Tm is the

mean retardation time; Tm equals Jm 11m where 11m is the mean viscosity associated
with elasticity. One can replace the mean quantities with a spectrum of retarded
elastic moduli (Gi) and the viscosities (11i), where, Ji = 1I Gi. 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 IN and the
viscosity are related by:

(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
10-3-10° is often used for the characterization and differentiation of structures in
polysaccharide systems through the use ofstress 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(t) = y (t) It.

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, Sr, called recoverable shear (Dealy, 1982):

(3.92)
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where, ac is the applied stress and J~ is the value of the straight line portion of
the creep-compliance curve extrapolated to zero time. A shear modulus, Gr , can be
defined as the reciprocal of the steady state compliance, J~:

(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 ofmechanical 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:

(3.94)

The terms: Jo, Jl, and J2, are the instantaneous compliance, and the compliances
associated with retarded elastic behavior, respectively; '[1 == 1]1/Gl and '[2 == 1]2/G2

are the retardation times associated with retarded elasticity; 1]1, 1]2, and 1]N are the
viscosities associated with Newtonian flow.

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

(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
tum 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 aI., 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 3--43 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 ofLeider and Bird (1974):

a == K (y)n [1 + (byt - 1) exp (-tlanA)] (3.96)

where, a 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, t is the time, Ais 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)1/n'-n (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 3-43 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): aA is the shear stress at the end of the initial
linear portion of the plot, ap is the peak shear stress, a oo is the equilibrium shear
stress, and aR 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 rt« == strain at end of initial linear portion ofthe plot, ytp == strain when peak
shear stress is reached, and y too == strain when equilibrium shear stress is first reached.
The following functions can then be calculated from the above measurements: (1)
shear modulus G = aA/ytA, which is a measure of the elastic nature of the fluid,
(2) equilibrium viscosity Ilco == aoo/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 = yf (a - O'oo)dt

A

(3.98)

where, y is the constant shear rate, a00 is the equilibrium shear stress value, and A
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 ofthe 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 ofpectin
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 < r"), a linear relation between force and displacement
was observed, and a compression modulus (Eo) was calculated from the relation:

Eo = a*/e* = (Lo/Ao) (F*/~l) (3.99)

where, F* is the force corresponding to the deformation 8* and Ao is the initial cross-
section of the gel; 8* = (~l/ La), where ~l is the displacement, and La is the initial
height ofthe gel sample; F*/ ~l is the slope ofthe loading curve. From the relaxation
curves, the Young's modulus E(t) 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 - t*/2) = a(t)/e* (3.100)

This method can be used to estimate E(t) accurately using data from t = 2t*;but from
t = 1.3t* 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 ofthe modulus at this point (Ep) may be viewed
as a pseudo-elastic modulus and interpreted according to theory of gel elasticity that
was proposed for gels with low concentrations (c < 0.4%) (0akenfull, 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 a1. (1986) calculated the parameters of a two-element
Maxwell model :

(3.101)

where, Tj is the relaxation time. Magnitudes of Eo, Ep, and E I increased with increase
in pectin concentration. However, E2 and T2 were not much affected up to pectin
concentration (c) of 1.7% suggesting that in tum the relaxation processes of chain
segments between cross-linking zones were not affected; however, when the polymer
concentration c was increased from 1.7 to 1.8%, there was a sharp increase in T\

reflecting a decrease in chain mobility. The effect of pH on stress-relaxation curves
was examined for 1.7% pectin gels: Ep and Eo increased steadily when pH decreased
from 3.2 to 2.6, but remained constant below a pH of2.6. 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 aI., 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 aI., 1990):

Fot--- = k\ + k2t (3.102)
Fo - F(t)

where, Fo and F(t) are the initial force and that at any instant, and k\ and k2 are
constants .

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

Gas pressure

To manometer

Capillary lube

""
Graduated seale

Tes t ge l

Figure 3-46 U-Tube Apparatus for Determination of Gel Modulus Based on (redrawn from Saunders
andWard, \954).
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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:

(3.103)

where P is the effective pressure (i.e., the applied pressure corrected for the back
pressure of the indexing liquid), ro and a are the radii of the wide and narrow tubes,
respectively, h is the displacement of the index liquid, and L is the length of the gel.
Because the strain varies from a maximum value of 4a2h/r~ at the tube wall to zero
at the tube center, the volume average strain is obtained as 8a2h/3r~. 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
et al., 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 (E) ofgels from compression tests in which the force, F, the strain or relative
deformation (8/L) are measured with a cylindrical plunger with radius r, on samples
in cylindrical containers of radius R, as illustrated in Figure 3-47. Assuming that the
gel is an incompressible elastic solid, the following relationships were derived:

E == fYe

F,
..c r .... ',,,

t

:.---:

A
L

y

(3.104)

Figure 3-47 Plunger-Cup Geometry for Determination of Modulus of Weak Gels (from Oakenfull
et al., 1989).
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where.j" is a parameter whose magnitude depends on the geometrical ratios r / Rand
R/L, as shown in Table 3-5, and

(3.105)

(3.106)

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

Fh = rrqg8r2R2/(R2
- r2

)

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,
17a (w), and of the frequency dependence of the complex viscosity, that is, 17* (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.

1J*(W) = 1Ja(cv)lw=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 ofseveral random-coil
polysaccharides (Morris, 1981). However, many exceptions to the Cox-Merz rule
have also been found for synthetic polymers (Matsumoto et aI., 1975; Kulicke and
Porter, 1980) as well as for biopolymer systems (Morris et aI., 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, W (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/R

0.05
0.10
0.20
0.40
0.50
0.60

UR = 0.1

0.157
0.208
0.185
0.0549
0.0264
0.0138

UR = 0.2

0.0752
0.104
0.102
0.0632
0.0490
0.0384

UR = 0.5

0.0381
0.0634
0.0912
0.0930
0.0803
0.0622

UR = 1.0

0.0186
0.0331
0.0522
0.0574
0.0485
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.

1]* (w) = C [1]a (y)]a Iy=w

r/(w) = C' [1Ja (y)]al=w

Similarly, a power type empirical equation was found for G'/w2(w) and the first
normal stress coefficient, 0/1 (y):

(3.110)

Deviation from Cox-Merz rule appears to be an indication ofstructural 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 aI., 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 aI., 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 1]a and 1]* can be dependent on the strain amplitude used (Lopes da Silva
et aI., 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 aI., 1974; Bird
et aI., 1974, 1977). It should be noted that a first normal stress coefficient in a flow
field, 0/1 (y), and another in an oscillatory field, 0/1 (w), can be determined. Fur-
ther, as discussed below, 0/1 (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 aI., 1974, Bird et aI., 1974, 1977):

t

a=- f G(t-t')r'dt'
-00

(3.111)
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For irrotational and small deformation flows, Equation 3.84 reduces to the general
linear viscoelastic model:

t

a = - ! G (t - t')]idt'
-00

(3.112)

Bird et al. (1974) derived relationships to predict l/Jl (y) from dynamic rheological
(Equation 3.113) and apparent viscosity (Equation 3.114) data:

o 2 { ,,[ ( C) c aInn"] }l/Jl(Y) == --:- rJ 1 + - - ---
Y 2 2 a In«i w=y

00

'II" (0) == K ~! rJa (y) - rJa (y') d . ,
'1-'1 Y 0'2 02 Yn Y - Y

o

(3.113)

(3.114)

In Equation 3.113, n" == G'Ito is the dynamic rigidity and G' the elastic modulus.
In Equation 3.114, rJa is apparent viscosity, y is an assumed shear rate (e.g.,

y == 10,20,50 s-1 and other values) at which rJa(Y) is calculated, Y' 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 aI., 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- 1 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, l/Jl' 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 l/Jl increased with
starch concentration. The shear rate dependence of l/Jl' 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 l/Jl 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 l/Jl ofCWM 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 ofSDs than the continuous phase. Since normal forces are strongly
related to the elastic component of viscoelastic materials, as previously mentioned,
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• Experiment I
o Theory, K = 2
o Theory, K = 3

o •
o

10 100

Shear rate (s-l)

Figure 3-48 Double Logarithmic Plot of First Normal Stress Coefficient, 0/1, 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 is 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 tt« and the dynamic viscosity 1]' =
Gill co, where Gil is the viscous modulus:

1]a_ B = {1]' [1 _~ aIn 1]' ] } I
2 aln r» w=y

where, C is a constant = 1. Experimental apparent viscosity up (1]aup) and down
(1]adw) values of cross-linked waxy maize starch dispersions were compared to those
of complex viscosity, 1]*, and apparent viscosity predicted by Bird's Equation 3.112
tn«- B) (Genovese and Rao, 2003b). Not surprisingly, 1]aup was in very good agreement
with 1]a-B, 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 1]adw,

when measuring 1Jaup, the sample has not been sheared extensively, as was also the
case with the sample used to calculate 1]a-B 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
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the first normal stress coefficient on the one hand and dynamic rheological data on
the other (Equation 3.116).

1/11 (w) = 1/11 + 1/11' COS (2wt) - 1/11" sin (2wt)

'1/rd "/'PI = 'f} w

1/Ii(w) = [-'f}" (w) + 'f}"(2w)]/w

1/1{ (r») = [-1]' (w) - 'f}' (2w) ]/w

(3.116)

(3.117)

(3.118)

(3.119)

In Equation 3.116,1/11 is rigorously defined as [(all - (22)/(Y~I)2], and is the sum

of a constant term 1/11 and two oscillating terms, accounted by 1/1{ and 1/1{'; Y~1 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 1/11 (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 (tD) to the observation time (to):

De = tD/to (3.120)

typically, the time tD 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 ofrotation 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 rheometer, 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 ofthe 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 ofthe 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 ofa thin water or oil layer next to the walls ofthe 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:

are x 2nrih x n == -M

In terms of torque per unit height, T == ¥Z, Equation 3A.1 becomes:

T
are == ---2

2nri

(3A.1)

(3A.2)

To describe the flow between the inner and outer cylinders, we use cylindrical coor-
dinates (r, e, z) and note that the fluid moves in a circular motion; the velocities in the
radial the axial directions are zero: ve == rQ, Vr == 0, Vz == 0, and due to symmetry
alae ==0.

Also, at steady state aplat == O. The equation of continuity in cylindrical
coordinates is:

ap I a I a a- + -- (prvr) + -- (pve) + - (pvz) == 0
at r ar r ae az

All terms in the above equation are zero.
The r-component of the equation of motion is:

(
aVr aVr ve aVr v~ avr)

p -+vr-+----+vz-
at ar r ae r az

ap (1 a 1aare aee aarz)== - - + - - (rarr) + - -- - - + - + pgr
ar r ar r ae r az
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The r-component of the equation of motion reduces to:

v~ 1 a aee
-p- == -- (rarr) - -

r r ar r
(3A.3)

Equation 3A.3 deals with the normal stresses arr and aee. For the purpose of illus-
tration we consider the e-component of the equation of motion in detail and note in
particular that ve == fer):
e-component:

(
ave ave ve ave Vrve ave)

p -+Vr-+--+--+Vz-
at ar r ae r az

1ap (1 a (2 ) 1aaee aaez)==---+ -- rare +---+-- +pge
r ae r2 ar r ae az

(3A.4)

Under steady flow condition ave / at == 0, Vr == 0, ave / ae == °and ave / az == 0,
the LHS of Equation 3A.3 reduces to zero. On the right hand side, ap/ae == °
because there is no pressure gradient in the e-direction and pge == °because there
is no e-component of gravity. aaee /ae and aaez/az == °because there are no shear
gradients in the e and z directions. There is no pressure gradient in the e direction.
We thus have for the e-component:

The z-component reduces to:

a(r2a
re)

--- ==0
ar

ap°== -- + pgz
az

(3A.5)

(3A.6)

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

Equation 3A.7 can be rearranged to:

dr == .:': dare
2 are

(3A.7)

(3A.8)

The boundary condition at the inner cylinder rotating at an angular velocity Q is
ve == riQ at r == ri and at the stationary outer cylinder is ve == °at r == ro; 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:

r

ve = f d(velr) dr
r dr

(3A.9)

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

~e ~

Ve = _f (rd (velr)) dare =f (rd (velr)) dare
r dr 2are dr 2are

ai are

(3A.10)

By using the Leibnitz rule and noting to differentiate with respect to are, and with
the boundary conditions: are = ai at r = ri and are = ao at r = ro:

d(velr) = _1 [(rd(Velr)) _ (rd(Velr)) ]
do, 2ai dr i dr 0

(3A.ll)

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

(3A.12)

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 ofthe inner and outer cylinders from the basic
equations of flow. Additional work is required to calculate the corresponding shear
rate Yi 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 ofcalculating the shear rate at the surface ofthe rotating cylinder
is to assume that the test fluid follows the simple power law model:

(3A.13)

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

(
T

)

linVe n -2 n
-;: = - 2nK 2: r / + C (3A.14)
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Using the boundary conditions VB == 0 at r == r0 and VB == ri Q at r == ri one can
obtain the equation given earlier, Equation 3.7:

(3A.15)

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

2Qr~
Yi == 1

[1 - (n/ro)2]

Thixotropic/Antithixotropic
Behavior Expected?

Yes :- CCG may be suitable if sample is
prepared in situ or time is allowed for sample to
recover and measuring system inertia is low

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?

Yes ) Do not use CCG

No

Is the gap between cylinders very small? Yes
the true shear rate

) Perhaps can use Newtonian r as

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

Figure 3A-l 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 ri --+ ro:

Therefore, when ri --+ ro, the shear rate of a non-Newtonian fluid tends to that of
a Newtonian fluid. In Table 3-1, values of the correction factor in parenthesis in
Equation 3.7 are given for several values of the flow behavior index, n, and the ratio
(ri/ro) of the concentric cylinders, and they confirm that: (1) they are small when
ri --+ ro, and (2) they may be large when the fluids are substantially non-Newtonian
and when (ri/ro) < 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-I and for steady lam-
inar fully developed flow of a fluid, a shell momentum balance can be conducted
(Bird et al., 1960; Geankoplis, 1983) using the cylindrical coordinates, r, (), and z.
The momentum balance is conducted on a control volume shell at a radius r with
dimensions ~r and /sz,

1. The balance of two opposing forces is:

pA Iz- pA Iz+~z == p (2n r ~r) Iz- p (2n r ~r) Iz+~z (3B.I)

2. The shearor drag forceat radius r == arz (2n r ~z) whichcanbe consideredto be the
momentumflowin to the cylindricalsurfaceof the shell.Thenet effluxof momentum
is the differencebetween the magnitudes the momentum out and momentum in:

arz (2nr ~z)lr+~r (OUT) - arz (2nr ~z)lr (IN) (3B.2)

3. The momentumflux across the annular surface at z and z +~z is zero because the
axial velocity Vz is of the same magnitude at z and z + ~z.

4. Recognizingthat the sum of forces acting on control volume == rate of momentum
out of control volume - rate of momentum in to control volume:

p (2nr~r)lz - p (2nr~r)lz+~z == arz (2nr ~z)lr+~r (OUT)

- arz (2nr Az) Ir (IN)

The above equation can be simplified to:

rSr (plz - plz+~z) == ~z [ (rarz) Ir+~r - (rarz) Ir]

(3B.3)

(3B.4)

t
r
I pz'-'

- ....L...z---0 - -
()

Pz+~z

Figure 3B-l Schematic Diagram for Force Balance in Laminar Capillary Flow.
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Dividing both sides by (~rAz}, results in:

(3B.5)
(rarz)Ir+~r - (rarz) Ir

~r

r (plz - plz+~z)

~z

As ~r and ~z ~ 0, the above equation becomes:

(3B.6)

After integration one gets:

(3B.7)

which can be rearranged to:

r dp CI
a ----+-rz rr: 2dz r (3B.8)

(3B.9)

By using the condition arz = 0 at r = 0 (center line), the integration constant CI == 0,
so that the stress distribution across the radius of the pipe is:

r dp
arz=-2dz

that for the wall of the pipe becomes: aw = -[(ro/ 2) (dpldz)], because at r = ro,

arz = aWe When the pressure drop, Sp, is measured for fully developed flow over a
length, L, the equation for the shear stress at the wall is:

D~p
aw = ----;;;L (3B.I0)

We will derive an expression for the volumetric flow rate, Q, and then another for the
shear rate. Because the axial velocity, vz , is dependent on the radial position:

Q= !271TVzdr = n !Vz(r) d (r2) = n !vz2r dr + n V

z

j=ror2 dvz (3B.ll)

o ° 0 Vz atr==o

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

ro Vz

n f vz2r dr-n f r
2

dvz

° °

(3B.12)

The above equation can be integrated and noting that Vz = 0 at r = ro, and r =
(ro/aw)arz, one can obtain the expression:

(3B.13)
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Multiplying both sides of the above equation by 4 and rearranging, we get:

(3B.14)

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, - (dVz / dr) = a~z,

it can be shown that:

4Q aw 1 Dtsp

Jrr~ 1] 1] 4L

or that the viscosity of a Newtonian fluid:

(Df:1p/4L) . 1 .
1] = , that IS, 1] r-v - r-v flow time

(8vz/D) vz

(3B.15)

(3B.16)

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/Jrr~) = (32Q/JrD3)

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:

(3B.17)

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

(
dVz ) = (~) 4Q + aw d (4Q/Jl-r~)
dr 4 Jrr~ 4 daw

(3B.18)

Equation 3B.18 is known as the Weisscnberg-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:

n'
a = K' (4Q/Jrr~)

(
_ dVz) =~ (4Q )

dr 4n' Jrr~

(3B.19)

(3B.20)

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 (f:1P) data are obtained under isothermal fully developed and no slip at
the pipe wall conditions.
(2) The quantities (4Q/JTr~) and (Df:1p/4L) are calculated, plotted, and a smooth
curve fitted.
(3) At each value of (4Q/JTr~), the value of: d(4Q/JTr~)/daw is determined and the
true shear rate calculated using Equation 3B.18. Alternatively, for many foods, plots
of the quantities: log (4Q/JTr~) and log (D f:1p/4L) are straight lines with slopes n'
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

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 L1p be measured over fully developed flow length? Yes
be used

---.~ A single tube can

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 ofn' andofn ofthe power law model: a = K yn
will be the same. However, the value of K' in a = K'(4Q/Jrr~)n' is related to the
consistency index K by the equation:

, (3n+l)nK=K --
4n

(3B.21 )

As an example, for n = 0.3, K' = 1.15K.
From Equation 3B.19, an expression can be derived for a pipe-flow apparent

viscosity (1Jap) based on the diameter D and the average axial velocity in the tube (vz ) :

_ ,(8Vz)n l

- 1
1Jap - K -

D
(3B.22)

(3B.23)

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

tr v2
-
n

p ( 4n )nGRe= z __
8(n-1)K 3n+l

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 r0 and cone angle ()o is on top over the plate
rotating with an angular velocity Q while the bottom plate is stationary as shown in
Figure 3-7. We consider the equation of motion in spherical coordinates r, (),¢. For
steady fully developed flow, the velocity components ve = 0 and Vr = 0, and v¢ is a
function of rand (). In addition we consider pressure variations (body forces) to be
negligible and that the value of ()o is very small, <0.1 rad. The r-component reduces:

The ()-component reduces to:

1 a . cot ()
-.-- (aee sin e) - --a¢¢ = 0
r SIn () a() r

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

(3C.l)

(3C.2)

(3C.3)
1 aae¢ 2 cot ();-ae- + -r-ae¢ = 0

We note that the ¢-component contains the shear stress ae¢. The boundary conditions
are: v¢ = 0 at () = rr/2 because the plate is stationary and VcjJ = rQ cos ()o at
() = (n /2) - ()o. First, we will derive an expression for the shear stress by conducting
a simple torque balance on the plate:

f2nf~ 2 2n~ I
M = r ae¢ dr d¢ = -3- ae¢ nl2

o 0

(3C.4)

Integration of Equation 3C.3 results in the expression: ae¢ I(n 12) = ae¢ (()) sin2
().

Therefore,

3M
aecjJ = 2rrr3

o

150

(3C.5)

(3C.6)
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Defining Ten as the torque per unit area, Equation 3C.4 can be written in terms of the
cone diameter D:

sr.;
a()¢> == --

D
(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 eo we need not distinguish between sin eo and eo (Whorlow, 1980) when
the shear rate at radius r will be:

. rQ Q
Yr == - == -

reo eo
(3C.8)

Alternatively, we can consider the velocity distribution (Brodkey, 1967) for v¢>:

()

v¢> f d (v¢>1r sin e)-- == de
r sin e de

()=n /2

(3C.9)

We can also substitute for from Equation 3C.3, de = ! ~~~~ a~</J daot/> and also switch

limits: a()¢> at e == 0 and aplate at e == n 12. For a Newtonian fluid, we can substitute
in 3C.9 the relationship between shear rate and shear stress and get 3C.11

[
. d(v¢>lr sin e)]

a()¢> == n SIn e-"":"--d-e--

n /2
vep / 1 (Jeep-- == --de

r sin e ry sin e
()

After substituting for a()¢> in 3C.ll and performing the integration results in:

v¢> == 3T [cot eo - In (tan ~) sin eJ
r 4ryro 2

Equation 3C.12 can be written for the boundary condition at e == ~ - eo:

Q cos eo = 3T [tan eo _ cos eoln (1 - tan eo)]
4ryro 1 + tan eo

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

3T ste;
Q == - (eo + eo) == --

4ryro ryD

Therefore, a()¢> ~ ry £.

(3C.10)

(3C.11)

(3C.12)

(3C.13)



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 17a
versus log ycurve, 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 oflocustbean (LB)

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

Cellulose derivatives
Sodium carboxymethyl cellulose
Methylcellulose
Hydroxyethylcellulose
Hydroxypropylmethyl cellulose
Other derivatives
Modified starches
Low-Methoxyl pectins
Propylene glycoalginates

Natural

Plant exudates
Gum Arabic
Adraganta gum
Karaya gum
Gatti gum

Algal extracts
Agar
Alginates
Carrageenans
Furcellaran

Gumsfrom seeds
Guar
LocustBeangum
Mesquite

Gums from cereals
Starches

Plantextracts
Pectins

Gumsfrom fermentation
Xanthan
Dextran

Gumsof animalorigin
Gelatin
Casseinates

*Adapted from Glicksman (1979).

Semi-synthetic Synthetic

Polyvinylpyrolidone (PVP)
Polymers from polyethylene
oxide (Polyox)

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.

(4.1)

(4.2)

where, ac and Ac 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 ofpH 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 ofR2 in Table 4-2 for Carreau model and in Table 4-3
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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 aI., 1992)

Sample (%) 110 A N R2 Residual

0.38 0.1386 0.03799 0.1593 1.000 1.844 x 10-4

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 10-3

0.49 0.4241 0.06618 0.2125 0.9998 4.851 x 10-3

0.57 0.7134 0.07798 0.2399 0.9998 7.762 x 10-3

0.60 1.020 0.1200 0.2265 0.9995 2.886 x 10-2

0.69 1.589 0.1250 0.2554 0.9995 4.819 x 10-2

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 10-1

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 aI., 1992)

Sample (%) 110 a m R2 Residual MRD (x102)

0.38 0.1513 0.01939 0.7640 1.000 1.180 x 10-4 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 10-4 0.1276
0.49 0.4562 0.03118 0.8088 0.9999 2.998 x 10-3 0.3061
0.57 0.7516 0.02768 0.8965 0.9996 1.733 x 10-2 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 (rJa) versus Shear Rate (y) of Mesquite Seed Gum Dispersions with
Different Concentrations (adapted from Yoo et aI., 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-1 .

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 ofxanthan 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 (1]0) and the viscosity of the
solvent (17s):

(4.3)

where, TR is the Rouse time constant, M is the molecular weight, c is the concentration,
R is the 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 ofdetermining 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 ofthese 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:

(4.4)

where, 170 and Aare the two parameters of the model.
The Carreau model not only described well the flow data ofLB gum solutions, but

the magnitudes the time constant (Ae) were in good agreement with those of Rouse
time (TR) constant derived from solution viscosity data while the Cross (ae) time
constants were lower in magnitudes; both the Carreau and the Cross time constants
followed well power relationships with respect to the concentration (c) ofthe solutions
(Lopes da Silva et aI., 1992):

Ae = 0.672c2
.55

ae = 0.425c2.12

R2 = 0.981

R2 = 0.958

(4.5)

(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 BinaryMixtures 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):

17mix = XA17A + XB17B

XA XB
17mix = 17A . 17B

(4.7)

(4.8)

where XA and XB are the weight fractions of gum A and gum B, respectively, and
17A and 17B 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 ofmixtures 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 ofthe 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 ofviscosity 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 Silva et al., 1992): (1) the shear rate-apparent viscosity data ofsolutions ofpectin
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 1] 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[1]] (Graessley, 1980). Determination of intrinsic viscosity
[1]] and its relation to molecular weight were discussed in Chapter 1. The product c[1]]
is dimensionless and indicates the volume occupied by the polymer molecule in the
solution.

The various concentration regimes ofimportance following de Gennes and cowork-
ers (Tirrell, 1994) are: dilute (c < c"), semidilute (c* < c < ct), and concentrated
(c > ct ).At low concentrations (c < c"), 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[1]] is about unity. At the overlap
threshold concentration (c == c"), the coils begin to overlap and there is no contrac-
tion. It can be shown that the functional dependence of c* on Mis: c* A..I M-4/ 5.

In the semidilute region, the coils contract (Figure 4-4), but the shrinking does not
continue indefinitely and the polymer chain reaches a minimum (()) dimensions at a
concentration ct that is independent of molecular weight.

c < c* c = c* c* < 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[1]], the quantity M[1]] 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:

(r2) 3/2

[1]] == <I> M (4.9)

where, <I> is a universal constant (Rodriguez, 1989).
Graessley (1967) introduced the use of reduced variables, 1]11]0 and YIYo, to

represent viscosity data at several concentrations and temperatures. Tam and Tiu
(1989) determined Yo as the shear rate where 1]a == 0.91]0 while Morris et al. (1981)
determined Yo when tt« == 0.11]0. 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 1]0 and Yo: 0.088 Pa sand
7.63 s-1 for the 0.80% dispersion, 0.33 Pa sand 4.29 s-1 for the 1.2% dispersion,
1.56Pa sand 0.89 s-l for the 1.6%dispersion, and 4.50 Pa sand 0.45 s-l for the 2%
dispersion, respectively.

A versatile reduced parameter approach ofGraessley (1974)accounted for not only
the shear rate but also polymer concentration and temperature:

1] -1]s == [(1]0 -1])M] (y) (4.10)
1]0 - 1]s cRT

where, 1]s is the solvent viscosity, M is the molecular weight, c is the polymer con-
centration, R is the gas constant, and T is the temperature. The molecular relaxation
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Figure 4-5 Plot of the Reduced Variables: 1]/1]0 versus y/YO (YO is the shear rate when 1]a == 0.91]0)
Mesquite Seed Gum Dispersions (data ofYoa et al., 1994).
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time, iM, is defined by the terms in the bracket. When 1]0» tt«. the above equation
can be simplified to:

!!- = [(1]0 -1])M] (y) (4.11)
1]0 eRT

For polyelectrolytes (charged polymers), Tam and Tiu (1993) utilized the expression
for specific viscosity in the equation of Fuoss-Strauss :

1]sp [1]]

e (1 + Be l / 2)

Tam and Tiu (1993) derived the expression:

!l = (1 + Be l / 2) [(1]0 - 1]s)M] (y)
1]s eRT

To determine the value of B, (e/1]sp) is plotted against el / 2 resulting in an intercept
of 1/[1]] and a slope ofB/[1]].

A plot of log e[1]] against log [(1]0 - 1]s) /1]s] 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 goodsolvents. Thetransition from the dilute to the concentrated region
occurred at a value ofc[1J] = 4. The concentration at which the transition from dilute
region is denoted as c". 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
e[1]] = 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 e**. Such behavior was also found for citrus pectin
samples with different values of DE at pH 7 and 0.1 M NaCl (Axelos et aI., 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 ofHM 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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studied were above the critical concentration (c"), corresponding to c[rJ] ~ 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[rJ]) were obtained:

for LB gum solutions: rJsp ex c[rJ]4.2

for LB gum 38:HM Pectin 62 blend solutions: rJsp ex c[rJ]3.9

for LB gum 18:HM Pectin 82 blend solutions: rJsp ex c[ rJ ]4.0

for LB gum6:HM Pectin 94 blendsolutions: rJsp ex c[rJ]4.0

for HM pectin solutions: rJsp ex c[ rJ ]3.6

(4.14)

(4.15)

(4.16)

(4.17)

(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 rJoor 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[rJ] against log [(rJo - rJs)/rJs] 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 rJsp 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 c* region for acid-hydrolyzed Amioca starches in
90% DMSO was found at c[rJ] == 2 and rJsp == 3, these values are lower than in
Morris et al. (1981) (c[ rJ] == 4 and rJsp == 10). For guar and LBG, the region of
concentrated solution behavior began at lower values of the coil overlap parameter
c[rJ] == 2.5. However, in the concentrated region, the viscosity ofthe acid-hydrolyzed
Amioca starches showed only a slightly higher dependence on concentration with a
slope of3.6.
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Figure 4-8 Plot ofc[1]]against Log 1]sp = [(1]0 -1]s)/1]s] for Hydrolyzed and UnhydrolyzedAmylopectin
Dissolved in 90% DMSO/1 0% Water (Chamberlain, 1999).

Viscoelastic Behavior of Food Gum Dispersions

The magnitudes ofG' and Gil 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 aI., 1993). For both LB
gum and HM pectin, the magnitudes of G' were lower than those ofGil over the range
of gum concentrations and over a large range of the oscillatory frequencies studied.
Log G' and log Gil versus log co plots followed either a single or two straight lines.
The frequency at which G' became equal to Gil 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 to":

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-1 as the concentration was
increased from 0.75 to 1.22% and for LM-pectin from 64.4 to 31.9 rad s-1 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-1 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-l. The LB gum and HM-pectin concentrations of the solutions with pH
7.0, ionic 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 ofLB gum in the mixture was increased (Lopes da Silva et aI., 1993).
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Figure 4-9 Magnitudes of G' and Gil for Locustbean Gum Solutions of 0.75%, 1.02%, and 1.22% in
Distilled Water (Lopes da Silva et aI., 1993).

Table 4-4 Power LawCorrelation Between G' andG", andFrequency (rad 5- 1),
and the Cross Over Frequency for Solutions of LBG (natural pH and ionic
strength)

w*

Cross-over
Sample A' B' R2 A" B" R2 Frequency G' G"

LBG 0.75% 0.316 1.46 1.00 2.15 0.907 1.00
(w < w*)

6.6 5.2
LBG 0.75% 0.668 1.07 0.999 4.05 0.522 0.995 27.4
(w > w*)

LBG 1.02% 1.72 1.42 1.00 7.85 0.867 1.00
(w < w*)

5.0 4.4
LBG 1.020/0 5.05 0.75 10.999 18.3 0.298 0.997 17.3
(r» > w*)

LBG 1.22% 4.05 1.42 1.00 15.4 0.852 1.00
(w < w*)

4.5 4.0
LBG 1.22% 13.9 0.605 0.999 38.0 0.199 0.989 12.0
(w > w*)
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Table 4-5 Power Law Correlation Between G' and G", and Frequency (rad s-l)
Solutions of HM-Pectin (natural pH and isoionic dilutions)

Cross-over

Sample A' B' R2 A" B" R2 Frequency

HMP 2.19% 0.0349 1.61 0.998 0.758 0.824 0.997 49.2
HMP 2.62% 0.199 1.20 0.995 1.33 0.844 1.00 197
HMP 2.76% 0.186 1.28 0.996 1.66 0.821 0.999 116
HMP 3.07% 0.386 1.17 0.997 2.55 0.813 1.00 211
HMP 3.48% 0.878 1.07 0.999 4.66 0.773 1.00 261
HMP 3.79% 1.91 0.934 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

1.66 0.912 0.999 (w* == 7.5 rad S-1)

Cox-Merz Rule for Biopolymer Dispersions

The Cox-Merz rule (Cox and Merz, 1958) is useful in predicting steady shear viscosity
from complex viscosity and vice versa:

rJ*(W) == rJa(w)lw=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
(rJa) and the real component ofthe dynamic viscosity (rJ') at large values ofshear rate
and frequency, with the expected more rapidly decrease of rJ' with frequency than tt«
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 wand y (Ferry,
1980). Because ofthe relatively high value ofstrain amplitude used in our tests (36%)
and the two-phase nature of our HM dispersions, the observations with respect to n"
and rJa are in agreement with those of Matsumoto et al. (1975).

High-Methoxyl Pectin Dispersions

For high-methoxylpectin dispersions, magnitudes of n"(r») were almost always
lower than those of rJa(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% NaCI
(Rochefort and Middleman, 1987) and aqueous solutions of hydroxy ethyl guar gum
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(Lapasin et aI., 1991). In addition, Kulicke and Porter (1980) reported that for
clustered synthetic ionomers also that magnitudes of 1J* (oi) were < 1Ja (,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 1J*(w) are higher than those of 1Ja(Y) (Lopes
da Silva et aI., 1993). The observed departure from the Cox-Merz rule may be
attributed to aggregation phenomena of the HM pectin in solution (Davis et aI., 1980;
Paoletti et aI., 1986; Sawayama et aI., 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 1Ja
much smaller than 1J* at the same rate of shear and angular frequency. They also
observed that 1J* decreased with increase in the strain amplitude such that for high
strain amplitudes 1J* was smaller than 1Ja.

Low-Methoxyl Pectin Dispersions

The LM pectin solutions followed quite satisfactorily the correlation ofCox 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
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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, 1]*, 1]'

and tt« have similar magnitudes but 7]* and 7]' slightly smaller than 7]a; at higher shear
rate and frequency, 7]* and 7]' diverged while 7]* and 7]a converged, with 7]* becoming
higher than tt« (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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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 ofdilute 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., c < 10-2 g mL-1) 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 1]' and
1]") extrapolated to infinite dilution and are called the intrinsic dynamic rheological
properties:

[G,] = lim (G;c)
c--.+O

[G,] = lim [(G" - w1]s)jc]
c--.+O

[1]'] = lim [(1]' - 1]s) j 1]sc]
c--.+O

[1'1"] = lim (1]';1]sc)
c--.+O

(4.20)

(4.21)

(4.22)

(4.23)

The results oftheories ofseveral molecular models (e.g., rigid and flexible molecules)
are predicted to be proportional to RT j 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"]R = [G']MptjRT

[G"]R = [G"]MjRT

(4.24)

(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
ofa 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:

The predictions of Zimm's theory are:

[G,]R = 1.05 (WTl)2/3

[G"]R = 1.82 (WTI)2/3

(4.26)

(4.27)

(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 ofthe Zimm theory that takes
the hydrodynamic interactions into account predicts well experimental data.

ConcentratedPolymerDispersions

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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ofan entangled network structure with two sets ofrelaxation 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 1]0 increases
almost in direct proportion to molecular weightM and a high-molecular weight region
where 1]0 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 networkjunctions
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 ofviscosity. 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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able to slide along the contours ofthe participating molecules and changes its position
with thermal motions, for better understanding ofrheological 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 (Me), 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 / Me). Some of
the important relationships predicted from the reptation model include (Tirrell, 1994):

Arep r-:» M 3 (4.29)

where, Arep is the longest relaxation time that is time for the chain to diffuse one chain
length or renew its configuration. The self diffusion coefficient:

D, r<» M-2 (4.30)

and viscosity:
(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

T= f {MI [t - t',ft(t,t'),h(t,t')] Ct -
I

00 + M2[t _ r.t, (t, t'),h(t, t')](Ct -1)2 } dt (4.32)
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where, r is the extra stress tensor, and II and 12 are the invariants of the Finger
--I

deformation tensor Ct that incorporates both stretch and rotation in the deformation
gradient. The memory functions MI and M2 can be written as products of functions
of the past time (t - t') 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

StarchGranules and Composition

Starch is the major energy reserve ofseeds, 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 com'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
105 to 106 and 500 to 5,000 glucose residues per molecule. It has been determined that
some a-(liE6)-branching exists in the amylose molecule on the order of2-8 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 [17] 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 104:

[17] = 1.70 x 10-6(M )o.7o

Native starches contain approximately 25% amylose, yet there are some mutant vari-
eties of com that contain 85% amylose (high-amylose com) 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 108 with 5%
of its structure containing a-(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, 200 1), and an idealized output curve ofstarch 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, To, peak, Tp, and end, Te, temperatures, respectively. The area under
the curve is a measure of the energy required for the transition, ~H. 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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low water content the endotherm shows two peaks: Ml and M2 (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 ofthe
endothermic peak at To corresponds to loss ofbirefringence, in the form ofthe 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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Ml 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 ofabout 7-10°C and the gelatinization initiation temperatures (To) range from
about 50 to 68°C.

As the amount ofwater 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 M2, 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 tum 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 (T, °C) which is valid for
0.54 :s m :s 1.5:

3.15mj(1 +m) - 0.946
EG(m, T) == --------

1 + exp[ -0.1792(T - 69.1)]
(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 rJa 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 rJa or complex viscosity (rJ*), respectively. A good appreciation of the transition
phase is vital to a full understanding ofthe rheological properties ofgelatinized 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 aI., 1997).

Because foods containing starches are heated continuously over a range oftemper-
atures, viscosity versus temperature or viscosity versus time profiles are of interest.
Results on an 8% (w/w) unmodified com 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:

1]a - 1]ug ex
1]dim = = [1 - exp( -k\l1)]

1]00 - 1]ug

\11 = fT(t) exp (-I:1Eg
) dt

RT(t)

(4.34)

(4.35)

where, 1]a is apparent viscosity (Pa s), 1]dim dimensionless apparent viscosity.
1]ug ungelatinized apparent viscosity (Pa s), 1]00 highest magnitude of tt« during
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Figure 4-17 Applicability of the Model of Dolan et al. (1989) to a 8% Com Starch Dispersion TJ* Data
(Yang and RaQ. 1QQR),

gelatinization, \11 is integral of time-temperature history, a is a constant, Egis
activation energy of gelatinization (J mol-I), R is gas constant (8.314 J mol- 1K-1),

and T temperature of fluid (K).
Figure 4-17 illustrates applicability of Equation 4.34 to the '1* -time data obtained

at 1.26 rad s-1 on a 8% com SD, magnitudes of Eg, k and a in Equations 4.34

and 4.35, over the range of heating rates studied were: 240 kJ mor ', 1.95 E +
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-I, 0.846 E + 26, and 0.494,
respectively, considering that '1* instead of tt« and starch from a different source
were used. The value of R2 was relatively high (R2 == 0.96) but the experimental
data showed deviations from the predicted curve for time-temperature history values
5.0 x 10-31to 1.25 x 10-30 K s. 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 ofgranule sedimentation, the former is difficult to determine experimentally.
Better fit may be obtained by expressing Eg as a function of temperature and the
Arrhenius relationship to be temperature-time history dependent (Dolan et aI., 1989;
Dolan and Steffe, 1990).

Model for 1/*-Temperature Data (Yang and Rao, 1998)

A '1* versus temperature master curve was derived for com starch dispersions (Yang
and Rao, 1998) based on separate characteristics: (1) rJa versus temperature profiles
of dispersions of a specific starch (e.g., com, bean) are usually similar over narrow
ranges of starch concentrations (Launay et aI., 1986; Champenois et aI., 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 1]* 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 ofthe 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 ofparaffin oil by tiny air bubbles from the edge ofthe top plate. Dynamic
rheological data were obtained using 4 em diameter parallel plate (gap 500 urn)
geometry of a Carri-Med CSL-I00 rheometer (TA Instruments, New Castle, DE).
A plate-cone geometry was also tried, but the narrow gap (52 urn 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 com SD. Because of the narrow gap (500 urn) 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 ofHeating Rates

The n" data obtained at a fixed frequency (1.26 rad s-1) and at different heating rates
plotted against temperature (Figure 4-18) over the range ofheating rates: 1.6- 6.0°C
min-1 collapsed to a single curve. The maximum difference in the magnitudes of
complex viscosity between the highest (6.0°C min- 1) and the lowest (1.6°C min-1)

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, a complete 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 1]* Data ofa 8% Com Starch Dispersion ata Fixed Frequency (1.26 rad s-l) and at
Different Heating Rates Plotted against Temperature (Yang and Rao, 1998).

(Figure 4-19) viscosity was reached depending on whether: (1) the temperaturewas
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 continuouslyafter the peak viscosity temperature.
The formerwas characterizedby a slower rate of decrease in 1]* after the temperature
was held constant and the latter by a rapid rate of decrease in 1]* upto the final tem-
perature (95°C) suggesting that the network structure formed during gelatinization
was drasticallyweakened 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 obtainreliablerheologicaldata at a high heatingrate because the temperaturerange
overwhichviscosityof the com SD increaseswouldbe coveredin a short timeperiod.

InjluenceofFrequency

At a fixed heating rate of 2.1"C min-1 and over the range of frequencies employed
from 1.26to47.12rads-1,the profilesof'n" at a specificfrequencyversustemperature
were similar in shape, so that by choosing an arbitrary reference frequency W r, all
the 1]*-temperature curves at the different frequencies could be reduced to a single
curve.A master curve of reducedcomplexviscosity 1]~ == (r»/ wr ) versus temperature
was obtained using Wr == 6.28rad s-l (1.0 Hz) at the heating rate of 2.1"C min-I.
When data from a limited number of experimentsconducted at high W values: 62.83
rad s-1 (10 Hz) and 78.54 rad s-1 (12.5 Hz) at the heatingrate of2.16°e min-1were
considered, scaling of frequency could be achieved by a more general relationship:

(4.36)
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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%
com starch dispersion).

where, (w/wr)fJ is the frequency shift factor and the magnitude of the exponent, {J,
need to be determined from experimental data at wand W r. For complex viscosity
data at 62.83 rad s-1 (10 Hz) and 78.54 rad s-1 (12.5 Hz), with W r == 6.28 rad s",
values of {J 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 (1.0 Hz) as W r (Figure 4-20). Figure 4-20 is the master curve ofreduced
complex viscosity 1]~ 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 1]* data obtained
on 6% corn SDs at a heating rate of 3.0°C min-1 and at dynamic frequencies: 3.14,
12.57, and 47.12 rad s-1 . The superposition ofthe 1]* 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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gelatinized dispersions at the higher temperatures are sustantially higher than those
of the ungelatinized dispersions.

State ofGranules During Heating

The important role of suspended solids in the viscosity of a dispersion was discussed
in Chapter 2. The shape ofthe curve in Figure 4-20 reflects the changes in the volume
fraction of starch granules, that in tum is due to the changes in the size ofthe 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 ofgranules also results in the release ofadditional 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 segmentA-B-C. The leached amylose
and the granule remnants contribute to a viscosity at point D that is higher than that
at pointA.

It is emphasized that the state of the starch granules has a major influence on the
viscosity ofa 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 ofstarch is heated isothermally above the gelatinization
onset temperature, the granules absorb large amounts ofwater 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 ofgranule 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 ofn considerably less than 1.0 (Evans and Haisman,
1979; Doublier, 1981; Colas, 1986; Ellis et al., 1989; Noel et al., 1993). This value was
also reported to decrease linearly with increasing starch concentration in cross-linked
com starches (Colas, 1986). This observation appears consistent with the those of
Evans and Haisman (1979) who showed that in suspensions ofcom, potato, modified
com 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, com, 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 Com 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 ofgelatinization (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 Steffe, 1990a, 1990b) using a tube (1.27 em diameter) flow
viscometer.

Typical granule size distribution (GSID) data of heated com 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 com starch
granules (Okechukwu and Rao, 1995). With an R2 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 n value ofabout 2.2 for com starch. The min-
imum values ofn, usually within the pseudoplastic range, would depend in part on the
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particle size distributionof the gelatinizinggranuleswhich increasesas 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 com 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-timeprofiles reflect various extents of
starchgranuleswelling.Early investigationsontherheologyof raw starchsuspensions
reveal that dispersionsof com starch in water and aqueousmixturesof ethyleneglycol
and glycerinexhibiteddilatantbehaviorwith 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-thickeningflow behavior is a reproducible phenomenon.
Hoffmansuggestedthat: "The discontinuousviscositybehaviorwhich occursat solids
concentrationsabove 0.50 is causedby a flow instability in which surfacesof 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 studieson 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-thickeningbehavior of non-food colloidaldispersions,mostlyTi02 particles,
the role ofparticle sizedistributionhasbeen examinedby 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 diameterparticles and higher viscosity suspendingfluids,
such as dioctyl phthalate, result in very low particle Reynolds numbers, defined as
(Russel et al., 1989):

D2yp
Rep = - -

YJ

To illustrate the order of magnitudes, at a fixed y = 100s-1 , the particle Reynolds
number for typical 500 nm particles in dioctylphthalate (p = 980 kg m-3, YJ = 0.054
Pa s) is 4.54 x 10-7, while that for a typical 30 urn starchgranule in water (p = 1,000
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kg m-3, n == 0.001 Pa s) at the same y is 9.0 x 10-2, 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 Yc of high volume fraction
dispersions, that is, dispersions with small interparticle distances, h:

. 2Jr£0£I WoKh
Yc == -

6Jr'f}sa2 2

where, £0 is permitivity of vacuum, £1 is relative dielectric constant, 1/10 is sur-
face potential of sphere, here equal to t; -potential of the particles in the medium,
tt« is the continuous medium's viscosity, a is particle radius, K is the reciprocal
Debye double layer thickness, and h is distance between two particles. This equation
restricted to small values of h, is valid to th]« < 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 (Nd) from the characteristic mag-
nitudes of the interparticle and shear forces. Shear-thickening will occur at values of
Nd > rv1.0:

. 2Jr£0E'I Wo
Yc == ----

6Jr'f}sa2

Boersma et al. (1991) suggest that experimental and calculated values of Yc be
compared at a volume fraction ¢c given by:

¢c == ( a ) 3 (0.605)
a + 11K

(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 ¢c, which occurred near 0.5
for particles with diameters 250 nm. Shear melting occurred for all samples with
¢ > ¢melt(== 0.38) while shear-thickening occurred only for¢ > ¢c (rv 0.5). Near e.;
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 ofapplied stresses that was
limited by fracture ofthe 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, Go, being independent of fre-
quency (Chow and Zukoski, 1995b). Because Goincreases 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 Go. By scaling stress on Go, 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 == (1]sY jGo) (4.42)

where tt« is the continuous phase viscosity and Y is the shear rate. Chow and Zukoski
(1995b) suggested that this correlation results from 1]sj Go 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 ofswelling ofcowpea starch granules heated at 67-80°C,
n decreased from 1.3 to 0.56 with increase in (SDjSDo) ofunruptured granules in the
starch dispersion, where SDo is the standard deviation ofthe unheated granules. Over
a granule SD of 15-32 urn, a power law equation correlated the two dimensionless
variables nand (SDjSDo):

(
SD )-1.4

n == 2.36 -
SDo

R2 == 0.95 (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 1200 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 aI., 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 ofthe descending shear curve being higher than those ofthe 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-1, 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- 1, was clockwi se 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- I ) and anti-thixotropy (at
shear rates < 40s- I ) . 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) carefull y 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 predom inantly 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 (Dt/ Do)3 and Volume Fraction of Heated2.6%
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 < (Ot/Oo)3 < 40) ""-'0* 0.012 NA Rao and Tattiyakul
(1998)

Tapioca (40 < (Ot/Oo)3 < 50) '"'-'0* 0.044 NA Rao and Tattiyakul
(1998)

*Dt is the diameter of the heated starch granule and Do 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 (Elias son, 1986; Leach et aI., 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 cQ will result. SGM fraction takes
into consideration both solids concentration and volume ofstarch 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") ofstarch 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 ofthe solids or through volume expansion ofthe solids. Linear relationships
were found between cQ and (Dt / Do)3 (D, is the diameter ofthe heated starch granule
and Do is that of the unheated granule) over a wide range of the latter for heated SDs
of com (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 Stress Range at Which Antithixotropic Behavior of Starch
Dispersionswas Reported (Tattiyakul, 2000)

Shear Stress Shear Rate
Material Range (Pa) Range (S-1) Reference

1.5-2.5% o < (J < '""100 0.1 < Y < Carriere (1998)
Gelatinizedwaxy 200s-1 (2 &
maize starch in 90% 2.5%) and
DMSO, 25°C 0.1 < Y <

500s-1

(1.5%)
Autoclaved 2.6% o < (J < '""150 0.1 < Y < Chamberlain
cross-linkedwaxy 1000s-1 (1996)
maize starch, 20°C
3% waxy rice starch o < (J < '""40 O<y< Dintzis et al.
in 0.2N NaOH, 25°C 225s-1 (1996)
2% waxy maize o < (J < 30 O<y< Dintzis and
starch in 0.2N KOH, 750s-1 Bagley (1995)
30°C
7.7% autoclaved o < (J < 150 O<y< Dintzis and
waxy maize starch, 750s-1 Bagley (1995)
50°C
30/0, 5%, 8% 10±5<(J< 6<y< Harrod (1989)
modified potato 150 ± 50 540s-1

starch,10-90°C
5% modified waxy '""90 y = 200s-1 Rao et al. (1997)
maize starch, 20°C
5% cross-linked o < (J < '""150 0.1 < Y < This work
waxy maize starch 125.7s-1

(PurityW), 20°C
6% PurityW, 20°C o < (J < '""150 0.1 < Y < This work

40s-1

5% Purity W, o < (J < '""150 0.1 < Y < This work
20-80°C 500s-1

SDs (Rao and Tattiyakul, 1999) two linear relationships provided a better fit of the
data: one for values of (Dt/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 (Dt/Do)3 is noteworthy. Because tapioca starch had a higher
value of slope, especially at high (Dt / Do)3 values, the starch granule diameter ratio
contributed to a higher increase of cQ of tapioca SDs.

The ratio of mean granule diameters (Dt/Do) 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 cQ increased
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Figure 4-24 For TapiocaStarchDispersionsTwoLinearEquationsor a SingleExponentialEquation(not
shown)Provideda BetterFit of the Databetween cQ and (Dt/ Do)3 (Dt is the diameterof the heated starch
granule and Do 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 (Di]Do) and the consistency coefficient (K) of gelatinized 2.6%
tapioca SDs, that can be expressed by the equation:

K = Ko exp{e(Dt/Do)} (4.44)

where, Ko and 8 are empirical constants. K increased gradually at the beginning and
rapidly as the granule diameter ratio approached its maximum value. At (D t / Do) ==
3.4, values ofK started to increase rapidly. The estimated values ofKo; 8, and R2 for
various 2.6% SDs are given in Table 4-8. The higher value of 8 for tapioca starch
indicates that, among these four starches, the starch granule ratio had the highest
influence on the consistency coefficient (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:

1700
17roo = -

17s
(4.45)
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Figure 4-25 The Relationship between the Granule Diameter Ratio (D t / DO) and the Consistency
Coefficient (K) of Gelatinized 2.6% Tapioca Starch Dispersions (Rao and Tattiyakul, 1998).

Table 4-8 Relationships between (Dt/Do) and the Power Law Consistency Index of
Heated Starch Dispersions: K = Koexp {£(Dt/Do)}

Starch Ko(m Pes''; E R2 Reference

Unmodified corn 2.07 x 10-5 3.69 0.99 Okechukwu and Rao (1995)

Cowpea 2.40 x 10-5 4.84 0.96 Okechukwu and Rao (1996)
Cross-linked 2.13 x 10-7 3.36 0.92 Chamberlain et al. (1998)

waxy maize
Tapioca 6.14 x 10-10 7.40 0.90 Rao and Tattiyakul (1998)

Dt is the diameter of the heated starch granule and Do is that of the unheated granule.

where, 1]roo is the relative viscosity, 1100 is the Casson viscosity (mPa s) (Table 4-9),
and 11s 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 11r 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 1]00

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:

(
1 )-2

1]r = 1 - "2 k(cQ) (4.46)

Quemada et al. (1985) reported values of k 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 (cO), Casson Yield Stress (aoe, Pa, m = 0.25 and m =
0.50) and Infinite Shear Viscosity (1]00, mPa s), Viscosity of Supernatant (l]s, mPa
s), and Relative Viscosity (l]r) of Tapioca Starch Dispersions

Dispersion* cO aOe, m = 0.25 1100, m = 0.25 aOe, m = 0.50 lls llr

61°C, 240 min 0.39 0.002 7.2 0.11 1.53 4.7
67°C, 5 min 0.62 0.120 12.1 1.13 2.02 6.0
67°C, 15 min 0.67 0.071 27.0 1.48 2.48 10.9
67°C, 30 min 0.72 0.181 13.9 1.64 2.60 5.3
67°C, 60 min 0.77 0.188 14.3 1.78 2.76 5.2
70°C, 5 min 0.77 0.078 30.1 1.96 1.97 15.3
70°C, 15 min 0.82 0.098 32.1 2.10 2.82 11.4
74°C, 1 min 0.78 2.77 139.45 2.25 2.85 48.9

*Heatingtemperature and time.

are deformable, the value k == 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 1Jr 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) is 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-l .

(4.47)

where, K is in Pa s" and starch concentration was defined in mg ml- 1 (Doublier,
1981). For gelatinized starch characterized at 70°C, K; == 8.74 x 10-7 and b == 3.88
for starch concentration, c, in the range 2.5-8%. Evans and Haisman (1979) reported
that the apparent viscosity at any shear rate 1Ja, y raised to power 0.4 was linearly
correlated with concentration for potato, tapioca and com starches within the shear
rates 101-103s- 1:

(4.48)

where, Co is the concentration at which the viscosity extrapolated to zero and K 11

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 (1]/cQ) with the mass fraction of swollen starch granules in gelatinized
wheat starch suspension, cQ. A similar master plot was also obtained by plotting
the ratio K/cQ against volume fraction of swollen com starch granules since at low
starch concentrations volume fraction approximates mass fraction (Okechukwu and
Rao, 1995); for a 2.6% com starch suspension the plot could be represented by
Equation (4.48):

K
- = 0.48 exp( 16.94 cQ) R2 = 0.85
cQ

(4.49)

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 aI., 1979; Doublier, 1981;
Christianson and Bagley, 1984; Colas, 1986; Harrod, 1989; Giboreau et aI., 1994).
In these and other earlier studies, values ofyield 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 com 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 ofthe
dispersions can be obtained from them (Genovese and Rao, 2003c). Values ofthe static
and dynamic vane yield stresses ofheated 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 ofthe dispersions before
and after structure beak down was obtained by plotting values ofthe 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 offully gelatinized starch suspensions generally decreases with increase
in temperature. This rheological response ofheated starch dispersions has been shown
to follow an Arrhenius dependency of the consistency coefficient on temperature as
shown in Equation 4.49.

K = KTO exp (Ea/ RT) (4.50)
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where, E, is the activation energy and KTO an empirical constant. For a wheat starch
dispersion heated to 96°C, values ofEa == 5.13 kcal mol- 1 and KTO == 1.51 X 10-4

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 aI., 1992; Chow and Zukoski, 1995b) showed that they may playa
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:

_ ¢cpnGp [1/3 ( _ -1/3) 1/2 _ ~ 2/3 ( _ _1/3)3/2]
G - 5n(l _ JLp) ¢red 1 ¢red 3¢red 1 ¢red

where, Gp·is shear modulus ofmaterial ofspherical particle, JLp is Poisson's ratio, ¢cp
is the volume fraction for close-packing and ¢red is the reduced phase volume fraction
(¢ I¢cp) that is given as ¢red == (aolh)3; ao is undeformed particle radius, h 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 aI., 1980) that
still provides mainly qualitative results (Zahalak et aI., 1990). Plots of SGM fraction
versus normalized, based on value of G' at cQ == 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 ofthe 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 ofamylose from the continuous phase did not have a notice-
able effect on the storage (G') and the loss (Gil) moduli. In Figure 4-29, the dynamic
rheological behaviors ofSDs made up ofCWM 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 Gil 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') andLoss (G") ModuliversusAngularFrequency(UJ) ofTapiocaGranulesMixed
with the Cross-LinkedWaxyMaize (CWM)ContinuousPhase, Comparedto the OriginalTapioca3% w/w.
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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 co (rad s-l) ofgelatinized 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 (1]*)

was higher than the flow viscosity over the range offrequencies and shear rates studied
(Figure 4-31).

1]* (w) = 1]a(w)Iw=y (4.52)

where, 1]* = (G * jw) = 1]'- i(G' jw), co is the frequency ofoscillation (rad s") and

IG*I = J(G,)2 + (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 (Gil, Pa), versus
Frequency (rad s-l) of Gelatinized Cross-Linked Waxy Maize Starch Dispersions of 3, 4, and 5% Solids
(da Silva et al., 1997).

can be further expressed in terms of real and imaginary parts, 1]* == 1]' - i 1]"; it is
interesting to note that the dynamic viscosity (1]') is in better agreement with the
apparent viscosity than with 1]* (Figure 4-31).

4% Tapioca StarchDispersions

Double logarithmic plots of 1]* versus dynamic frequency (r»,rad s-l) and tt« 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.

1]* == 18.3 co-0.74

1]a == 8.36yo.73

R2 == 1.00

R2 == 1.00

(4.53)

(4.54)

A modified Cox-Merz relationship was found to be applicable between 1]* and 1]a:

R2 == 1.00 (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 5 min, values of tt«
decreased with y, but those of 1]* increased with co after an initial decrease
(Figure 4-32). For the data shown in Figure 4-32, the critical frequency (we) at
which the transition occurred was about 100 rad s-l. In comparison to Ye values for
shear-thinning to shear-thickening flow behavior of 2.6% tapioca and cowpea starch
(Okechukwu and Rao, 1996) dispersions, the value of We == 100 rad s-l is lower. It
is possible that the tt« versus Y data of the 4% dispersion heated at 70°C for 5 min
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had a Yc 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 1]* versus to 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), com (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 (Gil) 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 (aos) 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-O% Sucrose.

cohesiveness ofthe 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 (aos) and Dynamic (aOd) Yield Stress and Angu-
lar Deformation (8) of 5% Amioca - 30% Sugar SDs, Pasted in Rotavapor (RV) or
Retort (RT)

Undisrupted Sample Disrupted Sample

Sugar Pasting
(30% w/w) Procedure e(rad) aOs (Pa) e(rad) aOd (Pa)

None RV 0.99 ± 0.01 17.4±2.1 2.39 ± 0.27 4.5 ± 0.0
Sucrose RV 0.95 ± 0.00 37.5 ± 1.6 2.52 ± 0.35 6.1 ± 0.1
Sucrose RT 1.85 ± 0.28 35.8 ± 2.7 2.51 ± 0.35 5.4 ± 0.4
Fructose RV 1.14 ± 0.04 34.1 ± 1.5 2.72 ± 0.11 5.7 ± 0.4
Fructose RT 1.53 ± 0.13 38.1 ± 2.5 3.14 ± 0.37 5.1 ± 0.0
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 ofdynamic 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 ofmixtures 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 ofproducts usually contain water in excess ofgelatinization 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 ofgluten to 6.5-6.6% (w/w) dispersions ofdifferent starches at a 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 ofgluten 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 ofthe 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 intemallipids 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 ofswelling, the amylose
had not yet leached out ofthe 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 ofboth gluten and an emulsifier or a lipid could
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Figure 4-34 Schematic ofa Network of Wheat Starch Granules and Gluten (Champenois et aI., 1998).

result in a synergistic effect among them. Indeed, values of G' and Gil for flour were
much lower than those for gluten/starch mixtures even though GIS was equal to 0.20
(Table 4-11).

Soy Protein/Corn Starch

The shape of the G' versus to curves for all com starch-SP isolate dispersions was
similar, where G' exhibited a small dependence on frequency (Figure 4-35). The 10%
com 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 ofdecreasing G' values were: 100/0 CS > 1SI:9CS ~ 3SI:7CS~

5SI:5CS > 7SI:3CS > 9SI: 1CS > 10% SI, where CS is com starch and SI is SP isolate
(Liao et al., 1996).

The com starch-SP isolate dispersions displayed true gel-like behavior. Table 4-12
contains magnitudes of the slopes (n' and nil) and intercepts (K' and K") in the
equations:

G' = K'(w)n'

Gil = K"(w)n"

(4.56)

(4.57)
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Table 4-11 Storage Modulus G' (Pa) andtan8 at the Endof Heating (EH)of Dis-
persionsof Wheat Starch, Gluten/Starch Blends, and Flour (Champenois et aI.,
1998)

Starch/Flour Concentration, g kg- 1

Sample 60 80 100 150 200 300

Storagemodulus (G', Pa)
Starch 140 342 779 2,531 7,565 31,898
GIS = 0.12 LV 295 616 1,422 3,713 19,150
GIS = 0.20 LV LV 533 986 1,101 6,606
Flour LV 68 102 320 1,567 5,894

tan8
Starch 0.36 0.19 0.21 0.19 0.09 0.04
GIS = 0.12 >1 0.23 0.20 0.15 0.10 0.06
GIS = 0.20 >1 >1 0.30 0.18 0.22 0.13
Flour >1 0.44 0.46 0.40 0.22 0.21

GIS is gluten to starch ratio;LV= Low value « 10 Pa)
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Figure 4-35 The Shape ofthe G' versus w Curves for all Com Starch-Soyprotein Isolate Dispersions was
Similar, where G' exhibited a small dependence on frequency. In order ofdecreasing G' values were: 10%
CS > ISI:9CS ~ 3SI:7CS ~ 5SI:5CS > 7SI:3CS > 9SI:ICS > 10% SI, where CS is com 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 ofits lower transition temperature. Because the denaturation temperature of
78 globulin was close to the gelatinization temperature ofcom 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 (K', K") and Slopes (n', nil) from Linear
Regression of Log ill versus Log G' and Log Gil of Different Ratios of Corn Starch
(CS)-Soybean Protein Isolate (SPI) Mixtures

G' (Pa) Gil (Pa)

Mixture K' n' K" nil

100/0 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 0.12 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-l, of Dispersions of
Various Soyprotein Isolate/Com Starch Ratios and ofCom Starch with 6-10% Solids. It also has a straight
line that interpolates G' values between those of com starch and soyprotein isolate.

hindered and reduced. This could be the reason for the value of G' ofstarch-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 ofthe experimental values of G', at a frequency of30 rad s-l ,
of dispersions of various SP isolate/com starch ratios and of com starch with 6-10%
solids. It also has a straight line that interpolates G' values between those of com
starch and SP isolate. When the proportion of starch was less than 5%, the measured
values were higher than the interpolated values. While above 50/0 starch content, the
interpolated values were higher than the measured.

The asymmetry in the G' versus com 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 com starch on the one hand, and 11Sand 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 com 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 ofcowpea 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 100/0 Solids Gels from Blends 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, Gb, to a maximum plateau value,
G:nax' 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)
dt

h G:nax - G(t) . d zi .. . d Iwere X ==, , ,k IS a rate constant an t IS agmg tune, Estimate va ues
Gmax - Go

of the apparent rate constants at 20°C were: 0.016, 0.022, and 0.023 min -1 for the
blends at protein!starch ratios (R) of5/5, 3/7, and 1/9, withR2 values 0.96, 1.00, 1.00,
respectively. The variation of G:nax (Pa) with mass fraction (xs) of starch in the blend
was described by the equation:

R2 == 0.998 (4.59)

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 ofthe protein compared
to that of starch created the environment for the leaching ofamylose 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 ofprotein!starch gels (10% solids)
from frequency sweeps on gels after 1 hr of aging with starch fraction (xs) . 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 Xs > 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 com starch after 1 hr of aging at 25°C. Addition of the cowpea
protein to com 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 com 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 4-39 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 com starch or
cowpea starch suggests phase separation. The higher G' values ofthe 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 sulfhydryl-disulfide interactions (McSwiney et al., 1994; Mleko and Foegeding,
1999). tJ-Iactoglobulin 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
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Figure 4-40 Influence of Starch Mass Fraction (xs) on the Storage Modulus (G') at 1Hz of Heated Mixed
WPI/CWM Dispersions, 50/0 Total Solids, after Aging for 4 hr at 20cC.
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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 ofheated mixed whey protein isolate
(WPI) and cross-linked waxy maize starch (CWM) dispersions: 5% solids, pH = 7.0,
75 mM NaCI, 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 ofCWM 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 (x, = 0) up
and down shear stress ramp curves showed thixotropic behavior, as also reported by
Mleko and Foegeding (2000). Dispersions with Xs = 0.2 were almost superimposed
over a wide range ofshear rates higher than 50s' 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 Xs = 0.4 and 0.6 exhibited shear thinning
thixotropic behavior. Dispersions with Xs = 0.8 and 1 exhibited shear thinning anti-
thixotropic behavior typical of pure CWM dispersions suggesting that at this high Xs
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-l 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 ofYield Stress of Starch-Xanthan Dispersions Relative to those of the Starch-Water
Dispersions (YSNSO) and Relative Mean Granule Diameters (D/DO) Plotted against Values of c[1]] 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 com and wheat starches on the one hand
and guar and locust bean gum on the other (Alloncle et aI., 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 aI., 1994)
Rheological properties of potato maltodextrin were greatly influenced by the addi-
tion ofgum 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 staticyieldstress(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 (0) O-C Interaction

Waxymaize
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 11.3 S
1.00 8.6 23.9 32.5 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, 0 = 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 ofyield stress of the starch-
xanthan dispersions relative to those of the starch-water dispersions (YS/YSO) and
relative mean granule diameters (D/DO)plotted against values ofc[1J] ofxanthan gum
are shown in Figure 4-42. With the values ofYS/YSO 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 ofthe mixed starch-xanthan dispersions (Column D). One can say that there
is synergism between xanthan and starch ifvalues 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 exhibitedantag-
onisticbehavior.
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CHAPTER 5

Rheological Behavior of
Processed Fluid and

Semisolid Foods
M. Anandha Rao

In this chapter, the rheological propertie s ofprocessed 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.

FRUITJUICES AND PUREES: ROLE OFSOLUBLE AND
INSOLUBLE SOLIDS

Fruit juices and plant food (PF) dispersions are important items ofcommerce. 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 offruitjuices 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)
ofconcentrated fruit juices decreases with increase in temperature and the magnitude
of the activation energy ofclear 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 ofconcentration and temperature. The equation for viscosity
of both apple and grape juices is of the form:

rJ {A (OBrix) }
rJwa = exp [100 - B (OBrix)]

223

(5.1)



224 RHEOLOGY OF FLUID AND SEMISOLID FOODS

where, 1] is the viscosity (mPa s) of depectinized and filtered apple juice, 1]wa =
viscosity of water at the same temperature (mPa s), and A and B are constants.
For apple juice in the concentration range 14-39 °Brix and temperature 293-353 K
(20-80°C), the constants A and Bare:

A = -0.24 + (917.92jT) 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 A and Bare:

A = -3.79 + (1821.45jT) B = 0.86 + 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 (R2 = 0.947):

1] = 1.725 X 10-5 exp [0.136 (OBrix)] (5.4)

For concentrated grape juice samples ('"'-'41-68°Brix) at 20°C, the effect of concen-
tration was described by (R2 = 0.966):

1] = 2.840 X 10-5 exp [0.137 (OBrix)] (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 (OBrix):

(5.6)

For apple juice, the constants A,Ea, and f3 were: 3.153 x 10-14 Pa s, 45.0 kJ mor '.
and 0.167 °Brix -1, respectively, and the R2 = 0.940. For the viscosity of concen-
trated grape juice concentrates, the constants A,Ea, and f3 were: 6.824 x 10-14 Pa s,
46.6 kJ mor ', and 0.151 °Brix -1, respectively, and the R2 = 0.971. The above
equation should be considered to provide only approximate values of viscosity
because i; is an average activation energy for the entire range ofconcentrations stud-
ied. In fact, the i; ofconcentrated 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 i; (kJ mor ') of the apple and
grape juice are:

Ea = 5.236 exp [0.0366 (OBrix)] ; R2 = 0.94

Ea = 8.587 exp [0.0294 (OBrix)] ; R2 = 0.97

(5.7)

(5.8)
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Figure 5-1 Values of the Flow Activation Energy (Ea) of Concentrated Apple and Grape Juices are
Exponentially Dependent on their °Brix Values.

Thus a more accurate estimate ofthe viscosities ofconcentrated apple and grape juices
can be obtained by incorporating the value ofEa 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; Jeffrey and Acrivos, 1976; Metzner, 1985);
other useful studies include on the rheology ofrigid 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 ofcontinuous 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

Finishing: using screens
0,51 to 1.14 mm

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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(5.9)
1Jr == Viscosity of continuous medium

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 aI., 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 aI., 1981; Fito et aI., 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, 1Jr:

Viscosity of suspension

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 ofconcentrated orange juice (COJ), for the purpose ofquality
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 ofpulp 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 ofPF 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 aI., 1986; Trifiro et aI., 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 ofapricot puree affected consistency ofthe 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 900J-,lm, the upper particle size limit ofthe 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 urn 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 ofreasonably well defined smaller (max. dia rv 100 urn)
gelatinized com 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 tum may be affected by cultivars, fruit
maturity, and processing conditions. The continuous media ofapple 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 aI., 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, rJrel, 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 ofcommerce with over a million
tons being exported by Brazil and another million tons being produced in Florida.
Figure 5-4 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 5-4 Unit Operations in the Manufacture of 65 °Brix Concentrated Orange Juice Samples with
Different Amounts of Pulp (Vitali, 1983).

Diagram for production ofjuices with different pulp content

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 of65 °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 (C) of soluble solids (OBrix) 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 ofpulp content on the consistency index is shown in Figure 5-7,
where InK 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 ofFCOJ, insoluble solids are expressed in terms ofpulp
content determined on a 12 °Brix sample by centrifugation at for 10 min at 360 x g.

K = K C exp [BK(OBrix)]

K = KP exp [Bf (Pulp)]

(5.10)

(5.11)

where, KC
, KP , B~, and Bf 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 ofTemperature

The flow behavior ofFCOJ 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 5-8 The Flow Behavior of FeOJ 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-1 (1Ja, 100) and
Consistency Coefficient (K) of Pera FCD] 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) ofFCOJ can be described by the Arrhenius
relationship. The equation for the consistency index is:

K == Koo exp (EaK/RT) (5.12)

where, Koo is the frequency factor, EaK is the activation energy (J mol"), R is the gas
constant, and T is temperature (K). A plot of In K (ordinate) versus (T- 1) (abscissa)
results in a straight line, and EaK == (slope x R), and Koo 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 ofRheological Properties ofFCOJ

It is clear from the above discussion that the rheological properties of FCOJ will
depend on the °Brix, pulp content, size and shape ofthe pulp particles, and pectin con-
tent ofFCOJ 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 ofFCOJ.

Because the power law model (Equation 2.3) is used in determination ofpumping
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 5-B 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 oftemperature,
°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 ofFCOJ from temperature, °Brix, and pulp content data.

Rheological Properties ofTomato 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 ofdifferent
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-l (Figure 5-12) is shown
where the linear relationship is valid only over the narrow range of pulp contents.
Because the influence ofpulp 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 s-l (1Ja,100) oftomato 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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Figure 5-11 Shear Rate versus Shear Stress Data at 25° C Obtained on 20% Solids Concentrates Made
from Juices that were Produced Using Different Finisher Screen Openings Show that Using a 0.69 mm
Screen Resulted in Concentrates with the Highest Viscosity (Tanglertpaibul and Rao, 1987a).
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(Tang1ertpaibu1 and Rao, 1987b) Illustrates the Important Role ofPulp Content. The meaningless negative

intercept Indicates that the linear relationship cannot be extended to low pulp contents.

Nova hot break process concentrates were expressed by a model slightly different
than that used to examine concentrated apple and grape juices.

1]a,100 == a exp (Ea/RT) (ct3 ) (5.13)

The results for Nova concentrates were: a == 1.3 x 10-5, Ea == 9.21 kJ mor ', and
fJ == 2.6. It is very encouraging that these values were close to those reported by
Harper and EI Sahrigi (1965) for the tomatoes of variety VF6: a == 1.05 x 10-5,

Ea == 9.63 kJ mor '. and fJ == 2.0. Magnitudes of fJ 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 ofNova
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)2.5. For example, at a fixed temperature, one can
predict the viscosity 1]2 of a tomato concentrate having the concentration C2 from the
magnitude 1]1 of a concentrate of the same variety having the concentration Cl from
the relationship:

(5.14)

Viscoelastic Properties of Tomato Concentrates

Dynamic rheological and creep compliance, J(t), 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-1 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 Gil,
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 Gil 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)n!

Gil = K" (w)nl!

(5.15)

(5.16)

The compliance J(t) 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):

J(t) = Jo + Jl (1 - e-t/,q) + J2 (1 - e-t/r2
) + t/ry (5.17)
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Figure 5-14 Log-log Plot of the Apparent Viscosity at 100 s-l versus Total Solids of Tomato
Concentrates from Hot-break Nova Tomato Concentrates, and #934 Hot-break and Cold-break Process;
The Slopes of the Lines Were 2.7, 2.4, and 2.5, Respectively.

where, Jo = 1/ Go is the instantaneous elastic compliance, JI = 1/ Gl JI =
1/Gl and J2 = 1/G2 are the retarded elastic compliances, il and i2 are retar-
dation times, 1] is viscosity, and Go, GI, and G2 are moduli (Sherman, 1970;
Rao, 1992).

The auto mode of analysis of the experimental J (t) versus t 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 ofJ, was higher than those of the other parameters reflecting greater
uncertainty in its estimation.
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Figure 5-15 Magnitudesof G'and G" of ThreeTomatoConcentratesfromJuice Using a 0.84 mm Screen
as a Function of Dynamic Frequencies.

The effect of the two finisher screen sizes on the J (t) versus t 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, Go == (l/Jo), and of
storage modulus G' at 1 rad s-l (Yoo and Rao, 1996). Also, as noted by Giboreau
et al. (1994) for a gel-like modified starch paste, the two parameters were ofthe same
order of magnitude. Further, as can be inferred from data in Table 5-E, the other
moduli from creep-compliance data (G1 == 1/J1, G2 == 1/J2) and the Newtonian
viscosity increased with increase in °Brix.

Rheological Properties of Tomato Pastes

Rao and Cooley (1992) examined the flow properties oftomato pastes and their serum
samples, as well as the dynamic rheological properties ofthe 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 ofyield
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 to versus log G', log G", and log 17* of a Tomato Paste (Rao and
Cooley, 1992).

a == 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 co employed; in addition, the decrease in
11* confirmed the shear-thinning nature of the TP samples. Further, linear regression
of log G' and log G" versus log co 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 co. In addition, as discussed in detail below, magnitudes of TJ*
were greater than TJa for all magnitudes ofshear rates and oscillatory frequencies. This
means that TP samples did not behave as true gels, but exhibited weak gel properties.

Applicability ofCox-Mer: Rule

With automated rheometers it is relatively easy to obtain dynamic shear data than
steady shear data. For this reason, the interrelationship between wand '1* on one
hand and y and tt« on the other is of interest. The Cox-Merz rule, that is, equal
magnitudes of TJa and '1* at equal values of y and co, respectively (Equation 5.17),
was obeyed by several synthetic and biopolymer dispersions (Lopes da Silva and
Rao, 1992).

'1* (w) == rJa (y) Iw=y (5.18)

However, it is not obeyed by biopolymer dispersions with either hyperentanglements
or aggregates (Lopes da Silva and Rao, 1992). Because ofthe 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 n« and log (j) versus log n" data on the TP samples. However, the two
lines were parallel to each other. Further, by multiplying to by a shift factor (a), 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 ofTP 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 oftomato pastes
at 10 s-l and serum viscosity, with volume fraction ofsolids alone were not successful
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in that very low values of R2 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 cPs, and (2) another network structure contributed
by the liquid (continuous phase), in proportion to cPl = 1- cPs. However, the effective
continuous phase is 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):

1}a,PFD = 1}a,serum +A (pulp)" (5.19)

where, l1a,PFDis the apparent viscosity of suspension, l1a,serumis 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 A 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 l1speeifie of 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 coefficient (K) of the power law model and the Casson
yield stress (aoe ) , again the lower bound form of Takayanagi model (Ross-Murphy,
1984) was satisfactory:

(I/SSP) = [(cPs/A)] + [(1 - cPs)/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 (aoe ) , andA andB are constants.
For the consistency coefficient, magnitudes of A, B, and R2 were: 900, 72, and
1.00, respectively, and for aOe 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-Iog G' and log w-Iog G" data. The correlation
form that was successful was again the lower bound form of Takayanagi model
(Ross-Murphy, 1984):

(I/DRP) == [(cPs/A)] + [(1 - cPs)/B] (5.21)

where, DRP is a dynamic rheological property, and A and B are constants. Magni-
tudes of the constants and R2 were determined by nonlinear regression (GENSTAT,
Numerical Algorithms Group, Oxford, UK). For K' values of A, B, and R2 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 ±30O/o.

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 (cPs and cPt == 1 - cPs) relationships for correlating the rheological parameters.

Yield Stress of Structured Food Products

The vane method has become an accepted means ofmeasuring 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 tum 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:

(5.22)
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where, ab is the stress required to break the structural bonds between the floes, an
is the stress required to break the aggregate network, and av 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 (aB) 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 ao is proportional to the volume fraction of solids raised to the power of three
and that aB is proportional to the square of the volume fraction of solids. Also, it is
known that the magnitude ofaB is higher than that ofao. In addition to the two yield
stresses, the viscosity at infinite shear rate (1]00) also has been shown to be important.

Influence ofPulp Content on Yield Stress

One result of the work of Michaels and Bolger (1962) is the prediction that ao is
proportional to the volume fraction of solids raised to the power of three and that aB

is proportional to the square of the volume fraction of solids. Also, they confirmed
their predictions with data on dispersions that had magnitudes ofaB less than 0.9 Pa.
The apple sauce samples ofQiu and Rao (1988) were highly concentrated dispersions
with some magnitudes ofaB of about 80 Pa. In addition, the pulp content determined
by centrifugation at 360 g had a relatively narrow range ofmagnitudes. 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 urn
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 ofusing 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-1 as representative of the
yield stress ofchocolate and the value of the viscosity at a shear rate of40 s-1 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-I 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-1 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 5-1). 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 aI., 1981; Tanglertpaibu1 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°C over 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 5-1). 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 ofconcentrates 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 (Rao et aI., 1981), whereas the influence oftemperature on
the consistency coefficient was significant, in agreement with Rao et al. (1981). The
effect of temperature on the consistency ofmilk concentrates followed the Arrhenius
equation. Magnitudes ofthe energy ofactivation for flow (Ea ) relating the consistency
coefficient of the concentrates to temperature ranged from 2.42 to 11.8 kcal mor '.
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The magnitude of Ea (kcal mole t ") 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 ofcreaming, 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 ofthe droplets is minimized by adsorption ofan 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 ofmayonnaise 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 ofmayonnaise, 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

Severalstudieswereconductedonthe stressovershootand/ordecayat a constantshear
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-1 . 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.

a == _Kyn [1 + (by - 1) exp (-tlanA)] (5.23)

where, y is the shear rate, t 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:

a == 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 tmax given by:

1
tmax = an). + by (5.25)

The magnitude of a max can be calculated by substituting the above expression for
tmax in Equation (5.23). After amax is reached, the term exp -(llanA) simulates the
exponential decay; the product: as a whole controls the exponential decay.

Kokini andDickie (1981) foundthat the Bird-Leider equationprovidedmoderately
goodpredictionsforpeak shear stresses(amax ) and the correspondingtimes (tmax ) , but
thepredictionof shear stressdecaywas poor.Theysuggestedthat a seriesof 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 shearrates of 1.8,5.4, 9.9, and 14.4s-1 with a controlledshearrate viscometer
and a concentric cylinder geometry.They modeled the data by a three-constantmodel
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:

a (t) r (ml) sin (mIn)

n (m2y)m1-l
(5.26)
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where, aoo is the steady state stress r is the gamma function; m; and m:are constants;
y is the shear rate; s == t - t'; and the deformation history of the experiment is
described by:

I

yt
y == y (t - t')

-00 < t' < 0
O<t'<t (5.27)

The constant m1 has a value 0 < m1 < 1 and it is representative of the relaxation
modulus, when it is expressed as:

G (t - t') == C (t - t,)-m 1 (5.28)

The parameter m2 is obtained from the time at which the maximum shear stress is
reached, tmax :

1
m2 == -.-

Ymax
(5.29)

The above relationship implies that tmax 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 mi == 0.07 were determined. Even though the
damping constant (m2) was assumed to be shear rate dependent, a single represen-
tative value of m: 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 oil 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 chiefadvantage ofthe creep-compliance test is
that data can be obtained with minimal disturbance to the test samples and under linear-
viscoelastic regime. Nearly all, ifnot all, ofthe 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.



Rheological Behavior ofProcessed Fluid and Semisolid Foods 249

The creep-compliance data on the mayonnaises were modeled by means of the six
parameter model:

(5.30)

Wenote that the creep-compliance parameters can be used to calculate the moduli E, =
1/J, and viscosities 1Ji = E(ri. 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 Eo values (Pa) of freshly prepared mayonnaise increased as the
pH decreased: pH 6.2, Eo = 750; pH 4.5, Eo = 885; pH 3.9, Eo = 1220; and
pH 3.3, Eo = 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.

At a constant 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 ofdecrease in Eo
was lower at the 1.25% NaCI than at 0.25%. Sugar had much smaller effect than salt
on the viscoelasticity ofmayonnaise. Replacing egg yolk by egg white, while keeping
the total solids content constant, increased Eo. 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 (i- 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 com starch
was added. A thixotropy index (TI) was calculated as the sum of the difference
between the magnitudes of the shear stress in increasing (Sui) and decreasing (Sdi) of
shear rates:

4

TI == L (Sui - Sdi)
1

(5.31)

where, the magnitudes of the shear stresses: Sui and Sdi were read off at four unspec-
ified shear rates. Magnitudes ofTI, of apparent viscosity at a shear rate of 0.1 s", of
dynamic elasticity, G', and of dynamic viscosity, n', were highest for salad dressings
with xanthan gum and lowest for dressings with com 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 = yf (a - O'oo)dt

A

(5.32)

where, y is the constant shear rate, a is the time-dependent stress, a00 is the equilib-
rium shear stress value, and A 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 rJa 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 kl/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).

a ==AI -BIlogt

log (a - ae) == A2 - B2t

(5.33)

(5.34)

where, a is the shear stress, t is time in seconds, ae is the equilibrium shear stress,
and AI, A2, BI, and B2 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:

J(t) == Jo + Jl (1 - e-t
/

r l
) + tlf} (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 of20 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 offat 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 ofsoy milk by the suspended particles
and the suspending fluid.

(5.36)

where, as is the shear stress caused by the viscous forces generated by the suspend-
ing fluid (continuous phase) and ap 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 •

( )
Yeq i-

a == 1 - cPp 17s -.- + -V.
Y Y

(5.37)

where, cPp is the volume fraction ofsolids in the dispersion, 17s 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, Ep/ VY, has the dimensions of shear stress
and it represents ape In the above equation (Equation 5.37), there are two unknown
parameters: Yeq andEp, 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 is:

Yeq == (5.38)

where the subscripts I and 2 refer to the values ofstress and viscosity ofthe 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:

a1 -a2
a == as + a p == 17s + a p

171 - 172
(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, as, 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 ofdispersions (Michaels and Bolger,
1962) the basic flow units are assumed to be small clusters or floes 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, aos, and dynamic, aOd, yield stress was
introduced. Based on the work ofMichaels 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, aos, may be estimated
(Genovese and Rao, 2003):

(5.40)

The stress to break the bonds between the floes may be calculated as the difference
between the static, aos, and the dynamic, aOd, yield stresses of the samples with
undisrupted and disrupted structure, respectively.

(5.41)

where, ab is the stress required bonds between the floes, a; is the stress dissipated due
to purely viscous drag, and an is the stress required to break the aggregate network.
Given that a v == rJoo Y is very small in most dispersions, one can estimate the two
contributions ab and an.

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, aos, 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, aOd. 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 ab > an while for products processed in a finisher, applesauce and tomato
puree an > ab. 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 ab of heated dispersions of xanthan gum with various starches:
waxy maize, cross-linked waxy maize, and cold water swelling decreased and those
of an increased with increase in xanthan gum concentration.

Texture Map Based on Vane YieldStress

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 5-19 is 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 oftemperature 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 5-1,
(10) effect ofstorage on the viscoelastic properties ofa 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: In n == A+ (BIT +C)
was used to describe the effect of temperature, (12) flow properties ofdairy products
in Table 5-M, (13) flow properties of meat batters in Table 5-N, (14) flow properties
ofegg products in Table 5-0, (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.

261



262 RHEOLOGY OF FLUID AND SEMISOLID FOODS

Table 5-A Viscosity of Water at Different Temperatures (Perry, 1950)

Water

Temperature ('C)

o
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
20.2
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Viscosity (mPa s)

1.7921
1.7313
1.6728
1.6191
1.5674
1.5188
1.4728
1.4284
1.3860
1.3462
1.3077
1.2713
1.2363
1.2028
1.1709
1.1404
1.1111
1.0828
1.0559
1.0299
1.0050
1.0000
0.9810
0.9579
0.9358
0.9142
0.8937
0.8737
0.8545
0.8360
0.8180
0.8007
0.7840
0.7679
0.7523
0.7371
0.7225
0.7085
0.6947
0.6814
0.6685
0.6560
0.6439
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Temperature Fe)

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Viscosity (mPa s)

0.6321
0.6207
0.6097
0.5988
0.5883
0.5782
0.5683
0.5588
0.5494
0.5404
0.5315
0.5229
0.5146
0.5064
0.4985
0.4907
0.4832
0.4759
0.4688
0.4618
0.4550
0.4483
0.4418
0.4355
0.4293
0.4233
0.4174
0.4117
0.4061
0.4006
0.3952
0.3900
0.3849
0.3799
0.3750
0.3702
0.3655
0.3610
0.3565
0.3521
0.3478
0.3436
0.3395
0.3355

continued
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Table 5-A Continued

Temperature Fe)

86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

Viscosity (mPa s)

0.3315
0.3276
0.3239
0.3202
0.3165
0.3130
0.3095
0.3060
0.3027
0.2994
0.2962
0.2930
0.2899
0.2868
0.2838



T
ab

le
5

-8
F

lo
w

P
ro

p
e

rt
ie

s
of

F
ru

it
an

d
V

eg
et

ab
le

P
ro

du
ct

s

C
on

e.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
(O

C
)

(s
-1

)
(P

a
sn

)
n

S
tr

e
ss

(P
a)

R
e

fe
re

n
ce

~ ~ ~
T

om
at

o
ju

ic
e

5
.8

0
C

on
e

cy
lin

de
r

3
2

.2
5

0
0

-8
0

0
0

.2
2

0
.5

9
H

a
rp

e
r

an
d

c ~
(p

H
4.

3)
E

I-
S

ah
ri

gi
~ (=

;.
(1

9
6

5
)

~ ~

4
8

.9
0

.2
7

0
.5

4
ttl

6
5

.6
0

.3
7

0
.4

7
~ ~ ~

1
2

.8
0

3
2

.3
2

.1
0

0
.4

3
~ o'

4
8

.9
1

.1
8

0
.4

3
~

6
5

.6
2

.2
8

0
.3

4
~

8
2

.2
2

.1
2

0
.3

5
~ ~

1
6

.0
0

3
2

.3
3

.1
6

0
.4

5
("

':l ~
4

8
.9

2
.2

7
0

.4
5

~ ~

6
5

.6
3

.1
8

0
.4

0
~

8
2

.2
3

.2
7

0
.3

8
~ ~

2
5

.0
0

3
2

.3
1

2
.9

0.
41

~

4
8

.9
1

0
.5

0
.4

2
~ ~

6
5

.6
8.

0
0

.4
3

~ ~
8

2
.2

6.
1

0
.4

4
s

T
om

at
o

ju
ic

e
3

0
.0

0
C

on
e

cy
lin

de
r

3
2

.3
5

0
0

-8
0

0
1

8
.7

0
.4

0
H

a
rp

e
r

an
d

~
. c

L
ie

b
e

rm
a

n
~

(1
9

6
2

)
~

4
8

.9
15

.1
0

.4
2

c
6

5
.6

1
1

.7
0

.4
3

~

8
2

.2
7.

9
0

.4
4

co
n

ti
n

u
e

d
N 0

\
C

Il



N 0
\

T
ab

le
5

-8
C

o
n

tin
u

e
d

0
\

C
on

c.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

~
P

ro
du

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
fC

)
(s

-1
)

(P
a

sn
)

n
S

tr
es

s
(P

a)
R

ef
er

en
ce

0 t"'4
T

om
at

o
co

nc
.

3
5

.7
4

P
ar

al
le

l
pl

at
e

25
.0

4
-5

7
6

2
9

7
.0

0.
38

A
lv

ia
r

0 a
ca

ri
m

e
d

an
d

R
ei

d
~ 0

(1
99

0)
~ ~

2
4

.1
6

65
.7

0.
27

r- ~
1

7
.8

6
26

.1
0.

26
S

1
1

.7
8

6.
0

0
.3

3
> z

3
5

.7
4

B
ac

k
25

.0
4

-5
7

6
2

4
9

.0
0.

29
0 en

ex
tr

us
io

n
~ ~

2
4

.1
6

58
.5

0.
21

CI
'.:l 0

1
7

.8
6

24
.3

0.
23

r- S
1

1
.7

8
5.

82
0.

27
~

T
om

at
o

pa
st

e
2

9
.7

°B
ri

x
H

aa
ke

m
ix

er
32

.0
2

0
8

.0
0

.2
7

20
6

R
ao

et
al

.
0 0 0

(1
99

3)
CI

'.:l

2
9

.7
°B

ri
x

39
.0

1
7

9
.0

0.
31

18
0

2
3

.8
°B

ri
x

33
.0

48
.0

0.
47

40
2

3
.8

°B
ri

x
39

.0
34

.0
0.

52
29

1
6

.3
°B

ri
x

25
.0

24
.0

0
.2

3
38

T
om

at
o

7
.2

°B
ri

x
C

o
n

c
cy

lin
d

e
r

20
.0

0
-1

0
4.

0
0.

40
M

cC
a

rt
h

y
sa

uc
e

H
aa

ke
R

V
20

.
an

d
S

e
ym

o
u

r
(1

9
9

4
b

)
8

.9
°B

ri
x

20
.0

0
-1

0
7.

3
0

.3
3

P
ea

rs
1

8
.3

0
C

o
n

c
cy

lin
d

e
r

32
.3

0
.1

-2
6

0
0

2.
3

0.
49

3.
5

(B
ar

tle
tt

)
48

.9
1.

9
0.

48



~

6
5

.6
1.

6
0

.4
8

~ ~

82
.2

1.
5

0.
48

c

2
6

.1
3

3
2

.3
6.

2
0.

45
8.

1
~ ~.

48
.9

5.
0

0.
45

~ -...
.

65
.6

4.
2

0.
46

~ ~

82
.2

3.
6

0.
46

~ ~

3
1

.0
0

32
.3

1
0

.9
0.

45
19

.1
~ o·

48
.9

8
.8

0
0.

45
~

65
.6

6.
8

0.
46

~ ~
82

.2
5.

6
0.

46
d

3
7

.1
6

32
.3

1
7

.0
0.

46
~ ~

48
.9

1
3

.5
0.

46
~ ~

65
.6

1
0

.4
0.

46
~ ~

82
.2

9
.4

0
0.

46
s::

4
5

.7
5

32
.3

3
5

.5
0.

48
3

3
.9

~ ~
48

.9
2

6
.0

0.
48

;::s ~
65

.6
2

0
.0

0.
48

~
82

.2
1

6
.0

0.
48

~

P
ea

r
pu

re
e

1
4

.6
0

T
ub

e
vi

se
2

7
.0

1
0

0
-2

0
0

0
5.

3
0.

38
S

ar
av

ae
os

c;;
.

c
(1

9
6

8
)

~
1

6
.0

0
30

.0
5.

6
0.

35
H

a
rp

e
r

~
(1

9
6

0
)

c

co
n

tin
u

e
d

~ N 0
\

-.
.l



N ~ 0
0

T
a

b
le

5
-8

C
o

n
tin

u
e

d C
on

e.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

~
P

ro
d

u
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(s

-1
)

(P
a

sn
)

n
S

tr
e

ss
(P

a)
R

e
fe

re
n

ce
tT

:l 0 ~ 0
2

4
.3

0
C

o
n

c
cy

lin
d

e
r

26
.6

1
-1

0
0

0
5.

8
0

.3
9

0 ~
3

3
.4

0
3

8
.5

0
.3

8
0 ~

3
7

.6
0

4
9

.7
0.

38
~ r-

3
7

.5
0

6
4

.8
0

.3
8

c
4

7
.6

0
1

2
0

.0
0

.3
3

8 :>
5

1
.3

0
2

0
5

.0
0

.3
4

z tj

4
9

.3
0

1
7

0
.0

0
.3

4
C

/l
tT

:l

4
8

.8
0

1
5

0
.0

0
.3

4
s en

1
5

.2
0

4
.2

5
0

.3
5

0 r-
A

pp
le

sa
u

ce
1

1
.0

0
B

ro
o

kf
ie

ld
30

.0
5

-5
0

1
1

.6
0

.3
4

S
a

ra
va

co
s

8
R

T
V

(1
9

7
0

)
~ 0 0

1
1

.0
0

82
.0

5
-5

0
9.

0
0

.3
4

11
.6

S
a

ra
va

co
s

tj en
an

d
M

o
ye

r
(1

9
6

7
)

T
ub

e
vi

sc
27

.0
1

0
0

-2
0

0
0

1
2

.7
0

.2
8

S
a

ra
va

co
s

(1
9

6
8

)
A

pp
le

sa
uc

e
H

a
a

ke
m

ix
er

32
.0

2
0

0
.0

0.
42

24
0

R
ao

et
al

.
(1

9
9

3
)

D
ep

ec
tin

.
7

5
°B

ri
x

2
0

-7
0

1
.0

0
S

a
ra

va
co

s
(1

9
7

0
)

A
pp

le
ju

ic
e

50
0

B
r
i
x

2
0

-7
0

1
.0

0
30

0
B

r
i
x

2
0

-7
0

1
.0

0
1

5
°B

ri
x

2
0

-7
0

1
.0

0



C
lo

u
d

y
a

p
p

le
6

5
.5

°B
ri

x
2

0
-7

0
0

.6
5

~

ju
ic

e
~ ('\

:)

50
0

B
r
i
x

2
0

-7
0

0
.8

5
c C

40
0

B
r
i
x

2
0

-7
0

1
.0

0
~ ~
.

30
0

B
r
i
x

2
0

-7
0

1
.0

0
~ ~

1
5

°B
ri

x
2

0
-7

0
1

.0
0

t::t
l

('\
:)

A
pp

le
ju

ic
e

6
9

.8
°B

ri
x

H
aa

ke
25

.0
0.

24
1

.0
0

R
ao

et
al

.
~ ~

R
V

2
/D

e
e

r
(1

9
9

3
)

~ o·
R

he
or

n.
~

6
5

.3
°B

ri
x

2
3

.0
0.

09
1

.0
0

~ ~
6

9
.8

°B
ri

x
43

.0
0.

03
1

.0
0

d
51

.1
°B

ri
x

25
.0

0.
02

1
.0

0
~ ~

A
p

ri
co

t
p

u
re

e
16

B
ro

o
kf

ie
ld

30
.0

5
-5

0
6.

80
0

.3
0

S
a

ra
va

co
s

~ ('\
:)

R
T

V
an

d
~ ~

M
o

ye
r

~

(1
96

7)
is.: ~

13
.8

T
ub

e
vi

se
,

27
.0

7.
2

0.
41

S
a

ra
va

co
s

;::s ~
(1

9
7

0
)

~
A

p
ri

co
t

17
.7

C
on

c
cy

lin
d

e
r

26
.7

1
-1

0
0

0
5.

4
0

.2
9

H
a

rp
e

r
~

(1
96

0)
~
. c ~

44
.3

56
.0

0
.3

9
is.:

51
.4

1
0

8
.0

0
.3

6
~

55
.2

1
5

2
.0

0
.3

4
c

59
.3

3
0

0
.0

0
.3

2
~

co
n

tin
u

e
d

N 0
\

\0



N

T
ab

le
5

-8
C

o
n

tin
u

e
d

-
J

0

C
on

c.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
F

C
)

(s
-1

)
(P

a
sn

)
n

S
tr

e
ss

(P
a)

R
e

fe
re

n
ce

~
4

1
.4

5
4

0
.0

0
.3

5
0 ~ 0

23
1

1
.2

0
.3

5
0 ~

P
ea

ch
40

.1
5

8
.5

0
.3

5
0 "'

T
j

4
9

.8
8

5
.5

0
.3

4
~ ~

4
9

.6
1

5
2

.0
0

.3
4

c::
5

8
.4

4
4

0
.0

0
.3

4
S >

17
1

3
.8

0
.3

5
z tJ

2
1

.9
21

.1
0

.5
5

r:
/1

tr
j

26
1

3
.4

0
.4

0
es (J

')

2
9

.6
1

8
.0

0
.4

0
0 ~

3
7

.5
4

4
.0

0
.3

8
S

1
0

.9
9

.4
0

0
.4

4
~ 0

P
ea

ch
p

u
re

e
1

1
.7

B
ro

o
kf

ie
ld

30
.0

5
-5

0
7

.2
0

0
.2

8
S

a
ra

va
co

s
0 tJ (J

')

R
T

V
tu

b
e

(1
9

7
0

)
vi

se
.

P
lu

m
14

30
.0

5
-5

0
2.

2
0

.3
4

S
a

ra
va

co
s

(1
9

7
0

)
P

lu
m

14
82

.2
5

-5
0

2.
0

0
.3

4
C

o
n

co
rd

64
2

0
-7

0
0

.9
0

S
a

ra
va

co
s

(1
9

7
0

)
50

1
.0

0
30

1
.0

0
15

1
.0

0
P

as
si

on
fr

ui
t

1
5

.6
°B

ri
x

T
ub

e
vi

sc
21

.6
0

.0
7

0
.7

4
R

ao
et

al
.

(1
9

7
4

)



2
0

.7
°B

ri
x

21
.4

0.
29

0
.5

3
2

5
.3

°B
ri

x
20

.0
0.

80
0.

52
3

0
.6

°B
ri

x
23

.2
1.

62
0.

49
~

3
3

.4
°B

ri
x

20
.0

2.
62

0.
45

~ ~

P
ap

ay
a

7
.3

°B
ri

x
26

.0
0.

91
0

.5
3

R
ao

0 r%
(1

97
7)

r:;'
M

an
go

9
.3

°B
ri

x
24

.2
2.

06
0

.3
3

~ ~

G
ua

va
1

0
.3

°B
ri

x
23

.4
3.

90
0

.4
9

~ ~

G
ua

va
p

u
re

e
7

.2
°B

ri
x

T
ub

e
V

is
co

24
.0

1
0

0
-1

0
0

0
0

0.
26

0.
68

B
re

kk
e

~ ~

an
d

~ c'
M

ye
rs

"""
:

(1
97

8)
~ ~

7
.4

°B
ri

x
24

.0
0.

28
0

.6
8

d
G

ua
va

1
2

.3
°B

ri
x

24
.0

1.
60

0
.5

5
~ ~

co
n

ce
n

tr
a

te
C'

-l
~

1
5

.9
°B

ri
x

24
.0

5.
00

0
.4

7
~ ~

2
2

.7
°B

ri
x

24
.0

41
.0

0
0.

32
::::

D
ep

ec
tin

.
8

.8
°B

ri
x

24
.0

<
0.

1
1.

65
~ ~

gu
av

a
;:::

:
~

pu
re

e
~

8
.9

°B
ri

x
24

.0
<

0.
1

1.
78

~

D
ep

ec
tin

.
15

.1
°B

ri
x

24
.0

0.
30

0.
71

~
.

0 ~
gu

av
a

co
n

c
~

2
4

.3
°B

ri
x

24
.0

1.
60

0.
62

~
3

1
.4

°B
ri

x
24

.0
2.

30
0

.5
9

0

C
on

c.
o

ra
n

g
e

4
2

.5
°B

ri
x

H
aa

ke
R

V
12

25
.0

0
-5

0
0

0.
41

0
.5

9
C

ra
n

d
a

ll
~

ju
ic

e
ha

m
lin

co
nc

cy
lin

d
e

r
et

al
.

(1
9

8
2

)
ea

rly
N -.

l

co
n

tin
u

e
d

~



N

T
ab

le
5

-8
C

o
n

tin
u

e
d

-.
.l

N

C
on

e.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
F

C
)

(5
-1

)
(P

a
sn

)
n

S
tr

e
ss

(P
a)

R
e

fe
re

n
ce

~ t'r
j

0
.6

0
0.

0
0

1
5

.0
0

-5
0

0
0

.6
0

t""
4 0

0
-5

0
0

0
.9

2
0

.6
8

0 ~
-1

0
.0

0
-5

0
0

1
.4

3
0.

71
0 "'r

:l

H
a

m
lin

la
te

4
1

.4
°B

ri
x

25
.0

0
-5

0
0

0
.1

9
0

.7
3

5
~ t""

4
15

.0
0

-5
0

0
0.

81
0

.5
6

e
0.

0
0

-5
0

0
0

.1
8

0
.6

2
8 >

-1
0

.0
0

-5
0

0
1.

39
0.

71
z 0

P
in

e
a

p
p

le
4

0
.3

°B
ri

x
25

.0
0

-5
0

0
0

.2
6

0
.6

4
r:n t'r

j

e
a

rl
y

e CJ
'1

15
.0

0
-5

0
0

0
.5

9
0

.5
9

0 t""
4

0.
0

0
-5

0
0

0
.8

9
0

.6
8

8
-1

0
.0

0
-5

0
0

1.
22

0.
71

~ 0

P
in

e
a

p
p

le
4

1
.8

°B
ri

x
25

.0
0

-5
0

0
0

.8
6

0
.5

3
0 0 CJ

'1

la
te

15
.0

0
-5

0
0

1
.3

4
0

.5
4

0.
0

0
-5

0
0

1
.8

6
0

.6
4

-1
0

.0
0

-5
0

0
3

.6
4

0
.6

3
V

a
le

n
ci

a
43

.1
°B

ri
x

25
.0

0
-5

0
0

0.
51

0
.5

4
e

a
rl

y
15

.0
0

-5
0

0
0

.6
7

0.
61

0.
0

0
-5

0
0

1
.4

0
0

.6
2

-1
0

.0
0

-5
0

0
2

.7
2

0.
61

V
a

le
n

ci
a

la
te

4
1

.9
°B

ri
x

25
.0

0
-5

0
0

0
.8

4
0

.5
4

15
.0

0
-5

0
0

1.
18

0
.5

7
0.

0
0

-5
0

0
1

.8
6

0
.6

4
-1

0
.0

0
-5

0
0

4
.1

4
0

.6
3



N
av

al
65

.1
°B

ri
x

-1
8

.5
2

9
.2

0
0.

71
R

o
ze

m
a

an
d

~

B
e

ve
rl

o
o

~ (\
:)

(1
9

7
4

)
c ~

-1
4

.1
1

4
.6

0
0

.7
6

(==
;.

-9
.3

1
0

.8
0

0
.7

4
~ ~

-5
.0

7.
90

0.
72

~ (\
:)

-0
.7

5.
90

0.
71

~ ~

10
.1

2.
70

0
.7

3
~ 5·

1
9

.9
1.

60
0

.7
2

"""
:

2
9

.5
0.

9
0

.7
4

~ ~
O

ra
n

g
e

ju
ic

e
6

4
.9

°B
ri

x
H

aa
ke

R
V

2
-1

8
.0

18
.3

0
.8

0
V

ita
li

an
d

C5
co

nc
cy

lin
d

e
r

R
ao

~ ~
(1

9
8

4
)

I..o
o::l

(\
:)

P
er

a
o

ra
n

g
e

,
-1

4
.0

10
.6

0.
81

~ ~
3.

4%
pu

lp
~

-1
0

.0
7.

1
0

.7
9

~ ~
-5

.0
4.

9
0

.7
8

;:::
s
~

0.
0

3.
2

0
.7

9
f(2

1
0

.0
1.

6
0

.7
9

s
2

0
.0

0.
7

0
.8

3
(;

;. c
3

0
.0

0.
4

0
.8

2
~

P
er

a
o

ra
n

g
e

,
6

5
°B

ri
x

-1
8

.0
2

4
.5

0
.7

6
~

5.
7%

pu
lp

C

-1
4

.0
15

.6
0

.7
6

~

-1
0

.0
8.

8
0

.7
9

co
n

tin
u

e
d

tv -.
l

V
J



N -.
J

T
ab

le
5

-8
C

o
n

tin
u

e
d

+::
a-

G
on

c.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

~
P

ro
d

u
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(s

-1
)

(P
a

sn
)

n
S

tr
es

s
(P

a)
R

ef
er

en
ce

tr:1 0 r-
-5

.0
6.

5
0

.7
7

0 0
0.

0
4.

5
0

.7
6

~ 0
10

.0
2.

1
0

.7
8

~

20
.0

1.
3

~

0
.7

7
r- c

3
0

.0
0.

7
0

.8
0

8
P

er
a

or
an

ge
,

8.
6

6
5

.3
°B

ri
x

-1
8

.0
4

2
.8

0
.7

0
> z

%
p

u
lp

0 (/
J

-1
4

.0
2

5
.3

0
.7

3
tr:1 s=

-1
0

.0
1

5
.8

0
.7

4
(;

j 0
-5

.0
11

.1
0

.7
3

t""'
4 8

0.
0

7.
3

0
.7

4
~

10
.0

3.
9

0
.7

3
0 0

20
.0

1.
9

0
.7

6
0 tz

l

30
.0

1.
4

0
.7

3
P

er
a

or
an

ge
,

6
4

.8
°B

ri
x

-1
8

.0
5

8
.9

0
.6

7
11

.1
%

pu
lp

-1
4

.0
3

4
.6

0
.7

0
-1

0
.0

2
3

.9
0

.6
9

-5
.0

1
6

.0
0

.6
9

0.
0

1
1

.5
0

.6
9

10
.0

5.
6

0
.7

0
20

.0
2.

9
0.

72
30

.0
2.

1
0

.7
0

V
a

le
n

ci
a

or
an

ge
,

6
5

.3
°B

ri
x

-1
8

.3
1

0
9

.9
0

.5
5

21
.2

%
pu

lp



-1
4

.2
5

9
.7

0.
61

-9
.7

4
0

.6
0

.6
0

:::
tl

-5
.1

2
4

.5
0

.6
3

~ ~

-0
.4

1
8

.5
0

.6
2

c -...
.

10
.2

8.
3

0
.6

5
~ ~
.

19
.7

6.
1

0.
61

~ -...
.

29
.6

2.
5

0
.6

8
~ ~

M
a

n
g

o
p

u
lp

16
°B

rix
C

on
e

cy
lin

d
e

r
30

2
0

-2
5

0
5.

1
0

.9
7

M
a

n
o

h
a

r
et

al
.

(1
9

9
0

)
~ ~

3.
49

%
db

~ 0"
pe

ct
in

""
':

(p
H

3
.5

6
)

'1
/'2

=
0.

94
40

4.
4

0
.9

8
~ ~

R
h

e
o

te
st

2
50

3.
8

0
.9

9
d

60
3.

3
0

.9
9

~ ~
70

2.
8

0
.9

9
~ ~

20
0

B
r
i
x

30
2

0
-2

5
0

7.
9

0
.2

8
~ ~

40
6.

8
0

.2
8

~

50
5.

4
0

.2
7

~ ~
60

4.
5

0
.2

8
;:::

:
~

70
3.

6
0

.2
7

~
2

5
°B

ri
x

30
2

0
-2

5
0

9.
8

0
.2

9
~

40
8.

2
0

.2
9

~
" c

50
7.

5
0

.2
8

-...
.
~

60
6.

4
0

.2
8

~
70

5.
6

0
.2

8
c

30
0

B
r
i
x

30
2

0
-2

5
0

1
9

.3
0

.2
8

~

40
1

4
.7

0
.2

8
co

n
ti

n
u

e
d

N -.
l

V
l



T
ab

le
5

-8
C

o
n

tin
u

e
d

N -.
.l

0
\

C
on

c.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
F

C
)

(s
-1

)
(P

a
sn

)
n

S
tr

e
ss

(P
a)

R
e

fe
re

n
ce

~
50

1
2

.3
0

.2
8

t'I
'j 0 t""4

60
1

0
.3

0
.2

8
0 Q

70
8.

5
0

.2
8

~ 0
3.

38
%

db
1

6
°B

ri
x

30
2

0
-2

5
0

2.
9

0
.2

9
~ ~

p
e

ct
in

r- e
40

2.
5

0
.2

9
8

50
2.

3
0

.2
9

> z
60

1.
9

0
.2

9
u r:n

70
1.

7
0

.2
8

t'I
'j es

3.
29

%
db

1
6

°B
ri

x
30

2
0

-2
5

0
2.

7
0

.2
9

r.
n 0

p
e

ct
in

r- 8
40

2.
4

0
.2

8
~

50
2.

1
0

.2
9

0 0 u
60

1.
8

0
.2

8
r.

n

70
1.

5
0

.2
9

3.
23

%
db

1
6

°B
ri

x
30

2
0

-2
5

0
1.

7
0

.2
8

p
e

ct
in

40
1.

4
0

.2
8

50
1.

1
0

.2
9

60
0.

9
0

.2
9

70
0.

8
0

.2
9

30
2

0
-2

5
0

2.
4

0
.2

9
40

2.
0

0
.2

9
50

1.
6

0
.2

9
60

1.
4

0
.2

9
70

1.
2

0
.2

9
30

2
0

-2
5

0
3.

0
0

.2
9



40
2.

6
0

.2
9

50
2.

2
0

.2
9

~

60
1.

9
0

.2
9

~ ('\
:)

70
1.

7
0

.2
9

c ~ c
30

2
0

-2
5

0
5.

3
0

.2
8

~ ~
.

40
4.

4
0

.2
9

~ ~

50
3.

7
0

.2
8

to ('\
:)

60
3.

1
0

.2
9

~ ~

70
2.

5
0

.2
9

~ o'
M

a
n

g
o

pu
lp

1
6

°B
ri

x
C

on
e

cy
lin

de
r

25
1

0
.0

0
.3

2
R

ao
et

al
.

""
':

ju
ic

e
R

he
ot

es
t2

(1
9

8
5

)
~ ~ d

M
a

n
g

o
pu

lp
17

.0
o

B
ri

x
R

ot
at

io
na

l
R

V
T

25
2

7
.8

0
.3

3
G

u
n

ja
l

~ ('\
:)
~

ju
ic

e
B

ro
ok

fie
ld

an
d

~ ('\
:)

W
a

g
h

-
~ ~

m
a

re
~

(1
9

8
7

)
~ ~ ~ ~

M
a

n
g

o
pu

lp
16

.0
o

B
ri

x
R

ot
at

io
na

l
LV

F
25

1
2

.3
0

0
.2

8
0

G
a

rc
ia

et
~

ju
ic

e
B

ro
ok

fie
ld

al
.

(1
9

7
4

)
~ ~
. c

T
am

ar
in

d
7

°
°B

ri
x

C
on

e
cy

lin
de

r
35

.0
1

0
-4

0
0

0
.0

0
2

0
.9

9
M

a
n

o
h

a
r

~ ~

ju
ic

e
R

he
ot

es
t2

et
al

.
~

R
1/

R
2

=
0.

98
(1

99
1

)
c

45
.0

0.
00

1
1.

0
f}

55
.0

0.
00

1
1.

00
co

n
ti

n
u

e
d

N -...
...J

-...
...J



T
ab

le
5

-8
C

o
n

tin
u

e
d

N -
J

0
0

C
on

e.
S

h
e

a
rR

at
e

K*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
tC

)
(5

-1
)

(P
a

sn
)

n
S

tr
e

ss
(P

a)
R

e
fe

re
n

ce
gf

9
°B

ri
x

25
.0

0
.0

0
6

1
.0

0
t'r

l
0 ~

45
.0

0
.0

0
4

1
.0

0
0 0

55
.0

0
.0

0
3

1
.0

0
~

2
3

°B
ri

x
25

.0
0

.0
8

7
0

.7
6

0 ~

35
.0

0
.0

6
2

0
.7

5
"T

j
~ c:::

:
45

.0
0

.0
5

0
0

.7
3

S
55

.0
0

.0
3

9
0

.7
5

:> z
2

8
°B

ri
x

25
.0

0
.3

5
0

.6
3

tj r.n
35

.0
0

.2
6

0.
62

t'r
l s

45
.0

0
.1

9
0

.6
3

V
)

0
55

.0
0

.1
6

0
.6

3
r- S

65
.0

0
.1

4
0

.6
3

"T
j

3
6

°B
ri

x
25

.0
0

.4
6

0
.6

3
0 0 tj

35
.0

0
.3

5
0.

61
V

)

45
.0

0
.2

6
0

.6
3

55
.0

0
.2

3
0

.6
2

65
.0

0.
21

0.
61

4
4

°B
ri

x
30

.0
1

.2
3

0
.6

3
40

.0
0

.8
3

0
.6

3
50

.0
0

.6
3

0
.6

4
60

.0
0

.5
3

0.
61

70
.0

0
.4

3
0

.6
3

50
0

B
r
ix

35
.0

3
.4

0
0

.6
2

45
.0

2
.6

5
0

.6
3

55
.0

1
.9

2
0

.6
3

65
.0

1
.5

3
0

.6
3

70
.0

1
.3

8
0

.6
3



6
2

°B
ri

x
27

.0
9

.0
7

0
.6

3
35

.0
6

.2
8

0
.6

3
~

45
.0

4
.4

6
0

.6
3

~ ~

55
.0

3
.3

2
0.

62
c -.

..

70
.0

2
.2

3
0

.6
3

~ (:
;.

P
in

e
a

p
p

le
7

°B
ri

x
C

on
c

cy
lin

d
e

r
30

.0
1

0
0

-6
0

0
0

.0
3

1
.0

0
V

a
rs

h
n

e
y

~ -.
..

ju
ic

e
n

a
rr

o
w

ga
p

an
d

~ ~

vi
sc

o
m

e
te

r
K

u
m

b
h

a
r

~ ~

(1
9

7
8

)
~ 0"

2
2

°B
ri

x
30

.0
0

.0
6

0.
91

"""'
::

3
6

°B
ri

x
30

.0
0

.1
3

0.
81

~ ~
7

°B
ri

x
C

on
c

cy
lin

d
e

r
45

.0
0

.0
2

1
.0

3
~ ~

n
a

rr
o

w
ga

p
~

vi
sc

o
m

e
te

r
~ ~

2
2

°B
ri

x
45

.0
0

.0
5

0
.9

0
~ ~

3
6

°B
ri

x
45

.0
0.

12
0.

81
~

O
ra

n
g

e
ju

ic
e

1
3

°B
ri

x
C

o
n

c
cy

lin
d

e
r

30
.0

1
0

0
-6

0
0

0
.0

6
0.

86
~ ~

n
a

rr
o

w
ga

p
~ ~

vi
sc

o
m

e
te

r
~

2
2

°B
ri

x
30

.0
0

.1
2

0
.7

9
~

3
3

°B
ri

x
30

.0
0

.1
4

0.
78

r;;
'

c
1

3
°B

ri
x

C
on

c
cy

lin
d

e
r

4
5

.0
0.

02
1

.0
0

~
n

a
rr

o
w

ga
p

6J
vi

sc
o

m
e

te
r

c

2
2

°B
ri

x
45

.0
0

.0
8

0
.7

9
~

3
3

°B
ri

x
45

.0
0

.1
2

0.
98

co
n

tin
u

e
d

N --
..l

\0



T
ab

le
5

-8
C

o
n

tin
u

e
d

tv 0
0

0

C
on

e.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
F

e)
(s

-1
)

(P
a

sn
)

n
S

tr
es

s
(P

a)
R

ef
er

en
ce

i
P

ul
p

fr
ee

M
iz

ra
h

i
0 r-

o
ra

n
g

e
ju

ic
e

(1
9

7
9

)
0 0

0/0
pe

ct
in

~ 0
(g

a
la

ct
u

ro
n

ic
"'r

j

~

ac
id

)
~ c

B
ro

o
kf

ie
ld

LV
T

S
co

ne
cy

lin
d

e
r

:> z
0

.0
4

7
60

0
B

r
i
x

1
-1

,1
4

2
0

.0
1

6
0

.5
5

0 \/
1

0
.0

1
9

6
5

°B
ri

x
0

.0
0

3
0.

91
tr

1 e
0

.0
3

4
60

0
B

r
i
x

0
.0

0
5

0
.7

3
00 0

R
a

sp
b

e
rr

y
1

5
°B

ri
x

C
on

e
cy

lin
d

e
r

5.
0

3
-2

,0
0

0
0

.0
2

9
0.

90
Ib

a
rz

an
d

~ S
ju

ic
e

H
a

a
ke

R
V

12
N

V
P

ag
an

~

(1
9

8
7

)
0 0 0

10
.0

0
.0

2
2

0.
92

00

15
.0

0
.0

1
7

0.
93

20
.0

0
.0

1
4

0
.9

4
25

.0
0

.0
1

0
0.

96
30

.0
0

.0
0

9
0.

96
35

.0
0

.0
0

6
0.

99
45

.0
0

.0
0

4
1.

01
55

.0
0

.0
0

3
1.

00
60

.0
0

.0
0

2
1.

02
20

0
B

r
i
x

C
on

e
cy

lin
d

e
r

5.
0

3
-2

,0
0

0
0

.0
5

8
0

.9
0

H
a

a
ke

R
V

12
N

V
10

.0
0

.0
4

5
0.

92
15

.0
0

.0
3

2
0

.9
4

20
.0

0
.0

3
0

0.
94



2
5

°B
ri

x

30
0

B
r
ix

C
on

e
cy

lin
de

r
H

a
a

ke
R

V
12

N
V

C
on

e
cy

lin
de

r
H

a
a

ke
R

V
12

N
V

2
5

.0
3

0
.0

3
5

.0
4

5
.0

5
5

.0
6

0
.0

5.
0

1
0

.0
1

5
.0

2
0

.0
2

5
.0

3
0

.0
3

5
.0

4
5

.0
5

5
.0

6
0

.0
5.

0

1
0

.0
1

5
.0

2
0

.0
2

5
.0

3
0

.0
3

5
.0

4
5

.0
5

5
.0

6
0

.0

3
-2

,0
0

0

3
-2

,0
0

0

0
.0

2
3

0
.0

1
9

0
.0

1
4

0.
01

1
0

.0
1

0
0

.0
0

8
0

.3
4

4

0
.1

6
9

0.
11

1
0

.0
7

2
0

.0
6

4
0

.0
5

0
0

.0
3

3
0

.0
2

4
0.

02
1

0
.0

1
9

0
.7

3
9

0
.4

3
7

0
.3

6
5

0
.2

0
2

0
.1

4
2

0
.1

2
4

0.
10

1
0

.0
6

7
0

.0
4

9
0

.0
4

0

0
.9

6
0

.9
6

0
.9

9
0

.9
9

1.
01

1
.0

0
0

.7
6

0
.8

6
0.

91
0

.9
4

0
.9

4
0

.9
5

1
.0

0
1

.0
0

1
.0

0
1.

01
0

.7
4

0
.8

2
0.

81
0

.9
0

0.
91

0.
91

0
.9

2
0

.9
5

0
.9

5
0

.9
6

co
n

tin
u

e
d

~ ~ ~ c ~ ~ ~ ~ ~ s ~ ~ 0- ~ ~ ~ d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~. c ~ ~ ~ c ~ N 0
0

.....
...



T
ab

le
5

-8
C

o
n

tin
u

e
d

N 0
0

N

C
on

e.
S

h
e

a
r

R
at

e
K*

Y
ie

ld
P

ro
du

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
rC

)
(s

-1
)

(P
a

sn
)

n
S

tr
es

s
(P

a)
R

ef
er

en
ce

~
3

5
°B

ri
x

C
on

e
cy

lin
d

e
r

5.
0

3
-2

,0
0

0
1

.8
6

0
.6

9
t'!:

1 0 r-
H

a
a

ke
R

V
12

N
V

0 0
10

.0
1

.3
0

0.
72

~ 0
15

.0
0.

81
0

.8
0

lo
rj

~

20
.0

0
.6

7
0

.7
9

~ c
25

.0
0

.5
6

0
.7

9
S

30
.0

0
.3

4
0

.8
6

:> z
35

.0
0

.2
8

0
.8

7
u tr

:
45

.0
0

.1
7

0.
91

t'!:
1 s

55
.0

0
.1

2
0.

92
rJ

1 0
60

.0
0

.0
8

0.
95

r- S
41

°B
ri

x
C

on
e

cy
lin

d
e

r
5.

0
3

-2
,0

0
0

6
.2

5
0

.5
9

~

H
a

a
ke

R
V

12
N

V
0 0

10
.0

4
.3

0
0

.6
4

u rJ
1

15
.0

3
.3

6
0

.6
6

20
.0

2
.5

7
0

.6
8

25
.0

1.
61

0
.7

3
30

.0
1

.3
4

0.
75

35
.0

0
.9

5
0

.7
9

45
.0

0
.4

6
0

.8
8

55
.0

0
.3

5
0

.8
7

60
.0

0
.3

0
0

.8
8

A
p

p
le

ju
ic

e
71

°B
ri

x
H

a
a

ke
R

V
12

co
ne

5.
0

1
.2

6
1.

00
Ib

a
rz

cy
lin

d
e

r
et

al
.

(1
9

8
7

)
15

.0
0

.2
6

1
.0

0
25

.0
0

.2
2

1.
00



3
5

.0
0.

13
1

.0
0

4
0

.0
0

.0
8

8
1

.0
0

4
5

.0
0

.0
5

0
1

.0
0

6
0

.0
0

.0
2

7
1

.0
0

~ ;::s
--

A
pp

le
ju

ic
e

3
5

°B
ri

x
2

5
.0

0.
00

1
1

.0
0

~ 0

4
5

°B
ri

x
2

5
.0

0
.0

0
8

1
.0

0
~

50
0

B
r
i
x

2
5

.0
0

.0
1

8
1

.0
0

r:;
'

~

60
0

B
r
i
x

2
5

.0
0

.0
6

6
1

.0
0

~ tt1
71

°B
ri

x
2

5
.0

0
.2

1
7

1
.0

0
~ ;::s

--

P
ea

r
ju

ic
e

70
0

B
r
i
x

5.
0

1.
46

1
.0

0
Ib

a
rz

~ ~

et
al

.
(1

9
8

7
)

c' ~
1

0
.0

0
.8

7
6

1
.0

0
~

15
.0

0
.5

2
7

1
.0

0
~

25
.0

0
.2

3
3

1
.0

0
d ~

35
.0

0
.1

1
0

1
.0

0
~ C"

..-.l

45
.0

0.
06

1
1

.0
0

~ ~

60
.0

0.
03

1
1

.0
0

~

P
ea

r
ju

ic
e

30
0

B
r
i
x

2
5

.0
0

.0
0

3
1

.0
0

~ ~

40
0

B
r
i
x

2
5

.0
0

.0
0

5
1.

00
~ ~

4
5

°B
ri

x
25

.0
0

.0
0

8
1

.0
0

~

50
0

B
r
i
x

2
5

.0
0

.0
1

3
1

.0
0

~

5
5

°B
ri

x
2

5
.0

0
.0

1
9

1
.0

0
~ ~
.

60
0

B
r
i
x

2
5

.0
0.

04
1

1
.0

0
0

6
5

°B
ri

x
2

5
.0

0
.0

7
4

1
.0

0
~

70
0

B
r
i
x

2
5

.0
0

.2
3

3
1

.0
0

~ 0

B
la

ck
cu

rr
an

t
3

5
°B

ri
x

H
aa

ke
R

V
12

5.
0

0
.0

0
9

6
1

.0
0

Ib
a

rz
s-

ju
ic

e
co

nc
cy

lin
d

e
r

et
al

.
(1

9
9

2
)

cl
a

ri
fie

d
1

0
.0

0
.0

0
7

7
1

.0
0

N
1

5
.0

0
.0

0
6

4
1

.0
0

0
0

U
J

co
n

ti
n

u
e

d



T
ab

le
5

-8
C

o
n

tin
u

e
d

N 0
0

..,J
:;::

.

C
on

e.
S

h
e

a
r

R
at

e
K*

Y
ie

ld
P

ro
d

u
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(5

-
1

)
(P

a
s
")

n
S

tr
e

ss
(P

a)
R

e
fe

re
n

ce
@'

20
.0

0
.0

0
5

6
1

.0
0

m 0 t"'"
l

25
.0

0
.0

0
4

9
1

.0
0

0 0
30

.0
0

.0
0

4
4

1
.0

0
~ 0

35
.0

0
.0

0
3

8
1

.0
0

Io
rj

0
.0

0
3

5
"'

T
j

40
.0

1
.0

0
r- c

45
.0

0.
00

31
1

.0
0

S
50

.0
0

.0
0

2
7

1
.0

0
;> z

55
.0

0
.0

0
2

6
1

.0
0

0 (/
J.

60
.0

0
.0

0
2

4
1

.0
0

m ~
40

0
B

r
i
x

5.
0

0
.0

1
3

8
1

.0
0

('
-l 0

10
.0

0
.0

1
0

5
1

.0
0

r- S
15

.0
0

.0
0

9
0

1
.0

0
"'

T
j

20
.0

0
.0

0
7

5
1

.0
0

0 0

25
.0

0
.0

0
6

5
1

.0
0

0 ('
-l

30
.0

0
.0

0
5

7
1

.0
0

35
.0

0
.0

0
5

0
1

.0
0

40
.0

0
.0

0
4

6
1

.0
0

45
.0

0.
00

41
1

.0
0

50
.0

0
.0

0
3

8
1

.0
0

55
.0

0
.0

0
3

3
1

.0
0

60
.0

0.
00

31
1

.0
0

4
5

°B
ri

x
5.

0
0

.0
2

3
4

1
.0

0
10

.0
0

.0
1

7
4

1
.0

0
15

.0
0

.0
1

3
6

1
.0

0
20

.0
0

.0
1

1
2

1
.0

0
25

.0
0

.0
0

9
5

1
.0

0
30

.0
0

.0
0

7
9

1
.0

0



3
5

.0
0

.0
0

6
9

1
.0

0
4

0
.0

0.
00

61
1

.0
0

~ ~

4
5

.0
0

.0
0

5
5

1
.0

0
~ a

5
0

.0
0

.0
0

5
0

~

1
.0

0
~

5
5

.0
0

.0
0

4
7

1
.0

0
(=

;.
~

6
0

.0
0

.0
0

4
2

1
.0

0
~ ttl

50
0

B
r
ix

5.
0

0.
03

71
1

.0
0

~ ~

1
0

.0
0

.0
2

8
4

1
.0

0
~ ~

1
5

.0
0

.0
2

1
5

1
.0

0
o' ~

2
0

.0
0

.0
1

7
5

1
.0

0
~

2
5

.0
0

.0
1

4
3

1
.0

0
~

3
0

.0
0

.0
1

1
6

1
.0

0
~ \':

l

3
5

.0
0

.0
1

0
0

1
.0

0
~ ~

4
0

.0
0

.0
0

8
4

1
.0

0
~ ~

4
5

.0
0

.0
0

7
7

1
.0

0
~

5
0

.0
0

.0
0

6
7

1
.0

0
~ ~

5
5

.0
0.

00
61

1
.0

0
~ ;:::

s

6
0

.0
0

.0
0

5
6

1
.0

0
~

5
5

°B
ri

x
5.

0
0

.0
7

4
4

1
.0

0
~

1
0

.0
0

.0
5

4
9

1
.0

0
~ r;;

'
1

5
.0

0
.0

4
0

0
1

.0
0

a ~

2
0

.0
0

.0
3

2
5

1
.0

0
~

2
5

.0
0

.0
2

4
5

1
.0

0
6J a

3
0

.0
0

.0
1

9
5

1
.0

0
~

3
5

.0
0.

01
61

1
.0

0
co

n
tin

u
e

d
N 0

0
V

l



T
ab

le
5

-8
C

on
tin

ue
d

N 0
0

0
\

C
on

c.
S

h
e

a
r

R
at

e
K

*
Y

ie
ld

P
ro

du
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

fC
)

(8
-

1
)

(P
a

sn
)

n
S

tr
es

s
(P

a)
R

ef
er

en
ce

@'
40

.0
0

.0
1

3
5

1
.0

0
t'I

1
0 r-

45
.0

0
.0

1
3

0
1.

00
0 0

50
.0

0
.0

1
1

3
1.

00
~ 0

55
.0

0
.0

0
9

9
1.

00
~

60
.0

0.
00

91
1

.0
0

~ r
' c

60
0

B
r
i
x

5.
0

0
.1

5
8

9
1

.0
0

8
10

.0
0

.1
0

9
3

1
.0

0
:> z

15
.0

0
.0

8
0

2
1

.0
0

0 rJ
1

20
.0

0
.0

5
5

8
1

.0
0

t'I
1 s=

25
.0

0
.0

4
4

9
1

.0
0

(;
j 0

30
.0

0
.0

3
4

1
.0

0
r- 8

35
.0

0
.0

2
7

1
.0

0
~

40
.0

0
.0

2
2

1.
00

0 0

45
.0

0
.0

2
0

1
.0

0
0 CZ

2

50
.0

0
.0

1
8

1
.0

0
55

.0
0

.0
1

5
1

.0
0

60
.0

0
.0

1
3

1
.0

0
6

4
.5

°B
ri

x
5.

0
0

.5
0

0
1

.0
0

10
.0

0
.2

9
8

1
.0

0
15

.0
0

.2
0

8
1

.0
0

20
.0

0
.1

3
8

1
.0

0
25

.0
0.

10
1

1
.0

0
30

.0
0

.0
7

3
1

.0
0

35
.0

0
.0

5
5

1
.0

0
40

.0
0

.0
4

4
1.

00
45

.0
0

.0
3

5
1.

00
50

.0
0

.0
2

9
1.

00



5
5

.0
0

.0
2

4
1

.0
0

~

6
0

.0
0

.0
2

0
1

.0
0

~ ('\
)

C
la

rif
ie

d
40

(
°B

ri
x)

C
on

e
cy

lin
de

r
5.

0
5

0
-7

0
0

0
.0

1
6

1
.0

0
Ib

ar
z

c -.
..

pe
ac

h
H

aa
ke

et
al

.
~ (=

;.
R

ot
ov

is
co

(1
99

2)
~ -.

..
ju

ic
e

45
0

.0
2

5
1

.0
0

~ ('\
)

50
0

.0
4

4
1

.0
0

~ ~

55
0

.0
8

5
1

.0
0

~ c·
60

0.
18

1
1

.0
0

~

65
0

.5
2

6
1

.0
0

~ ~
69

2
.0

8
7

1
.0

0
~

40
10

.0
0

.0
1

3
1

.0
0

("
::l ~

45
0

.0
1

9
1

.0
0

V:
:l

('\
)

50
0

.0
3

3
1

.0
0

~ ~
55

0
.0

6
3

1
.0

0
~

60
0

.1
2

3
1

.0
0

~ ~
65

0
.4

0
4

1
.0

0
~ ~

69
1.

28
8

1.
00

~
40

15
.0

0.
01

1
1

.0
0

s
45

0
.0

1
6

1
.0

0
r;;

.
c

50
0

.0
2

7
1

.0
0

-.
..
~

55
0

.0
4

8
1

.0
0

~
60

0
.0

9
2

1.
00

c

65
0

.2
4

9
1

.0
0

~

co
n

tin
u

e
d

N 0
0

-.
.l



T
ab

le
5

-8
C

on
tin

ue
d

N 0
0

0
0

C
on

c.
S

h
e

a
r

R
at

e
K*

Y
ie

ld
P

ro
d

u
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(8

-1
)

(P
a

s
")

n
S

tr
e

ss
(P

a)
R

ef
er

en
ce

~
69

0
.7

4
3

1
.0

0
tr

:l 0 ~
40

20
.0

0
.0

0
9

1
.0

0
0 0

45
0

.0
1

3
1

.0
0

~ 0
50

0.
02

1
1

.0
0

Io
'l'j

~

55
0

.0
3

7
1

.0
0

~ c
60

0
.0

6
2

1
.0

0
S

65
0

.1
7

5
1

.0
0

> z
69

0
.4

8
5

1
.0

0
v C/

J.
40

25
.0

0
.0

0
8

1
.0

0
tr

:l ~
45

0.
01

1
1

.0
0

t'/
.l 0

50
0

.0
1

7
1

.0
0

~ S
55

0
.0

2
9

1
.0

0
~

60
0

.0
4

9
1

.0
0

0 0

65
0

.1
2

6
1

.0
0

v t'/
.l

69
0

.3
2

4
1

.0
0

40
3

5
.0

0
.0

0
6

1
.0

0
45

0
.0

0
8

1
.0

0
50

0
.0

1
2

1
.0

0
55

0
.0

2
0

1
.0

0
60

0
.0

3
3

1
.0

0
65

0
.0

7
0

1
.0

0
69

0
.1

5
5

1
.0

0
40

4
5

.0
0

.0
0

5
1

.0
0

45
0

.0
0

6
1

.0
0

50
0

.0
0

9
1

.0
0

55
0

.0
1

3
1

.0
0

60
0.

02
1

1
.0

0



65
0.

04
1

1
.0

0
69

0
.0

8
4

1
.0

0
~

40
6

0
.0

0
.0

0
4

1
.0

0
~ ~

45
0

.0
0

5
1

.0
0

c ~

50
0

.0
0

6
1

.0
0

~ ~
.

55
0

.0
0

9
1

.0
0

$:::
:l
~

60
0

.0
1

3
1

.0
0

~ ~

65
0

.0
2

3
1

.0
0

~ $:::
:l

69
0

.0
4

2
1

.0
0

~ c·
T

om
at

o
co

nc
.

10
0

B
r
i
x

1
5

.0
6

.9
8

0
.3

7
F

ita
et

al
.

~

(h
ot

b
re

a
k

(1
9

8
3

)
~ ~

sa
m

pl
es

),
d

0.
85

7%
~ ~

pe
ct

in
(a

s
~ ~

ga
la

ct
u

ro
n

ic
~ ~

ac
id

~

an
hy

dr
id

e)
~ $:::

:l

C
on

tr
av

es
2

0
.0

7
.0

0
0

.3
6

;:::s ~
R

he
om

at
15

~
3

0
.0

0
.2

4
0

0
.3

6
~

4
0

.0
6

.0
3

0
.3

7
~
. c

5
0

.0
4

.8
4

0
.3

8
~

6
0

.0
4

.7
5

0
.3

7
~

7
0

.0
4

.4
9

0
.3

5
c

1
4

°B
ri

x
1

5
.0

1
4

.6
0

.3
8

~

2
0

.0
1

3
.9

0
.3

7
co

n
ti

n
u

e
d

N 0
0

\0



T
ab

le
5

-8
C

o
n

tin
u

e
d

N ~ 0

S
h

e
a

r
C

on
e.

R
at

e
K

*
Y

ie
ld

i
P

ro
du

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
rC

)
(8

-
1 )

(P
a

s'
7)

n
S

tr
e

ss
(P

a)
R

ef
er

en
ce

0 ~
30

.0
1

2
.6

0
.3

4
0 0

40
.0

1
2

.3
0

.3
4

~ 0
50

.0
1

1
.7

0
.3

2
~ ~

60
.0

12
.2

0
.3

2
~ ~

70
.0

1
2

.2
0

.2
4

S
1

5
°B

ri
x

15
.0

1
9

.7
0

.3
3

;> z
20

.0
21

.1
0

.3
3

tj tr
x

30
.0

1
8

.9
0

.3
3

ttl e
40

.0
1

7
.0

0
.3

3
CI

'.:l 0
50

.0
1

4
.2

0
.3

4
~ S

60
.0

1
2

.0
0

.3
3

~

70
.0

1
1

.3
0

.3
2

0 0

20
0

B
r
i
x

15
.0

4
0

.0
0.

31
tj CI

'.:l

20
.0

3
4

.4
0.

31
30

.0
3

3
.6

0
.3

2
40

.0
2

8
.8

0
.3

3
50

.0
2

5
.2

0
.3

3
60

.0
2

3
.2

0
.2

9
70

.0
1

7
.2

0
.2

9
2

5
°B

ri
x

15
.0

7
6

.9
0

.2
8

20
.0

6
1

.5
0

.2
9

30
.0

7
6

.7
0

.2
8

40
.0

6
0

.3
0

.2
7

50
.0

5
7

.7
0

.2
6

60
.0

4
7

.2
0.

31
70

.0
3

9
.4

0
.3

2



2
8

°B
ri

x
15

.0
65

.1
0

.4
0

2
0

.0
8

1
.3

0
.3

3
~

30
.0

1
0

.5
0

.2
5

~ ~

40
.0

8
6

.8
0

.2
7

c C
50

.0
6

7
.7

0
.2

8
~ (=:

;"
6

0
.0

8
7

.6
0

.2
2

~ ~

70
.0

4
3

.6
0

.2
6

ttl ~
T

om
at

o
co

ne
10

0
B

r
ix

C
on

tr
av

es
15

.0
0

.4
5

0
.4

3
~ ~

C
B

0.
85

70
/0

R
h

e
o

m
a

t
15

~ 0"
pe

ct
in

(a
s

~

g
a

la
ct

u
ro

n
ic

~ ~
ac

id
C5

an
hy

dr
id

e)
~ ~

20
.0

0
.3

8
0

.4
3

~ ~

30
.0

0
.5

6
0

.3
8

~ ~
40

.0
0

.2
7

0
.4

4
~

50
.0

0
.4

0
0.

41
~ ~

60
.0

0
.2

6
0.

42
;:s ~

70
.0

0.
12

0
.4

5
~

1
4

°B
ri

x
15

.0
4.

1
0

.3
5

~

2
0

.0
3.

2
0

.3
4

~
. c

30
.0

3.
0

0
.3

8
~ ~

40
.0

2.
8

0
.3

3
~

50
.0

2.
3

0
.3

9
c

6
0

.0
2.

3
0

.3
6

t}

7
0

.0
2.

0
0

.3
5

co
n

ti
n

u
e

d
tv '0 ~



T
ab

le
5

-8
C

o
n

tin
u

e
d

N \0 N

S
h

e
a

r
C

on
c.

R
at

e
K*

Y
ie

ld
i

P
ro

d
u

ct
(%

so
lid

s)
M

e
th

o
d

T
em

p
F

C
)

(s
-1

)
(P

a
sn

)
n

S
tr

e
ss

(P
a)

R
e

fe
re

n
ce

0 ~
1

5
°B

ri
x

15
.0

6.
8

0
.3

4
0 a

20
.0

7.
4

0
.3

6
~ 0

30
.0

6.
6

0
.3

8
~ "T

j

40
.0

5.
8

0
.3

9
r- c

50
.0

5.
1

0
.3

8
S

60
.0

4.
3

0
.3

6
> z

70
.0

4.
1

0
.3

8
u tr

:
20

0
B

r
i
x

15
.0

8.
6

0
.3

5
tT

j ~
20

.0
6.

9
0

.3
9

en 0
30

.0
7.

1
0

.3
6

~ S
40

.0
6.

4
0

.4
0

"T
j

50
.0

5.
4

0
.3

7
0 0 u

60
.0

5.
5

0
.3

7
en

70
.0

4.
9

0
.3

6
2

5
°B

ri
x

15
.0

17
.2

0
.3

4
20

.0
1

5
.4

0
.3

5
30

.0
1

4
.0

0
.3

5
40

.0
1

2
.3

0
.3

6
50

.0
1

1
.2

0
.3

5
60

.0
8.

9
0

.3
8

70
.0

9.
4

0
.3

4
2

8
°B

ri
x

15
.0

2
9

.3
0

.3
4

20
.0

2
7

.5
0

.3
5

30
.0

2
5

.9
0

.3
4

40
.0

2
3

.0
0

.3
3

50
.0

1
9

.4
0

.3
5



~ ~

60
.0

17
.9

0
.3

3
~ c ~

70
.0

15
.1

0
.3

5
c ()
t{

A
pp

le
sa

u
ce

1
8

.2
°B

ri
x

H
aa

ke
R

V
3

25
.0

34
.0

0.
42

34
r:

;"
~

(M
ot

t's
)

~ ~
A

pp
le

sa
u

ce
18

.1
6.

4
0

.4
3

30
~ ~

(S
to

p
an

d
~ ~

sh
op

)
0" ~

B
ab

y
fo

od
15

25
.0

5.
4

0.
62

21
~

b
a

n
a

n
a

~

(B
ee

ch
-N

ut
)

d ~
B

ab
y

fo
od

15
.1

25
.0

28
.0

0
.5

9
28

~ ~

b
a

n
a

n
a

~ ~

(G
er

be
r)

~
B

ab
y

fo
od

10
.8

25
.0

0
.6

0
0

0
.8

3
14

~ ~

pe
ac

h
~ ~

(B
ee

ch
-N

ut
)

~

B
ab

y
fo

od
16

25
.0

1.
40

0.
60

13
~ s

pe
ac

h
~
.

(G
er

be
r)

c ~

M
us

ta
rd

25
.0

5.
50

0.
52

35
~

(G
ol

de
n'

s)
~ c

co
n

ti
n

u
e

d
~ N \0 V

J



N '-
0

T
ab

le
5

-8
C

o
n

tin
u

e
d

~

C
on

c.
S

h
e

a
rR

at
e

K
*

Y
ie

ld
~

P
ro

du
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(s

-1
)

(P
a

s
")

n
S

tr
e

ss
(P

a)
R

ef
er

en
ce

0 r-
M

u
st

a
rd

25
.0

3
.4

0
0

.5
6

20
0 0

(S
to

p
&

~ 0
sh

op
)

~ "T
j

T
om

at
o

co
nc

.
%

T
S

2
5

.7
4

P
a

ra
lle

l
25

.0
2

9
7

.0
0

.3
8

A
lv

ia
r

~ c::
p

la
te

s
an

d
R

ei
d

8
(1

9
9

0
)

> z
2

4
.1

6
C

a
rr

i-
M

e
d

25
.0

6
5

.7
0

.2
7

0 rJ
J

1
7

.8
6

25
.0

26
.1

0
.2

6
tt

l ~
1

1
.7

8
25

.0
6

.0
0

0
.3

3
tz

l
0

%
T

S
2

5
.7

4
B

a
ck

25
.0

2
4

9
.0

0
.2

9
A

lv
ia

r
r- 8

e
xt

ru
si

o
n

an
d

R
ei

d
"T

j

(1
9

9
0

)
0 0 0

2
4

.1
6

25
.0

5
8

.5
0.

21
tz

l

1
7

.8
6

25
.0

2
4

.3
0

.2
3

1
1

.7
8

25
.0

5.
8

0
.2

7
T

om
at

o
B

o
h

lin
V

O
R

25
.0

5
0

-2
0

0
0

6.
1

0
.4

0
A

u
tio

ke
tc

h
u

p
co

n
c

cy
lin

d
e

r
(1

99
1

)

H
a

a
ke

R
V

3
co

n
c

cy
lin

d
e

r
25

.0
5

0
-2

0
0

0
5.

6
0.

41
C

on
c.

o
ra

n
g

e
H

a
a

ke
R

V
12

ju
ic

e
co

n
c

cy
lin

d
e

r
H

a
m

lin
e

a
rl

y
4

2
.5

°B
ri

x
25

.0
0

-5
0

0
0

.0
8

0
.8

6
1

.3
6

C
ra

n
d

a
ll

et
al

.
(1

9
8

2
)



~ ~

1
5

.0
0

-5
0

0
0

.1
3

0
.8

6
1

.8
8

~ c
0.

0
0

-5
0

0
0

.1
7

0
.9

7
3

.7
2

~
-1

0
.0

0
-5

0
0

0
.3

5
0

.9
5

5
.6

4
r:;

'
~

H
a

m
lin

la
te

4
1

.4
°B

ri
x

2
5

.0
0

-5
0

0
0.

03
1

1.
06

0
.9

4
~ ~

1
5

.0
0

-5
0

0
0

.2
2

9
0

.7
7

2
.0

7
~ ~

0.
0

0
-5

0
0

0
.3

7
0

0
.8

3
3

.7
2

~ ~

-1
0

.0
0

-5
0

0
0

.3
3

9
0

.9
6

5
.6

4
o' ~

P
in

e
a

p
p

le
4

0
.3

°B
ri

x
25

0
-5

0
0

0
.0

6
0.

91
0

.9
0

~
e

a
rl

y
~

15
0

-5
0

0
0

.1
5

0
.8

3
1.

7
~ ~

0
0

-5
0

0
0

.2
6

0
.9

0
3.

1
~ ~

-1
0

0
-5

0
0

0
.0

8
1

.1
9

7.
5

~ ~

P
in

e
a

p
p

le
4

1
.8

°B
ri

x
25

0
-5

0
0

0
.1

0
0.

91
2.

8
~

la
te

~ ~
15

0
-5

0
0

0
.1

8
0

.8
8

4.
3

~ ;:::
:

0
0

-5
0

0
0

.4
6

0
.8

8
6.

2
~

-1
0

0
-5

0
0

0
.4

7
0

.9
9

1
5

.0
~

V
a

le
n

ci
a

43
.1

°B
ri

x
25

0
-5

0
0

0
.1

2
0

.8
4

1.
5

~ ~
.

e
a

rl
y

15
0

-5
0

0
0

.1
9

0.
82

1.
9

c ~

0
0

-5
0

0
0

.3
6

0
.8

6
4.

3
~

-1
0

0
-5

0
0

0
.8

9
0.

81
7.

5
~ c

co
n

tin
u

e
d

~ N "-
0

V
I



N \0 0
\

T
ab

le
5

-8
C

o
n

tin
u

e
d

~
C

on
c.

S
h

e
a

r
R

at
e

K
*

Y
ie

ld
tt

j

0 ~
P

ro
d

u
ct

(%
so

lid
s)

M
e

th
o

d
T

em
p

F
C

)
(s

-1
)

(P
a

sn
)

n
S

tr
e

ss
(P

a)
R

e
fe

re
n

ce
0 0 ~

V
al

en
ci

a
4

1
.9

°B
ri

x
25

0
-5

0
0

0
.1

5
0

.8
4

24
.4

0 "T
j

la
te

15
0

-5
0

0
0

.2
6

0.
82

3.
4

~ r-
0

0
-5

0
0

0
.4

8
0.

88
6.

2
c S

-1
0

0
-5

0
0

0
.7

7
0.

92
15

.0
>

C
la

ri
fie

d
20

.0
C

o
n

c
cy

lin
d

e
r

30
.0

5
0

-7
5

0
0.

00
1

L
o

p
e

z
et

z u
b

a
n

a
n

a
ju

ic
e

R
h

e
o

te
st

2
al

.
(1

9
8

9
)

C
/)

.
tt

j

30
.0

30
.0

0
.0

0
3

s= ~
39

.6
30

.0
0

.0
0

6
0 ~

49
.0

30
.0

0
.0

1
0

S ~
T

am
ar

in
d

0 0
ke

rn
el

flo
ur

,
u CF

J

pH
=

7,
su

sp
e

n
si

o
n

2
C

o
n

c
cy

lin
d

e
r

24
.0

3
-1

,3
0

0
0

.0
0

0
4

5
0

.8
7

0
.0

0
3

B
h

a
tt

a
ch

a
ry

a
,

R
h

e
o

te
st

-2
et

al
.(

1
9

9
1

)
4

24
.0

0
.0

0
0

5
6

0.
84

0
.0

0
4

6
24

.0
0

.0
0

1
6

7
0.

82
0

.0
1

5
8

24
.0

0
.0

0
4

8
8

0.
78

0
.0

1
9

10
24

.0
0.

00
68

1
0.

75
0.

02
1

*
S

om
e

va
lu

es
w

er
e

co
n

ve
rt

e
d

fr
om

cp
or

m
P

a
s

un
its

.



Rheological Behavior ofProcessed Fluid and Semisolid Foods 297

Table 5-C Solids Fraction and Steady Shear Rheological Properties of Tomato Pastes
and Serum (Rao and Cooley, 1992)

Flow
Solids* Behavior Consistency YieldStress Casson Serum
Fraction Index, n Index, K (JOe Visosity, 11 Ca Visosity

% (-) (Pasn) (Pa) (Pas) (mPa s)

0.81 0.25 252.4 176.9 7.8 43.3
0.78 0.18 206.4 196.3 1.1 96.5
0.73 0.29 222.6 133.5 10.2 62.7
0.72 0.30 188.8 109.3 9.6 36.5
0.54 0.22 164.5 157.9 1.4 4.3
0.62 0.24 168.7 123.0 3.8
0.71 0.27 220.5 138.1 8.8 56.4
0.74 0.29 240.2 129.3 15.0 29.0
0.71 0.29 231.2 130.6 12.8 25.4
0.72 0.29 207.6 125.5 9.5 53.8
0.82 0.30 245.1 149.3 13.0 140.3
0.77 0.35 234.2 127.6 17.3 76.5
0.73 0.34 245.7 113.9 22.2 61.8
0.63 0.32 205.3 99.5 16.3 5.5
0.69 0.32 204.7 105.0 14.2 53.6
0.72 0.40 324.5 77.9 85.6 76.0
0.66 0.31 238.4 144.2 13.1 125.8
0.65 0.29 200.5 140.5 7.0 59.0
0.69 0.28 197.3 120.0 8.3 48.2
0.66 0.25 179.2 131.2 3.8 5.0
0.66 0.33 273.1 112.4 32.5
0.71 0.33 174.0 121.0 7.1 48.2
0.53 0.16 139.0 170.2 0.1 29.1
0.50 0.13 177.1 211.6 0.1 5.7
0.53 0.22 77.8 92.7 0.2 32.3

*Solids content of pastes; serum was obtained by removing insoluble solids by centrifugation.
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304 RHEOLOGY OF FLUID AND SEMISOLID FOODS

Table 5-F Magnitudes of Yield Stress of Apple Sauce Determined Using the Vane
Method and Extrapolated (Bingham) Values (Qiu and Rao, 1988)

Vanet and RPM
Bingham

Sample* 11, 1.0rpm 11,0.4 rpm 12, 1.0rpm 12,0.4 rpm YieldValue

RGA25 63.9 55.8 66.1 58.0 70.6
RGA27 58.9 53.1 55.9 51.8 66.2
RGA29 87.1 76.0 84.1 74.2 81.6
RGA45 83.7 73.7 80.9 76.9 81.0
RGA47 86.0 72.1 87.6 81.4 82.2
RGA49 55.8 52.0 54.5 51.3 73.1
RGB25 56.6 46.5 56.1 47.2 70.8
RGB27 57.4 48.1 54.0 45.9 69.2
RGB29 67.0 57.0 68.8 62.0 71.6
RGB45 51.5 45.8 52.6 47.5 62.6
RGB47 58.9 49.3 54.0 48.0 69.4
RGB49 76.0 65.1 72.3 64.2 74.4

*Sample code: RG stands for Rhode Island Greening cultivar; A indicates firmness of 37.4 N, B for 74.3 N;
the first number indicates the finisher screen opening size: 2 for 1.6 mm screen, 4 for 3.2 mm screen; the last
number indicates the finisher speed (500, 700, or 900 rpm).
t 11 is an eight-blade vane described by Rao and Cooley (1984),12 is a six-blade vane described in Qiu and
Rao (1988).
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Table 5-H Casson Model Parameters: Yield Stress (aoe) and Plastic Viscosity
(1]00) of Cocoa Mass as a Function of Temperature (Fang et aI., 1996)

Predegasified Sample Degasified Sample

Temp aOG lloo aOG lloo

40 19.0 4.55 2.45 4.64
60 19.6 1.77 2.36 1.94
80 14.8 1.13 2.36 0.84
93 7.31 1.12 2.12 0.573

110 1.35 0.331
130 0.97 0.204
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Table 5-J Formulations of Three Mayonnaises by Kiosseoglu and Sherman (1983b)

% wtlwt

Ingredient 2 3

Egg yolk 6.00 3.99 6.00
Egg white 8.28 12.00
water 12.00 5.73
Acetic acid 0.20 0.20 0.20
Sugar 1.55 1.55 1.55
Salt 0.25 0.25 0.25
Oil 80.00 80.00 80.00

Table 5-K Viscoelastic Parameters of Model Salad Dressing During Storage at 2.8°C
(Paredes et aI., 1989)

Storage Time Eo (dyne E1 (dyne 111 11N
(Days) cm? x 10-3) cm? x 10-3) (poise x 10-3) (poise x 10-3)

1 4.17 1.08 7.5 74.4
3 1.64 1.92 16.7 114.6
7 1.49 2.38 31.3 51.6

14 0.72 0.89 52.8 154.2
21 0.65 0.43 132.8 492.4
28 0.63 1.00 180.0 493.8
42 4.17 1.45 15.0 303.0

Table 5-L Rheological Properties of Mustard, Mayonnaise, Oils and Fats

Consistency* Flow
Shear Rate Index Behavior

Item Temp. FC) (5-1) (Pa 5n) Index Reference

Mustard 25 30-1300 18.50 0.39 Kokini
(1992)

25 30-1300 19.10 0.39
25 40-1100 27.00 0.34
25 40-1100 33.00 0.28

Castor 10 2.42 1.0 Kokini
(1992)

30 0.451 1.0
40 0.231 1.0

100 0.017 1.0
continued
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Table 5-L Continued

Consistency Flow
Temp. Shear rate Index Behavior

Item fC) (s-1 ) (Pa 51) Index Reference

Corn 38 0.317 1.0 Kokini
(1992)

25 0.057 1.0
Cottonseed 20 0.070 1.0 Kokini

(1992)
38 0.039 1.0

Linseed 50 0.018 1.0 Kokini
(1992)

90 0.007 1.0
Olive 10 0.138 1.0 Kokini

(1992)
40 0.036 1.0
70 0.012 1.0

Peanut 25 0.066 1.0
38 0.025 1.0
21.1 0.32-64 0.065 1.0
37.8 0.32-64 0.039 1.0
54.4 0.32-64 0.027 1.0

Rapeseed 0 2.530 1.0
20 0.163 1.0
30 0.096 1.0

Safflower 38 0.029 1.0
25 0.092 1.0

Sesame 38 0.032 1.0
Soybean 30 0.041 1.0

50 0.021 1.0
90 0.008 1.0

Sunflower 38 0.031 1.0
Mayonnaise 25 30-1300 6.40 0.55

25 30-1300 6.60 0.54
25 40-1100 4.20 0.60
25 40-1100 4.70 0.59

Cream 40 0.00148 1.0 Kokini
(10% fat) (1992)

60 0.00107 1.0
80 0.00083 1.0

Cream 40 0.00238 1.0
(20% fat)

60 0.00171 1.0
80 0.00129 1.0

continued
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Table5-L Continued

Consistency Flow
Temp. Shear rate Index Behavior

Item FC) (s-1 ) (Pa 51) Index Reference

Cream (30% fat) 40 0.00395 1.0
60 0.00289 1.0
80 0.0022 1.0

Cream (40% fat) 40 0.0069 1.0
60 0.0051 1.0
80 0.00395 1.0

Canola 4 0.1627 1.0 Langet al.
(1992)

10 0.1172 1.0
25 0.057 1.0
40 0.0334 1.0

Refined 4 0.1568 1.0
bleached
winterized 10 0.1197 1.0

25 0.0589 1.0
40 0.0333 1.0

Crambe 23.9 0.0867 1.0 Noureddini
et al. (1992)

37.8 0.0487 1.0
48.9 0.0330 1.0
60.0 0.0234 1.0
82.2 0.0132 1.0

100 0.00906 1.0
110 0.00755 1.0

Rapeseed 23.9 0.0788 1.0
37.8 0.0449 1.0
48.9 0.0303 1.0

600 0.0214 1.0
82.2 0.0121 1.0

100 0.00841 1.0
110 0.00715 1.0

Corn 23.9 0.0523 1.0
37.8 0.0308 1.0
48.9 0.0227 1.0
60 0.0157 1.0
82.2 0.00928 1.0

100 0.00657 1.0
110 0.0056 1.0

Soybean 23.9 0.0543 1.0
37.8 0.0318 1.0
48.9 0.0233 1.0

continued
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Table5-L Continued

Consistency* Flow
Temp. Shear rate Index Behavior

Item fC) (s-1 ) (Pa sf1) Index Reference

60 0.00161 1.0
82.2 0.0951 1.0

100 0.00673 1.0
110 0.00571 1.0

Milkweed 23.9 0.0563 1.0
37.8 0.0327 1.0
48.9 0.0238 1.0
60.0 0.0164 1.0
82.2 0.0096 1.0

100 0.00679 1.0
110 0.00571 1.0

Coconut 37.8 0.028 1.0
48.9 0.0198 1.0
60 0.0133 1.0
82.2 0.00755 1.0

100 0.00522 1.0
110 0.00436 1.0

Lesquerella 23.9 0.275 1.0
37.8 0.121 1.0
48.9 0.0698 1.0
60 0.0435 1.0
82.2 0.0204 1.0

100 0.0127 1.0
110 0.0102 1.0

Nonanoic 23.9 0.00725 1.0
37.8 0.00497 1.0
48.9 0.00392 1.0
60 0.00303 1.0
71.1 0.00248 1.0
82.2 0.00202 1.0
98.9 0.00156 1.0

110 0.00137 1.0
Capric 37.8 0.00633 1.0

48.9 0.00496 1.0
60 0.00372 1.0
71.1 0.00302 1.0
82.2 0.00242 1.0
98.9 0.00184 1.0

110 0.0016 1.0
Lauric 48.9 0.00747 1.0

60 0.00542 1.0
continued
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Table 5-L Continued

Consistency*" Flow
Temp. Shear rate Index Behavior

Item fC) (s-1 ) (Pa sn) Index Reference

71.1 0.00428 1.0
82.2 0.00338 1.0
98.9 0.0025 1.0

110 0.0021 1.0
Myristic 60 0.00748 1.0

71.1 0.00583 1.0
82.2 0.00450 1.0
98.9 0.00326 1.0

110 0.00278 1.0
Palmitic 71.1 0.00764 1.0

82.2 0.00580 1.0
98.9 0.00413 1.0

110 0.00347 1.0
Stearic 82.2 0.00731 1.0

98.9 0.00508 1.0
110 0.00424 1.0
121.1 0.00350 1.0

Oleic 23.9 0.02900 1.0
37.8 0.01770 1.0
48.9 0.01320 1.0
60 0.00932 1.0
71.1 0.00727 1.0
82.2 0.00561 1.0
98.9 0.00403 1.0

110 0.00341 1.0
Erucic 37.8 0.03230 1.0

48.9 0.02240 1.0
60 0.01590 1.0
71.1 0.01190 1.0
82.2 0.00890 1.0
98.9 0.00618 1.0

110 0.00516 1.0
Palm oil 35.0 0.0963 1.0 Timms (1985)

40.0 0.0404 1.0
45.0 0.0333 1.0
50.0 0.0270 1.0

Palm olein 20.0 0.0853 1.0
25.0 0.0692 1.0
30.0 0.0563 1.0
35.0 0.0434 1.0

continued



318 RHEOLOGY OF FLUID AND SEMISOLID FOODS

Table 5-L Continued

Consistency* Flow
Temp. Shear rate Index Behavior

Item FC) (s-1 ) (Pa51) Index Reference

40.0 0.0386 1.0
45.0 0.0326 1.0
50.0 0.0265 1.0

Palm kernel 30.0 0.0440 1.0
35.0 0.0356 1.0
40.0 0.0300 1.0
45.0 0.0254 1.0
50.0 0.0210 1.0

Coconut 25.0 0.0481 1.0
30.0 0.0398 1.0
35.0 0.0329 1.0
40.0 0.0274 1.0
45.0 0.0233 1.0
50.0 0.0190 1.0

Soybean 20.0 0.0636 1.0
25.0 0.0516 1.0
30.0 0.0431 1.0
35.0 0.0368 1.0
40.0 0.0317 1.0
45.0 0.0268 1.0
50.0 0.0225 1.0

Peanut oil 30.0 0.0345 1.0 Krishna
(1993)

Peanut 30.0 0.0360 1.0
+6.8% free fatty acids
Peanut 30.0 0.0626 1.0
+3% rice bran wax
Peanut 30.0 0.0374 1.0
+1% oryzanol
Peanut 30.0 0.0375 1.0
+1% glyceride monostearate
Peanut 30.0 0.0414 1.0
+2% soy lecithin
Rice bran 30.0 0.0366 1.0
oil triglyceride
Comm. 30.0 0.0370 1.0
rice bran oil
Cocoa butter using Sterling and
Ubbelohde type glass Wuhrmann,
capillary viscometer 1960

continued
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Table 5-L Continued

Item
Temp.
fC)

30.0
28.0
27.0
26.0
25.0
24.0

Shear rate
(s-1 )

Consistency*
Index

(Pa 51)

0.0722
0.0864
0.0986
0.1114
0.1241
0.1380

Flow
Behavior

Index

1.0
1.0
1.0
1.0
1.0
1.0

Reference

*Somevalueswere convertedfrom cp or mPas units.
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CHAPTER 6

Rheological Behavior
of Food Gels

J. A. Lopes da Silva and M. A. Rao

Rheologi cal studies can provide much useful information on sol-gel and gel-sol tran-
sition, as well as on the characteristics of a gel. There are several definitions of
what a gel is that are based on either phenomenological and/or molecular criteria .
Flory (1953) defined a gel to consist of polymeric molecules cross-linked to form
a tangled interconnected network immersed in a liquid medium . Hermans (1949)
defined it as a two-component system (e.g., gelling polymer and the solvent, water or
aqueous solution in foods) formed by a solid finely dispersed or dissolved in a liquid
phase, exhibiting solid-like behavior under deformation; in addition, both components
extend continuously throughout the entire system, each phase being interconnected.
At the molecular level, gelation is the formation of a continuous network of poly-
mer molecules, in which the stress-resisting bulk properties (solid-like behavior) are
imparted by a framework of polymer chains that extends throughout the gel phase .
Further, gel setting involves formation ofcross-links , while softening or liquefaction
(often called melting) involves their destruction.

In many food products , gelation of polysaccharides is critical to the formation
of desired texture. Most biopolymers form physical gels, structured by weak inter-
actions (hydrogen , electrostatic, hydrophobic), and thus at a gross level belong to
Flory 's third mechan ism (Flory, 1974): "Polymer networks formed through physi-
cal aggregation, predominantly disordered, but with regions of local order." They
are often thermore versible and almost invariably occur in the presence of excess of
solvent, usually water or aqueous electrolyte . Therefore , they are called solvated net-
works. In most biopolymer gels, the polymer chains form extended junction zones
by means of side-by-side associations of a physical nature, in contrast to the typi-
cal single covalent bonds found in chemically cross-linked networks . Consequently,
in physical gelation the formation and breakdown of the junction zones are usually
reversible, the crosslink functionality is very high, and the junction zones have a
finite lifetime . The formation of these kinds of transient networks is determined by
the chemical composition of both the polymer and the solvent which constitute the
gelling system, and by temperature and time.

In this chapter, the formation of gels and their softening (melting) are reviewed.
Further, some of the contents of chapter have been discussed by the authors in a
recent review of the subject (Lopes da Silva et aI., 1998). While most food gels are

339
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formed by first dissolving a gelling polymer in water and can be studied by means
of traditional treatments, starch gels are composites of starch granules in a matrix
of gelled amylose and they are not thermoreversible. Therefore, their rheological
behavior is treated separately in this chapter. Additionally, information on rheological
behavior ofdispersions of starches alone and protein-starch mixtures can be found in
Chapter 4.

RHEOLOGICAL TESTSTO EVALUATE PROPERTIES
OF GELSYSTEMS

As mentioned in Chapter 3, dynamic (oscillatory) rheological tests provide valuable
information on the viscoelastic nature of foods. Because gels are viscoelastic materi-
als, dynamic rheological tests are well suited for studying the characteristics ofgels as
well as ofgelation and melting. From dynamic rheological tests in the linear viscoelas-
tic range, the storage modulus, G', and the loss modulus, G", and tan 8 == (G' / G")
is the loss tangent can be obtained (Rao, 1992). In addition, the complex viscosity,
1J* == (G* / r») is another useful parameter; where, to is the frequency of oscillation

(rad s-l ), and G* == J(G')2 + (G")2. Three types ofdynamic tests can be conducted
to obtain useful properties of gels, and of gelation and melting: (1) Frequency sweep
studies in which G' and G" are determined as a function of frequency (r») at fixed
temperatures. (2) Temperature sweep in which G' and G" are determined as a function
of temperature at fixed to. (3) Time sweep in which G' and G" are determined as a
function of time at fixed co and temperature. As a reminder, all the above tests should
be conducted in the linear viscoelastic range.

Figure 3-33 illustrates a time sweep in which G' and G" were determined as
a function of time at fixed co and temperature on low-methoxyl pectin-Ca/" gels
containing sucrose. This type oftest, often called a gel cure experiment, is well suited
for studying structure development in physical gels. Figure 3-34 shows values of
~G' of low-methoxyl pectirr-Ca/" gels containing 200/0 sucrose due to increasing
the calcium content from 0.10 to 0.15% (Grosso and Rao, 1998).

In addition, other measurement techniques in the linear viscoelastic range, such
as stress relaxation, as well as static tests that determine the modulus are also useful
to characterize gels. For food applications, tests that deal with failure, such as the
dynamic stress/strain sweep to detect the critical properties at structure failure, the
torsional gelometer, and the vane yield stress test that encompasses both small and
large strains are very useful.

MECHANISMS OF GELATION

Because different biopolymer gel systems can be encountered, different gelation
mechanisms also can be encountered. Because ofvariations in the number and nature
of the cross-links, framework flexibility, attractions and repulsions between frame-
work elements, and interactions with solvent, different properties of the formed gels
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are to be expected (Rees, 1972). The range of systems is quite extensive, from sys-
tems formed purely by topological entanglements to the complex networks formed
by ordered fibrous assemblies, such as by actin and fibrin filaments in vivo. Some
of the characteristics of the gelation processes found in food polymers are given in
Table 6-1 (Lopes da Silva et al., 1998).

Polysaccharides of the galactan group (carrageenans, agarose) form thermorever-
sible gels through a transition from a disordered to a helical macromolecular
conformation (Rees, 1969; Morris et al., 1980a). Alginates and low methoxyl pectins
form gels by chain-stacking through the interaction between divalent ions and the
carboxyl groups of the polysaccharide macromolecule (Grant et al., 1973; Gidley
et al., 1979). In gels of methyl and hydroxypropyl derivatives of cellulose, the gel
network is formed by hydrophobic association ofchains, showing very distinct prop-
erties, like gel setting when heated and gel melting when cooled (Haque and Morris,
1993). A phase separation process was suggested to interpret the gelation of amylose
(Miles et al., 1985; Doublier and Choplin, 1989). Gels of bovine serum albumin are
fibrillar in nature, first unfolding by heating and then by aggregation, leading to gels
of different properties depending on pH and ionic strength (Richardson and Ross-
Murphy, 1981a). Gelatin networks are formed by triple helices randomly distributed
in space and separated by chain segments of random-coil conformation (Pezron
et aI., 1990).

CLASSIFICATION OF GELS

Clark and Ross-Murphy (1987) classified biopolymer gels based on the level oforder
of the macromolecule both before and during the network formation: (1) gels formed
from disordered biopolymers, such as carrageenans, pectins, starch, gelatin, and
(2) gel networks that involve specific interactions between denser and less flexible
particles, such as thermally-denatured globular proteins and aggregated proteins from
enzymatic or chemical action. Gel forming biopolymers can also be divided in to
"cold-setting" or "heat-setting," based on the two main gelation mechanisms. In the
former gelation is induced by cooling, and includes those biopolymer gels which
occur in nature that provide structures in biological systems. In the latter, gelation
occurs by heating, and includes those systems where gelation involves extensive
denaturation of the biopolymer, for example, thermally unfolded globular proteins.

Many foods contain proteins and, hence, protein gels have been studied extensively.
When a protein's concentration is equal to or above the critical minimum concen-
tration required to form a gel network (co), aggregation will ultimately produce
a gel network that is most commonly detected by a shift from a fluid to a solid
state (Foegeding, 2006). Based on a model proposed by Dobson (2003), Foeged-
ing (2006) proposed that starting with a native protein in the monomer or oligomer
form, unfolding/aggregation proceeds through an intermediate state prior to reaching
the unfolded state. The intermediate state can form disordered aggregates or prefib-
rillar species that eventually form amyloid fibrils. The unfolded molecule can also
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form disordered aggregates. Based on this model, there is the potential to form three
different types of aggregates (A), designated as: A-Intermediate, A-Unfolded, and
A-Amyloid (Dobson, 2003; Foegeding, 2006). It is noted that the designation of the
"unfolded" state does not imply a complete loss of secondary structure.

Globular proteins can form gels varying in appearance from opaque to clear, and
having either high or low water holding capacity (Foegeding, 2006). As a first approx-
imation, the network formed may be designated as being either fine-stranded or
particulate. Increased ionic strength or a pH rv pI, that decrease electrostatic repul-
sion, promote the formation of a particulate gel network. Gelation under, low ionic
strength and pI < pH < pI, produces fine-stranded gels. Particulate gels are opaque and
have low water holding capacity, while fine-stranded gels are transparent or translu-
cent, and have high water holding capacity. Depending on the conditions at gelation,
the microstructure ofparticulate gels consists oflarge aggregates, ranging in size from
several hundred to >1000 nm. Fine-stranded gel networks are composed of flexible
(curved) strands or more rigid fibrils, depending on the pH and ionic strength. Strand
diameters are about the diameter ofone or several protein molecules. The linear fibrils
formed at pH 2.0 and low ionic strength are considered to be amyloid fibrils (Gosal
et al., 2002; Foegeding, 2006).

Because the proteins often studied are: ,B-Iactoglobulin, bovine serum albumin,
egg white ovalbumin, egg white (protein mixture) or whey protein isolate (protein
mixture), it is of interest to note that their gels fall into one of the following types
(Foegeding, 2006):

1. Fine-stranded at neutral pH gels are formed at or close to pH 7.0 and contain
little, if any, added salts,

2. Fine-stranded at low pH gels are formed at or close to pH 2.0 and contain little,
if any, added salts,

3. Particulate at neutral pH gels are formed at or close to pH 7.0 and generally NaCI
concentration is increased to shift the network from fine-stranded to particulate,
and

4. Particulate at the isoelectric point gels are formed around the isoelectric point
and thus the pH will vary with protein type.

Based on the macroscopic behavior of gel systems, a practical and useful distinction
can be made between those systems that are free-standing as a consequence of the
development of the three-dimensional network, called "true gels," and those charac-
terized by a tenuous gel-like network which is easily broken when submitted to a high
enough stress, called "weak gels" (Doublier et al., 1992). Clark and Ross-Murphy
(1987) distinguished between these two kinds of gelled systems based on the oper-
ational definition of a gel from mechanical spectroscopy, designating "strong gels"
as those networks that have "finite energy," and "weak gels" as those systems which
are transient in time, and that even well above Co show some ofthe properties usually
attributed to the presence of hyperentanglements. A traditional example of weak gel
behavior is the viscoelastic behavior of xanthan gum dispersions.
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The differencebetweenthe entanglement network,the "strong (true)gel" (Figures
6-1A and 6-2A) and the "weak gel" (Figures 6-1B and 6-2B), can be easily estab-
lishedusing mechanicalspectroscopy or by a straindependence of the moduli (Clark
and Ross-Murphy, 1987). In the former, the molecularrearrangements withinthe net-
work are very reducedover the time scalesanalyzed, G' is higherthan Gil throughout
the frequency range, and is almost independent of frequency, w. In "weak gels"
there is a higher dependence on frequency for the dynamic moduli, suggesting the
existenceof relaxationprocessesoccurringevenat shorttime scales,andlowerdiffer-
ence between moduli values, indicatingthat a lower percentageof the stored energy
is recovered.
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Figure 6-1 Mechanical Spectra (OG', .G") of a 1% High-Methoxyl Pectin Gel, pH 3.0, 60% (w/w)
Sucrose Measured after Aging for 36 hr at Two Different Aging Temperatures: (A) 5°C, (B) 30°C.
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High PressureEffect

While in most studies protein gels are formed by heating and subsequent cooling,
they can be also created by using high pressure. Heat treatment of surimi gel induced
denaturation and re-aggregation of protein resulting in the formation of a strong net-
work structure. However, pressure treatment contributed to the formation of weak
cross-links which were formed by aggregation of protein in its native form (Ahmad
et al., 2004). Isobaric isothermal denaturation of ,B-Iactoglobulin and a-lactalbumin
was found to follow 3rd and 2nd order kinetics, respectively. Isothermal pressure
denaturation of both ,B-Iactoglobulin fractions did not differ significantly and the
denaturation rate accelerated with increasing temperature. The activation energy r-v

70-100 kJ mol- l for ,B-IactoglobulinA and B was not dependent to a great extent on
the pressure. This result was interpreted as that at pressures>200 MPa, the denatu-
ration rate is limited by the aggregation rate, while pressure forces the molecules to
unfold (Hinrichs and Rademacher, 2004).

THEORETICAL TREATMENT OF GELS

Theoretical and experimental treatments of gels go hand-in-hand. The former are
covered first because they will help us understand gel point and other concepts. Two
main theories have been used to interpret results of experimental studies on gels:
the classical theory based on branching models developed developed by Flory and
Stockmayer, and the percolation model credited to de Gennes. Gelation theories
predict a critical point at which an infinite cluster first appears. As with other critical
points, the sol-gel transition can be in general characterized in terms of a set of
generally applicable (universal) critical exponents.

Assuming high gel homogeneity for single biopolymer systems and reversibility
of the cross-linking process to explain the critical concentration aspect, the classical
theory and its extension and modifications, including the cascade theory (Gordon
and Ross-Murphy, 1975), were used to describe the gelling process of several
biopolymers. It was used to describe the gel growth process after the gel point
and to explain the role of important parameters in the gelation of physical gels,
such as the critical gel concentration, and the concentration dependence of the gel
modulus. The classical theory was used to describe gelation of, among several
others biopolymer systems, bovine serum albumin (Richardson and Ross-Murphy,
1981a), gelatin (Peniche-Covas et al., 1974), agarose (Watase et al., 1989), egg
albumen and ovalbumin (Hsieh and Regenstein, 1992a), and maltodextrins (Kasapis
et al., 1993).

RubberElasticity

An equation for the modulus ofideal rubber was derived from statistical theory that can
be credited to several scientists, including Flory, and Guth and James (Sperling, 1986).
A key assumption in derivation of the equation is that the networks are Gaussian.
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For the same Gaussian networks, Treloar (1975) derived an equation for the shear
modulus, G:

G= (g~T) (6.1)

where, T is temperature (K), R is gas constant, and Me is the mean molecular weight
of chains joining adjacent cross-links. Equation (6.1) can be valid only under the
following assumptions (Treloar, 1975; Fu, 1998): (1) The network contains N chains
per unit volume, a chain being defined as the segment of molecule between succes-
sive points of cross-linkage; (2) The mean-square end-to-end distance for the whole
assembly of chains in the unstrained state is the same as for a corresponding set of
free chains; (3) There is no change ofvolume on deformation; (4) The junction points
between chains move on deformation as if they were embedded in an elastic con-
tinuum; (5) The entropy of the network is the sum of the entropies of the individual
chains.

In a solvent-swollen polymer, the volume fraction of swollen polymer, V2, in the
mixture ofthe polymer and solvent needs to be considered. Therefore, the relationship
between G' and Me is given by (Treloar, 1975):

(6.2)

where, p(g em":') is the density of the polymer in the unswollen state. Most biopoly-
mer networks have structures that do not conform with the main assumptions of the
theory of rubber elasticity, because the crosslinks are of low energy physical interac-
tions and they are not limited to single points on the chains but correspond to more
or less extended junction zones. In addition, the polymer chains between junction
zones can be characterized by several degrees of rigidity and deviate from Gaussian
behavior. Stiff chains increase their flexibility with increasing temperature due to the
increased number of allowed torsion angles. Consequently, changes in the rigidity
of the molecular chains can also explain the decrease in the gel modulus when the
temperature increases. Therefore, the theory is not applicable to most biopolymer
gels, since the assumption of a purely entropic contribution to the elasticity of a net-
work chain is likely invalid in most cases. For thermoreversible gels the decrease in
the number ofjunction zones with temperature is usually more pronounced than any
increase from the entropic contribution.

In spite of the above drawbacks, Equations 6.1 and 6.2 are popular mainly due to
their simple form and have been used to estimate Me of protein (e.g., egg, gelatin)
and other gels from shear modulus-concentration data (Table 6-2) (Fu, 1998). Its suc-
cessful application to protein gels initially has been attributed to the greater flexibility
ofpolypeptide chains in comparison to polysaccharide chains that are relatively stiff.
In addition, the inability to employ low strain rates in early experimental studies on
polysaccharide gels could be another reason.
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Oakenfull's Modification

Oakenfull (1984) developed an extension of Equation 6.1 for estimating the size
of junction zones in noncovalently cross-linked gels subject to the assumptions
(Oakenfull, 1987): (1) The shear modulus can be obtained for very weak gels whose
polymer concentration is very low and close to the gel threshold, that is, the polymer
chains are at or near to maximum Gaussian behavior. (2) The formation ofjunction
zones is an equilibrium process that is subject to the law of mass action. Oakenfull's
expression for the modulus is (Oakenfull, 1984):

G == _ R_~_c _M_[J_]_-_c
M MJ[J] - c

(6.3)

where, M is the number average molecular weight of the polymer, R is the gas
constant, T is the absolute temperature, c is the weight concentration of the polymer,
MJ is the number average molecular weight ofthe junction zones, and [J] is the molar
concentration ofjunction zones. From assumption 2, it follows:

(6.4)

where, KJ is the association constant for the formation of junction zones, and n is
the number of segments from the different polymer molecules involved. Numeri-
cal methods have been used to solve for M, MJ, KJ, and n after substituting for
[J] to obtain a relationship between shear modulus and concentration (Oakenfull,
1984, 1987).

Cascade Theory

The cascade theory, developed by Gordon, is an extension of the classical Flory-
Stockmayer concepts of gelation. An expression for the shear modulus, G, can be
written as:

G == Ne aRT (6.5)

where, Ne is the number of elastically active network chains per primary chain
(moles V-I), and a is generalized front factor. From cascade theory:

G == {Nfa(1 - v 2)(1 - fJ)/2}aRT (6.6)

where, f is the number of sites (functionalities) along each molecule's length, a is
the fraction of such sites that have reacted, and v and fJ are derived from cascade
approach to network formation, and initially N == (c/M) :

v == (1 +a +av)f- I

fJ == if - l)av/(1 - a +av)

(6.7)

(6.8)
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The influence of temperature is taken in to account for the cross-linking equilibrium
constantK:

K = exp(ss:fR) exp(- sn: fRT) (6.9)

The critical gelling concentration, Cc, (the symbol Cc isused here to denotea concen-
tration different than Co at initiation of gelling) of polymer at the melting temperature
Tm can be calculated from:

Cc = M(j - l)f2K(Tm)/ (1 - 2)2

Tm = Sl!"f{~SO + R In(2c/(1 - 2)2fM(1 - I))}

(6.10)

(6.11)

Clark (1994) modeled the variation of the modulus of K -carrageenan gels as a
function of polymer's molecular weight using the cascade approach. From modulus-
temperature data, thermodynamic and functional parameters were determined for
gelatin (Clark et aI., 1994): high ~Ho-600-1,600 kJ mor ', Tm rv 30°C, a rv 1,
I rv 3-100, and for pectin: low ~HO -0.8 kJ mor ', Tm rv 130°C, a rv 1,000-5,000,
I rv 3-100. The relative insensitivity of the parameters a andI, and the high value
of Tm rv 130°C noted for pectin gels point out the need for additional investigations
on the applicability of the cascade theory to other gels. Galactomannan gelation was
analyzed by cascade approach (Richardson et aI., 1999). Recently, Mao and Rwei
(2006) applied the cascade concept to describe the temperature and concentration
dependence of gel modulus for mixed gels ofxanthan and locust bean gum. Despite
these successful efforts at modeling of biopolymer gelation according to a branching
process by cascade theory, drawbacks have been reported mainly for processes that
approach colloidal aggregation (e.g., maltodextrin gelation, Loret et aI., 2004).

Percolation Theory

Percolation describes the geometrical transition between disconnected and connected
phases as the concentration of bonds in a lattice increases. It is the foundation for
the physical properties of many disordered systems and has been applied to gelation
phenomena (de Gennes, 1979; Stauffer et aI., 1982).At just above gelation threshold,
denoting the fraction of reacted bonds asP and P = Pc + ~P, Pc the critical concen-
tration (infinite cluster), the scaling laws (critical exponents) for gel fraction (Soo)
and modulus (E) are:

(6.12)

A number of authors have used concentration of the polymer, c, in place ofp. Theoret-
ical values for the exponents from the percolation theory are: f3 = 0.39, t rv 1.7-1.9;
also, t > f3 because of dangling chains. In contrast, the classical theory's predictions
for the same quantities are:

f3el = 1, tel = 3 (6.13)
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According to the percolation model, the chains in a swollen gel need not be Gaus-
sian. For a true gel when 0- » E, the stress (0-) versus strain (A) relationships
from the percolation model (Equation 6.14) and the classical theory (Equation 6.15)
are, respectively:

(6.14)

(6.15)

Verification of the values of the exponents in Equations 6.14 and 6.15 continue to
be the subjects of considerable debate between proponents of the two theories. The
viscoelastic properties of the system that characterize the sol-gel transition are also
important features of the percolation model.

G' (w) r-v G" (r») r-v w~

rJ* (w) r-v w~-1

(6.16)

(6.17)

(6.18)

(6.19)

where, e is the relative distance to the gel point, e == (Ip - PcIIPc) and L1 == tI (s +t).
From Equation 6.18, it follows that tan 8 is independent of frequency at the gel point:

tan 8 == G"I G" == constant == tan(L1Jr12) (6.20)

The predictions of the scalar percolation theory have been experimentally confirmed
for chemical gelation (Durand et al., 1989; Adam, 1991) and physical gelation (Tokita
et al., 1984; Axelos and Kolb, 1990; Wang et al., 1991). For ovalbumin gels at pH 3.0
and NaC130 mM, the exponent t was estimated to be 1.79 ± 0.25 (van der Linden and
Sagis, 2001). However, for amyloid fibrillar ,B-Iactoglobulin gels, prepared at pH 2,
plotting values of G' extrapolated to infinite time, G'oo, versus (cIco) - 1, Gosal et al.
(2004) obtained values of the exponent, t, in the range 2.2-2.8. The same authors
reported a value of 3.1 for the data of Pouzot et al. (2004). They suggest that for
heat-set ,B-Iactoglobulin gels, prepared at pH 2, the exponent appears to be between
2 and 3. The higher values could be consistent with the Bethe lattice value of 3 and
the values smaller than 3 could also be explained by the classical approach ifnetwork
wastage is taken into account.

It should be noted that the exponents are defined to be critical only when data
are accessed within the critical region. A practical guide for the critical region is
given by Stauffer et al. (1982) who suggest 10-2 < (Plpc) - 1 < 10- 1. However,
it appears that very few ofthe data ofGosal et al. (2004) satisfied this condition. Also,
other theoretical studies assuming the same isotropic force between neighboring sites
predicted a value of the exponent, t, to be 2.0. Even higher values are predicted for
macroscopically non-homogeneous materials assuming a central force and a bending
energy term contributing to the elastic energy. This "universality" class has a lower
bound value of2.85 and an upper bound of3.55 (van der Linden and Sagis, 2001).
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Fractal Model

Wu and Morbidelli (2001) extended the model of Shih et al. (1990) discussed in
Chapter 2 to include gels that are intermediate between the strong-link and the weak-
link regimes. In addition to the modulus, they also considered the critical strain, Yc,
at which the linear viscoelastic region ends:

The exponents A and B are given by:

A=f3I(d-Dr); f3=(d-2)+(2+x)(I-a)

B = (d - f3 - 1)I (d - Dr)

(6.21)

(6.22)

(6.23)

(6.24)

where, the parameter a = 0 for a strong-link gel, a = 1 for a weak-link gel, and
o < a < 1 for intermediate gels; x is the fractal dimension of the gel's backbone,
and d is the Euclidian dimension of the system (usually taken as 3). One obtains for
weak links, B = II (d - Dr), and for strong links, B = -(1 +x)I(d - Dr). Thus, one
must have reliable data on modulus and critical strain versus protein concentration in
order to calculate values ofDr and f3.

In the strong -link regime, where the interfloc links are stronger than the intrafloc
links, the modulus of a gel is given by that of intralinks. In the weak-link regime,
where the floes are more rigid than the interfloc links, the elasticity of the interfloc
links determines the elasticity of the gel. In the weak-link regime, the limit of linear-
ity increases with increasing volume fraction; in contrast, in the strong-link regime
it decreases. The exponent x, which represents the backbone fractal dimension or
tortuosity of the network has a value of 1.0-1.3 for a colloidal gel. A value ofx = 1.3
was used by Wu and Morbidelli (2001) to calculate values of Dr, ranging between
1.73 and 2.82, and f3, ranging between 1.0 and 4.4, of several protein gels. It should
be noted that for x = 1.3, the magnitude of f3 should be between 1.0 and 4.3.

Pouzot et al. (2004) reported applicability of the fractal model to f3-lactoglobulin
gels prepared by heating at 80°C and pH 7 and O.IM NaCI. They suggested that
the gels may be considered as collections of randomly close packed "blobs" with a
self-similar structure characterized by a fractal dimension Dr 2.0 ± 0.1.

One concern with applying the fractal model to gels is that the critical concentra-
tion, Co, is assumed to be zero. In addition, for amyloid fibrillar networks derived
from f3 -lactoglobulin, Gosal et al. (2004) suggested that the assumption ofself-similar
structures would not be valid. Nevertheless, when applicable, the fractal model pro-
vides a means of understanding the structure of gels based on purely rheological
properties.
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GEL POINT AND SOL-GEL TRANSITION BY RHEOLOGICAL
MEASUREMENTS

During gelation, a polymer undergoes a phase transition from a liquid to a gel. The
sol-gel transition is a critical point where one characteristic length scale (viz. the
size of the largest molecule) diverges. It is a transition in connectivity between a sol
where the "monomers" are not connected to a gel where they are connected. It is not
a thermodynamic transition, nothing special is happening to the free energy, and it
is not associated with any singularity in concentration fluctuations (Joanny, 1989).
Thus, independently of the system studied or the mechanism involved, gelation is
a critical phenomena where the transition variable will be the connectivity of the
physical or chemical bonds linking the basic structural units ofthe material. Therefore,
rheological properties are very sensitive indicators of the critical gel point.

Rheological Definition of "Gel Point"

The idea of gel point has received much attention in synthetic and biopolymer gels.
One can talk about gel point as an instant in time or as a specific temperature. In this
chapter, the symbols tc and Tgel will be used for the gel time and gel temperature
(Tobitani and Ross-Murphy, 1997a; Foegeding et aI., 1998), respectively. One can
imagine many qualitative definitions of gel point, especially based on visual obser-
vation of individuals. Here, however, methods based on rheological measurements
are emphasized.

Before the gel point the connectivity is small and the material typically relaxes
rapidly. Near the gel point the relaxation time rises sharply and at the gel point it
diverges to infinity (or at least to very long times for a finite sample); in addition,
the relaxation spectrum does not contain a characteristic time anymore. After the
gel point, if the network has reached a high degree of development, the maximum
relaxation time of the final network is also very short.

ClassicalConcept

Experimental detection ofthe gel point is not always easy since the equilibrium shear
modulus is technically zero at the gel point and any applied stress will eventually
relax, but only at infinite time. From the classical theory, the attributes of the gel
point are an infinite steady-shear viscosity and a zero equilibrium modulus at zero
frequency limit (Figure 6-3) (Flory, 1953). These criteria have been widely employed
to detect the gel point ofchemical gels. However, because continuous shearing affects
gel formation, accurate information from viscosity measurement is not possible in
the close vicinity of the gel point. Further, information regarding the transition itself
could only be obtained by extrapolation, thereby introducing uncertainties in the
determination of the gelation moment.

Recently, focus has been placed on small amplitude oscillatory shear technique to
measure the dynamic moduli during the gelation process to identify the gel point. By
this method, the continuous evolution of the viscoelastic properties throughout the
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Figure 6-3 Schematic Diagram of the Classical Definition of Changes in Viscosity and Modulus at the
Gel Point.

Table6-3 Some Values of the Critical Exponents (8 and T) for Biopolymer Gelation

PolymerSystems S T Reference

Casein 1.8-2.6* Tokita et al. (1984)

Gelatin 1.48 1.82 Djabourov et al. (1988b)

1.1 1.70-1.9 Borchard and Burg (1989)

0.95 Dumas and Bacri (1980)

LMP/calcium 0.82 1.93 Axelos and Kolb (1990)

Alginate/calcium 0.88 Wang et al. (1991)

Alginate/cobalt 1.14

LMP/calcium 0.70 1.70 Audebrand et al. (2006)

*Depending on frequency.

gelation process can be followed. Because the strain is kept small, modification of
molecular structure caused by shear is minimized that in tum is an important advantage
over the classical methods based on the diverging viscosity. Some of the magnitudes
of the critical exponents obtained for the steady-state viscoelastic properties of dif-
ferent biopolymers are shown in Table 6-3 (Lopes da Silva et aI., 1998) and they are
in agreement with different approaches to the percolation problem. More important is
the fact that irrespective of the mechanism or complexity of the gelation process, the
changes in the viscoelastic parameters near the gel point obey similar scaling laws.

G' and Gil Crossover

Studies on thermosetting resins (Tung and Dynes, 1982) suggested that the gel point
might occur at the time at which G' and Gil cross each other at a given frequency. This
criterion was applied to the gelation of some biopolymers, such as gelatin (Djabourov
et aI., 1988b), fJ-Iactoglobulin (Stading and Hermansson, 1990), maltodextrins (Kas-
apis et aI., 1993), and K-carrageenan gels (Stading and Hermansson, 1993). However,
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the time of G' -Gil crossover was found to be dependent on the oscillatory frequency
in the case of both synthetic polymers (Winter et aI., 1988; Muller et aI., 1991) and
biopolymers (Djabourov et aI., 1988b). As the gel time is an intrinsic property of the
material, it cannot be dependent on the frequency of the dynamic rheological exper-
iment. Another concern is that in low-concentration gelling systems, the viscoelastic
moduli may be too low to give a measurable signal by a conventional rheometer.
However, it is likely that the G'-G" crossover time might be close to the sol/gel
transition time.

Power Law Behavior ofthe Shear Modulus

Winter and coworkers (Winter and Chambon, 1986; Chambon and Winter, 1987;
Winter et aI., 1988) gave the first experimental demonstration of the power law
behavior of the relaxation modulus at gel point, and that the scaling of the dynamic
moduli and dynamic viscosity according to power laws in oscillatory frequency.
Power law relaxation at gel point seems to be a general property of both chemical
gelation and physical gelation involving either synthetic polymers or biopolymers,
respectively. However, the different values of the relaxation exponent (~) shown in
Table 6-4 reflect the fact that it is not a universal parameter for gelation. Even for
the same polymeric material, relatively wide range of values have been obtained for
this critical exponent and for some physical gels it was found to be dependent on
polymer concentration and thermal history (Michon et aI., 1993; Lopes da Silva and
Goncalves, 1994), as well as chain stiffness (Matsumoto et aI., 1992) and molecular
weight (Lu et aI., 2005). As the exponent ~ depends on molecular structure, it may
be useful to distinguish between different gel structures (Lopes da Silva et aI., 1998).

Threshold G' Value

Equation 6.20 is the most generally valid gel point criterion and it has been suc-
cessfully applied for the detection of the gel point of a wide variety of polymers
(te Nijenhuis and Winter, 1989; Lin et aI., 1991; Muller et aI., 1991; Scanlan and
Winter, 1991; Michon et aI., 1993). Equations 6.16-6.20 still provide the most gener-
ally valid gel point criterion and they have been successfully applied for the detection
of the gel point ofa wide variety ofpolymers (te Nijenhuis, 1997; Winter and Mours,
1997). Nevertheless, arguments have been formulated (Kavanagh and Ross-Murphy,
1998) that are not in favor of the general application of the assumptions implicit
in the Winter's approach. One reason is that because entanglements are neglected,
Winter's approach may be of limited usefulness for physical networks that exhibit
highly ordered structures before gelation, that is, when the lowest detected value of
G' may already be greater than Gil, as was the case with some heat set globular protein
gels (Gosal et aI., 2004).

Also, some practical limitations may occur when applying these criteria. In fact, for
many biopolymer systems gelation begins from a sol state characterized by a very low
viscosity that is often below the resolution ofthe rheometer in small strain oscillatory
experiments. On the other hand, the lowest detected value of G' may already be
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Table 6-4 SomeValues of the CriticalRelaxation Exponent (~) Obtained for Physical
Gels

Physicalgels

Poly(vinyl chloride) in plasticizers
Thermoplastic elastomeric

poly(propylene)
LM pectin/calcium systems
Xanthan/carob and

iota-carrageenan
Xanthan/chromium
Sodium alginates
Gelatin.
HM pectin/sucrose systems
Schizophyllan/sorbitol
Xanthan/aluminum
Xanthan/carob gum mixtures
Alginate/calcium
Chitosan/acetic

acid-water-propanediol

0.8
0.125

0.71
0.50

0.35
0.53-0.84
0.22-0.71
0.41-0.65

0.50
0.16-0.22
0.62-0.67
0.37-0.72
~0.5

Reference

te Nijenhuis andWinter (1989)
Lin et al. (1991)

Axelos and Kolb (1990)
Cuvelieret al. (1990)

Nolteet al. (1992)
Matsumoto et al. (1992)
Michon et al. (1993)
da Silvaand Goncalves (1994)
Fuchset al. (1997)
Richteret al. (2004)
Richteret al. (2004)
Lu et al. (2005)
Montembault et al. (2005)

greater than Gil (Gosal et aI., 2004). Therefore, other criteria have been used for the
gel point. Many authors have assessed the gel point as when G'has increased to a
value greater than the experimental noise level, an approach that is not very rigorous.
Nevertheless, this criterion was used for amylose (Doublier and Choplin, 1989),
f3-lactoglobulin (Stading and Hermansson, 1990), gelatin (Ross-Murphy, 1991b),
and BSA (Richardson and Ross-Murphy, 1981a; Tobitani and Ross-Murphy, 1997).
In the latter, it was shown that this criterion systematically indicated a gel time less
than that measured on the basis of viscosity changes.

Extrapolation ofG' Value

Several methods have been used to estimate either the gel temperature ofthe gel time.
Extrapolation of the rapidly rising values of G' to the time axis was suggested as an
accurate estimate of the gel point, tc (Clark, 1991). Hsieh et aI. (1993) determined
Tgel of whey and egg proteins by extrapolation of the rapidly rising values of G'
to the temperature axis. In addition, the gel time was calculated for the gelation
of bovine serum albumin by monitoring the increasing viscosity as a function of
time (Richardson and Ross-Murphy, 1981a) and taking the time corresponding to the
asymptotic value of viscosity. In this method, although small shear rates were used,
the high strains necessarily imposed probably affected the gel critical point. The
time at which the modulus versus time plot showed a sudden increase in slope on
a log-log plot, called the log discontinuity method, was used to determine the gel time
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(Gosal et al., 2004). It was claimed that the log discontinuity method most closely
reflects the expected percolation threshold behavior.

Critical Viscoelastic Behavior at the Gelation Threshold

Based on the above defined criteria, dynamic rheological experiments have been
widely used to follow the aggregation process before the gel point and throughout
the sol-gel transition for several biopolymer systems (ref. to "Rheological behav-
ior of food gel systems," Ist edition). Due to its well-defined viscoelastic changes
near the gel point and the easy experimental assessment of these changes by small-
deformation rheology, calcium-induced low-methoxyl pectin (LM pectin) gelation is
an useful example to illustrate the critical viscoelastic behavior generally observed at
the gelation threshold.

Dynamic rheological experiments have been used to follow the aggregation process
before the gel point and throughout the sol-gel transition for calcium-induced low-
methoxyl pectin gelation as a function of the calcium added to the system and as
a function of the aging time (da Silva et al., 1996). Figure 6-4 shows G' and Gil
at 20°C plotted against angular frequency (w) at various calcium concentrations
added to a pectin solution (cp == 6.1 g t.:'. pH 7, 0.1 mol L- l NaCI). The LM
pectin dispersion without added calcium shows the classical viscoelastic behavior ofa
macromolecular solution in the terminal zone at low frequencies with G' (z») ex w2 and
Gil (w) ex co. From this low-frequency behavior the system smoothly evolves toward
a plateau value with increasing calcium concentration, with both moduli increasing
in magnitude and decreasing their frequency dependence. It was very close to the gel
point when the calcium concentration equaled 0.083 g L-1 , for which G' (r») ex wO.73

and Gil (w) ex wO.71. Thus, this critical behavior at gel point was in satisfactory
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Figure 6-4 Mechanical Spectra Recorded at 20°C of6.1 g L-1 Low-Methoxyl Pectin (pH 7,0.1 mol L-1

NaCl) with Different Calcium Contents Aged for 20 hr at 20°C: D no added calcium, • 1.4 x 10-3 mol
L-1,0 1.9 x 10-3 mol L-1,.2.1 x 10-3 mol L-1, ~ 2.4 x 10-3 mol L-1. Numbers are values of the
slopes of lines.
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agreement with the percolation model prediction (2/3) based on Rouse-like dynamics
(Martin et al., 1989).

Figure 6-5 shows the evolution of the dynamic moduli for a LM pectin/calcium
system in the vicinity of the gel point as a function of the aging time. The evolution
of the dynamic moduli was similar to that one observed as a function of the calcium
concentration. In the initial period of aging the system showed the typical liquid-like
behavior. Then both moduli increased with time, G' increasing more rapidly than G"
and with lower dependence on frequency. After 15 hr of aging, the system was just
above the critical gel point, with a viscoelastic exponent ~ in the range of0.65-0.68.
After the gel point, G' passed beyond G", first in the lower frequency range where
one can observe the initial formation of the elastic plateau.

Influence of Concentration and Temperature on Gel Time

The influence ofconcentration on gel time ofgelatin gels was described (te Nijenhuis,
1981) by the equation:

(6.25)

(6.26)

Based on gelation ofhigh-methoxyl pectins, Oakenfull (1984) suggested the equation:

1
tc ==-

ken

where, k is a reaction rate constant and n is the order ofreaction. It is to be understood
that reaction orders higher than four are not encountered often and a minimum (criti-
cal) concentration is necessary for gelation. However, gel time versus concentration
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data at 75 and 80°C for ,B-Iactoglobulin at pH 2 followed simple power-law relation-
ships with slopes (power law indices) lying between -5.5 and -6.4. In contrast, the
simple cascade model predicts a power law index of 1 for gel times at higher con-
centrations and a sudden divergent increase in the gel time at a critical concentration
Co (Gosal et al., 2004). Also of relevance is the work of Clark (1994) and Clark et
al. (1994) that is based on kinetics and the cascade theory with the limitations of this
approach mentioned earlier.

Tobitani and Ross-Murphy (1997) used kinetic and scaling concepts to arrive at
the concentration dependence as:

1 1
t r-v -sr-v-

C N". n
aO C

(6.27)

(6.28)

where, N:o is the initial number of active sites of the polymer per unit volume, NbO
is the initial number of junctions composed of n reacted cites, and the symbol r-v is
used to indicate that the two terms on either side can be equated by scaling, but not
by absolute values. The influence of temperature, T(K), was taken in to account in
the reaction rate constant, k:

(6.29)

where, A is the pre-exponential factor, E, is the apparent activation energy, and R
is the gas constant. da Silva et al. (1995) also found that the effect of temperature
on gelation rates followed the Arrhenius equation. Tobitani and Ross-Murphy (1997)
combined the above equations and then modified the resulting expression to take in
to account the need for the cross term of (In c) and temperature:

(6.30)

where, aI, a2,ai, and a4 are coefficients to be determined from experimental data.
Experimental gel threshold times, indicated by symbols, ofbovine serum albumin

(Tobitani and Ross-Murphy, 1997) are shown as a function of temperature and the
threshold times 100, 1,000, and 10,000 s in Figure 6-6. The threshold values of time
were determined as the time at which G' of a sample reached a threshold value of
between 2 and 3 Pa. Further, values calculated using the above equation are shown
as lines in the figure. In the diagram, the upper region represents the gel state and the
lower region the sol state ofa sample. For a given set ofconcentration and temperature
values, the threshold time (e.g., 100 s) for gel formation can be found from the figure;
the diagram can also be used to predict the possibility of gel formation for any given
concentration and temperature.
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Evaluation of Structure Development During Biopolymer Gelation

Aqueous biopolymer gels exhibit a general characteristic behavior when the structure
development is evaluated by dynamic rheological measurements (Clark and Ross-
Murphy, 1987). The gradual development of the network structure is reflected by a
progressive increase in storage modulus (G'). The beginning ofthe gelation process is
dominated by the viscous behavior of the system (G" > G') and the elastic behavior
dominates the final stages of the experiment (G'»G"). Both moduli increase as
a result of the increasing density of junction zones, but G' rises more sharply until
it intercepts and then exceeds G". After an initial rapid increase, resulting from the
rapid formation of junction zones into the polymer network, G' keeps increasing
continuously as a result of the slower formation and rearrangement ofjunction zones
resulting in a net decrease in the length of elastically active chains; values of G'
eventually reach a pseudo plateau region. It is emphasized that in many biopolymer
gelation processes, for example, gelatin (te Nijenhuis, 1981; Ross-Murphy, 1991b)
and HM pectin/fructose and sucrose systems (Rao and Cooley, 1993; da Silva and
Goncalves, 1994), because ofthe non-equilibrium behavior, even after aging for long
periods, G' continues to increase steadily as a result ofa continuous reorganization of
the network. As expected from a network that has attained a state close to equilibrium,
the kinetics applicable at longer times are quite different from those observed close
to the gel point.
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entgel time, tc) (A) andon the Rateof Changein G' at the GelationThreshold(B).The slopeof the straight
line in (A) was 3.6 (R2 = 0.981); least squares fit of data in (B) gave a slope of 4.1 and R2 = 0.986.

Kinetic measurements close to the gel point can provide important information
about the gelation process of biopolymers, since it is under these conditions that the
mechanism of gel formation can be reasonably related to its mechanical properties.
As an example, for HM pectin gelation, the power law dependence ofthe gelation rate
(inverse ofthe gel time, defined as the time at which G' = Gil) upon concentration was
found to have a slope of 3.6 (Figure 6-7(A)). Taking into consideration the kinetic
model of Ross-Murphy (1991a) using an apparent second-order reaction (n = 2),
and assuming p == 1.8, the approximate critical value for the percolation exponent
(Stauffer et aI., 1982), the limiting value of the exponent of a log-log plot of (1I te)

versus c at high (clco) was equal to np, in close agreement with the slope of3.6
obtained in Figure 6-7(A) (da Silva and Goncalves, 1994).

te ~ KI[((clco)n - If] (6.31)

The rate ofchange in G', dG'Idt, and the modulus G' at the gelation threshold are also
sensitive to changes in pectin concentration. The rate of change in G' increased with
pectin concentration (Figure 6-7(B)). The usual high power dependence obtained
for dG'/dt with polymer concentration, was probably related to the complex behav-
ior typical at low biopolymer concentration close to the gel threshold. Pronounced
concentration dependence has been reported for a wide range of systems. For BSA
gelation, the slope of the modulus growth near the gel point was found to be pro-
portional to c27 for low concentrations, and even at higher concentrations dG'Idt
was proportional to c6 (Richardson and Ross-Murphy, 1981a). For physical gels
of poly(acrylonitrile) in dimethylformamide close to the critical gel concentration,
Bisschops (1955) found dG'/dt r-v c22 . In contrast, Nolte et al. (1992) found a
much lower power dependence ofdG' Idt on polymer concentration: dG'/dt r-v c1.25 ,
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for the gelation of xanthan with chromium ions, even close to the critical gelling
concentration. Close to the critical concentration the interpretation ofthese exponents
is complex. It is likely that the different mechanisms of macromolecular association
involved account for this wide range of values observed.

When the storage modulus is plotted against log aging time, typically the curves
obtained are approximately linear after some time. The slope ofthese curves (dG' jdt)
can be interpreted as a rate of aging in this long time range, a criterion used by
te Nijenhuis (1981) to analyze the rate of aging of gelatin and polyvinyl chloride
gels. Examples of the application of this approach are shown in Figure 6-8 for
LM pectin/Ca2+ gelation. Magnitudes of the rates of aging increased when the pectin
concentration was increased (Figure 6-8(A)), or when the calcium/pectin ratio was
increased (Figure 6-8(B)), suggesting that the annealing processes, such as rearrange-
ment of junction zones and lateral chain aggregation resulting in the net increase
in the length of elastically active chains, became more prevalent at higher pectin
concentration and/or higher calcium/pectin ratio.

Effect of Temperature on the Rate of Structure Formation
and Kinetic Data

Most gelation processes involving biopolymers can be seen as thermal effects, because
the gelation mechanism basically is related to the change ofonly one thermodynamic
parameter: the temperature. Depending on the molecular organization of the polymer
network, temperature can have different effects on the viscoelasticity of the gel. The
study of the influence of temperature on structure formation in biopolymer systems
used as gelling agents in food formulations could be useful in understanding the
thermal behavior of food commodities where they are incorporated and can provide
additional insights into the nature of the gelation process of these polymers.
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Figure 6-9 Arrhenius Treatment for the Influence of Temperature on the Gelation Rate of 1% High-
Methoxyl Pectin Dispersion (60% Sucrose, pH 3), Measured at Different Aging Temperatures in the
Range: 15-60°C.

Structure Development Rate

Structure development rate (SDR), defined as dG' jdt, can be measured under
isothermal conditions, at different aging temperatures (cure curves), and also during
the gelation process promoted by decreasing the temperature of the biopolymer dis-
persion (non isothermal conditions) (Rao and Cooley, 1993). The analysis ofstructure
development rates (SDRs) under isothermal conditions, as opposed to non-isothermal
conditions, can be very useful to avoid the non-equilibrium effects and the effect of
thermal history of the system.

Structure Development Under Isothermal Conditions

The evolution of dG' j dt with time during a cure experiment has been studied during
the gelation ofHM pectin/sucrose systems (da Silva et al., 1995). The gelation rate of
HM pectin/sucrose systems was strongly dependent upon the temperature, showing
a complex behavior due to the several kinds of intermolecular interactions involved.
The influence of temperature on these intermolecular interactions, mainly hydrogen
bonding and hydrophobic interactions, could be described by an Arrhenius relation-
ship (Figure 6-9). Two different temperature ranges could be identified, one between
15 and 30°C and other between 30 and 60°C, yielding apparent activation energies of
46.4 and 7.7 kJ mor ', respectively. It is clear that the gelation rate was energetically
favored above 30°C.

Two different processes were proposed to explain the discontinuity observed, each
one having rates with different temperature dependence. One of them was the ini-
tial intermolecular local contacts, essentially by hydrogen bonding and involving
short chain segments. This stage can have similarities with the nucleation step found
in the gelation of biopolymers that undergo a coil-to-helix transition. This process
was considered the rate determining process above 30°C. The second different rate
process was attributed to the subsequent lateral aggregation of chains and enlarge-
ment ofjunction zones, essentially governed by hydrophobic interactions, favored by
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increasing temperature, probably stabilized or strengthened by van der Waals forces.
This was considered to be the rate limiting process below 30°C. Hydrogen bonds are
less dependent upon the separation ofmolecules and have enough energy to be stable
even when they are few in numbers. Hydrogen bonds acting at larger intermolecular
distances can be essential to the subsequent development ofhydrophobic interactions
and van der Waals forces, through clustering of non polar groups involving larger
portions of the pectin chains.

The kinetics at longer times were quite different. As shown in Figure 6-10, the
initial period of gelation was characterized by concave cure curves, after which they
became convex and then almost linear. At 5°C, the convex region was not perceptible.
This different behavior, and the effect of temperature on the rate of aging of the HM
pectin gels, could be clearly illustrated when the SDRs were analyzed at different
aging temperatures.

Figure 6-11 shows SDRs as a function of the aging time at different temperatures.
Significant differences in SDRs were observed during the first 4 hr of aging. The
general behavior is an initial increase in SDR, followed by a decrease in the SDR
values, which continue to decrease steadily until the end of the aging period. The
sharpest initial increase in the aging process was observed at 30°C, the maximum in
SDR was reached at a lower aging time than at the other aging temperatures. For the
aging at 5°C, a different behavior was observed, with an initial rapid decrease during
the first hour, followed by an almost constant SDR value until the end of the aging
period. Between 15 and 50°C, the initial increase in SDR was due to the initial rapid
increase in the storage modulus during the aging of the pectin gel. This exponential
time dependence of the increase in elasticity of the system should correspond to the
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Figure 6-11 Structure Development Rates (SDRs) During Aging of a 1% High-Methoxyl Pectin/60%
Sucrose (pH 3.0) Dispersion Under Isothermal Conditions at: (0) 5°C, (_) 15°C, (0) 20°C, (e) 30°C,
and (+) 50°C. SDR was calculated numerical differentiation followed by smoothing of the derivative
values.

rapid formation of junction zones between pectin chains. After this stage, the SDR
decreased until it reached a value, always higher than zero, but almost independent
of the aging time or of the aging temperature, that corresponded to a slow increase in
storage modulus and to the almost linear region of the cure curves. This latter stage
should correspond to a slow reorganization of the network allowing for creation of
new junction zones, or increase in the extension of the junctions between molecular
chains.

Structure Development Rate Under Non-isothermal Conditions

Based on rheological data obtained from temperature sweep experiments, SDRs can
also be measured during the gelation process promoted by decreasing the temperature
of the biopolymer dispersion (non-isothermal conditions) as illustrated for the HM
pectin/sucrose system in Figure 6-12. During gelation induced by cooling, the SDR
increased with decreasing temperature, showing a higher variation at the higher and
lower temperature ranges. Atemperature range where the SDR increases with decrease
in temperature can be found during the gelation of biopolymers that undergo coil-
helix transitions, for example, gelatin (Djabourov et al., 1988a) or agarose (Braudo
et al., 1991). However, in these cases, the effect of temperature on the formation
of ordered structures typically follows a sigmoidal shape, instead of the logarithmic
shape observed, and consequently, the effect of temperature on the rate of structure
development shows a bell-shaped curve, with a maximum value at an intermediate
temperature.
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Kinetics of Gelation

Kinetic data can also be obtained for the structure development process during cooling
of biopolymer dispersions. This kind of analysis is difficult due to the combined
effects of time and temperature. Usually, the data are obtained using time as an
independent variable and changing the temperature and test sample for each run.

A non-isothermal kinetic model was used to describe the gelation process of the
high-methoxyl pectin/sucrose system during cooling (da Silva et aI., 1995), taking
into consideration kinetic effects as well as thermal effects on biopolymer gelation.
It was adapted from the "linear increasing temperature method" (Rhim et aI., 1989)
to changes in structure under non-isothermal conditions (temperature sweeps) by
linearly decreasing the temperature at a constant rate. This non-isothermal kinetic
model was based on the combination of the classical rate equation, the Arrhenius
equation, and the time-temperature relationship, yielding:

( 1 dG') (Ea )In -- ==lnk - -
G'" dt 0 RT

(6.32)

where, G' is storage modulus, taken as a measure of the number ofjunction zones in
the network, n is reaction rate order, t is time, ko is the Arrhenius frequency factor,
Ea is the activation energy of the process, R is universal gas constant, and T is the
absolute temperature.

An important step in using this method to describe the gelation process ofbiopoly-
mers is that order ofthe reaction rate can be evaluated, a parameter that can be difficult



Rheological Behavior ofFood Gels 369

-9

-10

~
-11

b
~ -12

~
N

S2 -13
.......
'-'
l:: -14~

-15

3 X 10-3 3.25 X 10-3 3.5 X 10-3

liT (K- 1 x 103)

-16 L...---l.---l..--L..--J.----L.---I...-......L..-...J...-...J.---.l...-.....J--J..--'-----'----l.---l

2.5 x 10-3 2.75 X 10-3

Figure 6-13 Arrhenius Plot for the Change in the Storage Modulus (G') during Cooling of a 1%
High-Methoxyl Pectinl60% Sucrose Dispersion (pH 3.0). Apparent second order kinetics and a two-stage
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to determine for this kind ofprocess. It was assumed that at least in the incipient gela-
tion process of the HM pectin/sucrose aqueous system, macromolecular aggregation
could be described by a bimolecular association equilibrium, that is, n == 2. This was
also supported by the results obtained for the concentration dependence of the gela-
tion rate. However, that a more complex mechanism due to the change in temperature
or in the number of pre-formed junction zones during the cooling-induced gelation
of our system can also occur should not be excluded.

Assuming the reaction order n == 2, Equation 6.28 was used to estimate the acti-
vation energy of the process, by using a linear least-squares routine (Figure 6-13).
The process could be satisfactorily described by assuming a two-step process, cor-
responding to two different temperature ranges. Between 90 and 62°C, the least
squares linear regression yielded Ea == 132.0 kJ mor ' and k., == 5.09 X 1014

Pa- 1 s", and between 50 and 20°C, Ea == 27.6 kJ mor ' and ko == 1.77 X 10-2.

P -1 -1as.
Since data points were estimated in a continuous manner during the initial period of

gelation induced by cooling, the kinetic parameters obtained were likely affected by
the previous thermal history ofthe material. The higher activation energy in the higher
temperature range may reflect the higher energy barrier between the unaggregated
and aggregated macromolecular states, under temperature conditions not favorable
to the development of intermolecular interactions that could promote the formation
of the pectin network. Under thermal conditions that favor interchain aggregation, as
was the case below 50°C, the structure development process was energetically easier,
and the activation energy was lower.
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Evaluation of Structure Loss During Melting/Softening of
Biopolymer Gels

Temperature Dependence ofGel Modulus

Many biopolymer gels follow the general behavior of viscoelastic amorphous
polymers: a decrease in viscoelastic parameters with increasing temperature (Ferry,
1980). Such biopolymer gels include: alginates (Andresen and Smidsred, 1977),
K-carrageenan (Watase and Nishinari, 1987b), agarose/e-carrageenan mixed gels
(Zhang and Rochas, 1990), globular proteins (Richardson and Ross-Murphy, 1981a,
1981b), and LM pectin/calcium gels (Gamier, 1992). This behavior is typical of
polysaccharide gels where hydrogen bonding or electrostatic interactions are the only
significant interactions that stabilize the polymer network. Consequently, for most
biopolymer gels the rupture ofjunction zones stabilized by thermolabile interactions
may explain the decrease in modulus with increasing temperature, in addition to the
increase in flexibility of the polymer chains. Nishinari et al. (1985) introduced the
"reel-chain" model for the molecular mechanism underlying the temperature depen-
dence of the viscoelastic behavior of thermoreversible biopolymer gels, that was
further theoretically treated by Higgs and Ball (1990). Structure loss rates of only a
few binary gels, such as HM pectin/sodium alginate (Rao and Cooley, 1995), have
been studied.

Clearly, temperature plays a crucial role in the formation and disruption of the
typical physical cross-links found in biopolymer gels. Activation energies associated
with the breakage of junction zones in biopolymer gels have been estimated from
the temperature dependence ofdifferent rheological parameters. For both protein and
polysaccharide gels activation energies ranging from 10 to 275 kJ mor ' have been
reported (Table 6-5).

Eldridge-Ferry Plot

Eldridge and Ferry (1954) studied the relationship between the melting point (Tm),
and concentration (c) and molecular weight (M) of gelatin gels. They found linear
relationships between In (c) and l/Tm , and between In (M) and Tm . Assuming an
equilibrium binary association of polymer chains and using the van't Hoff law, they
suggested the following relationship from which it is possible to calculate the enthalpy
(~Hm) of the cross-linking process and to get some information about the stability
of the junction zones into the gel.

[
d In c]
dTm MW

(6.33)

This approach was satisfactorily applied to other biopolymer gelled systems, includ-
ing agarose (Watase and Nishinari, 1987a), HM pectin/dimethyl sulfoxide (DMSO)
gels (Watase and Nishinari, 1993), K-carrageenan (Watase and Nishinari, 1987b) and
LM pectin/Ca/" and LM pectin/Ca/:"Isucrose systems (Fu and Rao, 1999).

Melting temperatures (Tm) were determined for several LM pectin/calcium gels
at different pectin and calcium concentrations. During the heating process of the gel,
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Figure 6-14 Eldridge-Ferry Plots In c p versus I/Tm for Low-Methoxyl Pectin + Calcium Gels. No
sugar, 0.1 mol L-1 NaCI, pH 7.0, for two different R ratios: (D) R == 0.42 and (.) R == 0.54.

the storage modulus G' decreased with increasing temperature. Tm was selected to be
either the temperature at which G' became too small to be accurately measured or that
corresponding to the inflection point ofthe plot ofG' versus temperature. Tm increased
as either the pectin or the calcium concentration increased, due to the increase in
crosslinking junctions between the pectin chains. For the LM pectin+calcium, plots
of In cp versus T;1 (Figure 6-14) showed good linearity. Similar plots for LM
pectin-l-calcium-l-sucrose system also showed good linearity (Fu and Rao, 1999).

The dissociation enthalpies of junction zones (~Hm) for melting of the LM
pectinlCa2+ and LM pectin/Ca/:" / sucrose gels that reflect the thermal stability
of the junction zones were estimated from the slopes of the straight lines of the
Eldridge-Ferry plots shown in Figure 6-14. No significant effects of the pectin and
calcium/pectin ratio (R) on the IJ"Hm values were observed. The enthalpy change
obtained in this way characterizes the enthalpy associated with the strongest net-
work junctions averaged over the concentration range, that is, the junction zones that
remain stable until the melting temperature is reached (Braudo et aI., 1984). The
temperature dependence of the viscoelastic behavior of the gel is another method to
measure the breakdown enthalpy ofnetwork junctions (IJ"HbT)' The enthalpy change
obtained in this way characterizes gels of a certain concentration and relates to the
temperature interval for which the viscoelastic properties were measured. Its mag-
nitude can be regarded as a measure of the variation in the crosslink strength (i.e.,
in the number of crosslinks) within the gel (Braudo et aI., 1984). Both parameters
can serve as measures of stability of the gel junction zones, but each of them reflect
different manifestation of the breakdown process, and thus their magnitudes are not
necessarily the same for all gelled systems. In fact, as can be seen in Table 6-6, it
seems that the difference between ~HbT and ~Hm is larger for gels with low water
activity, for which an important contribution from hydrophobic interactions to the
stability ofthe gel may be expected. Therefore, junction zones with different stability
might be present and the hydrophobic interactions contribute to the relatively high
values of ~Hm.
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Table 6-6 Magnitudes of Enthalpy (f:J..Hm ) of Melting of Network Junctions of
Biopolymer Gels

Sample f:J..H m (kJ morl) Technique* Reference

Gelatin gels (c = 2-6%)

chilled at O°C 205-305t Eldridge and Ferry
(1954)

chilled at 15°C 502-920t

HM pectin gels (c = 2%)
(70% sucrose, pH 3.0) 20 2 Plashchina et al.

(1979)

HM pectin gels 126 Braudo et al. (1984)

(50% glycerol, pH 2.7) 172
Ca-salt of furcellaran 121 Braudo et al. (1984)
(700/osucrose, pH 7.6) 192
k-Furcellaran gels 54 1 Braudo et al. (1984)
(O.15M KCI , pH 7.6) 40 2

Agarose gels 1.5-1 .6 x 103 1 Watase and
Nishinari (1987a)

(c = 4-18%)
k -carrageenan gels 60 Watase and

Nishinari (1987b)
(c = 2-12%)
LM pectin/calcium gels 38-45** da Silva and Rao

(unpublished
results)

50-75c 2 Garnier (1992)
LM 43-50** 1 Fu and Rao (1999)
pectin/calcium/sucrose
gels
HM pectin/DMSO gels 115-440t t Watase and

Nishinari (1993)
pH 2.4, pH 6.9 45-125d

* Method 1-Eldridge-Ferry approach (Eldridge and Ferry, 1954); Method 2-superposition of viscoelastic
data at different temperatures, and plot of the slope of Ln bT versus 1fT (Schultz and Myers, 1969).
t Depending on molecular weight.
** Depending on R and pectin concentration.
tt Depending on DMSO content.

Values of~Hm obtained for the LM pectin/calcium gels were close to those found
for K -carrageenan and K - furcellaran gels, but much lower that those of either gelatin
or agarose gels. The K -carrageenan and K - furcellaran gels are formed by helical
structures aggregated by potassium ions (Morris et al., 1980a), a mechanism that
energetically is similar to the gelation of LM pectin via crosslinking by calcium ions.
In the case of gelatin and agarose, gelation is associated to helix formation which
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results in a large entropy decrease, which must be compensated by a large enthalpy
decrease. The difference between agarose and K-carrageenan gels may be due to
the different sulfate content (Watase and Nishinari, 1987a). The smaller values of
~Hm obtained for the LM pectin gels, if compared with these gels and even with
the HM pectin/glycerol or HM pectin/DMSO gels, suggest that the junction zones in
LM pectin/calcium are less heat-resistant. In contrast, the enthalpy ~HbT obtained
for LM pectin/calcium gels is higher than that obtained for HM pectin gels, which
suggests a cooperative process in the formation or disruption of effective junction
zones in the pectin/calcium system (Gamier, 1992).

Application ofThermal Cycles

Application of thermal cycles is one of the methods that has been used to study the
thermal behavior of biopolymer gels. For thermoreversible gels, important hystere-
sis effects, related to the non-equilibrium nature of the gel phase can be identified
by different methods, including dynamic rheological methods, for systems such as
gelatin (Djabourov et aI., 1988a), agarose (Watase and Nishinari, 1987a; Braudo
et aI., 1991) K-carrageenan gels (Morris et aI., 1980a), and methylcellulose gels
(Haque and Morris, 1993). Thermal hysteresis have their origin in stabilization of the
ordered form by further aggregation (Liang et aI., 1979; Morris et aI., 1980b): when
the conformational ordering on cooling is accompanied by aggregation ofthe ordered
structures, the melting ofthe aggregates usually occurs over a high temperature range.

Nishinari et al. (1990) described the thermoreversible gel-sol transition by a zipper
model approach. The junction zones were assumed to be made up of association of
molecular zippers standing for a rigid ordered molecular structure such as helices or
extended molecules. The gel-sol transition for thermoreversible gels was compared to
a zipper opening from both ends. In the case of heating, the gel-sol transition caused
by the opening of molecular zippers will start as soon as the temperature arrives at
the point where the segments begin to be released from a zipper. On cooling, in
contrast, the pair wise coupling cannot start as easily because of the difficulty for
a long molecule to find its partner in appropriate positions for zipper construction.
Hence, a state that is like super cooling may occur. This explains why Tm is far higher
than Tgel and that the rise of G' in cooling is far steeper than the decay of G' on
heating, as observed for several thermoreversible biopolymer gels.

Structure Loss Rate

Rates ofstructure disruption or loss rates (SLR), defined as -dG'/ dt, can also be mea-
sured when the gels are subjected to an increasing temperature, in order to generate
kinetic data for the melting process. The changes in the high-methoxyl pectin net-
work structure when subjected to an increasing temperature are of a complex nature,
as seen in plots of temperature versus dG'/ dt during the heating of a HM pectin gel,
immediately after a cooling scan (Figure 6-15) or after aging the gel at 20°C for 48 hr
(Figure 6-16). In contrast to most polysaccharide gels, HM pectin gels are considered
to be heat-irreversible (Rao and Cooley, 1993). Qualitatively similar behavior was
obtained for the two experiments. Three different zones can be identified: an initial
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Figure 6-15 Effect of Temperature on SLR (-dG' /dt) of a 1% High-Methoxyl PectinJ60% Sucrose Gel
during Heating from 20 to 90°C, Right after a Cooling Scan from 90 to 20°C. D denote dG' /dt calculated
after cubic spline fit; the line is for dG' / dt calculated after fitting a polynomial equation to the data;
_denote the smoothed dG' / dt values calculated after cubic spline fit.
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Figure 6-16 Effect of Temperature on SLR ofa Cured Gel (20°C, 48 hr) during Heating from 20 to 90°C.
Values of dG' /dt values calculated by derivation of a polynomial equation fitted to the data (continuous
line), or after cubic spline fit and smoothed using a "moving average" procedure (_); (0) denote G'
values.

increase in rate of structure loss, then a decrease in SLR, and finally another temper-
ature range, above 60°C, where SLR increased again. Some quantitative differences
can be found between the behavior of these two networks. The gel analyzed, whose
behavior is in Figure 6-15, was far from an equilibrium state, and a higher mobility
of the pectin chains in the network can be expected. For some temperatures it can
be seen that values of SLR were negative, meaning that an increase in temperature
even contributed to structure formation. In the previously aged gel (Figure 6-16), the
higher number and!or the higher extension of the junction zones also lead to higher
SLR values.

A different behavior is expected with thermoreversible gels. Using the LM
pectin/calcium network as an example, the influence of temperature on SLR was
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Figure 6-17 Dependence on Temperature ofSLR for a Cured Gel (24 hr) under Heating from 20 to 50°C
([low-methoxyl pectin] = 6.4 g L-1, [Ca2+] = 0.18 g L-1, 0.1 mol L-1 NaCI, pH 7.0). Values of

dG' /dt calculated after cubic spline fit (G); also shown for comparison are the dG' /dt values calculated
by derivation of a polynomial equation fitted to the data (line), and the G' ({J)) values.
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Figure 6-18 Arrhenius Type Plot for Change in the Storage Modulus (G') during Heating for the Low-
Methoxyl Pectin System shown in Figure 6-17.

examined (Figure 6-17). The influence of temperature on the rate of structure
disruption followed a bell-shaped curve, with a maximum value at an intermediate
temperature.

Kinetic data can also be obtained for the structure loss process during heating of
biopolymer gels. The non-isothermal kinetic model previously described (Equation
6.28) can be used to describe the melting process of thermoreversible gels and to
obtain apparent activation energies for this non-isothermal process, and was applied
to the melting ofLM pectin/calcium gels. A multiple linear regression ofln(-dG' /dr)
versus In G' and liT was conducted in order to evaluate the order ofreaction (n). This
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treatment showed invariably that the order of reaction (n) for the process under anal-
ysis should be close to 2. Exceptions were found for the higher pectin concentration
analyzed, and for high R values, where a general tendency for a higher reaction order
was observed. Taking the reaction order n = 2, Equation 6.18 was used to estimate
the activation energy of the process, by using a linear least-squares routine. As shown
in Figure 6-18 for a LM pectin/calcium gel (cp = 6.4 g L-1, R = 0.42), the melting
process could be satisfactorily described by this non-isothermal kinetic approach.

MIXED POLYMER GELS

The behavior in systems of two or more polymers is important because it is different
than that each would exhibit in the absence of the other and the knowledge should
help formulate new foods as well as to innovative methods to generate attractive
food structures and textures. Polysaccharides and proteins are the main structure
and texture-forming macromolecules in food. Thus, mixtures of these biopolymers
are good models to understand structure-property relationships in real food systems.
Due to the high physical, chemical, and structural diversity among polysaccharides
and proteins, a wide range of different combinations and resulting properties are
possible in such multicomponent systems. Segregative interactions, arising from
thermodynamic incompatibility, either by phase separation (which raises the effective
concentration ofboth components) or by exclusion effects promoting self-association
within a single phase, are the general rule observed among different biopolymers.
Nonetheless, in a few systems gelation may occur by association of the two different
polymers into conformational ordered cooperative junction zones that are analogous
to those in single-component polysaccharide gels. A few examples of these systems
are discussed below, with special emphasis on their rheological behavior.

Polysaccharide-Polysaccharide Mixtures

One possible combination to create a simple two-component gelled system is by
blending a gelling and a non-gelling biopolymer. Typical examples ofsuch multicom-
ponent gels are polysaccharide mixtures involving galactomannans, which are typical
random-coil non-gelling polysaccharides, on the one hand and a gelling biopolymer
such as K-carrageenan (Fernandes et al., 1991), agar (Turquois et al., 1993) or low-
methoxyl pectin gels formed by cooling in the presence of Ca2+ (Lopes da Silva
et al., 1996) on the other. The combination of these polysaccharides has been shown
to offer the possibility of having structural and textural diversity, and consequently
a broader spectrum of application in food systems. In general, the presence of even
a small amount of galactomannan leads to an increase in the final rigidity of the gel
or promotes gelation, and introduces important changes in the viscoelastic proper-
ties of the gelling biopolymer. These changes can be observed during gel formation
and curing, commonly associated to lower gel times and faster gelation processes,
and also in the cured gels. The synergistic effects involved are not all clearly under-
stood and the mechanism of gelation of these binary systems is still a matter of
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debate. Two antagonistic models have been proposed involving either a cooperative
association into mixed junction zones, or a mutual exclusion, with a liquid-liquid
phase separation.

For the low-methoxyl pectin/galactomannan systems, changes observed in the
rheological properties of the pectin gels were related to limited galactomannan
microphase separation, and the entrapment of the non-gelling polysaccharide within
the pectin-calcium network. The addition of the galactomannan increased both the
storage (G') and the loss moduli (G"), especially at short time scales. However,
a greater frequency-dependence and a smaller separation of G' and G" was also
observed, meaning a general decrease in the gel-like character. Examples of small-
deformation rheological data (mechanical spectra) obtained for these mixtures and
for the gelling system alone are shown in Figure 6-19.

Various multicomponent systems, including mixed gels of locust bean gum and
Na- and Ca-K-carrageenan (Stading and Hermansson, 1993) and some composites
obtained when both components gel by themselves (Doublier et al., 1992), also
showed a clear increase of the elastic modulus in the high frequency range or even
the presence of two elastic plateaus. This indicates the presence of additional relax-
ation mechanisms when compared to the behavior of one gel component alone, and
has been taken as an indication of the heterogeneity of the gelled multicomponent
systems. Some of these systems may thus resemble the structural organization of a
gelled emulsion using the terminology of Morris (1990).

Other interesting two-component gelling systems are obtained from mixtures
of xanthan gum and polysaccharides, especially from the fJ (1-4) glycan family,
namely galactomannans or glucomannans (Williams et al., 1991; Mannion et al.,
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Figure 6-19 Effect of Locust Bean Gum Addition on the Mechanical Spectra of a LMP/Ca System
(cp = 6.4 g 1-1, [Ca2+ ] = 3.7 x 10-3 mol 1-1 ). A-LBG 2.7 gil (30%); B-LBG 7.6 g 1-1 (54%).

Reproduced with permission from Lopes da Silva et al., 1996.
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1992; Annable et al., 1994; Goycoolea et al., 1995; Schorsch et al., 1997; Para-
dossi et al., 2002). These mixtures form thermoreversible gels despite the fact that,
under similar conditions, neither of the components forms gels independently. The
synergistic effects observed lead to gels with increased elasticity and strength. These
systems are among the few examples where association appears to occur by forma-
tion of specific heterotypic junctions (Morris, 1990). Recently, similar synergistic
association and interaction mechanism has been proposed for xyloglucan-xanthan
admixtures (Kim et al., 2006).

The viscoelastic properties of the mixed systems change considerably when
compared to that of each component. As an example (Schorsch et al., 1997), the
galactomannan and xanthan mechanical spectra were typical of a viscous solution
and the so called "weak-gel," respectively. However, the mechanical spectra of the
mixed systems showed structured systems that behaved as gels, with a higher value of
storage modulus and higher solid-like character than each component. The ability of
galactomannans to form synergistic gels with xanthan increased with the proportion
of unsubstituted mannose residues in the chain backbone (not shown here).

A variety of viscoelastic profiles may be obtained from many other admixtures
ofpolysaccharides involving either associative or segregative interactions by chang-
ing the type of biopolymers, their proportion in the blend, ionic conditions, and
temperature. A class of synergistic gels, also described on the basis of formation
of heterotypic junctions between components, is the one resulting from interactions
among glucomannans and disordered gelling polysaccharides such as K-carrageenan
(Kohyama et al., 1993) and gellan gum (Miyoshi et al., 1996; Nishinari et al., 1996) .
Gellan gum, a gelling extracellular polysaccharide produced by aerobic fermentation
of Sphyngomonas elodea, has also received increasing attention regarding its inter-
action with other polysaccharides. It exhibits both synergistic and non-synergistic
interactions with polysaccharides, such as K-carrageenan (Nishinari et aI., 1996),
iota-carrageenan (Rodriguez-Hernandez and Tecante, 1999), xanthan (Rodriguez-
Hernandez and Tecante, 1999), and xyloglucans (Nitta et al., 2003; Ikeda et al.,
2004). Recently, the rheological behavior observed for the non-synergistic admixture
of K -carrageenan-agar gels has been interpreted based on a segregative phase separa-
tion mechanism, where agar-rich phase formed a continuous phase and K-carrageenan
rich phase formed a discontinuous gelled phase (Norziah et aI., 2006).

Many other studies can be found in the literature that contain more details on
structure, mechanisms and rheology of mixed biopolymer gels, including reviews
(Morris, 1990, 2000; Zasypkin et al., 1997). Also, recently, Lopes da Silva and Rao
(2006) discussed several mixed biopolymer systems containing pectin.

Protein-Polysaccharide Mixtures

Segregative demixing, due to thermodynamic incompatibility, is also widely accepted
as a general phenomenon in aqueous protein-polysaccharide (Grinberg and
Tolstoguzov, 1997; Doublier et aI., 2000; Wang et aI., 2001) especially with high
molecular weight biopolymers and in the absence of complex coacervation. This
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well-illustrated thermodynamic incompatibility arises mainly from the low entropy
ofmixing and results in segregation and phase separation, with both macromolecules
tending to demix into different regions each being enriched in one of the biopoly-
mers. The occurrence and extension of demixing is influenced by a wide range of
intrinsic and extrinsic factors, including biopolymer concentration, molecular weight,
conformation, charge density, and therefore, pH and ionic strength of the solvent
(Tolstoguzov, 2001), and it is expected to greatly affect the rheological behavior
of the multicomponent system. Nevertheless, proteins and polysaccharides with
oppositely charged groups show net attraction, resulting in complex coacervation
or associative phase separation. The mixture separates into two phases: a lower
phase containing the proteinlpolysaccharide complex and an upper phase contain-
ing mostly the solvent. The term coacervation is used with liquid-liquid phase
separation (Weinbreck, 2004). It was pointed out in Chapter 4 that in protein-
polysaccharide systems, the assymmetry of modulus versus concentration plots is
due to phase separation and inversion as first shown by Tolstoguzov (1985). Such
systems exist widely in living organisms and can be naturally associated to maintain
cell integrity or induce cell division, but can be incompatible and participate in cell
partition.

Usually the rheological behavior of mixed systems differs markedly from the
pure biopolymer system. Several examples can be found in literature for the sig-
nificant rheological changes that accompany phase separation in mixed biopolymer
solutions or gels. We will briefly focus on the rheological behavior of selected
polysaccharide-protein mixtures, considering three main cases regarding the protein
network: (a) mixtures containing the disordered gelatin, which form thermoreversible
gels on cooling, (b) mixtures containing globular proteins, essentially whey proteins
that form thermally induced gels, and (c) the effect of polysaccharides on casein
aggregation and gelation.

Gelatin-Polysaccharide Systems

Addition of polysaccharides to a gelatin solution generally accelerates and increases
the process of structure formation during gelation. The elastic modulus of filled
gelatin gels increased with filler concentration in the single-phase region but
decreased in the two-phase region because of the increase in imperfection of the
gel network (Marrs, 1982). Results on gelatinlmaltodextrin mixed systems (Kasapis
et al., 1993a) showed an initial increase in gelation time with increasing maltodextrin
concentration followed by a decrease at higher concentrations, associated to phase-
inversion from a gelatin-continuous network at low concentrations of maltodextrin
to a maltodextrin-continuous network at higher concentrations. The storage moduli
(G') of the phase-separated gelatinlmaltodextrin co-gels have been related quanti-
tatively to the experimentally-determined concentration-dependence of G' for the
constituent polymers. Distribution of water between the phases was examined by
using polymer blending laws to derive calculated moduli for gelatin-continuous and
maltodextrin-continuous networks over the entire range of solvent partition (Kasapis
et al., 1993b).
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Papageorgiou et al. (1994) studied gellan/gelatin systems under conditions where
electrostatic interactions between the two polymers were suppressed. They found an
increase in the gel strength of5% gelatin gel upon the addition of0.5% gellan, and they
suggested that the two components behave as thermodynamically incompatible poly-
mers which gel independently in their respective phases, as evidenced by mechanical
spectroscopy, differential scanning calorimetry and compression testing. Changing
polymer concentration and ionic strength also promotes phase inversion from a gellan
continuous phase to a system where gelatin forms the supporting matrix. On the other
hand, electrostatic effects were suggested to explain the synergistic effects observed
for gelatin/iota-carrageenan systems, corresponding to the increase in the storage
and loss moduli of the mixtures, compared to the values for individual components
(Michon et al., 1996). The effect of segregative phase separation on the rheology and
microstructure of gelatin/dextran systems was studied by Owen and Jones (1998).
They attributed the effect of thermal history on the properties of the gelatin/dextran
mixture to the relative occurrence of phase separation and gelation. The concept of
kinetic entrapment, associated to that biopolymer that gels first in a mixture and
changes on thermal regime, is known to exert a determinant role on the structure of
the final gel (Alevisopoulos et al., 1996). Recently, an interesting study on mixtures
offish gelatin/x-carrageenan (Haug et al., 2003) showed the possibility of the coex-
istence ofboth associative and segregative phase separation, although the associative
phase separation is most likely to be kinetically trapped.

Whey Protein-Polysaccharides

Whey protein concentrates (WPC) and isolates (WPI) are used increasingly as food
ingredients due to their unique nutritional and functional properties. Therefore, not
surprisingly, the gelation properties of these complex protein systems have been
studied extensively, and several studies have been made on the gel formation ofwhey
proteins in combination with polysaccharides. These studies have focused on the
effect of ionic gelling (e.g., Ndi et al., 1996; Capron et al., 1999; Eleya and Turgeon,
2000; Beaulieu et al., 2001; Donato et al., 2005) or non-gelling polysaccharides
(Zasypkin et al., 1996; Walkenstrom et al., 1998; Bryant and McClements, 2000), on
the effect of starch and starch-derived polysaccharides (Manoj et al., 1997; Shim and
Mulvaney, 2001), and also on the influence of neutral non-gelling polysaccharides
(Syrbe et al., 1995; Wang et al., 2001; Monteiro et al., 2005; Tavares and Lopes da
Silva, 2003; Tavares et al., 2005) on the whey protein gelation. The results so far
obtained are important contributions to the adequate manipulation of the rheological
properties of these biopolymer mixtures and to the attractive concept of engineered
food structure development.

Rheological techniques have been widely used to describe the properties of
these systems, and have been successful tools to illustrate the effect of phase
behavior on the viscoelasticity of the mixed systems. Capron et al. (1999) stud-
ied mixed f3 -lactoglobulin/K -carrageenan systems using rheological measurements
and microscopy (TEM). They showed that the first step of the aggregation process
of f3 -lactoglobulin was not changed by the presence of K -carrageenan, whereas an
increase in gelation rate was observed in the second step. Other rheological studies
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confirmed the synergistic effects in K-carrageenan!denaturated whey protein systems
(Tziboula and Home, 1999; Eleya and Turgeon, 2000). The synergistic interac-
tion was related to the formation of two co-continuous networks as a result of
segregative phase separation before gelation occurred. A segregative phase sepa-
ration phenomenon also appears to have occurred in whey protein!xanthan mixtures
(Zasypkin et aI., 1996; Sanchez et aI., 1997; Bryant and McClements, 2000). The
limiting concentration for the gelation of proteins decreases due to the presence
of the polysaccharide. Synergistic effects were observed at low xanthan concen-
trations while antagonistic effects were reported at high xanthan content. Bryant
and McClements (2000) reached similar conclusions by mixing heat-denatured whey
proteins and xanthan. Rheological methods have also been used to study the BSA/Na-
alginate systems (Neiser et al., 1998). The results obtained showed trends similar to
those reported for whey protein!xanthan systems, with a remarkable effect ofpH and
ionic strength on the final gel properties.

A few studies have also reported on the effects of non-gelling neutral polysaccha-
rides on whey protein gelation (Olsson et aI., 2000, 2002; Monteiro et aI., 2005;
Tavares et aI., 2005), revealing interesting relationships between the microstructure
of the biphasic mixed networks and the observed viscoelastic behavior and pointing
out the importance of the structural characteristics of the polysaccharide.

By combining results from rheological and micro structural studies, Olsson et al.
(2002) demonstrated the complexity of structure-rheology relationships in phase sep-
arated networks of non-gelling amylopectins and particulate ,B-Iactoglobulin gels.
They found that the cluster size and the pore size between the strands of clusters
were related to storage modulus and stress at fracture as long as the connectivity
of the network strands was good; however, a decrease in gel strength occurred at
high polysaccharide contents due to decreased network connectivity. The results
also demonstrated the importance of a full rheological characterization, since small
and large deformation tests responded differently to the gel microstructure (Olsson
et aI., 2000). The low sensitivity of linear viscoelastic properties to some microstruc-
tural changes in biphasic polysaccharide/whey protein gels was also pointed out
by Tavares et al. (2005). Despite these limitations, combination of microstruc-
tural analysis and small deformation oscillatory rheology has proved to be useful to
discriminate the effect of degree of branching and molecular weight of galactoman-
nans on the properties of fine-stranded whey protein gels (Monteiro et aI., 2005;
Tavares et aI., 2005).

Some examples of the rheology-microstructure relationships obtained are illus-
trated in Figure 6-20-A-C; specifically, the rheological data are shown in Figures
6-20-A and B, and the microstructure data in 6-20-C. The locust bean gum (LBG)
with the lowest molecular mass, 168 kDa, exhibited rheological behavior shown in
Figure 6-20-A. However, it did not change the microstructural arrangement ofthe pro-
tein network at this length scale (top left, Figure 6-20-C). However, for the mixtures
with galactomannan samples with higher molecular weights: 425 kDa, 786 kDa, and
1930 kDa, phase separation occurred with irregular masses ofpolysaccharide solution
dispersed in the continuous protein matrix. The size of the polysaccharide-rich areas
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Figure 6--20 Mechanical Spectra Showing the Frequency Dependence of G' (.) and Gil (0) for 11%
Whey Protein Alone and in Two Mixtures with Locust Bean Gum (20C e, pH 7): (A) LBG: 168 kDa
and (B) LBG: 786 kDa. Small Symbols and Lines Denote the Behavior of Whey Protein Alone. In (C) ,
microstructure of mixtures , molecular weight of LBG counter clockwise from top left: 168, 425, 786, and
1930 kDa. Reproduced with permission/rom Monteiro et al.. 2005.

and the degree of connection between them increase with increasing galactomannan
concentration or molecular weight. Interconnection between the polysaccharide-rich
droplets occurred for the higher LBG molecular weight and concentration analyzed,
originating bicontinuous phase separated systems. The viscoelastic profile ofthe gels
in the presence of the LBG fractions changed dramatically. Increasing the molecu -
lar weight from 168 to 786 kDa resulted in higher moduli with G' less dependent on
frequency (e.g., Figure 6-20-B for LBG with 786 kDa); the corresponding microstruc-
ture is shown at top right, Figure 6-20-C. However, for the highest molecu lar weight
LBG studied (not shown here), G' decreased slightly, its dependence on frequency
increased, and a smaller separation between G' and Gil was observed, that is, an
elastically less perfect network was formed, probably related to the formation of a
bicontinuous network with lower connectivity within the protein-rich gelled phase .
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Casein-Polysaccharides

Segregative phase separation,probably mediated by depletion/flocculation
mechanism, was proposed for admixtures of micellar casein and galactomannans
(Bourriot et al., 1999a; Tuinier et al., 2000) or anionic exopolysaccharide (Tuinier
et al., 1999). The presence of a monophasic or biphasic domains was dependent
on biopolymer concentration. Modifications of the flow and the viscoelastic proper-
ties with respect to the individual components were clearly evident in the two-phase
domain (not shown here). The phase separation process yields a continuous network
mostly composed of the aggregated micellar casein, where the two phases coexist,
one containing mainly casein micelles forming a continuous network (white areas)
whereas the other one is enriched with guar gum. The mechanical spectrum obtained
for the biphasic system, compared to the pure biopolymers or the monophasic mixed
system, exhibited higher viscoelastic moduli and less dependent upon frequency,
and the G' curve tended to level off and cross the Gil curve, suggesting a solid-like
behavior despite the low moduli values.

Studies on casein/carrageenan and casein/pectin interactions (Dickinson, 1998;
Bourriot et al., 1999b; Langendorff et al., 2000; Maroziere and de Kruif, 2000;
Matia-Merino et al., 2004), have revealed different phase behaviors dependent on
biopolymer charge density and concentration, and consequently a diversity of rheo-
logical profiles. As for many other biopolymer blends, the presence ofcharged groups
has a profound impact on the phase behavior; in the presence ofcharged biopolymers,
with no added salts, the entropic driving force for phase separation is often suppressed
and gelled interpenetrating networks can form. Complex ionic effects have been
often reported. For example, a rheological and microstructural study (Matia-Merino
et al., 2004) on mixed gels obtained from low methoxyl amidated pectin and sodium
caseinate showed that both the amount of pectin and the presence of calcium have
a major influence on the interaction in that system. A general reduction of the gel
modulus and an increase in gelation time was observed for calcium free systems and
for systems with calcium but low pectin content; under those conditions, increasing
the pectin content prevented aggregation of the caseinate particles into a coherent
network. However, a large increase in the modulus was observed at higher pectin
contents and in the presence of added calcium. The combination of a gradual release
of calcium ions from caseinate aggregates as the pH was lowered and the electro-
static adsorption ofpectin onto the casein particles were suggested as the main factors
influencing the interactions between the two biopolymers and the final gel structure.

Biopolymer Mixtures Under Flow Fields

When liquid-liquid phase separation occurs, resulting in water-in-water emulsions
where the different biopolymers are concentrated in the different phases, and when
one or both phases can gel, these systems can be used to produce anisotropic micro-
gel particles and/or gel composites with anisotropic inclusions, resulting in a variety
of interesting microstructures and morphologies. An interesting concept to gen-
erate alternative gel structures with basis on phase separated biopolymer blends
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has been studied and developed, essentially related to flow-induced generation of
anisotropic gel structures. Different biopolymer mixtures, such as aqueous mixtures of
gellan/K-carrageenan, gellan/sodium alginate, gelatin/dextran and gelatin/guar, sub-
mitted to certain flow conditions during gelation are able to produce a broad range
of microstructures and textures (Wolf et aI., 2000; Antonov et aI., 2004; Simeone
et aI., 2002, 2005). The stresses developed in the dispersion medium of a water-in-
water emulsion can deform and orient the liquid dispersed particles. This occurs if
the viscosity of the dispersed particles is lower than that of the continuous medium.
The size and shape of the dispersed particles can be fixed by gelation. Morphology
and polydispersity of the dispersed particles may be controlled through defined flow
conditions and reasonable quantitative predictions about the system's structure may
be achieved based on the knowledge ofthe rheology ofthe phases, interfacial tension,
flow field and the gelation kinetics (Stokes et aI., 2001; Wolf et aI., 2001; Antonov
et aI., 2004; Lundell et aI., 2004).

Phase Diagrams and Modeling

Phase separation in solution can be detected by the immediate development ofturbid-
ity on mixing eventually resulting in two separate layers whose compositions fall on
a "cloud-point curve" or "binodal" that define the boundary between the single-phase
and two-phase states ofthe system. In Figure 6-21, the curve represents the binodal of
a polysaccharide (alginate, [A]) and protein (casein, [C]). The thin straight lines are tie
lines from which the concentrations of coexisting protein-rich and polysaccharide-
rich phases can be determined as shown at the filled circles. Below the binodal,
the polymer concentrations of the single homogeneous phase solution can be deter-
mined. In particular, the open circle represents the critical point below which the
system remains as a single homogeneous phase.

In Chapter 2, simple Takayanagi models for the modulus oftwo-component blends
were discussed that are applicable to the shear modulus Gc of a composite formed
from components (polymers) x and y with shear moduli Gx and Gy , respectively. If
¢x and ¢y == 1 - ¢x are the respective volume fractions of the two components, the
equations for the upper and lower bound values are:

Gc == ¢xGx + ¢yGy (upper bound, isostrain, if Gx > Gy)

(l/Gc) == (¢x/Gx) + (¢y/Gy) (lower bound, isostress, if Gx < Gy)

(6.34)

(6.35)

The former approximates the weighted-average of the individual moduli, while the
latter approximates the weighted-average ofthe individual compliances. If the filler x
is either much softer or much harder than the surrounding matrix, the above equations
can be reduced, respectively, to:

Gc ~ Gx¢x or (Gc/Gx) == ¢x, when Gx » Gy

(l/Gc) ~ (¢x/Gx) or (Gc/Gx) ~ (l/¢x), when Gx « Gy

(6.36)

(6.37)
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Figure 6-21 Phase Diagram of a Mixed Solution of Two Biopolymers, for example, SodiumAlginate
and Casein.The curve representsthe binodal and the thin straight lines(-) are tie lines from which the
concentrations of coexistingprotein-richand polysaccharide-rich phases can be determinedas shown at
the (e) filled circles.The open circle (0) representsthe criticalpoint below which the systemremainsas a
single homogeneous phase.

It is reasonable to expect the major component to form the continuous phase, that is,
at <Px > 0.5. More complex Takayanagi models have been reviewed by Manson and
Sperling (1976).

Morris (1992) explored the manner in which values ofGx , Gy, and the upper (Gu =
Gc) and lower bound values (Gl = Gc) vary with the fraction of the component x. It
was assumed that the two polymers x and yare confined entirely to their respective
phases, the modulus varies as the square of the polymer concentration, and that the
volume of the polymer chains is negligible compared to the volume of the solvent,
so that:

¢x = x and ¢y = 1 - x (6.38)

Further, it was also assumed that My = (n')2Mx , where n' is an integer. The results
obtained with n' = 2 (the symbol n' is used to avoid confusion with the symbol n used
for the reaction rate order) are shown in Figure 6-22 where data reported in Morris
(1992) were replotted. The values of the modulus Gx are high at low values ofx and
decrease with increasing x reaching a final value Gx = M, at x = 1. Conversely, Gy
is high at high values of x and decreases to Gy = My at x == O. At a critical point,
Gx = Gy , that is, the moduli of both phases are identical. In addition, at the critical
point, Gu and Gi reach minimum and maximum values, respectively. Also of interest
are the general results for the critical concentration and modulus:

Xcrit == (1/[n' + 1]) and Gcrit == Mx(n + 1)2 (6.39)
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Parenthesis (plotted from data in Morris, 1992).

Phase separated polymer mixtures are important in many practical applications,
such as confectionery and low-fat foods. Values of the fraction (x) of a component
can be replaced by those of the fraction of solvent (Sx) associated with polymer
(Morris, 1998) so that Figure 6-22 may be used also to understand the role of sol-
vent partitioning. A key assumption is that there is complete separation of the two
polymers in to their respective phases, so that the relative phase volumes (hence,
the polymer concentration in each phase) may be characterized by the ''p-factor,''
defined as:

(water/polymer) in phase 1
p-factor == ----------

(waterjpolymer)in phase 2

Using calibration curves of modulus versus concentration of each polymer, experi-
mental moduli of mixed gel networks, and the Takayanagi blending laws discussed
above, one can calculate the best value of the p-factor by using numerical methods.
Such data then provide information on the distribution ofthe two polymers in a mixed
gel system. Several examples of application of the above described concepts can be
found in literature: gelatin-maltodextrin co-gels (Kasapis et al., 1993c), milk proteins-
maltodextrin gels (Chronakis et al., 1996a), whey protein-maltodextrin (Manoj et al.,
1997), agarose-starch composite gels (Mohammed et al., 1998), gelatin-low methoxyl
pectin co-gels (Gilsenan et al., 2003).

Low-Fat Spreads

Low-fat spreads are mixed gel systems of fat, water, emulsifiers, and hydrocolloids.
Because they often undergo emulsion breakdown, starch derivatives and gelatin are
used to provide the aqueous phase with acceptable rheological and melting char-
acteristics. In a recent study, creep-compliance studies were used to examine the
rheological characteristics of butter, margarine, and a low-fat spread (Chronakis
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Table 6-7 Creep-Compliance Parameters of Low-Fat Spreads at 5°C (Evageliou et aI.,
1997; Stanley et aI., 1998)*

Applied stress l1N
Sample (pa x 103) Jo(Pa-1 x 104) Voigt Units (Pa-1 x 106)

Gelatin gel, 4.52 1 0 51
3.6% 0.2 3.0 4.25 3 62

Margarine, 1.8 0.10 2 473
800/0 fat 2.2t 0.14 3 69

Spread, 3% 0.3 0.69 2 172
fat + gelatin 1.4 0.98 4 199

Spread, 0.53 0.35 2 173
220/0 fat + 0.75 0.47 3 45
gelatin

and Kasapis, 1995; Evageliou et aI., 1997). It will be recalled from Chapter 3
that an experimental creep-compliance curve is described by a general equation of
the form:

(6.41)

where, Jo describes the instantaneous compliance, 1JN is the viscosity, and
Jm [1 - exp( - t/ Tm ) ] describes the time-dependent retarded elastic region, where
m is the number of Kelvin-Voigt units required to describe the experimental data
precisely.

In Table 6-7, obvious differences can be seen among the parameters required to
describe the creep-compliance data obtained during 1 hr on a gelatin gel, margarine,
and two experimental low-fat spreads shown in Figure 6-23 (Evageliou et al., 1997;
Stanley et al., 1998). For example, the instantaneous compliance of margarine was
lower, increasing the applied stress had more of an effect on the margarine sample
than on the gelatin sample, and at the higher stress level the network was disrupted.
The effect of increasing the applied stress resulted in more Voigt units. The two
low-fat spreads reflected the combination of a gelatin-structured aqueous phase and
a fat lattice phase; with the sample containing 3.6% fat, the instantaneous compli-
ance was affected by the gelatin-structured aqueous phase and the sample containing
22.5% fat had high values ofviscosity reflecting that only a small deformation caused
terminal flow.

STARCH GELS

Most solid foods can be described as composites. Sometimes, they can be regarded to
be simple filler-matrix composites. The filler may be starch granules, fat globules, or
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Figure 6-23 Creep-Compliance Curves at 5°C of Butter (A), A Commercial Low-Fat Spread Containing
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any cellular material embedded in a matrix of cross-linked protein or polysaccharide
base. Usually, both components possess a degree of deformability giving rise to a
complex mechanical response to deformation.

In Chapter 4, the important role of starch granule swelling and release of amylose
was discussed. Further, it was shown that the volume fraction of starch granules,
denoted as cQ, plays a major role in the rheological behavior of starch dispersions.
Based on vane yield stress measurements, it was also shown that dispersions ofdiffer-
ent starches have different adhesion characteristics (inter-particle bonding) between
granules and the continuous medium. These two characteristics play important roles
in the rheology of starch gels that form when a heated dispersion of starch above
a critical concentration is cooled after being heated above the starch gelatinization
temperature.

Earlier studies on polymer composites have shown that the modulus (rigidity) of
these composites is dependent on the rigidity ofthe matrix and the volume fraction and
rigidity ofthe filler particles. As was shown for dispersions in Chapter 2, particle shape
has been shown to be very important in composites. In addition, in foods, adhesion
between the filler and the continuous phase among the different biopolymers for each
other will differ and hence the strength of interaction between filler particles and
matrix will also differ (Brownsey et al., 1987).
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We denote the dynamic rheological modulus of a composite as G', that of the
amylose matrix as Gb, and of the starch granule as Gi, and the volume frac-
tion of the granules as c/>. The various parameters that affect the rigidity of a
composite may be seen in Equation 6.42 of Kerner (1956) and its modification,
Equation 6.45, by Lewis and Nielsen (1970) for reinforcement (G'IGb) by spherical
particles:

G'lGb == (1 +ABC/»/(I-Bc/» (6.42)

where, c/> is the volume fraction of the granules and the parameter A is given by:

7-5V
A==---

8 -10V
(6.43)

For spherical particles with Poisson's ratio, V == 0.5, the magnitude ofA == 1.5. The
parameter B is given by:

(6.44)

Nielsen's modification, that takes in to account the maximum packing fraction of
filler particles, is given by:

G'lGb == (1 + ABc/>)/(1 - B1/Jc/»

The term l/Jc/> is given by:

1/Jc/> == 1 - exp{-c/>/[1 - (c/>Ic/>m)]}

(6.45)

(6.46)

where, c/>m is the maximum volume fraction.
While C/>, c/>m, and Gb can be determined by conducting experiments carefully,

there does not appear to be a reliable method for determination of Gi, the mod-
ulus of the granule. For corn starch granules, values of Gi == 800 and 500 Pa
were estimated when the dispersions were heated at 70°C and at 85°C, respec-
tively (Carnali and Zhou, 1996). Other reported values in the literature were 475
and 650 Pa.

Values of reinforcement as a function of granule volume fraction predicted by
Nielsen's equation (Equation 6.45) for two values ofc/>m and different values ofGi 1Gb
are shown in Figure 6-24. The combination of values: c/>m == 0.72 and Gi/Gb == 12,
and c/>m == 0.74 and Gi/Gb == 8 were those used by Carnali and Zhou (1996) for
defatted corn starch granules dispersed in amylose matrix. Reasonable agreement
with values predicted by Nelsen's equation was also reported by Brownsey et al.
(1987) for a gelatin gel filled with Sephadex G-50 spheres. Two useful results in
Figure 6-24 are: (1) that the ratio Gi I Gi plays an important role which can be seen
at values of c/> > 0.3, and (2) that below c/> == 3, reinforcement is not significantly
affected by the various parameters.

Kerner's equation is based on the assumption that there is good adhesion between
the granules and the gel around them, and that the granules are uniformly distributed.
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Figure 6-24 Estimated Reinforcement (G'IGb) by Spherical Particles in a Matrix using the Kemer-
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Under conditions of high strain, deviations from the mechanical behavior predicted
by the low strainanalysismay occur,due to slip at the matrix-fillerinterface. Further,
due to non-uniformdistributionof stressand strainthroughoutthe materialmayresult
in a more complex mechanical response to deformation at high strains.
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CHAPTER 7

Role of Rheological Behavior
in Sensory Assessment of

Foods and Swallowing
M. A. Rao andJ. A. Lopes da Silva

Sensory perception offoods is based on the integration ofinformation about numerous
aspects of a food, through a number of senses that reach the brain. Among these,
the structural information plays an important role. The surface structure of a food
product is first perceived by vision, and then the bulk structure is assessed by tactile
and kinaesthetic senses combined with hearing while the food is chewed. In spite of
the fact that texture is a perceived attribute, which is dynamically evaluated during
consumption, many attempts have been done to gain insights into the texture of foods
through rheological and structural studies . Several reviews have been published,
by Kapsalis and Moskowitz (1978), Bourne (1982), Szczesniak (1987) , and Sherman
(1988).

Due to the higher reproducibility and sensitivity of instrumental techniques, rhe-
ological methods may be advantageous for routine control operations, predicting
consumer response, and for assessment of effects of ingredients, process variables
and storage on texture. However, this is not an easy task. Texture is a multidimen-
sional property and its evaluation by the consumer of the food product would be,
necessarily, affected by the overall evaluation of the relevant textural attributes. The
choice of the instrumental analysis for the particular attribute to be evaluated and
the conditions used during the sensory evaluation are determinant factors not always
under adequate control. In addition, in most cases, the consumer may not be able to
give a detailed diagnosis regarding the various components of "texture." Even when
texture is evaluated by trained panels, the degree of objectivity can be very low and
the terminology used to describe texture is often specific to the food product under
analysis. In this chapter the role of rheological properties of fluid foods in sensory
assessment and swallowing is discussed.

STIMULI FOR EVALUATION OF VISCOSITY

Many studies have been devoted to the relationship between measured viscosity
measured instrumentally and perceived fluid texture. In many cases , the systems
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that have been studied were model systems of hydrocolloid solutions. Therefore, the
structures of the studied systems are far from those of real fluid food products and
the results obtained are of limited use. Szczesniak (1979) pointed out that to describe
mouthfeel of beverages, 136 terms were generated from 5,350 responses. Of these,
30.70/0 were viscosity-related terms. It was also pointed out that the term "mouthfeel"
was better than "viscosity" that was applicable to liquid foods. The former has the
same meaning as texture that has been defined by Szczesniak (1963) as "the composite
of the structural elements of the food and the manner in which it registers with the
physiological senses," and by Sherman (1970) as "the composite of those properties
which arise from the physical structural elements and the manner in which it registers
with the physiological senses."The high frequency and often the sole use of terms
such as "thin," "thick," "viscous," "low viscosity" and "high viscosity" indicates
that the sensory perception of viscosity is the most important mouthfeel sensation
(Szczesniak, 1979). Some of the terms for describing viscosity of fluid foods may
be related to their shear rate versus shear stress data, often referred to as objective
evaluation. For meaningful results, both the objective rheological data and sensory
assessment data must be obtained, and such studies are reviewed in this chapter.

Wood (1968) suggested that the stimulus associated with oral assessment was
the apparent viscosity determined at 50 s". Shama et al. (1973) and Shama and
Sherman (1973) made an important contribution in identifying the stimuli associated
with sensory assessment of foods by the non-oral methods: tilting a container and
stirring a fluid food, and oral methods. They showed that instead of a single shear
rate as suggested by Wood (1968), the stimuli encompass a wide range ofeither shear
rates or shear stresses. They matched the foods assessed sensorially with the shear rate
versus shear stress data on the foods. Even after 33 years, the methodology described
and the results reported have considerable merit. The results of Shama and Sherman
(1973) on stimuli associated with sensory assessment of viscosity were confirmed in
subsequent studies (Cutler et al., 1983; Kokini and Cussler, 1984).

The key step in the procedure used was in the sensory assessment, especially
in selecting a set of four fluid foods that could be arranged in a matrix shown in
Figure 7-1. The arrows were marked along the diagonals joining the comers of the
matrix that indicated the direction of viscosity ratings in each pair examined. Each
arrow pointed to the less viscous sample. It is important to note that for a wholly
consistent evaluation of all four samples in a group, none of the triangles within
the matrix should have all three arrows pointing in a clockwise or anti-clockwise
direction. Further, one of the arrows in each triangle had to point in the direction
opposite to the other two. Obviously, considerable preliminary work was done prior
to choosing the four foods in a group. For the foods shown in Figure 7-1, the panelist's
sensory evaluation of viscosity is shown in Table 7-1.

Stimuli Associated with Tilting Container and Stirring

In Figure 7-2, four sets of shear rate versus shear stress data are shown on a double
logarithmic scale. The data of the soup intersected and crossed over the data of
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Golden syrup Condensedmilk

Treacle Tomatojuice

Figure 7-1 A Set of FourFluidFoodsthat CouldbeArrangedin a Matrixfor SensoryAssessment, Based
on Shamaet al. (1973).Each arrowpoints to the less viscous sample.

Table 7-1 Typical ViscosityEvaluationDataof a Sensory Panelist(Shamaet aI., 1973)

Product Code Ranking Code Product

1. *Oil.golden syrup W > B Oil. treacle
2. Condensed milk U < G Oil.golden syrup
3. Condensed milk H < R Oil.treacle
4.Tomatojuice P < M Golden syrup
5. Oil.treacle V > L Tomatojuice
6.Tomatojuice 0 < 0 Condensed milk

*Dil. Means diluted.

the three diluted treacles (molasses) at different points. According to the sensory
evaluation, the soup was considered to have a viscosity similar to that of 80% treacle
and it was intermediate between the viscosities of the 77 and 84% treacle samples. In
the sensory assessment ofviscosity by stirring, the stimulus that controls the subject's
evaluation of viscosity is the shear stress (r-v 101-103 Pa) developed at a shear rate
(90-100 s-l ) that does not alter substantially with the rheological characteristics of
the food (Figure 7-3). The subjects judged viscosity as the resistance offered by each
sample to the stirring motion.
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Figure 7-2 The Data of the Soup Intersected and CrossedOver the Data of the Three DilutedTreacles
(Molasses) at Different Points. According to the sensoryevaluation, the soup was consideredto have a
viscositysimilarto thatof 80%treacleand it was intermediate betweenthe viscosities of the 77 and 84%
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Figure 7- 3 StimuliControlling the SensoryAssessment of Viscosity by the Non-Oral Method Stirring
the Fluid(Shamaet al., 1973).



Role ofRheological Behavior in Sensory Assessment ofFoods 407

105r------,-- - --,-- - - ---r- ---,------,

10 -1 10° 101

Rate of shear (S-I)

Figure 7-4 Stimuli Controlling the Sensory Assessment ofViseosity by the Non-Oral Method Tilting a
Container (Shama et aI., 1973).

The torque measured during stirring is given by:

Torque = surface area of rotating body x radius of rotating body x shear stress

In the evaluation of viscosity by tilting the container, panel members indicated
that their judgments were based on the rate at which each sample flowed down the
side of the beaker, that is, viscosity was judged from the behavior of the apex of
the film which flowed down the side of the container when it was first tilted. The
major variable was the thickness of the film flowing down the side and its rate of
flow, that is, viscosity evaluation by tilting the container depends on the shear rate
of(lO-I_100 s-l) developed at a shear stress (6-60 Pa) (Figure 7-4) which varies
with the rheological properties of the sample.

Stimuli Associated with Oral Evaluation of Viscosity

Wood (1968) compared the sensory ratings provided by a panel of personnel with
shear rate-shear stress data and concluded that the stimulus associated with the oral
evaluation ofviscosity was the shear stress developed in the mouth at a constant shear
rate of50 S-1 . However, Shama and Sherman (1973) showed that the stimulus depends
on whether the food is a low-viscosity or a high-viscosity food (Figure 7-5). For low-
viscosity foods, the stimulus is the shear rate developed at an almost constant shear
stress of 10 Pa. In contrast, for high viscosity foods, the stimulus is the shear stress
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101 102

Rate of shear r (s:')

Figure 7-5 StimuliControllingthe SensoryAssessmentof Viscosityby Oral Methods.Lines of Constant
Viscosityare shown (Shama and Sherman, 1973).

developed at an approximately constant shear rate of 10 s". Shama and Sherman
(1973) also suggested that for foods that contain oil as the continuous medium, the
foods may not spread spontaneously over the tongue and hard palate, and the spreading
coefficient may be associated with the oral evaluation ofviscosity. While Figure 7-5
contains constant viscosity lines, Figure 7-6 has the rheological data of the several
foods that were employed.

An additional factor that may playa significant role is the dilution of fluid foods
with saliva. The amount of saliva is related to the rate of production that in tum
depends on the composition of the fluid food. Therefore matching relevant compo-
sition characteristics (e.g., pH) of the Newtonian and non-Newtonian foods used in
the sensory evaluation may be desirable. The flow of low viscosity Newtonian fluids
in the mouth may be turbulent exhibiting higher sensory viscosity.

Comparison of Oral and Non-Oral Assessment Techniques

Houska et al. (1998) determined the relationships for five sensory methods oforal and
non-oral viscosity evaluation between viscosity scores and instrumentally measured
dynamic viscosity for Newtonian fluid foods of low and medium viscosities. From
those relationships, the effective shear rates for the five the sensory tests were esti-
mated. Highest shear rates were predicted for viscosity perception by compression
of samples between tongue and palate, and the lowest for pouring the fluid foods
from a teaspoon. Mixing with a teaspoon, slurping and swallowing exhibited nearly



Role ofRheological Behavior in Sensory Assessment ofFoods 409

Glucose syrup

Chocolate spread

Peanut butter

Condensed milk

~cse'3-~u\l
S'3-\~ ~e\C

,\o{\\'3-~~t\ Creamed tomato soup
oc~ (Crosse & Blackwell)

Custard
Creamed tomato soup (ST Michael)

Creamed tomato soup (Baxters)

Water

102 103

Rate of shear (s-l)

101 L..-- ~----......___----+__---~

Figure 7-6 Stimuli Controlling the Sensory Assessment of Viscosity by Oral Methods. Shear rate versus
shear stress data of several foods used in the study are shown (Shama and Sherman, 1973).

the same dependencies of apparent shear rates on equivalent instrumental viscosity.
All the relations were found to be of the hyperbolic type. The relationships between
apparent shear rates and equivalent instrumental viscosity were in good agreement
with the relationship predicted by Shama and Sherman (1973) for oral perception.

SENSORY ASSESSMENT OF VISCOSITY OF GUM DISPERSIONS

Gums are used extensively in foods and their rheological behavior was discussed in
Chapter 4. It will be recalled that in general, gum dispersions exhibit shear-thinning
behavior. Based on the shear-thinning characteristics with a Brookfield viscometer
and sensory assessment by a trained panel, gum dispersions could be divided into three
groups (Szczesniak and Farkas, 1962); however, true shear rates were not calculated
in the objective measurement of flow behavior. Group A comprised ofgums (e.g., 2%
cooked, 0.75% phosphomannan, and 0.15% xanthan gum) com starch that exhibited a
sharp decrease in viscosity with an increase in the shear rate; they were also judged by
the trained panel to be non-slimy. Group C comprised ofgums that showed a small to
moderate change in viscosity and were considered by the trained panel to range from
slimy to extremely slimy (e.g., 1% locust bean gum, 1.3% sodium alginate, 5% low-
methoxyl pectin, and 2.6% methyl cellulose). Group B consisted of gums (e.g., 0.6%
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guar gum, 1% carrageenan, and 1% gum karaya) showing an intermediate dependence
on the shear rate and the panel's description that they were at least somewhat slimy.

Perceived Thickness of Gum Dispersions

The results of Szczesniak and Farkas (1962) do not provide any quantitative rela-
tionships between rheological behavior and sensory assessment of viscosity in part
because the mathematical form of rheological behavior of the gum dispersions was
not determined. Further, it was shown in Chapter 4 that the reduced variables: 1] / 1]0
and Y/ Yo can be used to describe rheological data of gum dispersions by a single
master curve. Morris et al. (1984) correlated the perceived thickness (T) and stick-
iness (8) with the rheological parameters at 25°C of concentrated gum dispersions
with 1]0 > 10 mPa s: lambda carrageenan, high-methoxyl pectin, guar gum, locust
bean gum, and high guluronate-alginate. The correlating equations obtained were:

log T = 0.25 log (1]0) + 0.10 log (YO.l) + 1.31

log 8 = 0.25 log (1]0) + 0.1210g (YO.l) + 1.25

(7.1)

(7.2)

where, YO.l is the shear rate where tt« = 0.11]0. To facilitate comparison with other
studies on sensory assessment, Morris et al. (1983) used poise as the unit ofviscosity.

The 2.77 w/v % pectin solution (log 1]0 in poise = 1.64 and log YO.1 = 2.30) was
the standard and the blind control, and was assigned a value of 100 for both thickness
and stickiness, and a sample judged to be four times as "thick" as the standard was
given a "thickness" score of T = 400. Thus, the ratio scaling approach of Stevens
(1975) was used. Because the above equations were developed using the 2.77 w/v %
pectin solution as the standard arbitrarily, panelists were also asked to assess the
thickness of a range of Newtonian foods (mostly sugar syrups) against the standard
pectin solution to obtain an equation for thickness:

log T = 0.221 log (1]N) + 1.691 (7.3)

The above equation was also applicable to stickiness, 8, substituted in place of the
thickness, T. Because Cutler et al. (1983) have shown that perceived thickness and
viscosity were linearly related, the correlations for perceived thickness can be used for
perceived viscosity. By combining Equations 7.1 and 7.3, one obtain an expression
to calculate the viscosity 1]N ofa Newtonian liquid that would be perceived as having
an identical thickness and stickiness to any polysaccharide dispersion with known 1]0

and YO.l:

log 11N = 1.131og 110 + 0.45 log YO.1 - 1.72 (7.4)

Cutler et al. (1983) extended the experimental techniques used by Morris et al.
(1983) to fluid foods: syrups, chocolate spread, condensed milk, strawberry dessert
sauce, lemon curd, tomato ketchup, rosehip syrup, milk, and sieved chicken soup.
Again, the 2.77 w/v % pectin solution (log 110 (poise) = 1.64 and log YO. I = 2.30)
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was the standard and the blind control, and was assigned a value of 100 for both
thickness and stickiness; also, to facilitate comparison with earlier studies on sen-
sory assessment, the viscosity of all samples was expressed in poise. Equation 7.3
can be rewritten to obtain an expression for the perceived thickness of Newtonian
foods:

(7.5)

The constant 49 is applicable to the selected standard fluid for scaling, but the exponent
is independent of the standard chosen. Further, its low value means that to double
the perceived thickness would require a 20-fold increase in the objective value of
1]N. From Equation 7.3, one can derive an expression for the perceived thickness of
Newtonian foods that can be used to compare equivalent Newtonian viscosity with
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Figure 7-7 Estimated Oral Shear Rates by Cutler et al. (1983) are Indicated by Circles. Closed circles
are ofxanthan gum solutions; the dotted line represents the middle of the curve determined by Shama and
Sherman (1973).
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observed flow curves for non-Newtonian foods:

log (1]N) = 4.52 log T - 7.65 (7.6)

(7.8)

The effective oral shear rates at which the objective viscosity was equal to 1]N, the
equivalent Newtonian viscosity, calculated from the above equation were in good
agreement with the results of Shama and Sherman (1973) (Figure 7-7) (Cutler et al.,
1983); the only exceptions to this observation were the highly shear-thinning xanthan
gum dispersions that deviated slightly from the Shama and Sherman's results.

SPREADABILITY: USING FORCE AND UNDER
NORMAL GRAVITY

A master curve ofthe rheological conditions applicable during spreading oflipophilic
preparations with force on the skin using a method similar to that of Wood (1968)
showed that the range of acceptable apparent viscosity was about 3.9 poise to 11.8
poise, with an optimum value of approximately 7.8 poise (Barry and Grace, 1972).
The preferred region was approximately bounded by shear rates 400-700 s-1 and
shear stress 2,000-7,000 dyne cm-2 (200-700 Pa, respectively).

The ranges of values of shear stress and shear rate associated with pourability of
two commercial salad dressings under natural conditions were 190-430 dyne cm-2

(19-43 Pa, respectively) and 0.9-7.3 s", respectively (Kiosseoglou and Sherman,
1983). The methodology used in this study was the same as that in Shama et al.
(1973). These values agreed reasonably well with those prevailing when the viscosity
of a food is judged by tilting the container and evaluating the rate of flow down the
container wall. Also, spreadability evaluation was influenced by yield stress and shear
thinning characteristics; flow ceases when the operative shear stress falls below the
yield stress.

APPLICATION OF FLUID MECHANICS

There are a large number of terms that are used to describe food texture. However,
only a few studies have attempted to relate the descriptive words to physical data
(Jowitt, 1974). Kokini et al. (1977) examined 12 textural terms and suggested that for
liquid and semisolid foods the three terms: thick, smooth, and slippery, are adequate.
Assuming that as a first approximation of the deformation process, a liquid food is
squeezed between the tongue and the roof of the mouth, thickness (T) is assumed to
be related to the shear stress on the tongue, that is:

T ex (shear stress on the tongue, a)f3 (7.7)

Assuming that fJ = 1, for a Newtonian fluid, the expression for the thickness (T) of
a Newtonian fluid is:

(
4t )1/2

T ex shear stress on the tongue, a = (1]N) 1/2 F 1/ 2v --4
3JTro
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where, F is the normal force between the tongue and the roof of the mouths, ro is
the radius of the tongue, v is the average velocity of the tongue, and t is time for
assessment. From Equation 7.8, to double the perceived thickness, the magnitude of
the viscosity must be increasedfour-fold, and the perceivedthickness is a function of
time. The work of Cutler et al. (1983) (Equation 7.5) shows that perceived thickness
is independent of time and also predicts an increase in the perceived thickness with
increase in viscosity, but a 20-fold increase in viscosity is suggested to double the
perceived thickness.

For a non-Newtonianpower law fluid (a = K yn), the expressionfor the perceived
thickness that is proportional to shear stress on the tongue is T ex shear stress on the
tongue,

[

1/

]

(n2/ n+ 1)
n 1 F n + 3 n (n + 1) t

a -Kv -- + ----
- h~+I/n C~+3 2nK) {2n + I }

(7.9)

The shear stress felt on the tongue is assumed to be a function of flow within the
mouth. That flow may be visualized as resulting from a combination of a lateral
movement of the tongue (shear flow), given by the first part on the right hand side,
and a compression movement of the tongue towards the palate, given by the second
part on the right hand side. Terpstra et al. (2005) also found linear relationships
between calculated shear stress on the tongue and the orally perceived thickness, but
that at high values of shear stresses the perceived thickness leveled off: > 150 Pa
for mayonnaise and >30 Pa for custard. For most of the studied mayonnaises, the
contribution of the lateral movement of the tongue to the shear stress was orders
of magnitude larger than the contribution of the squeezing movement of the tongue
towards the palate.

Fluid Mechanics of Spreadability

For spreadingfoods, a torque is applied by the consumerduring the spreadingaction
that is equal to shears tress on knife x area of knife x length of knife (Kokini, 1987).
Therefore, spreadability is inversely proportional to the shear stress on the knife:

spreadability ex (shear stress on knife)-l (7.10)

Creaminess, Smoothness, and Slipperiness

Other sensoryterms that can be related to variousphysical forces are smoothnessand
slipperiness:

smoothness ex (friction force)-1 = (IF)-1

[
K n ]-1

slipperiness ex: (viscous force + friction force)-I ex: ~ (nr~) + 1]F

(7.11 )

(7.12)
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where,f is a friction coefficient and h« is the average height of aspertites on the
tongue's surface. In addition,creaminessis related to thicknessand smoothness:

creaminess ex (thickness)0.54 X (smoothness)0.84 (7.13)

Creaminess in custards showed strong correlation with rheological parameters
obtainedfromdynamicstresssweepsandthepointwherethe food's structuremechan-
ically broke up (critical stress) (de Wijk et aI., 2006). These observations were
interpreted as that high creaminess is related to high initial modulus (e.g., G' at
1 Pa) and a relatively low stress (or strain) where the product starts to flow (low
criticalstressor strain).The custardsrated as very creamyhad criticalstressvaluesof
around 15Pa, while those rated least creamyhad values around65 Pa. Thus, a struc-
ture that was harder to breakup affectedcreaminess negatively. It was also suggested
that rheologicalparametersobtainedfrom otherbulk rheologicaltests such as a shear
rate versus shear stress flow curve, and dynamic stress sweep were less important.
However, for predictionof creaminessof custard, it was suggestedthat in additionto
the aforementioned rheologicalparameters, parametersrelated to friction should be
included.Tribological methodscan be used to characterize frictional characteristics;
the study of Lee et aI. (2002) is an exampleof such a study.

MahmoodetaI.(2006) studiedtaste, thicknessandcreaminessofbutter fat-in-water
emulsions,stabilizedby sodiumcaseinate,and with well-defineddroplet-size distri-
bution and rheological properties. The sensory ratings of creaminess and thickness
were stronglycorrelated, and the higher values of both were attributedto samplesof
higher viscosity and higher oil volume fraction. Emulsions prepared with maltodextrin
or xanthan having the same apparent viscosity were perceived to have significantly
differentlevelsof perceivedcreaminess. An importantconclusionwas that the appar-
ent viscosity at 50 s" was insufficient to describe fully the perceived thickness or
creaminessof the model emulsions.

ROLE OF SIZE, SHAPE AND HARDNESS OF PARTICLES

Earlier, in Chapters 2, 4, and 5, it was pointed out that many foods contain solid
particles.Thus the role of the size, shape and hardnessof particles in oral perception
of texture is of interest. For example, in the confectionary industry the minimum
particle size that can be comprehended by the palate is said to be about 25 urn.
Further, particle sizes about 10-15 urn are consideredto be the limit of diminishing
effect. On the other hand, in tooth paste, the alumina trihydrate particles with an
average diameter 5-20 urn are used and larger particles are known to contribute to
gritty sensationin the mouth (Tyle, 1993).

Tyle(1993) studiedoralperceptionof grittinessandviscosityof syntheticparticles
(60 mg) suspendedin fruit syrups(5 mL).Theparticleswereof differentsizedistribu-
tions and shapes: angular-shaped garnet 5.2-33.0, roundedmicronizedpolyethylene
7.2-68.9, and flat mica platelets coated with titanium dioxide 28.1-79.6 urn. There
was no effecton the thicknessratings of the studiedparticulatedispersions. Particles
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up to about 80 J-Lm suspended in fruit syrups were not perceived to be gritty if they
were soft and rounded (micronized polyethylene) or relatively hard and flat (mica).
With the hard and angular garnet particles, grittiness was perceived above a particle
size range of 11-22 J-Lm. In this respect we note that cooked starch granules are soft,
with most granules being no larger than about 80-100 J-Lm, while many chocolate
particles are about 40--45 J-Lm, irregular in shape, but with rounded edges.

ROLE OF RHEOLOGY IN PERCEPTION OF FLAVOR AND TASTE

The influence of the rheology of a particular food material on the perception of its
taste or flavor can have two main origins. A physiological effect due to the proximity
of the taste and olfactory receptors to the kinesthetic and thermal receptors in the
mouth, since then an alteration of the physical state of the material may have an
influence on its sensory perception, and an effect related to the bulk properties of the
material (e.g., texture, viscosity), since the physical properties of the material may
affect the rate and the extent with which the sensory stimulus reaches the gustatory
receptors.

For fluid systems, mainly hydrocolloid solutions/dispersions have been used as
model systems, it was demonstrated that, generally, an increase in viscosity of the
system decreased the perception of sweetness. Different hydrocolloids were found to
affect sweetness to differing extents (Vaisey et aI., 1969; Pangborn et aI., 1973). Vaisey
et al. (1969) have also shown that hydrocolloid solutions with more pronounced shear
thinning behavior tended to decrease in less extent the sweetness perception than those
that are less pseudoplastic. Although sweetness was more difficult to detect when the
viscosity was higher, for suprathreshold levels of sugar it was shown that the more
viscous solutions were perceived as sweeter (Stone and Oliver, 1966).

Moskowitz and Arabie (1970) found that the taste intensity (sweetness, sourness,
saltiness, and bitterness) was related to the apparent viscosity of carboxymethylcel-
lulose solutions by a power function with a negative slope. Pangborn et al. (1973)
observed that the influence ofdifferent hydrocolloids on the perception ofsome basic
taste intensities (saltiness, bitterness, sourness) appeared to be more dependent on
the nature of the hydrocolloid and the taste of the substance than on the viscosity
level. In contrast, sweetness imparted by sucrose was found to be highly dependent
on viscosity, that is, the hydrocolloid concentration; above a certain viscosity thresh-
old, it was shown that the sweetness intensity of sucrose was significantly depressed.
Saltiness was the taste attribute less affected, sourness, imparted by citric acid, was
significantly reduced by all hydrocolloids tested, and for the other taste substances,
the presence ofa hydrocolloid generally enhanced the taste intensity of saccharin and
depressed that of sucrose and caffeine (bitterness).

The effect ofdifferent kinds and levels ofhydro colloids on selected aromatic flavor
compounds was also investigated (Pangborn and Szczesniak, 1974). The hydrocol-
loids were found to decrease both the odor and the flavor intensities, and once again,
the overall effects seemed much more dependent on the nature ofthe hydrocolloid and
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of the taste substance than on the viscosity level imparted by the biopolymer. Similar
results were found in a subsequent study conducted by Pangborn et al. (1978), about
the effect of the same hydrocolloids on the aroma, flavor, and basic tastes of three
distinct beverage systems.

Launay and Pasquet (1982) studied the relationship between sweetness and solution
viscosity using sucrose solutions thickened with guar gum prepared to two constant
viscosity levels. The results showed that the sweetness intensity decreased in the
presence of the gum, but this reduction was not dependent on the viscosity level, a
result that seems to be in conflict with the results previously reported by Moskowitz
and Arabie (1970).

Some results from the several studies mentioned above are difficult to compare
and some apparent discrepancies are observed. The main causes for the differences
are due to the different hydrocolloids and the taste substances that have been used,
the different hydrocolloid concentration ranges that have been studied, and also, in
some cases, from the inaccurate evaluation of the effect of the added taste substance,
for example, sucrose, on the rheological behavior of the hydrocolloid.

Role of Hydrocolloid Concentration

The importance ofthe concentration regime ofthe hydrocolloid upon its effect on taste
and flavor perception was clearly shown by Baines and Morris (1987). These authors
studied the effect of guar gum concentration on flavor/taste perception in thickened
systems, using solutions with constant concentration of sucrose and flavoring and
a wide range of concentrations of three different samples of guar gum. The results
obtained showed that the perceived intensity of both attributes was independent of
polymer concentration up to c* (the concentration threshold that marks the transition
from a dilute solution of random-coil polymer molecules, to an entangled network
where the molecules are not free to move independently, described in Chapter 4), but
decreased steeply at higher degrees of space occupancy by the polymer c[ry], that is,
above c*. The interpretation that has been proposed for the observed behavior was
that a restricted replenishment of surface depletion would occur with increasing coil
overlap and entanglement of the hydrocolloid, thus decreasing the perception of the
sensory attributes.

Engineering Approach

An interesting engineering approach was proposed by Kokini and coworkers to model
viscosity-taste interactions. Kokini et al. (1982) have studied the perception ofsweet-
ness ofsucrose and fructose in solutions with various tomato solids contents, and with
basis on the observed decreasing of sweetness intensity as the percentage of tomato
solids increased, they have proposed a more complex but rather comprehensive phys-
ical model relating viscosity and taste intensity, based on the physics and chemistry
in the mouth. This model was further successfully applied (Cussler et al., 1979) to
explain the effect ofthe presence ofhydrocolloids at different levels on the subjective
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assessment of sweetness and sourness, giving a new and more consistent interpreta-
tion of the results previously reported by Moskowitz and Arabie (1970), and also to
explain the interaction ofbutyric acid in solutions ofcarboxymethylcellulose reported
by Pangborn and Szczesniak (1974). The main assumptions are rather simple and log-
ical: because the taste or odor attributes are assessed by very rapid chemical reactions
at the human taste and olfactory receptors, the assessment process should be limited
not by these chemical reactions but rather by a diffusion process in the mouth or in the
nose. Thus, for example, variations in sweetness and sourness are proportional to the
product of the solute concentration and the square root of the diffusion coefficient.
The diffusion coefficients may be calculated from mass transfer considerations and
are dependent on viscosity. The model seems to work quite well for those cases where
mass transfer is the limiting factor. However, for attributes like saltiness and bitter-
ness the above model does not work; the model also cannot explain why fructose and
sucrose at the same concentration originate different taste intensities.

ROLE OF RHEOLOGY IN SWALLOWING

The swallowing process may be described in three phases: oral, pharyngeal, and
esophageal. There has been much emphasis on the esophageal phase (Perlman, 1999),
but the pharynx serves a crucial role in the swallowing process by helping to pro-
pel the bolus down to the esophagus without regurgitation or aspiration (Langmore,
2001). The purpose of the oral phase of swallowing is to prepare the food bolus
for swallowing. When a solid food is masticated sufficiently, the base of the tongue
pushes the bolus toward the back ofthe mouth into the pharynx (Kahrilas et al., 1993;
Langmore, 2001). As the bolus enters the pharynx, the pharyngeal muscle walls move
in a squeezing action to further help propel the bolus downward. Meanwhile both the
nasopharyngeal and laryngeal openings are shut offby neuromuscular actions to pre-
vent entrance of fluid into these areas (Langmore, 2001). For about 0.6 s after the
start of the swallow the airway is open to any spillage from the bolus, which may be
a very dangerous scenario for a person with a dysfunctional neuromuscular structure
(Langmore, 2001). At the end ofthe pharyngeal phase, the upper esophageal sphincter
(UES) lets the bolus pass quickly into the esophagus (Langmore, 200 1).

Dysphagia, also known as deglutition, is defined as the "impaired ability to
swallow" (Perlman, 1999). An increase in bolus viscosity delays pharyngeal bolus
transit and lengthens the duration of the opening of the DES (Dantas and Dodds,
1990; Dantas et al., 1990; Reimers-Neils et al., 1994), the outlet of the throat. Poud-
eroux and Kahrilas (1995) report that the force of tongue propulsion increases when
a bolus ofgreater viscosity is introduced. Kendall et al. (2001) suggested that smaller
volumes of viscous liquids could also be key factor to a more effortless swallow.
Here, the role of fluid rheology during swallowing is of interest.

A Model of the Swallowing Process

In basic terms, the swallowing process may be modeled (Chang et al., 1998) consid-
ering that the human throat is an axisymmetric pipe with moveable walls as shown
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Figure 7-8 Schematic Diagram of the Human Throat as an Axisymmetric Pipe with Moveable Walls.
The inlet of that pipe is the glossopalatal junction (GPJ) and the outlet is the upper esophageal
sphincter (UES).

schematically in Figure 7-8. The inlet of that pipe is the glossopalataljunction (GPJ)
and the outlet is UES. At the beginning of the flow process, the fluid is pushed into
the inlet by the base of the tongue. The diameter of the pipe is widened at the same
time to accommodate the passing liquid. Soon the outlet is opened and the wall ofthe
pipe near the inlet begins to close and further pushes the fluid toward the outlet in a
squeezing action. Toward the end of the flow process, the pipe collapses completely
and all of the fluid is pushed through the outlet.

Using the above model, Meng et al. (2005) studied the pharyngeal transport of
three fluids with different flow properties: a Newtonian fluid with TJ = 0.001 Pa s
(representing water), another Newtonian fluid (above 3 s-l) with TJ = 0.150 Pa s
(representing 2.50% w/v barium sulfate mixture with a density of 1,800 kg m-3) , and
a non-Newtonian, shear-thinning fluid with K = 2.0 Pa s", n = 0.7 (representing
a starch-thickened beverage and with a density of 1,800 kg m-3) . The power law
parameters for the starch-thickened beverage is typical ofa starch-thickened beverage,
such as apple juice (Meng and Rao, 2005), and other foods served at nursing homes
for dysphagic patients. The equations ofcontinuity and motion were solved, using the
initial and the boundary conditions of the pharyngeal wall movement that were based
on clinical values published in the literature (Kahrilas et al., 1988, 1993; Cook et al.,
1989). Much detailed information on the solution scheme and various results obtained
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Figure 7-9 Flow Rate Data Through the Upper Esophageal Sphincter Showed a Smooth Curve.

can be found elsewhere (Meng et aI., 2005). Here, the role of fluid properties is
discussed.

Flow Rate and Cumulative Volume for a Newtonian Fluid

Flow rate data through the DES (Figure 7-9) showed a smooth curve and the overall
shape of the flow rate curve resembled that of Chang et al. (1998). Maximum flow
rate values were lower than those reported in Chang et al. (1998), by about 20 mL s-1 ,
possibly due to the coarser nature oftheir mesh. However, the total volume transported
through the DES with respect to time was also very similar to the study by Chang
et al. (1998), showing approximately a total of 20 mL of fluid had passed into the
esophagus by the end of the simulation.

Effect of Fluid Rheology on the Swallowing Process

For a Newtonian water bolus with a viscosity of 0.001 Pa s and a density of 1,000
kg m-3, the initial normal stress at the GPJ had to be reduced by 92% (from 150 to
12 mmHg) and the duration at which the initial normal stress was held was reduced
by 69% (from 0.32 to 0.1 s) in order for the model to simulate a 20-mL swallow.
Not using these corrections resulted in reverse flow (i.e., negative flow rate) at the
GPJ. This was reasonable because the water bolus has a smaller viscosity than the
other two liquids. Reverse flow may occur in the human throat if the pharyngeal
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Figure 7-10 Flow Rates of the Three Boluses: Water, Barium Sulfate, and Shear-Thinning Non-
Newtonianfluid.

walls are not sufficiently elastic to expand and accommodate the liquid. Such clinical
data are not currently available in the literature, but would be valuable for the con-
tinuation of these studies. The computational changes may have varied the problem
slightly, however the effect of rheology on the swallowing time should still remain
the same.

The flow rates of the three boluses (Figure 7-10) showed significant differences
from 0.54 to 1.04 s. The water bolus (Newtonian, 0.001 Pa s) showed a sharp increase
at about 0.45 s, followed by a rapid decrease to negative values at about 0.53 s. At
0.53 s, the DES is widening, which may draw some of the fluid in the negative z
direction in the case of a less viscous liquid such as water. A second maximum in
flow rate was later seen at about 0.6 s followed initially by a rapid decrease to 20 mL
s-1 at 0.7 s and then a more gradual decrease to 0 mL s-1 at 1.04 s (Figure 7-10).
The barium bolus (Newtonian, 0.150 Pa s) showed a moderately rapid increase to
a maximum flow rate of 60 mL s-1 between 0.4 and 0.6 s, followed by a gradual
decrease to zero flow rate at 1.04 s. The starch-thickened bolus (non-Newtonian)
showed extremely low flow rates at all times compared to the Newtonian boluses.
The difference in the shape of the flow rate curve for the water bolus indicated that
there may be inertial effects due to its relatively low viscosity. The Reynolds number
at the DES at the end of the simulation is 116 for the Newtonian water bolus, 4.0 for
the Newtonian barium sulfate bolus, and 5.4 for the non-Newtonian bolus (data not
shown).
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Furthermore, the total fluid volume that passed through the DES for the shear-
thinning non-Newtonian bolus was only around 2 mL (Figure 7-11), about an order
of magnitude lower than that of Newtonian boluses. This result can perhaps explain
why people, especially dysphagic patients, often take more than one swallow to
complete the same volume of liquid when the viscosity is higher. These data also
emphasize the importance of the non-Newtonian, shear-thinning, nature of many
starch-thickened foods in a dysphagia diet.

The shear rates at the DES for Newtonian and shear-thinning boluses were different.
Given that the pharyngeal wall movements were identical in all three cases, much
higher shear rates were found for the water bolus (Newtonian, 0.001 Pa s) even
though the initial normal stress at the GPJ was much lower and was sustained for
a shorter duration. The apparent shear rate at the DES at the end of simulation was
0.001 s-1 for the non-Newtonian bolus, compared to that at the same location of
0.009 s-1 and 27 s-1 for the barium and Newtonian water boluses, respectively. These
apparent shear rates and the Reynolds numbers reported above clearly indicated that
the consistency ofthe liquid influences pharyngeal bolus transport. More importantly,
given the same boundary conditions (pharyngeal wall movement), the rate at which
a fluid traversed through the DES was substantially greater for the water bolus than
for either the barium sulfate or the non-Newtonian bolus.

Calculated values of the apparent viscosity (1Ja) of the shear-thinning non-
Newtonian bolus at the DES showed a rapid drop from an initial viscosity of 60 Pa s
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to about 1 Pa s between 0 and 0.2 s. The low viscosity was sustained from 0.2 to 0.5 s,
during which both GPI and DES re-opened. From 0.6 s to the end ofthe simulation at
1.04 s, the viscosity rose rapidly, showed a maximum at 0.6 s, followed by a gradual
decrease to 40 Pa s at 1.04 s.

These data suggest that perhaps one reason shear-thinning non-Newtonian liquids
are safer to swallow than thin Newtonian liquids is due to the reduced fluid flow
during the second half of the swallowing process. The reduced flow in tum allows
more time for air passages (e.g., entry to the trachea or the nasopharynx) to completely
shut offprior to the arrival offood. As a result, the dysphagic patient does not aspirate
as he or she would with a Newtonian bolus.

Effect of Rheology on Time to Swallow 1.0 mL

To further illustrate the differences in the swallowing processes of Newtonian and
non-Newtonian fluids, tcv was coined to represent the time to swallow a critical
volume and was defined as the number of seconds needed to transport the first 1.0
mL of fluid into the esophagus. The greater the tcv value, the safer is the swallow, as
the muscles in the pharynx have more time to close off entryway to the air passages
before food arrives. The parameter tev may be useful for characterizing the severity
of deglutition in a particular patient. It may also be used as a benchmark for any
improvement or deterioration in the patient. Because it would be difficult to obtain
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ley values clinically, computer simulations such as this one are beneficial to the
understanding of dysphagia.

The effect of Newtonian viscosity (density assumed constant) on ley is shown in
Figure 7-12. In general, a Newtonian bolus with a higher viscosity results in a higher
IcY. A linear relation may be seen between ley and 17 at viscosities higher than 1 Pa s
(Figure 7-12). The relationship between density and viscosity was not examined for
the Newtonian bolus in our study because we only examined viscosities less than 15
Pa s and effect of density was important in very high viscosity fluids (Li et aI., 1994).

Values of ley increase sharply with consistency coefficient K of shear-thinning
non-Newtonian fluids for K < 0.5 (Figure 7-13). For K values between 0.5 and 1.0
there was a slight decrease in ley. For K > 2 a linear dependence on K is seen for
ley (Figure 7-13). These data suggest that increasing the consistency coefficient of a
shear-thinning fluid generally lengthens the swallowing time and may help in reducing
the risk of aspiration. The effect of small values ofK should be further examined for
a better understanding of their effect on IcY.

Values of ley showed a strong dependence on the flow behavior index, n, for
both shear-thinning (n < 1) and shear-thickening tn » 1) fluids (Figure 7-14). This
strong dependence suggested that non-Newtonian fluids in general increase the crit-
ical swallowing time more effectively than Newtonian fluids, which underscores the
importance of simulating pharyngeal swallows of non-Newtonian boluses.
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CHAPTER 8

Application of Rheology
to Fluid Food Handling

and Processing
M. Anandha Rao

In this chapter, we consider application of rheology to handling and processing
operations. However, it should be noted that there are many situations where rheology
is applied. Earlier, sensory assessment and swallowing of foods were considered in
Chapter 7. Table 8-1 contains some of the phenomena in which rheological behav-
ior plays an important role and the typical shear rates encountered in them. The
latter should also provide guidelines for obtaining the shear rate range over which
rheological data should be obtained.

Table 8-1 Typical Shear Rates of Foods and Pharmaceuticals in Practice*

Phenomenon Shear Rates Application

Sedimentation of particles
Draining under gravity
Extrusion
Calendar ing
Pouring from a bottle
Viscosity assessment by stirring
Viscosity assessment by tilting
Oral viscosity assessment
Dip coating
Mixing and stirring
Pipe flow
Spraying

Flow in upper esophageal sphincter
Water, 1 mPa s
Newtonian, 150 mPa s

10-6-10-3

10-1-101

10°-103

101-102

101-102

50-102

10- 1-102

101-103

101_102

101-103

10°-103

103-105

low-440
low-20

Spices in sauces and dressings
Storage vessels
Snack foods
Dough sheeting
Fluid foods, medicines
Sensory assessment by stirring
Sensory assessment by tilting
Oral sensory assessment
Confectionery
Food processing
Food processing
Spray drying

Swallowing
Swallowing

' Compiled from Sestak et al. (1983) ; Steffe (1996) , and Chapter 7.

427
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Maximum velocity
Radius, r;

Velocity profile

Figure 8-1 Schematic Diagram for Analysis of Laminar Flow in a Tube. Vz is the velocity in the axial
direction, r is the radial coordinate, and r 0 is the radius of the tube.

VELOCITY PROFILES IN TUBES

Equations describing velocity profiles can be used, among other applications, to
study the effect of different rheological models on the distribution of velocities and
to understand the concept of residence-time distribution across the cross-section of a
pipe or a channel.

The velocity profile ofa fluid flowing in a tube can be derived from the relationship:

(8.1)

(8.2)

r

where, Vz is the velocity in the axial direction, r is the radial coordinate, and ro is the
radius of the tube (Figure 8-1). From a simple force balance for tube flow, one can
obtain:

r r dp
arz = aw - = -- -

ro 2 dz

where, arz is the shear stress at any radius r, aw is the magnitude of the shear
stress at the wall (r = ro), p is the pressure, and z is the axial coordinate. Utiliz-
ing Equations 8.1 and 8.2 and noting that in the rheological equations described in
Chapter 2, a = arz and y = (dvz/dr), one can derive equations describing the
velocity profiles for laminar flow in a tube.

The power law model a = K yn, Equation 2.3, has been used extensively in
handling applications. The relationship between the maximum velocity (vzm) and the
average velocity (vz ) for the design of the length of a holding tube of a pasteurizing
system is of special interest:

Vzm

Vz

3n + 1

n+1
(8.3)

For Newtonian and pseudoplastic fluids in laminar flow, one can deduce from
Equation 8.3, the popular relationship that maximum velocity, at most, is equal to



(8.4)

(8.5)

Application ofRheology to Fluid Food Handling 429

Table 8-2 Velocity Profile* and volumetric flow rate equations for power law,
Herschel-Bulkley, and Bingham plastic fluids

Power law model: a = Kyn

Velocity profile": Vz = (_n_) (~P )(1/n) [r.(n/n+1) _ r(n/n+1)]
n + 1 2KL 0

Volumetric flow rate: 1f~g = (n:1) c;f/n

Herschel-Bulkley model: a - ao = KH(y)nH

Velocity profile:!:: Vz = ~p(m2~ 1)K?r [((JW - (J0)(m+1 l - ('~; - (JO) (m+1
l
]

when, ro ::s r ::s ro

. f . Q _ (aw- ao)(m+1) [(aw-ao)2 2ao(aw-ao) a~ ]
Volumetnc low rate. -3 - 3 3 + 2 --1

nro awKtr m+ m+ m+

Note that in the equations for the Herschel-Bulkley model m = (1/nH)

Bingham plastic model: a - ao = r/y

Velocity profile: Vz = ~ [~; ('~ - (2) - (Jo(ro - r)l when, '0 :s r :s '0

Volumetric flow rate: 40 = (J~ [1 _ ~ (ao) + ! (ao)4]
n rg rJ 3 aw 3 aw

*The average velocity can be obtained by dividing the equation for volumetric flow rate by the area of
cross-section of the pipe.
tMaximum velocity occurs at the center line, r = O.
tVelocity profiles are valid for ro ::: r ::: ro, where the radius of plug ro = (2aoL/ti.P); note the subscript of
r is zero. The maximum velocity occurs when 0 < r ::: ro and is obtained by substituting ro for r.

twice the average velocity. In contrast, in the case ofshear thickening (dilatant) fluids,
the maximum velocity would be more than twice the average velocity.

The volumetric flow rate Q is given by the equation:

ra ra

Q= f Ln rv, dr = J( f vz(r)d(r
2

)

o 0

Integrating by parts the second part ofEquation 8.4, and using the boundary condition
v == 0 at r == ro, one can obtain the general equation for the volumetric flow ofa fluid
in a tube:

(
3) (J'w

]fro f 2 (dVz )Q= a~ arz d"; darz

o

Substituting for the shear rate appropriate expressions from different rheological
models, one can derive equations relating Q and pressure drop Sp (Rao, 1995).



(8.6)

(8.7)
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Table 8-2 contains expressions for the velocity profiles and the volumetric flow rates
of the three rheological models : power law, Herschel-Bulkley, and the Bingham
plastic models .

In the case offluids obeying the power-law model, the pressure drop per unit length
/)"P / L is related to Q and ro by the relationship:

/)"P Qn
- ex:--
L r3n+1

o

From this relationship, we see that for Newtonian foods (n = 1) the pressure gradient
is proportional to the (ro)-4 power. Therefore , a small increase in the radius of the
tube will result in a major reduction in the magnitude of the pressure gradient. In
contrast, for a highly pseudoplastic fluid (e.g., n = 0.2), increasing the pipe radius
does not have such a profound effect on the pressure gradient.

ENERGY REQUIREMENTS FOR PUMPING

Mechanical Energy Balance Equation

The energy required to pump a liquid food through a pipe line can be calculated from
the mechanical energy balance (MEB) equation. The MEB equation can be used to
analyze pipe flow systems. For the steady-state flow of an incompressible fluid, the
MEB can be written as follows (Brodkey, 1967):

2 2
PI VZ 1 P2 V Z2

gZI + - + - - W = gZZ + - + - +Ef
pap a

where, g is the acceleration due to gravity, Z is the height above a reference point, p
is the pressure, v is the fluid velocity, W is the work output per unit mass, Ef is the
energy loss per unit mass, a is the kinetic energy correction factor, and the subscripts
1 and 2 refer to two points in the pipe system (e.g., Figure 8-2). In order to accurately

Figure 8-2 Schematic Diagram of Flow System for Application of Mechanical Energy Balance (MEB)
Equation (Redrawn from Steffe and Morgan, 1986).
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estimate the energy required for pumping of a fluid food in a specific piping and
equipment system, the term (- W) (J Kg-I) has to be estimated from Equation 8.7
after the other terms have been evaluated as described next.

The velocities at the entrance and exit of the system can be calculated from the
respective diameters of the tanks or pipes and the volumetric flow rate of the food.
The energy loss term Ef consists of losses due to friction in pipe and that due to
friction in valves and fittings:

(8.8)

where, f is the friction factor, Vz is the velocity, L is the length of straight pipe of
diameter D, kf is the friction coefficient for a fitting, and b is the number of valves
or fittings. It is emphasized that kf is unique to a particular fitting and that different
values of vz , k.r, and f may be required when the system contains pipes of different
diameters. Further, losses due to special equipment, such as heat exchangers, must
be added to Ef (Steffe and Morgan, 1986).

Friction Losses in Pipes

Because many fluid foods are non-Newtonian in nature, estimation of friction losses
(pressure drop) for these fluids in straight pipes and in fittings is of interest. One
can estimate the friction losses in straight pipes and tubes from the magnitude of the
Fanning friction factor, f, defined as:

/),.Pf

p

2jLv;

D
(8.9)

(8.10)

where.j" is the friction factor. For laminar flow conditions, Garcia and Steffe (1987)
suggested that based on the work ofHanks (1978), the friction factor can be calculated
from a single general relationship for fluids that can be described by Newtonian
(a == rry, Equation 2.1), power law (a == K yn, Equation 2.3), and Herschel-Bulkley
(a - aOH == KKynH , Equation 2.5) fluid models.

For fluids that can be described by the power law (Equation 2.3), the generalized
Reynolds number (GRe) can be calculated from the equation:

D
n
v

2
-

n
p ( 4n )nGRe== z -_

8(n-l)K 3n + 1

where, D is the pipe diameter, Vz is the average velocity of the food, p is the density
of the food, and K and n are the power law parameters of frozen concentrated orange
juice (FCOJ). When n == 1, Equation 8.10 reduces to the Reynolds number for a
Newtonian food with viscosity 17:

Dvzp
Re ==--

17
(8.11)
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Figure 8-3 TheFrictionFactor-Generalized ReynoldsNumber(GRe)Relationship forPowerLawFluids
Under LaminarFlow Conditions. It can also be used for Newtonianfluids in laminarflow.

In laminar tube flow, the Fanning friction factor can be calculated from the equation:

16
f= GRe

(8.12)

Figure 8-3 illustrates the friction factor versus GRe relationship for power law fluids
under laminar flow conditions. It can also be used for Newtonian fluids in laminar
flow with the Reynolds number being used in place ofGRe. In fact, the Newtonian!
versus Re relationship was established much earlier than extension to non-Newtonian
fluids. Once the magnitude of the friction factor is known, the pressure drop in a pipe
can be estimated from Equation 12.

For the laminar flow ofa Herschel-Bulkley fluid (a -aOH = KKynH , Equation 2.5),
the friction factor can be written as:

16
f = \IIGRe

(8.13)

(8.14)

where, \IIis related to the yield stress ao and the flow behavior index (n) (Garcia and
Steffe, 1987):

\II = (3n + l)n(1 _ ~ )1+n [0- ~O)2 +2~oO- ~o) +~]
o (3n + 1) (2n + 1) (n + 1)

where,

aO ao
~o=-=---

aw (D~p/4L)
(8.15)

Because of the highly viscous nature of non-Newtonian foods, laminar flow condi-
tions are likely to be encountered more often than turbulent conditions. Nevertheless,
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it is important to be aware of developments with respect to prediction of friction
factors in turbulent flow of non-Newtonian foods. For turbulent flow, except for
Newtonian fluids, the predicted magnitudes of friction factors for non-Newtonian
fluids may differ greatly depending on the relationship employed (Garcia and Steffe,
1987). However, for power law fluids, the relationships ofDodge and Metzner (1959)
and Hanks and Ricks (1974) were found to predict similar magnitudes of the friction
factors. For the Herschel-Bulkley model that is used when non-Newtonian foods
exhibit yield stress, the analysis of Hanks (1978) was found to be the most compre-
hensive, but to use the derived relationship, it is necessary to perform a numerical
integration and several iterations.

Kinetic Energy Losses

In the MEB equation, kinetic energy losses can be calculated easily provided that
the kinetic energy correction factor a can be determined. In turbulent flow, often,
the value of a = 2 is used in the MEB equation. When the flow is laminar and the
fluid is Newtonian, the value of a = 1 is used. Osorio and Steffe (1984) showed
that for fluids that follow the Herschel-Bulkley model, the value of a in laminar
flow depends on both the flow behavior index (n) and the dimensionless yield stress
(~o) defined above. They developed an analytical expression and also presented their
results in graphical form for a as a function of the flow behavior index (n) and the
dimensionless yield stress (~o). When possible, the values presented by Osorio and
Steffe (1984) should be used. For FCOJ samples that do not exhibit yield stress and
are mildly shear-thinning, it seems reasonable to use a value of a = 1.

Friction Loss Coefficients for Fittings

Steffe et al. (1984) determined magnitudes of the coefficient of for a fully open plug
valve, a tee with flow from line to branch, and a ninety degree short elbow as a function
of GRe using apple sauce as the test fluid. They found that, as for Newtonian fluids,
k.r increases with decreasing values of GRe. The regression equations for the three
fittings were:

three-way plug valve kf = 30.3 GRe-0.492

tee kf = 29.4 GRe-O.504

elbow k.r = 191.0 GRe-O.896

(8.16)

(8.17)

(8.18)

In many instances, the practice is to employ values determined for Newtonian fluids,
such as those in the Chemical Engineers' Handbook.

PUMP SELECTION AND PIPE SIZING

Steffe and Morgan (1986) discussed in detail the selection of pumps and the sizing
of pipes for non-Newtonian fluids. Preliminary selection of a pump is based on the
volumetric pumping capacity only from data provided by the manufacturers ofpumps.
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Effectiveviscosity rJe was definedby Skelland(1967)as the viscositythat is obtained
assumingthat the Hagen-Poiseuille equationfor laminarflow of Newtonianfluids is
applicable:

[
(D~p/4L) ]

rJe == (32Q/rrD3)
(8.19)

An alternateform of Equation8.17 in terms of the mass flow rate, m, and the friction
factor, I, is

1m
rJe == 4rrD (8.20)

In calculating rJe fromEquation8.19, either the port size of a pumpor the dimensions
of the assumed pipe size can be used. Based on the magnitude of rJe, the suitability
of the pump volumetric size must be verified from plots of effectiveviscosityversus
volumetricflowrate. It is emphasizedthat a pump size is assumedbasedon the volu-
metric pumping requirements and the assumption is verified by performingdetailed
calculations.

A comprehensive example for sizing a pump and piping for a non-Newtonian
fluid whose rheological behavior can be described by the Herschel-Bulkley model
(Equation2.5) was developedby Steffeand Morgan(1986) for the system shown in
Figure 8-2 and it is summarizedin the following. The Herschel-Bulkleyparameters
were: yield stress == 157 Pa, flow behavior index == 0.45, consistencycoefficient ==
5.20 Pa «.

Pump Discharge Pressure

The discharge pressureof the pump can be calculatedby applyingthe MEB equation
between the pump discharge and the exit point of the system so that the upper seal
pressurelimitsarenotexceeded. TheMEBequationfor thispurposecanbe writtenas:

(8.21 )

The energy loss due to friction in the pipe, valve, and fittings was estimated to
be 329.0J kg-I, and the discharge pressure of the pump, PI, was estimated to be
4.42 x 105 Pa (Steffeand Morgan, 1986).

Power Requirements for Pumping

The totalpower requirements for pumpingare calculatedby addingthe hydraulicand
the viscouspowerrequirements. The formercanbe estimatedfromthe MEBequation
written for the work input, - W. We note thatPI == P2 and that Ef includesnot only
the friction losses on the discharge sectionbut also the inlet section. The formerwas,
as stated earlier, estimated to be 329.0 J kg-I, while the latter was estimated to be
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24.7 Jkg-1by applying the MEB equation between the exit of the tank and the pump
inlet. The work input (- W) was estimated to be 380.0 Jkg-1 and because the mass
flow rate was 1.97 kg s-1 , the hydraulic power input was estimated to be 749.0 Js-1
or 0.749 kW. For estimating the viscous power requirements due to energy losses
in the pump due to friction, the operating speed and the effective viscosity of the
fluid food must be calculated. The former can be calculated from the displacement
volume per revolution of the pump and the required volumetric flow, while the latter
can be calculated from Equation 8.18. For a size 30 Waukesha pump, the volumetric
displacement per revolution is 2.27 x 10-4 m3 s-1 and hence the pump speed was
417 rpm, while the equivalent viscosity for the fluid food under consideration was
0.703 Pa s (Steffe and Morgan, 1986). The energy losses in the pump were estimated
from the manufacturer's data to be 0.835 kW. Therefore, the sum ofthe hydraulic and
the viscous losses were 1.58 kW or 2.12 hp. These data allow selection of a suitable
motor and drive system. In this example, pipe size was based on the pump port's
diameter. It may also be based on plans for future expansion and ease of cleaning.

POWER CONSUMPTION IN AGITATION

Mixing, also called agitation, of fluid foods is an important operation in food pro-
cessing plants. The goals of a mixing operation include: homogenization, dispersion,
suspension, blending, and heat exchange. Several types of agitators are used in the
food industry and many, undoubtedly, are proprietary designs. Agitators used in the
dairy industry were classified as (Kalkschmidt, 1977):. propellers: screw, edge, and
ring; under stirrers: disc, cross bar, paddle, anchor, blade, gate-paddle, spiral, and
finger-paddle, and moving cutters. For the purpose ofillustration, the commonly used
anchor agitator is shown in Figure 8--4. Sometimes, vertical baffles placed along the
circumference of a mixing tank, are used to avoid vortex formation at high rotational
speeds in low-viscosity foods.

It is important to match the agitator and agitation conditions to the characteristics
of the product. For example, agitators for intact fruit must not shear or damage
the product. Even in a low-viscosity fluid, like milk, the type of agitator, and its
dimensions and rotational speed are important. After studying the mixing efficiency
of two top-entering agitators: straight paddle and pitched blade impeller at various
rotational speeds in milk storage tanks, Miller (1981) recommended a simple two-
bladed paddle for use in cylindrical vessels. Because damage to milk fat globules can
occur at high rotational speeds (e.g., 150 rpm), the lowest speed capable ofproviding
the required mixing effect should be selected.

Role of Flow Behavior in Agitation

The energy consumption in agitation depends on the basic principles offluid mechan-
ics; however, the flow patterns in a mixing vessel are much too complex for their
rigorous application. Therefore, empirical relationships based on dimensionless
groups are used. Here, because most fluid foods are non-Newtonian in nature, the
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Figure 8-4 Schematic Diagram of an Anchor Agitator.

discussion emphasizes in-tank agitation of such fluids using top-entering agitators.
A major complication is that the shear rate (y) is not uniform in an agitated ves-
sel. For example, it has highest value at the point of highest fluid velocity; such
a point occurs at the tip of the rotating agitator and decreases with increasing
distance.

Henry Rushton and coworkers developed the concept of the power number (Po)
for studying mixing of fluids that for Newtonian fluids is defined as:

p
Po:= ---

DiN~p

where, P is power (P := 2n Na x T), (J s-I), Da is agitator diameter (m), T is torque
on agitator (Nm), N, is agitator speed (s-I), and p is the density of orange juice
(kg m-3) . Several types of agitators, some with proprietary designs, are used in the
food industry.

In laminar mixing conditions ofNewtonian fluids, Po is linearly related to agitator
rotational Reynolds number, Rea:

where, A is a constant and,

A
Po:=-

Rea
(8.23)

(8.24)
D;NaP

Rea:= ---
n

The value of the constant A depends on the type of agitator. Laminar mixing condi-
tions are encountered as long as Rea is less than about 10.

For a non-Newtonian food, the viscosity is not constant, but depends on the shear
due to agitation. Therefore, for FeDJ and other non-Newtonian fluids we would like
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Figure 8-5 Curves of Power Law Agitation Reynolds Number (Repl) versus Power Number (Po) for
Several Agitators, Adapted From Skelland (1967). Curve A-single turbine with 6 flat blades, B-two
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with 3 blades with shaft vertical and shaft 10°C from vertical, respectively, F and G-square-pitch marine
propeller with shaft vertical and with 3 blades and 4 blades, respectively, and H-anchor agitator.

to define an agitator Reynolds number that can be used in place ofRea to estimate Po
from data presented in Figure 8-5. For fluids that follow the power law flow model,
Metzner and Otto (1957), suggested a generalized Reynolds number for mixing:

D;N2
-
n
P ( n )nRemo == 8 ---

K 6n+2
(8.25)

However, Remo has not found wide acceptance because of deviations between pre-
dicted and experimental values of Po. A widely accepted procedure assumes that
the average shear rate during mixing is directly proportional to the agitator rotational
speed, Ns; that is,

(8.26)

and the apparent viscosity is:

(8.27)

(8.28)

Substituting the expression for apparent viscosity in the rotational Reynolds number
for Newtonian fluids, Rea == DiNaP/11, the power law agitation Reynolds number is:

D2N2- np
Re - a a

pl - K (ks)n- l
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The curves ofRep1versus Po for several agitators, adapted from Skelland (1967), are
shown in Figure 8-5. It is emphasized that each line in Figure 8-5 is valid for a specific
agitator, its orientation and dimensions, and the mixing tank dimensions, as well as
the configuration of the tank's baffles. Given the strong likelihood of proprietary
agitator designs and mixing tanks in food processing plants, it would be advisable to
develop Repl versus Po data for agitation systems being used for a specific food.

Once the magnitude of the power law agitation Reynolds number (Repl) is known,
assuming that it is equal to Rea, the corresponding value ofthe (Po) can be determined
from the applicable curve for the specific agitator, such as Figure 8-5 or similar data.
From the known values of Po, the diameter of the agitator (Da) , agitator rotational
speed (Na), and the density (p) ofFCOJ, the power required (p) for agitation can be
calculated.

Estimation of the Constant ks of an Agitator

Procedures for determining ks of a specific agitator and mixing tank can be found
in (Rao and Cooley, 1984). In one procedure (Rieger and Novak, 1973; Rao and
Cooley, 1984), the constant ks can be determined from a plot of log [p/KN;+ID~]

versus (1 - n); the slope of the line is equal to - log ks. For a given agitator, tests
must be conducted such that the following data are obtained: P, the power (P =
Ln N; x T)(Js), D a, agitator diameter (m), T is torque on agitator (Nm), Na is agitator
speed (s-I), and the power law rheological parameters of test fluids so that a wide
range of (1 - n) values are obtained. Typical values of the proportionality constant
ks for chemical industry impellers range from about 10 to 13 (Skelland, 1967).

Scale up of mixing vessels is an important task of engineers. Scale-up of mixing
vessels, requires prediction of the rotational speed, Na2, in Scale 2 that will duplicate
the performance in Scale 1 due to agitation at a speed ofNa1. An important assump-
tion in scale-up is geometric similarity that is achieved when all corresponding linear
dimensions in Scale 1 and Scale 2 have a constant ratio. One popular scale-up cri-
terion is based on equal power per volume, P V-I, because it is understandable
and practical. Other scale-up criteria, include (Wilkens et aI., 2003): equal agita-
tion Reynolds number, equal impeller tip speed, equal bulk fluid velocity, and equal
blend time. An additional consideration is the high cost, both capital and operating,
of high-speed mixing systems. Therefore, the highest rotational speed Na2 esti-
mated using the above criteria may not be an economical option for implementation
(Wilkens et aI., 2003).

RESIDENCE TIME DISTRIBUTION IN ASEPTIC
PROCESSING SYSTEMS

In flow systems not all fluid and solid food particles remain for the same time peri-
ods, that is, the particles have a distribution of residence times. Danckwerts (1953)
proposed the concept of residence time distribution (RTD), and the theoretical and
experimental principles ofRTD have been well reviewed by Levenspiel (1972) and
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Himmelblau and Bischoff (1968). The RTD functions and the role of RTD in con-
tinuous pasteurization systems was reviewed (Rao and Loncin, 1974a, 1974b). Here
only the necessary principles ofRTD are discussed and for additional information the
above references must be consulted.

First, we note that with few exceptions RTD studies represent lumped param-
eter analysis. Only in a few instances, such as that of fully developed laminar
flow of fluids in tubes, one can attempt distributed parameter analysis in that the
expressions for the RTD functions C and F can be derived from known velocity
profiles.

Experimental RTD data on any equipment can be obtained by imposing at the inlet
a pulse, step or sinusoidal impulse and monitoring the response at the outlet. The
tracer used must have physical properties such as density and viscosity similar to the
test fluid food, and it should not in any manner alter the properties of the test fluid
food. The sinusoidal impulse and response require more care and "sophisticated"
equipment than the pulse and the step inputs. The response to a pulse impulse is
called a C-curve, while the response to a step change is called a F -curve. For a closed
vessel, that is, in which material passes in and out by bulk flow (i.e., no diffusion at
inlet and outlet) the Cand F functions are related as:

dF
C (e) = de

One measure of the distribution ofresidence times (ages) of the fluid elements within
a reactor is the E-function, defined so that E de is the fraction of material in the
exit stream with age between hand h + de (Levenspiel, 1972). It can be shown
(Levenspiel, 1972) that the C and E functions are identical, and that for an isothermal
process the ratio ofthe final (C) to initial (Co) concentrations ofeither microorganisms
or nutrients can be determined from the expression:

00

~ = fexp (_ 2.303t) E(t) dt
Co D(T)

o

where, D(T) is the D-value ofthe microorganism or a nutrient at a temperature T. For
a non-isothermal process, (C ICo) can be determined by recognizing that the D-value
is dependent on temperature and taking this dependence into consideration. At this
point we note that E(t) = [E(e) It] is used in estimating the number of survivors or
percent nutrient retention according to Equation 8.30.

Interpretation of RTD Data

Experimental RTD studies are usually interpreted in terms of the dispersion model
(Equation 8.31) or the equal sized tanks in series model (Equation 8.33).

ac (D) a2c ac
at) = vI ax2 - ax
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where:

z t tv disnersi f .X == -, () == = == -, and D == rspersion coef icient
L t L

N (N())N-l
C(()) == e-N/B

(N - 1)

The former model is usually employed for flows in tubes and thus should be applicable
to the interpretation of RTD in holding tubes. The theoretical RTD for laminar flow
ofNewtonian fluids can be derived as:

1
C(()) == E (()) == -3

2()
(8.34)

(8.35)

(8.3)

For non-Newtonian fluids that can be described by the power law model, Lin (1979)
showed that the RTD is given by the expression:

E () == dF(()) ==~~ (1 _~~)(n-l)/(n+l)
( ) dB 3n + 1 B3 3n + 1B

This expression derived by Lin (1979) appears to be correct and needs to be tested
with experimental data. There are a number of models for non-ideal flows, that is,
flows that fall between the ideal conditions of a perfect mixer and plug flow. Some
of the models for non-ideal flow were discussed in Levenspiel (1972) and Rao and
Loncin (1974a).

Sizing Holding Tube Length

Holding tubes play an important role in thermal processing of fluid foods in HTST
or aseptic flow systems. One simple but important relationship for determining the
length of a holding tube (L) is based on the residence time of the fastest particle, that
is, L == Vzm x holding time. Because the average velocity (vz ) of a fluid food can
be readily calculated in many instances, a relationship between Vz and Vzm will be
useful. Such a relationship applicable for the fully developed laminar flow of fluid
foods obeying the power law model was given earlier:

Vz ( n + 1 )
Vzm == 3n + 1

For the special case of a Newtonian fluid (n == 1), Vzm == 2 x (vz ) ; this relationship
provides a safe design criterion for Newtonian fluids and shear thinning fluids in
laminar and turbulent flow, but it will not provide a safe design for shear-thickening
(dilatant) fluids. Even though there have been few reliable reports on shear-thickening
(dilatant) behavior of fluid foods, the absence of such behavior must be confirmed
by proper rheological tests in order to avoid under processing of fluid foods in
holding tubes.

In practical terms, the Food Drug Administration requires that holding tubes have
positive slope of at least 0.25 inch per foot to avoid dead spaces. Also, to conserve
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plant space holding tubes are coiled. Therefore, one can expect the flow conditions
in holding tubes to be far from those in fully developed laminar flow in straight tubes
with the result that the maximum velocities are less than twice the average velocities.
The experimental data of Sancho and Rao (1992), to be discussed later, confirm the
deviations from ideal fully developed laminar flow.

Experimental RTD Data

Most ofthe RTD data on thermal processing flow systems found in the literature were
obtained using water as the test fluid. For a plate heat exchanger, Roig et al. (1976)
found that the RTD data could be fitted with five tanks-in-series model. Veerkamp
et al. (1974) also found that the RTD data in a holding tube could be fitted with the
tanks- in-series model.

Heppell (1985) demonstrated that milk has a broader RTD than water in an infusion
type UHT sterilizer . Therefore, it is necessary to perform RTD studies on holding
tubes and heat exchangers with either fluid foods that are to be processed or with model
solutions that possess physical and rheological properties similar to the fluid foods.
Sancho and Rao (1992) found that the maximum velocities in a holding tube were
less than those estimated from fully developed flow assumption for both Newtonian
and non-Newtonian fluids. Magnitudes of the dispersion number (D/vDp) shown in
Figure 8-6 as a function of the Reynolds number for the Newtonian liquids and the
generalized Reynolds number for the non-Newtonian liquids followed three distinct
trends depending on the magnitude of Re or ORe (ReGen)(Sancho and Rao, 1992):
(1) over the range 10-100, the dispersion number was nearly constant, (2) over the
range 100-2,000, the dispersion number increased with increase in Reynolds number,
and (3) over the range 2,000-10,000, the dispersion number decreased with increase
in Reynolds number. Because the rheological behavior ofthe studied non-Newtonian
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Figure 8-6 Magnitudes of the Dispersion Number (D/vd) are Shown as a Function of the Reynolds
Number for the Newtonian Liquids and the Generalized Reynolds Number for Non-Newtonian Fluids
(Sancho and Rao, 1992).
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guar gum solutions was known, interpretation of the data in terms of the generalized
Reynolds number and grouping together with the Newtonian fluid data were possible.

Helical Flow

It is known that plug flow conditions are approached in laminar helical flow and for
this reason Rao and Loncin (1974a) suggested that this type of flow could be used
advantageously in continuous sterilization of foods. It is interesting to note that one
continuous thermal processing system in which plug flow conditions are claimed to
exist is based on helical flow (Anonymous, undated).

HEAT TRANSFER TO FLUID FOODS

Thermorheological Models

In order to understand or study heat transfer phenomenon, the rheological behavior
of a fluid food must be known as a function of both temperature and shear rate. For
convenience in computations, the effect of shear and temperature may be combined
in to a single thermorheological (TR) model. A TR model may be defined as one
that has been derived from rheological data obtained as a function of both shear
rate and temperature. Such models can be used to calculate the apparent viscosity at
different shear rates and temperatures in computer simulation and food engineering
applications. For a simple Newtonian fluid, because the viscosity, 1], is independent
of shear rate, one may consider only the influence of temperature on the viscosity.
For many foods, the Arrhenius equation (Equation 2.42) is suitable for describing the
effect of temperature on 1]:

1] == 1]ooA exp(Ea / RT) (2.42)

where, 1]ooA is the frequency factor, Ea is the activation energy (J mor '), R is the
gas constant (J mor ' K- 1) , and T is the absolute temperature (K).

As stated previously, for non-Newtonian foods, the simple power law model
(Equation 2.3) can be used to describe shear rate (y) versus shear stress (a) data
at a fixed temperature:

(2.3)

where, n is the flow behavior index (dimensionless) and K (Pa s") is the consistency
index. Two very similar TR equations have been obtained by combining the power
law and the Arrhenius equations. The equation obtained by Christiansen and Craig
(1962) was:

a == Krc(Y exp{Eac/RT})n (8.36)

The second equation commonly encountered in the food engineering literature and
that has been used in several studies (Harper and EI-Sahrigi, 1965; Rao et al., 1981;
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Vitali and Rao, 1984a, 1984b) is:

a = KTH exp(EaH/RT)yn (8.37)

In both Equations 8.36 and 8.37, ii is the average value of the flow behavior index
for data at all the studied temperatures. Vitali and Rao (1984a, 1984b) showed that
the activation energy terms in Equations 3 and 4 are related according to:

(8.38)

Thermorheogy of Starch Dispersions

In many foods, such as soups, salad dressings, gravies, and sauces, starch is present in
excess water conditions. Because of the drastic increase in magnitude ofthe apparent
viscosity (rJa) after the initial temperature ofgelatinization is achieved, the rheological
behavior of starch in excess water during the transition from fluid-like to highly
viscous behavior affects heat transfer during food thermal processing. Further, in
dispersions of native starches, the increase is followed by an irreversible decrease in
viscosity. Thus, starch gelatinization contributes to unique and complex transitions
in viscosity discussed extensively in Yang and Rao (1998a), Liao et aI. (1999), and
Tattiyakul and Rao (2000).

Most models of starch gelatinization were developed under isothermal condi-
tions, based on apparent first-order kinetics and the Arrhenius equation to describe
the effect of temperature on the gelatinization rate (Kubota et aI., 1979; Dolan
and Steffe, 1990; Kokini et aI., 1992; Okechukwu and Rao, 1996). Because of
the temperature history imposed during thermal processing, data obtained under
isothermal conditions may not be suitable to describe changes in YJa during gelatini-
zation. In addition to the temperature of the starch sample, shear rate or dynamic
frequency has a significant effect on YJa or complex viscosity (YJ*), respectively.

Model ofDolan et ale (1989)

A comprehensive TR model taking into consideration the effect of time
(t)-temperature (T) history was developed by Dolan et al. (1989). The model for
constant shear rate and starch concentration is:

where,

rJa - rJug a
rJdim = = [1 - exp( -k\ll)]

Ilo: - rJug

\II = fT(t) exp ( -E
g

) dt
RT(t)

(8.39)

(8.40)

where, YJdim is dimensionless apparent viscosity defined in Equation 8.37, tt« is
apparent viscosity at a specific time during heating, rJug is apparent viscosity of
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Figure 8-7 Thermorheological Data During Gelatinization of a Com Starch Dispersion(Yangand Rao,
1998b).

the ungelatinized dispersion, and 1]00 is the highest magnitude of 1]a during gelatini-
zation. The model was extended to include the influence of shear rate, temperature,
concentration, and strain history (Dolan and Steffe, 1990). Data obtained using back
extrusion and mixer viscometers were used to evaluate the models. The activation
energy ofgelatinization (Eg) depended on the heating temperature (Dolan et aI., 1989)
and some of the factors affecting viscosity were negligible (Dolan and Steffe, 1990).
Applicability ofEquation 8.38 to 1]* data during gelatinization ofa 8% corn STD was
demonstrated in Chapter 4.

Model ofYang and Rao (1998)

Because 1]* data are obtained at low strains with minimal alteration of the STD
structure, they provide unique opportunities for studying applicable models. Further,
empirically obtained frequency shift factor (Ferry, 1980) has been used successfully
in time-temperature superposition studies on food polymer dispersions (Lopes da
Silva et aI., 1994), and the applicability ofsimilar, ifnot identical, scaling offrequency
was explored for STDs (Yang and Rao, 1998a).

For fluid dynamics and heat transfer investigations related to food processing,
the necessary 1Ja data may be obtained from models developed for 1J* data using
relationships based on the Cox-Merz rule (Rao, 1992; Rao and Cooley, 1992). These
results were described in detail elsewhere (Yang, 1997; Yang and Rao, 1998, 1998b,
1998c) and will be reviewed in brief here.

The averaged experimental TR data, shown in Figure 8-7, were used to fit models
for numerical simulation of heat transfer. Our first attempt was to fit equations to
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each segment in Figure 8-7. The increasing segment (A-B) of the 1]* curve that was
sigmoid shaped was fitted to a modified Oswin model (Equation 8.41):

(

W ) ( T )6.208
1]* - == 7.4 x 10-6 ;

Wr 100 - T
R2 == 0.99 (8.41)

The segment (B-C) from 89.5 to 92.5°C, that contained the end of increase
in viscosity section, the peak viscosity value, and beginning of the decreas-
ing part of the viscosity curve was well described by a third order polynomial
(Equation 8.42).

'1* (:r) = -69122.86 + 2244.36T - 24.28T2 + 0.088T3
; R2 = 0.99 (8.42)

It is emphasized that rheological data described by Equations 8.41 and 8.42 ofa STD
cannot be predicted a priori and must be obtained experimentally. Because viscosities
at :::: 95°C were severely affected by water evaporation in the rheometer (Yang and
Rao, 1998a), for temperatures from 95 to 121°C (retort temperature) (C-D), the
decrease in magnitudes of the 1]* with increase in temperature was assumed to follow
an Arrhenius equation (Equation 8.43).

* ( W ) [227.1 x 10
3

( 1 1)]1] - == 4.11 exp - - -- ;
Wr R T 366.1

R2 == 0.97 (8.43)

Because of the availability of reliable TR data from 65 to 95°C during gelatiniza-
tion (Equations 8.42 and 8.43), as well as of both the experimental heat penetration
data and computer simulation based temperatures, it was considered safe to assume
the temperature profile described by Equation 8.43 from 95 to 121°C. Comparison
of the numerically calculated temperatures with the experimental profiles to be dis-
cussed strongly support the assumption of an Arrhenius model (Equation 8.41) for
the magnitudes of 1]a from 95 to 121°C.

In Equation 8.43, the reference temperature 366.1K was the mean value oftemper-
atures of the decreasing segment of 1]*. The value ofEa in Equation 8.41 determined
to be 227.1 kJ mor ' is higher compared to those reported for gelatinized com starch
at lower temperatures. Given the large decrease in viscosity, the value ofEa is reason-
able and it is in good agreement with the value of Eag == 240 kJ mol- 1 in the model
of Dolan et al. (1989) for the increasing viscosity segment (Yang and Rao, 1998a).
The decrease in viscosity with increasing temperature that occurs just after the peak
viscosity has been reached is due to the decrease in starch granule size as a result
of granule disruption and with Eag == 240 kJ mor '. In contrast, for the same STD
sample after it was heated up to 95°C and cooled to 25°C, that is, after granule rupture
has been completed, the value of Ea determined from the viscosities measured at 35
and 75°C was 14.5 kJ mor '.
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Tattiyakul (2001) derived a single equation to describe the data in Figure 8-7:

( (
T )6.208)

rJ*(T) = 7.4 x 10-6 [H(T - 65.0) - H(T - 89.5)]
100 - T

+(-69122.86 + 2244.36T - 24.28T2 + 0.088T3)[H(T - 89.5) - H(T - 95.0)]

( [
227.1 x 10

3
(1 1 )])+ 4.11 exp - - -- [H(T - 95.0) - H(T - 121.0)]

R T 366.1
(8.44)

where, H (x) is the Heaviside step function that equals to zero when x is less than zero
and one when x is greater or equals to zero.

In general, other native starch dispersions will be exhibit similar viscosity versus
temperature profiles as in Figure 8-7, while cross-linked starch dispersions, due to
limited granule rupture, will not exhibit a sharp decrease in viscosity of the segment
CD. The n" versus T profiles of a 5% CWM STD obtained at values of to from 1.26
to 31.38 rad s-l, 3% strain, and a heating rate of2.1°C min- 1 (Figure 8-8) followed
the equation (Tattiyakul and Rao, 2000):

where, rJ;eak is the average peak complex viscosity at temperature Tp, which was
equal to 6.9 Pa s at Tp = 64°C in this experiment, To is the gelatinization onset
temperature; To = 60°C, ml, m». and m3 are constants with values: 0.0674, 2.332,
and 2.1, respectively. Equation 8.45 had R2 = 0.992 and Chi square value 2.57.

Yang and Rao (1998a) used a modified Cox-Merz rule (Equation 8.46) to deter-
mine the parameters relating the dynamic and steady shear data, and a TR model for
apparent viscosity was derived, Equation 8.47.

rJ*(W) = C[rJ(y)]a'lw=y

rya = [C'ry*(T) (~ ) r'
(8.46)

(8.47)

where, n" is complex viscosity (Pa s) at frequency W (rad s-I), tt« is apparent vis-
cosity (Pa s) at y the shear rate (s-I), C is a constant, a is the shift factor, C' is
C-1, a' is a-I, Yr is the reference shear rate, and n" (T) is experimental complex
viscosity data expressed as either a polynomial or a modified Oswin function, and
temperature (T) is the independent variable. Equation 8.47 is a convenient TR model
to numerically simulate thermal and other food processing problems. Based on data
at 25°C (Figure 8-9), the constant C and shift factor a of the modified Cox-Merz
rule were found to be 2.07 and 1.01, respectively.
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Figure 8-9 Modified Cox-Merz Rule for a Gelatinized Starch Dispersion (Yang and Rao, 1998b).

CONTINUOUS FLOW STERILIZATION

Heat Transfer to Shear-Thinning Fluids

Many fluid foods are sterilized during flow in tubular heat exchangers. Pioneering
theoretical studies were conducted on heating or cooling at constant wall tempera-
ture along the length of heat exchanger whose results are of interest to continuous
flow sterilization ofNewtonian and non-Newtonian fluid foods (Graetz, 1883; Lyche
and Bird, 1956; Wissler and Schechter, 1959). To obtain theoretical solutions, those
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Figure 8-10 Tubular Sterilizer with only Heating and Cooling Sections (Liao , 1998).

studies were based on the assumption oftemperature independent physical properties.
Two TR expressions have been introduced (Kwant et aI., 1973): isoviscous and
non-isoviscous flows. Isoviscous flow is defined as flow ofa fluid with a temperature-
independent physical properties so that the velocity fields remain constant throughout
the heat transfer section of a heat exchanger; non-isoviscous flow is defined as flow
of a fluid with temperature-dependent rheological behavior. Using numerical pro-
cedures, Christiansen and Craig (1962) obtained more realistic velocity profiles by
using a combined power law and Arrhenius equations, Equation 8.36, in which the
effect of temperature upon the rheological properties of the fluid being heated was
incorporated.

Physical Model of Non-Isothermal Laminar Flow Tube Sterilizer

Simpson and Williams (1974) studied a continuous sterilizer without a holding sec-
tion, consisting of just a heating and a cooling section, illustrated in Figure 8-10
(Liao, 1998). The fluid food was pumped at an initial temperature (To, arbitrarily
selected as 25°C) with a fully developed velocity profile throughout the cross-section
at the entrance of the tube is shown in Figure 8-9. The heating section was held at a
constant wall temperature (Tw ) and was terminated when the accumulated lethality
value on the centerline reached 5.0 min, which is close to the practical thermal process
design criteria in the food industry. At the end of the heating section, the heated fluid
food was immediately cooled in a cooling section also held at another constant wall
temperature of 25°C, also arbitrarily selected. The analyses of this and other studies
on continuous sterilization (Kumar and Bhattacharaya, 1991; Liao et aI., 2000) were
based on the assumptions: The flow is at a steady state. The flow is assumed to
be rectilinear and axisymmetric about the center line which makes the problem two
dimensional instead of three dimensional. The fluid thermal conductivity, specific
heat, and density are independent of temperature and pressure . At the entrance to
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the heat transfer section, the flow has a uniform temperature and is fully developed.
Thermal energy generation in the fluid by viscous dissipation or by any reaction
is negligible. The fluid is heated (or cooled) at constant wall temperature. Natural
convection effects are negligible. The fluid is considered to be homogeneous and
there is no slip at the wall.

Simpson and Williams (1974) pointed out that the most important effect of the
non-isothermal nature of the process is that radial temperature gradients will cause
radial viscosity gradients leading to considerable distortion of the velocity profiles.
They developed methods for the design of continuous sterilization equipment for
pseudoplastic fluids with and without temperature dependent rheology and recom-
mended a total dimensionless length (~) of 1.2 with 0.8 for the heating section and
the remaining 0.4 for the cooling section:

~ = (za/r5vz) (8.48)

This dimensionless length is valid within ±2% for 0.3 ::: n ::: 1.0 and -4 < 1/J < 4,
and the strength of coupling of the momentum and energy transport equations was
characterized by the equation:

1/1 = Ea (~ __1 )
R To Tw

(8.49)

Results similar to those of Simpson and Williams were obtained by Kumar and
Bhattacharaya (1991).

Continuous Sterilization of a Fluid Food Containing Starch

During thermal processing, the viscosity ofa starch-containing fluid can increase dras-
tically with temperature because of the amylose released and starch granule swelling
after the initial temperature of gelatinization has been reached. After the dispersion
has attained its maximum viscosity, the granules start to rupture so that the viscos-
ity decreases with temperature (Okechukwu and Rao, 1995; Yang and Rao, 1998a).
Therefore, the TR model obtained by combining the power law model with the Arrhe-
nius equation (Equations 8.36 and 8.37) fails to describe completely the rheological
behavior of starch-containing fluids during the course of gelatinization.

Liao (1998) studied continuous sterilization of a 4% waxy rice starch dispersion
(Figure 8-11). Based on experimental rheological data, the TR data (Figure 8-10)
applicable to the fluid flowing in the heating section was obtained using the method-
ology of Yang and Rao (1998a). A single straight tubular heat exchanger (Figure
8-9) in which the starch-containing fluid was first heated and then cooled over an
additional length of 10m. Since starch gelatinization is irreversible and there was
no other phase transition of the gelatinized starch paste after it entered the cooling
section, the Arrhenius equation describing the effect of temperature and a power law
type of equation were applied to the fluid in the cooling section.

(
E ) (a )n-l

11a = 110 exp R~ a~ (8.50)
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Figure 8-11 Thermorheological Data During Gelatinization of a Waxy Rice Starch Dispersion (Liao,
1998).

The starch dispersion was considered to exhibit Newtonian behavior before gela-
tinization because ofhigh water content of the starch dispersion. Computations were
carried out for two tube diameters: 0.018 and 0.024 m, flow rates: 1.0 and 1.5 Lmin" ",
and two heating wall temperatures: 139 and 145°C. The changes in the other physi-
cal properties with temperature were neglected since the variation was not significant
compared with the drastic change ofviscosity with temperature during gelatinization.
Density (971.83 kg m-3) , specific heat (4,199 J kg"! K- I ) , and thermal conductivity
(0.668 W m- I K- I ) were assumed to be constant and to be the same as those of
water at 80°C.

The governing conservation equations and the boundary conditions in non-
isothermal laminar tube flow can be formulated as follows:

Continuity equation

avz 1 a
- + --(rvr ) = 0
az r ar

Momentum equation

(
aVz aVz ) 1 a aazz

p Vz - + vr - = --(rarz ) +--
az ar r ar az

(
aVr avr) 1 a aarz

p Vz - +vr - = --(rarr) +--
az ar r ar az

(8.51)

(8.52)

(8.53)
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The stress components in Equations 8.52 and 8.53 are given by:

_ (avz avr )arz -1] - +-ar az
avz

azz = -p + 21]1]-az
aVr

arr = -p + 21]-ar
The energy equation is:

pc (vz aT +vr aT) = k[~~ (raT) + a2T]

P az ar r ar ar az2

The boundary conditions for the equations are:

Atz = 0; 0 < r< ro, Vz = Vz Cnn:/) [1- (~) (n+l)/n],

Vr =°and T = To.

(8.54)

(8.55)

(8.56)

(8.57)

At z ~ 0, r= ro, Vz = 0, Vr = 0, and T= Tw , and at z ~ 0, r= 0, Vr = 0.
A commercial Computational Fluid Dynamics package (FIDAP Version 7.6, Fluid

Dynamics International, Evanston, IL) based on the finite element method was used to
solve the governing continuity, momentum and heat transport equations. A mesh was
defined with more nodes near the wall and the entrance of the tubular heat exchanger
to resolve the larger variations of temperature and velocities near the wall and the
entrance.

Analysis ofthe Heating Section

Some of the results from Liao (1998) are presented and more details can be found
in the thesis and in Liao et al. (2000). As the fluid flowed in the heating section,
the fluid near the wall was heated first and later the thermal energy front traveled
in the radial direction. The radial viscosity gradient thus caused the flow profiles to
distort considerably. Figure 8-12 shows the centerline velocities and temperatures in
dimensionless form along the length of the tube; the sharp increase in velocity at the
beginning of heating and cooling sections is to be noted.

The maximum velocity was always on the centerline as expected and was higher
than the average velocity by as much as 4.2 times the average value at the beginning
of the heating section. As the fluid continued traveling along the tube, the centerline
velocity decreased to almost the same magnitude as the average velocity. The profile
became much flatter and tended towards plug-flow. The portion of the flow blunted
is relevant to the TR behavior caused by gelatinization of starch and the bluntness
increased as the fluid traveled further in the heating section. As the temperature
on the centerline reached the initial temperature of starch gelatinization, which is
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Figure 8-12 Dimensionless Axial Velocity and Temperature on the Centerline Along the Length of the
Tube, ro == 0.012 m; T == 145°C; Q == 1 L min-I. Note the sharp increase in velocity at the beginning of
heating and cooling sections.

about 62°C, and the viscosity of the fluid traveled on the centerline began to be
dependent on temperature, the plug-flow was completely developed « == 0.24). At
this axial location , the starch-containing fluid traveled along the centerline began to
gelatinize.

As pointed out by Simpson and Williams (1974), the blunting effect caused
by the pseudoplasticity of the fluid increased the total probability of sterility by
some twenty orders of magnitude with the incorrect assumption that the food was
Newtonian.

Analysis ofCooling Section

When the heated fluid entered the cooling section, the temperature of the fluid travel-
ing near the tube wall decreased rapidly causing the viscosity of the fluid to increase.
Again, this spatial variation in viscosity forced the fluid traveling away from the wall
to move faster; consequently, the maximum centerline velocity was approximately
5-8 times the average value (Figure 8-12). The temperature on the centerline con-
tinued to increase in the initial part of the cooling section and it was high enough
for effective sterilization. The additional lethality gained in the cooling section could
contribute towards additional food safety which makes the design more conservative.

Length ofHeating Section

Simpson and Williams (1974) assumed that the heating section was terminated when
the temperature gain on the centerline was 95% and anFo of2.45 min was attained at



Application ofRheology to Fluid Food Handling 453

the end ofheating section. In this work, an accumulated Fo of 5 min on the centerline
was specified before the fluid exited the heating section. For the non-isothermal
continuous tube flow, Fo was calculated as:

t T-TR

f 10z-value
Fo(L,r) == dz

vz(z, r)
o

(8.58)

where, z-value == 2.303 RT~/Ea, and Fo is the equivalent heating time at a reference
temperature TR for a process whose actual temperature T varies with time t. For the
nutrients, an average concentration which provides a measure ofthe nutritional quality
ofthe processed food can be calculated. Thiamine retention was also evaluated, using
a z-value of 35°C and DI21°C value of 158 min (Felicoiotti and Esselen, 1957), as
an indicator for product nutrient retention.

(8.59)ro
f vz(z, r)2nrdr
o

ro
f Cj(z, r)vz (z, r)2nrdr

Cj(z) == _0 _

It was assumed that bacterial spores and nutrients travel at a constant distance from
the wall throughout the tube.

The dimensionless length of heating section was about 0.56-0.60 when the
heating wall temperature was 145°C. tube wall temperature (139°C) resulted
in an increase in the dimensionless length of heating section to ~H == 0.67.
For higher heating wall temperature, the effective contribution to food lethality
started earlier in the tube so that shorter length was required to achieve sterility
(Figure 8-13). In contrast to changes in the heating wall temperature, increasing
the flow rate resulted in increase the actual length of heating section (other param-
eters held constant) because of the change in the resident time required in the tube
to achieve the sterility. Increasing the flow rate by 150% caused a 50% increase in
the actual length of heating section, but as can be seen in Figure 8-14, the average
thiamine retention remained unchanged. Decreasing the heating wall temperature
produced higher nutrient retention along the tube but the final nutrient content at the
end of heating section was almost unchanged because longer length of tube needed
to achieve sterility. Increasing the tube diameter resulted in more destruction of
nutrient.

Influence ofRheological Behavior on the Heating Length

Fluids with different rheological behavior required different heating tube lengths to
achieve the target value of 5.0 min of lethality at the SHZ for the specific set of
variables: ro == 0.009m; Tw == 139°C; Q == 1.5 L min-I. A dimensionless heating
length of 0.69 was needed for a fluid without any starch that obeyed the temperature
dependent power law model (Equation 8.36). A dimensionless length of 0.85 was
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found if the fluid was assumed to be Newtonian). The shorter dimensionless heating
tube length of 0.67 for starch-containing fluid is because of the occurrence of the
plug-flow profile in the heating tube (ra = 0.009 m; Tw = 139°C; Q= 1.5 L min-I).

ROLE OF RHEOLOGY IN THERMAL PROCESSING
OF CANNEDFOODS

Heat Penetration Parameters

(8.61)

(8.60)

Many foods, such as those containing large-size solids (e.g., soups, cut vegetables),
are sterilized in sealed cans. In thermal processing of canned foods, the formula
methodsprovide a good approximationof the lethalitywhen the heat penetration data
can be describedby a single straightheating curve (Equation8.60).The parameters of
Equation 8.60, particularlyfh, permit a formula method to evaluate processes under
conditions different from those at which experimental data were obtained.

RT - T(t) t
log j(Rt - IT) = -7:

. RT - T(t)
} = RT -IT

(8.62)

The parameter j is a measure of the lag to achieve a uniform heating rate and is
associated with the position of the cold spot or slowest heating point, the can size,
and the IT (Ball and Olson, 1957);basically, these three factors determine the time to
achieve a uniform heating rate. Althoughji, is usually defined as the time required to
traverse one logarithmic cycle on the temperature scale, the physical meaning ofh is
more complex and is associatedwith the mode of heat transfer.Ball and Olson (1957)
derived analytical solutions forfh in both ideal thermal convection (Equation 8.62)
and conduction (Equation 8.63), respectively:

I: = 2.303cpPV
Jh VA

(8.63)
2.303

fh = [(2.405)2 Jr2] a
R2 + L2

Generally,Equation 8.60 is applicable to foods where the heat transfer mode is well-
defined, such as clarified fruit juices and thin soups that heat by convection mode,
and corned beef and chicken loaf that heat by conductionmode. Broken heating (BH)
heat penetration data usually can be fitted by two straight lines with different slopes
on a semilog plot; in some cases, the heating curve is represented by more than two
straight lines. Since there is a significant change in the heating rate, one can interpret
that the break is the result of an increased resistance to heat transfer.

Ball and Olson (1957) associated viscosity data of com starch dispersions with
BH heat penetration data, but a direct correlation with starch gelatinization was not
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established because the data were obtained at a constant 60°C (140°F) with a Scott
orifice viscometer. Stevens (1972) investigated BH phenomena, but due to limited
computer capabilities and the lack ofsuitable TR data complete numerical simulation
was not conducted.

Ball (1923, 1927, 1928) studied BH curves and proposed Equations 8.52 and 8.53
as extensions of the single heating curve method.

Xbh
log(gbh) == 10g(}I) - -

fh

I ( )
fh 10g(jI) + (h - fh) log(gbh) - Bb

og gh2 == [:

(8.64)

(8.65)

Although Equations 8.64 and 8.65 are known to be not very precise (Ball and Olson,
1957), they are still used in the food industry. The break point (Xbh) is determined as
the intersection of the two curves.

NumericalSolution of Transport Equations

The governing partial differential equations for heat transfer to a SD in a 303 x 406
can with: R == 4.2 em and L == 10.7 em, and no head space were solved and
the details are given in Yang (1997) and Yang and Rao (1998a, 1998b). Because
the SD exhibited non-Newtonian behavior after the initial gelatinization tempera-
ture was reached, the problem could not be approximated to simple heat transfer by
conduction.

The boundary conditions for solving the equations were (see Figure 8-15): (1)
at the wall on the left, r == R, 0 ::; z ::; L, T == RT, VZ == 0 and Vr == 0; (2)
top wall at z == L, 0 ::; r ::; R, T == RT, VZ == 0 and Vr == 0; (3) bottom wall at
z == 0, 0 ::; r ::; R, T == RT, VZ == 0 and Vr == 0; and (4) axisymmetric line at
r == 0, 0 ::; z ::; L, aT jar == 0, avzjar == 0, Vr == O. The initial conditions were:
o::; r ::;R, 0 ::; z ::; L, T == IT, VZ == 0 and Vr == o. Since the magnitude of 1Ja during
gelatinization could be from 10 to 2,000 times higher than that of ungelatinized SD,
the changes in the other fluid properties with the temperature were neglected, and
were assumed to be equal to those of water: Po == 1,000 kg m-3, k == 0.66 J m- 1

K- 1 s-l, cp == 4,180 J kg- 1 K- 1, and,B == 0.00053 K- 1 and 0.0005 K- 1 at 70°C.
The governing equations with boundary and initial conditions described above were
solved with FIDAP fluid dynamics analysis program. A mesh made up of 2,115 nine
node isoparametric elements, 45 in the radial direction and 47 in the axial direction
was used (Yang, 1997; Yang and Rao, 1998a, 1998b).

The temperatures at a point one-third (1/3) the height of the container on the axis
were examined because traditionally it is considered to be the slowest heating point
in natural convection-heating products. The log (RT - T) versus time at the assumed
slowest heating point and the corresponding 1Ja versus time profiles are shown in
Figures 8-16 through 8-19 for different heating conditions.
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a Retort Temperature (RT) 101°C. The log (RT - T) versus time at the assumed slowest heating point and
the corresponding fluid apparent viscosity (1]a) versus time profiles are shown (Yang, 1997).

Estimated Heat Penetration Parameters and Broken
Heating Phenomena

The following salient features of the calculated heat penetration parameters were
noted:

(1) The j values did not change significantly because of the short lag phase and
use of the corrected zero time. (2) Thefh values were nearly the same except for the
simulations at RT 131°C and can size 211 x 400. (3) The Xbh values could be separated
into two distinct groups: one for simulations at RTs 101 and 111°C, and the other for
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Figure 8-18 Broken Heating Curve from Simulation of Heat Transfer to a Canned Starch Dispersion at
a Retort Temperature (R1) 121°C. The log (RT - T) versus time at the assumed slowest heating point and
the corresponding fluid apparent viscosity (1Ja) versus time profiles are shown (Yang, 1997).

simulations at RTs 121 and 131°C. (4) Theh values decreased as the RT increased.
A considerable decrease inh values occurred when the RTwas increased from 101
to 111°C, and (5) the temperatures at which Xbh occurred were approximately 70°C
for simulations with RTs at 101 and 111°C, and close to the RT for simulations with
RTs at 121 and 131°C.

The two process conditions: RT = 101 and 111°C, IT = 35°C that had the shortest
Xbh values, 3.9 and 3.2 min, respectively, also were characterized by the longest
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heating times during which the magnitudes of 1Ja were greater than 0.55 Pa sand
also the highest magnitudes of 1Jfinal, 0.55 and 0.06 Pa s, respectively; in addition,
the temperature at which the Xbh occurred was close to the initial temperature of
gelatinization. The significant difference between the h value (h == 22.7 min) at
RT == 101°C and at RT == 111°C (14.8 min) was due to the large differences in
the magnitudes of 1Ja over the entire heating process after initiation of gelatinization
(Figures 8-16 and 8-17). At RTs 121 and 131°C, the Xbh s were approximately four
times higher than those at RTs 101 and 111°C, and the temperatures at which the
Xbh s occurred were close to the corresponding retort temperatures. The Xbh s for these
conditions were mostly due to the significant decrease in the heat transfer driving
force, that is, (RT - T).

HEAT TRANSFER TO A STARCH DISPERSION IN AN
INTERMITTENTLY ROTATED CAN

Agitation during thermal processing is an effective means of providing induced-
convection, which results in a higher heating rate and more uniform heating. Agitation
also prevents separation of different ingredients in the food product during thermal
processing (Rao and Anantheswaran, 1988). Among the many factors that influence
heat transfer rate to a can of food under sterilization listed in Lopez (1987), the mode
of container agitation, the agitation speed, the fluid viscosity, the radius of agitation,
and the headspace volume and motion are top ranked. One ofthe most widely used can
agitating methods in the food industry is axial rotation provided by a spiral-continuous
retort; the Sterilmatic, whose pilot-plant scale unit is the Steritort.
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Tattiyakul et al. (2002a) examined heat transfer to a canned 3.5% com starch dis-
persion (303 x 406) undergoing axial rotation at an intermittent angular velocity
Q t between 0 and 146 rpm. The starch dispersion had an initial temperature of To
and was heated at a wall temperature, Tw . Several assumptions: (1) constant ther-
mal conductivity (k), specific heat (cp) , and volume expansion coefficient ({J); (2)
constant fluid density (po = 1,000 kg m-3) in the governing equations except in
the buoyancy term, where density (p) is approximated by Boussinesq approximation
p = po(1 - {J(T - To)); (3) homogeneous fluid; (4) negligible heat generated by vis-
cous dissipation; (5) constant can wall temperature of 121°C after 2 min; (6) no-slip
boundary condition; (7) no headspace; and (8) negligible centrifugal force due to the
reel (primary) rotation, were made to simplify the problem.

The governing conservation equations in the inertial frame of reference were
solved with the boundary conditions of temperature and velocity:

r = R; 00:s () :s 360° : Tw = RT, v = QtR

where, r is the distance from the can center (m), R is the can radius (R = 0.04048
m), () is the angular position in the can (0), RTis the retort temperature (OC), and Q t

is the can angular velocity (Q t = (2rcN/60 rad s"), and N is the can's rotational
speed in revolution per minute (rpm).

Intermittent Rotation Profile

For the intermittent rotation of a can, an idealized rotation profile based on that
provided in a Steritort was employed; the can's rotational profile, adapted from that
in Ladeinde (1988), is shown in Figure 8-20. The simplified mathematical formula
for the can rpm in a Steritort whose reel rotates at 8 rpm can be expressed as:

Nc
N = 20 (8 - 200)[H(8 - 200) - H(8 - 220)]

+Nc[H(8 - 220) - H(8 - 320)]

+ (Nc - ;~) (8 - 320)[H(8 - 320) - H(8 - 340)]

where, 8 is the angular location of the can in a Steritort, H (x) is the Heaviside step
function that equals to zero, when x is less than zero, and one, when x is greater or
equals to zero, and N; is the maximum can rotational speed that can be calculated
from the reel rotational speed, Nr; the shell diameter, Dr, and the can diameter; Dc.
Assuming a no-slip condition, the linear velocity of the can surface equals the linear
velocity of the reel:

(8.67)

and

(8.68)

The initial temperature and velocity conditions simulated were: 0 :s r :s R; 0° <
() :s 360°, To = 30°C, U = 0, v = 0
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Figure 8-20 Idealized Can Rotation Profile in a Steritort that was Used in Simulation.

Thermo-Rheological Behavior of the Model Food

The model fluid food studied was 3.5% com SDs whose thermo-rheological properties
were described by the model developed by Yang and Rao (1998a):

[
1 ( . )] 1/1.01- __ * T Yr

fJa - 2.07 fJ () y (8.69)

where, Yr is the reference shear rate (s-l), Y is shear rate (s-l), and T is temperature
(Oe), rJa is apparent viscosity (Pa s), rJ* (T) is complex viscosity (Pa s) ofthe 3.5% com
starch dispersion expressed by Equation 8.44. Again, the other physical properties
of the starch dispersion were assumed to be constant (po == 1,000 kg m-3, k ==
0.66 J m- I K- I s-I, cp == 4,180 J kg- I K- I , and f3 == 0.00053 K- I).

From the numerical simulation, much useful information on the time and spatial
profiles of fluid velocity, viscosity, and temperature were obtained (Tattiyakul, 2001;
Tattiyakul et al., 2002a). For brevity, only the numerically predicted time-temperature
profile at the center of a canned 3.5% cornstarch dispersion intermittently rotating
at 0 and 146 rpm, and the experimental heat penetration data are shown in Figure
8-21. The major discrepancy (10-200/0) between the predicted center temperature
and the experimental data obtained using a Steritort was found in the heating time
range of 100-400 s, that coincided with the time during which the starch gelatinized.
There may be two reasons for the discrepancy between the predicted and experimental
results:

Firstly, there was a large difference between the heating rate at which the thermo-
rheological data was obtained (2.l oC min-I) and the heating rate to which the SD
was actually subjected to in a Steritort (rv30°C min- I for the first 120 s). According
to Yang (1997), the peak viscosity of an 8% cornstarch dispersion heated at 6.0°C
min- I heating rate was found to be about 75% of that heated at 2.1°C heating rate.
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Figure 8-21 Numerically PredictedTime-Temperature Profileat the Centerof a Canned3.5%Cornstarch
DispersionIntermittently Rotatingat 0 and 146 rpm, and Experimental Heat Penetration Data.

Secondly, it should be noted that the movements a can undergoes in one cycle of
a Steritort include: (1) sliding in the slot that holds the can at about 90°C and 270°,
(2) falling of the can on to the baffled portion of the shell at about 0° (or 360°) before
rotation, (3) rotation of the can on the baffled portion of the shell as it is pushed
from about 340 and 200°, and (4) falling of the can back in to its slot at the end of
the baffled portion of the shell (about 180°). Even though each additional movement
occurs for a short time, its effect on heat transfer, especially during the early stage of
heating (100-400 s), is significant. The temperatures showed good agreement, that
is, deviation less than 5%, between the predicted and the experimental values during
the temperature range in which accumulated bacterial lethality is significant (T >
100°C). Therefore, the predicted temperature profile is considered to be conservative
for thermal processing application.

The effect ofdifferent flow properties on heat transfer to canned dispersions under-
going intermittent axial rotation was studied by Tattiyakul et al. (2002b). In addition
to the 3.5% cornstarch dispersion discussed above, a 5% CWM dispersion whose
rheological data are shown in Figure 8-9 and a tomato concentrate that followed
a simpler thermo-rheological behavior were studied. Because of the high appar-
ent viscosity over a wide temperature range of the CWM dispersion, it had the
slowest time-temperature profile (not shown here). Results on the effect of con-
tinuous axial rotation on heat transfer to a canned starch dispersion can be found in
Tattiyakul (200 1).
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EMPIRICAL CORRELATIONS FOR HEAT TRANSFER
TO FLUIDS FLOWING IN TUBES

Empirical correlations are based on dimensionless groups so that they are applicable
for a wide range ofphysical and thermal properties, and process conditions. In tum, the
dimensionless groups are obtained from dimensional analysis. Dimensional analysis
is based on the assumption that the only fundamental units are those of mass, length,
time, temperature, and heat, and that the quantity under consideration is a function of
several known variables. As an example, the heat transfer coefficient in convection
heat transfer in containers can be expected to depend on the characteristic dimension
of the container, the physical and thermal properties of the fluid food, and rotational
speed of can agitation. The pertinent dimensionless groups for an application can
be determined by the application of Buckingham's Pi theorem, which states that
the relationship among q quantities whose units may be expressed in terms of u
fundamental units may be written as a function of q - u dimensionless groups (Bird
et al., 1960).

There are many well-known dimensionless groups that are used in transport phe-
nomena. Earlier, the Reynolds number was used to correlate data on pressure drop in
pipe flow. For correlating data on heat transfer, often the dimensionless groups Nus-
selt (Nu), Reynolds (Re), Prandtl (Pr), and Grashof (Gr) are used. They are defined
as:

hcD
Nusselt number, Nu = -

k
C rJ

Pandtl number, Pr = t
Dvp

Reynolds number, Re = --
rJ

gL3p2f3~T
Grashof number, Gr = 2 .

n

(8.70)

(8.71)

(8.72)

(8.73)

For non-Newtonian fluids, the viscosity in the above equations must be replaced by
an appropriate apparent viscosity. In pipe-flow applications, as shown in Chapter
3, the pipe-flow apparent viscosity (rJap) based on the diameter D and the average
axial velocity in the tube (vz ) can be used in deriving the appropriate dimensionless
numbers:

_ ,(8Vz)n'-1
rJap -K -

D

For example, one can obtain the GRe for pipe flow:

tr' -1 v2-n' p
GRe=----

K'8n' - 1

(8.74)

(8.75)
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In terms of the consistency coefficient and flow behavior index of the:

In addition to the dimensionless groups mentioned above, the ratio of the viscosity at
the wall, 1]w, to that ofthe bulk fluid, 1]b, is used to account for significant temperature
gradients between the wall and the bulk fluid. It is helpful to think of dimensionless
groups as ratios of forces or effects in a system (Bird et al., 1960; Foust et al., 1980).
For example, the Reynolds number can be written as the ratio of inertial forces to
viscous forces; thus, a low value of the Reynolds number means that the viscous
forces are large in comparison to the inertial forces. The Prandtl number, that is used
extensively in studies on convective heat transfer, is the ratio ofmolecular diffusivity
of momentum tp molecular diffusivity of heat.

The Nusselt number contains the heat transfer coefficient, he (W m-2 K),
defined as:

(8.76)

where, q is the rate ofheat transfer (W), A is the area (m2) ofheat transfer, and ~T is
the temperature difference (K) and is the driving force to heat transfer. Equation 8.76
is often referred to as Newton's law of cooling.

There have been several empirical heat transfer relationships for laminar flow
in tubes proposed which attempt to allow for variation in rheological properties.
Empirical equations developed by several authors for the fluids with different rheo-
logical behaviors have been well reviewed by Skelland (1967). Here, a few equations
containing dimensionless groups are given to illustrate such relationships.

Newtonian Fluid

An empirical expression was presented by Sieder and Tate (1936) for heat transfer
to highly viscous Newtonian fluids in laminar flow through tubes that has found
extensive application:

h D (we) 1/3 ( )0.14~==2.0 -p ~
k kL 1]w

(8.77)

where, 1]b is the viscosity at the bulk temperature and 1]w is the viscosity at wall.

Power Law Fluid

The equation proposed by Charm and Merrill (Charm, 1971) for heat transfer to power
law fluid is:

hmD == 2.0 (WCp )I/3[ Kb(3n + 1) ]0.14
k kL Kw2(3n + 1)

(8.78)
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where, hm is the mean heat transfer coefficient (Wm-2 K), Kb is the consistency
index (Pa s") at the bulk average temperature and Kw is the consistency index (Pa s")
at the wall temperature.

EMPIRICAL CORRELATIONS FOR HEAT TRANSFER TO
CANNED FLUIDS

Rao andAnantheswaran (1988) reviewed studies on convective heat transfer to canned
fluids in detail. Here, the dimensionless groups and relationships applicable to both
Newtonian and non-Newtonian fluids are reviewed in brief.

The rotational Reynolds Rea number is defined as

D~Np
Rea ==--

1]
(8.79)

where D is the characteristic dimension, for example, the diameter ofthe can, and N is
the rotational speed. For a non-Newtonian fluid being heated in a can, Anantheswaran
and Rao (1985b) suggested that the pipe apparent viscosity can be used in the various
dimensionless groups. The expressions for the generalized Reynolds (GRea), Prandtl
(GPr), and Grashof (GGr) numbers are

D
n
v

2
-

n
p ( 4n )nGRe== z __

8(n-1)K 3n + 1

cpK 8
n-1

(3n + l)n
GPr== --

kNI-n 4n

gL3~Tp2N2-2n( 4n )2n
GGr== --

K28 2n- 2 3n + 1

(8.80)

(8.81)

(8.82)

Anantheswaran and Rao (1985a, 1985b) developed the following respective cor-
relations for heat transfer to cans under end-over-end agitation for Newtonian and
non-Newtonian fluids:

Nu == 2.9Re~.436PrO.287

Nu == 1.3(GRea)0.485 (GPr)O.367

(8.83)

(8.84)

The correlations were for data obtained with model fluids in copper cans with
headspace volume in the range 3-9% and the rate of heat transfer was independent
of the radius of rotation in the range 0-14.9 cm.

Heat transfer to canned liquids being heated in a Steritort was examined by Rao
et al. (1985). Both Newtonian (water, and 30,40,50, and 60% w/v, aqueous sucrose
solutions) and non-Newtonian fluids (0.3, 0.4, 0.5, and 0.750/0 aqueous guar gum
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solutions) were used. The heat transfer coefficient for both Newtonian and non-
Newtonian fluids was correlated by an equation that was the sum ofthe contributions
due to natural and forced convections:

Nu = A[(Gr)(Pr)]B +C[(Rea)(Pr)(DjL)]D (8.85)

The contribution of natural convection heat transfer was significant with the New-
tonian fluids. The coefficients A, B, C, and D for Newtonian fluids were: 0.135,
0.323,3.91 x 10-3, and 1.369, respectively. For the non-Newtonian dispersions, the
generalized dimensionless numbers: GRea, GPr, and GGr were used in place of Rea,
Pr, and Gr, respectively. The magnitudes of the coefficients A, B, C, and D for the
non-Newtonian guar gum dispersions were: 2.319, 0.218,4.10 x 10-7, and 1.836,
respectively.
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Appendix A
Nomenclature

The principal symbols used are defined in this section. Other symbols were defined
in the text immediately after they have been used.

a
A
C

c*

Co

Cp

C(t), c(e)
cQ
D

Da

Dr
Do
Dp

Dv
E
E(t), E(e)

EaR
Ea,Eak,Earj
Eb
Er
En
ET
Ev

Eg

Ei
f

fh
F
Fo
g
G

Generalized front factor, cascade theory
A constant
Polymer or solute concentration, kg kg-lor kg L-1

Coil overlap concentration, kg kg-lor kg L-1

Concentration when viscosity extrapolated to zero, kg kg- 1;

critical gelling concentration, kg kg- 1

Heat capacity, J kg- 1 K- 1

Residence time distribution function for impulse input
Starch granule mass fraction
Diameter of starch granule, can, pipe, m

D-value, min; axial dispersion coefficient, m2 s-l
Diameter of agitator, m
Fractal dimension, m
Initial average starch granule diameter
Diameter of a particle, of pipe, m
Diameter of the vane, m
Elongation and compression, Young's modulus, Pa
Residence time distribution function for impulse input
Activation energy for reaction rate constant
Activation energy of flow, J mole- l

Energy dissipation rate to break the bonds, W
Energy loss per unit mass, J Kg- 1

Energy dissipation rate to break the aggregate network, W
Total energy dissipation rate to produce deformation, W
Energy dissipation rate due to purely viscous drag, W
Activation energy of gelatinization, J mole- 1

Elastic modulus, Pa
Fanning friction factor, dimensionless; f number of sites

(functionalities) along each molecule's length
Heat penetration parameter
Residence time distribution function for step change input
Lethality at 121.1°C and for z == 10°C
Rubber elasticity front factor
Shear modulus, Pa
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G'
Gil

GO

Gp

G'1
G'o
G* = J(G')2 + (G")2

GRe

GSID
h,H
J
Jo
J1,J2
[J]
k

n
N
Na
Ne

p

P
q
Q

Storage modulus, Pa
Loss modulus, Pa
Plateau storage modulus, G' value at high

frequencies, Pa
Shear modulus of material of spherical particle, Pa
Shear modulus of starch granule, Pa
Shear modulus of amylose matrix, Pa

Complex modulus, Pa
Pipe flow generalized Reynolds number

Dn
v

2
-
n
p ( 4n )n

GRe = (z 1) --, dimensionless
8 n- K 3n + 1

Starch granule size distribution
Height, m; h is heat transfer coefficient, W m- 2 K-1

Shear compliance, Pa- 1

Instantaneous compliance, Pa- 1

Retarded elastic behavior compliances, Pa- 1

Molar concentration ofjunction zones, mol L-1

Thermal conductivity, W m-1 K-1 ; Boltzmann
constant (1.38 x 10-23 N m1K).

Consistency coefficient, Pa s"; equilibrium
constant

Friction coefficient of a fitting
Association constant
Mixer proportionality constant
Length of can, of tube/pipe, m
Number average molecular weight, Da
Mean molecular weight of chains, Da
Number average molecular weight of the junction

zones, Da
Flow behavior index, dimensionless; number of

polymer segments
Unit normal vector
= (elM) initially, cascade theory, mol L- 1

Agitator speed, revolutions s-l
Number of elastically active network chains per

primary chain (~ mol L- 1)

Pressure, Pa; fraction of reacted bonds; critical
exponent

Power J s-l
Heat flux
Volumetric flow rate m3s-l , mass of heated starch

granules per unit weight of dry starch
Radius of inner cylinder, m



s
800

SD
SDo
SDR
SLR
SGM
SD
I

I

Ie

lev

T
Tg

T'g
Tgel

Tm

Tee
Tpv

TR
v
Vx , Vy , Vz

Vr , VB, VZ

Vr , VB, V¢

V
W

Xbh

ZI,Z2
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Radius of particle, of outer cylinder, m
Gas constant, 8.314 J mol-1K-1

Critical exponent
Gel fraction
Standard deviation of gelatinized starch granules
Standard deviation of ungelatinized starch granules
Structure development rate, dGJdl
Structure loss rate, (-dGJdl)
Starch granule mass fraction
Starch dispersion
Time, s; critical exponent in gelation
Averageresidence time, s
Time constant, gelation time, s
Time to transport 1.0 mL of food into the esophagus, s
Temperatureof fluid (OC, K), torque, N m
Glass transition temperature, K
Glass transition temperature of unfrozen solute-water phase, K
Gel temperature, K
Maximum torque, N-m; melting temperature, K
Torqueper unit height, N
Peak viscosity temperature from dynamic test, °C
Thermo-rheological
Velocity, m s-1
Components of velocity in Cartesian coordinates
Components of velocity in radial coordinates
Components of velocity in spherical coordinates
Volume, m3

Work per unit mass, J kg- 1

Break point in broken heating heat penetration curve, s
Heights above a reference point, m

Greek Letters

a Constant, thermal diffusivity m2 s-l; shift factor, a' == a-I;

fraction of reacted cites
ae Time constant, s
fJ Coefficient of thermal expansion (K-1 ); critical exponent
~ Critical exponent
~HO Standard enthalpy of cross-linking, J mor '
~H[ Enthalpy of network junctions, J mor '
~Hm Enthalpy of the cross-linking, J mor '
~8° Standard entropy of cross-linking, J mol"! K-1

e Deformation; relative distance to the gel point
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8

cP
cPcp

cPm
cPred

cPx,cPy
A
Ac
yet)
y
Yo
Yc
Yc
£g

'f}

'f}'

'f}a

nc« = (Kc)2

'f}dim

'f}o

'f}r

'f}s

rJsp

'f}O

['f}]

'f}ug

n" = (G*/w)

J-tp
'f}oo

Q

p
a

ab

ac

aO
aOc = (KOc)2

aOd

an

aOs

aij

av
r

Phase angle, rad
Volume fraction, cP = cQ for a starch dispersion
Volume fraction for close-packing = cPm
Maximum volume fraction

Equals cP / cPcp

Volume fraction of components x and y
Strain; penalty parameter
Time constant, s
Oscillating strain or deformation
Shear rate, s-l
Strain amplitude
Critical strain at end of linear viscoelastic range
Critical shear rate at which shear-thickening begins, s-l
Index of starch granule rupture
Viscosity, Newtonian viscosity, Pa s
Bingham plastic viscosity, Pa s
Apparent viscosity, Pa s
Casson viscosity, Pa s
Dimensionless apparent viscosity
Viscosity of water, Pa s
Relative viscosity ('f}/ 'f}s)

Viscosity of continuous phase, Pa s
Specific viscosity
Zero shear viscosity, Pa s
Intrinsic viscosity, dL g-l
Ungelatinized dispersion's apparent viscosity, Pa s
Complex viscosity, Pa s
Poisson's ratio (dimensionless)
Highest magnitude of tt« during gelatinization, infinite shear

viscosity, Pa s
Angular velocity, rad s-l
Density, kg m-3

Shear stress, Pa
Stress required bonds between the floes, Pa
Critical shear stress at which shear-thickening begins, Pa
Yield stress, Pa
Casson yield stress, Pa
Dynamic yield stress, Pa
Stress required to break the aggregate network, Pa
Static yield stress, Pa
Tangential components of stress, Pa
Stress dissipated due to viscous drag, Pa
Stress tensor
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Relaxation time, time constant, s
Retardation time, time constant, s
Rouse time constant, s
Dimensionless time, t/ t; t V/L
Cone angle, radians
Integral of time-temperature history, t - K
First normal stress coefficient, Pa s2
Second normal stress coefficient, Pa s2
Dynamic frequency, rad s-1

Dimensionless Numbers

D/vDp

De == (tD/to)

GGr

GPr

GRe

GRea

Nu

Pe

Po

Pr
Re

Rea

Remo

Repl

Dispersion number in pipe flow
Deborah number as ratio of f time scale of the deformation

process (tD) to the observation time (to). Also,

De == (1JsY /Go)
Generalized Grashof number

gL3~Tp2N2-2n ( 4n )2n
GGr== --

K282n- 2 3n+ 1

Generalized Prandtl number GPr = c~~~~~l Cn4: I ) n

Generalized Reynolds number

D
nv2

-
n
p ( 4n )nGRe== z __

8(n-l)K 3n + 1
Generalized agitation Reynolds number

D
nN2

-
n

p ( 4n )n
GRe== --

8(n-l)K 3n + 1
Nusselt number, hD / k

1Jor 3yPeclet number, __0_

kT

Power number, Po =~, dimensionless
DaNap

Prandtl number, cp1J/k
Reynolds number, Dvp / 1J

D2N p
Agitator and rotational Reynolds number Rea == _a-,

1J
Metzner-Otto Reynolds number

_ D;N
2

-
n
p ( n )n

Remo - 8 --
K 6n+2

D2yp
Particle Reynolds number, Rep == -p-

1J
D2N2- np

Power law agitator Reynolds number, Repl == a a 1
K(ks)n-



Derivative with respect to time

Partial derivative with respect to time

~ = exponential function ofx
Logarithm ofx to base e
Logarithm ofx to base 10

a a a
Del or nabla operator = - + - + -ax ay az
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Operations

Symbols in bold indicate vectors.

D bstantial d ° ° aSu stanna envatrve = - + v • VDt at
d

dt
a
at
expx
lnx

loglox



Index

Agitation power 159,435-438
Apple juice viscosity 223-224
Arrhenius equation/plot 50-51, 178,233,

369,442,443,445,448,449

Bingham
body 113,114,250
flow model 7,9,29,64,94,244,429

Biopolymers, see Food gums/hydrocolloids
Broken heating

role of rheology 455-456, 457-459

Capillary/tube viscometer 132, 149
analysis of flow 80-84
Bagley correction 81
calculation example 83
decision tree 148
glass 84-86
guava puree data 83
Hagen-Poiseuille equation 84
Ubbelohde 85-86
Weissenberg-Rabinowitsch-Mooney

equation 81-82
Carreau model 33-35, 154, 156, 157, 158
Casson model 31-32,64,65,251,305,306
Chocolate/cocoa 31

rheological properties 244-245
Steiner's method 64-65

Composite gel 54
Concentric cylinder viscometer 61-71, 76,

89,239
analysis of flow 140-144
decision tree 143
double concentric 67-68
end effects 66-67
Krieger method, non-Newtonian

fluids 63
Newtonian shear rate 62
power law fluids 63-64
slip effect 68
Steiner's method 64-65
turbulent flow 70

Cone-plate geometry 60,70-71, 105, 109
analysis of flow 150-151

Constitutive equations 4-5,97, 104, 157,
169-174

reptation model 173-174
Rouse and Zimm models 171, 172

Continuity equation 450
Corn syrup 88

data 94,323
Cox-Merz rule 126-127,446

biopolymer dispersions 167-169
starch dispersions 200, 202, 447
tomato pastes 240-241

Creep-compliance 117-120, 209,
248-249

low-fat spreads 387-388
models for ice cream 119
technique 119
tomato concentrates 118, 236

Critical stress, strain 115-117
role in sensory assessment 414

Cross model 27,33-35, 153, 157

Dairy products 261
data 307

Deborah number 130, 188
Die swell 82-83
Dynamic rheological/Oscillatory shear

105-111,113,119,131,171,236,
355,359

crossover frequency 356-357
frequency sweep 108, 109, 340
gel systems 340
normal stress function relation 127-130
starch dispersion 178, 198-200
steady shear parameters relation

127-128
temperature sweep 109,340,367,368
time sweep 109, 340
tomato pastes 239-241

Dysphagia, see Swallowing
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Egg products
data 321

Eldridge-Ferry plot 370-374
Emulsion(s)

characteristics 47-50, 246-247, 248,
385,387,414

emulsifier 48-49, 176,205-206,
244,246

Extensional flow viscometry 95-104
biaxial extension 100-102
Cogswell's method 103-104
filament stretching 97-99
gum dispersions and syrups 99-100
planar extension 102-103
shear viscosity ratio 96-97
stagnation point 99-100
uniaxial 96-100

First normal stress coefficient
from dynamic rheological data 5,127
from viscosity data 127-130

Flow behavior 7-10,27,28-33,35-36,
74-76,92-95,196-198,232,
245,312

antithixotropic 9, 10,35,71, 188-191
Newtonian 2, 7-8, 28-29, 59, 60, 82,

223,231,419,435-438,464,
465-466

non-Newtonian 2, 7-8, 59, 63, 82, 423,
435-438,465-466

shear-thickening 9,29, 185, 186,
229,424

shear-thinning 8, 9, 10, 11,29,35,
71, 158, 190,213,231,250,424,
447-448

thixotropic 9, 10, 35, 71, 190,213,250
Flow models

Bingham 9,29,94,244,429
Carreau 33-35, 154, 156, 157, 158
Casson 27,31-32,194,251
Cross 27,33-35,156,157
Herschel-Bulkley 30-31,429,433,434
powerlaw 29-30,38,63,64-65,74-75,

357,429,430,437,440,442
Quemada 32-33
table 28
Tiu and Boger 35-36
Weltman 35

Food gums/hydrocolloids and
dispersions 11, 153

binary dispersions 159-160
Carreau and Cross models 33-35,

154-157, 158
classification 154
coil overlap parameter 43, 160, 164, 416
concentration regimes 160, 164, 416
flavor/taste perception 415-417
intrinsic viscosity 43, 158, 160,215,229
perceived thickness 410-412, 413
principal biopolymers 154
reduced parameter approach 161
reptation/tube model 172-174
viscoelastic behavior 165-167,345

Friction losses in pipes 431-433
Fruit juices and purees

effect of concentration and temperature
223-224

effect of temperature 231-233
power law parameters 233-234

Fulcher equation 51, 52

Gelation/gels
cascadetheory 347,351-352
classification 341-347
Eldridge-Ferry plot 370-374
gelling food polymers 339-340, 364
gel point 347, 353, 355
gel time 355, 357, 358, 360-362
kinetics 347, 361, 362-363, 364, 366,

368-369,376
low-fat spread 387-388
mechanisms 340-341,363,364
mixed polymer 377-388
percolation theory 352-353
rubber elasticity theory 347-351
sol-gel transition 339, 347, 353, 355
starch dispersions 177, 184, 188,

196,389
starch gels 388-391
static modulus determination 340
structure development rate 365-368
structure loss rate 370, 374-377
Takayanagi models 385-387
zipper model 374

Goddard-Miller model 127-129
Grape juice viscosity 223-224, 225



Heat transfer
canned starch dispersion 456-457, 458,

459,460,462
empirical correlations 463-466
heat penetration parameters 455-456,

457-459
intermittent can rotation effect 459-462
in tube flow 59-60,447-448,449,

463-465
Honey

data 323

Kelvin-Voigt model 16-17, 112, 118
Kerner-Nielsen model 390-391

Linear viscoelastic(ity), 105
behavior 14-16,108-109,117,187
differential form 16-17
Kelvin-Voigt model 16-17
Maxwell model 16-17

Margarine 246, 388
melting characteristics 251

Maxwell model 16-17, 124
Mayonnaise rheology 121,246-249,313,

314,413
creep-compliance 248-249
stress overshoot 247-248
thixotropic behavior 35-36

Memory function 15, 174
Mixer viscometer 72-76, 444
Mixing rules, two components 53-54
Modulus

particle effect 41-43,53,78,79, 198
relaxation modulus 14, 15-16,248,357
static measurement 124-126, 340
storage and loss 95,106,107, Ill, 112,

118,362,364,370
Young's modulus 14, 123

Molasses
data 333, 404-405, 406

Motion equation 24-26, 59, 140-141, 150

Nonfood dispersions 37, 186-188,225
Normal stress coefficient 4, 127-130

Index 479

Oils and fats 72,91,131,176,246,251,
387-388,408,414

data 42, 307, 308, 309-310,
313-319,322

temperature effect 320
Orange juice, concentrated/frozen

(FeOJ)
flow properties 229-236
manufacturing 229-230
pulp adjustment 230
pulp content 38, 45, 46, 227, 231
serum 51,229
soluble solids 43-44

Oscillatory shear, see Dynamic rheological

Parallel disk geometry 71-72
Peclet number 46-47
Plate and cone geometry 60, 70-71, 105,

131,132,150-151
Power law model 29-30, 74, 82, 184,

233-234,245
Power law parameter values 74-75,

233-234,418
apple juice 268, 269, 282, 283
apple sauce 268, 293
baby foods 293
black currant juice 283
fruit and vegetable products 265, 298
mango pulp 275,277,301
mustard 293, 294
orange juice 273, 279, 280
peach juice 270, 287
pear juice 283
pineapple juice 279
raspberry juice 280
starch dispersion 30, 184-185, 194
tamarind juice 277
tomato products 265, 266, 289, 291, 294

Pumping energy 430-433, 434-435

Relaxation time 17, 102-103, 154,
157,355

Residence time distribution
aseptic processing 438-442
holding tube sizing 440-441
models 439-440
pipe flow data 441-442
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Retardation time 17, 119, 171-172
Reynolds number 70, 420, 464

friction factor diagram 431-432
generalized 431-432,437
Newtonian pipe flow 441-442,463
particle 186

Rheological data of foods, precautions
131-132

Rheology
definition 1, 18
units 6-7,205

Rotation, effect on heat transfer 459-462
Rotational viscometers 61

Salad dressing 249-251
creep-compliance data 251
storage effect 251
stress overshoot 250

Segel-Pochettino geometry, see Thermal
Scanning Rigidity Monitor

Sensory assessment of viscosity 403
fluid mechanics 412-414
oral evaluation 407-408
perception of flavor 415-417
role of particle size 414-415
spreadability 412
stirring in container 404-407
thickness perceived 410-412
tilting container 407

Slit rheometer 86-87
Starch dispersion and rheology 153

antithixotropic 188-191
cross-linked waxy maize dispersions

188-191,200-201
com starch dispersions 178, 184, 186
cowpea starch dispersions 188
differential scanning calorimetry 175,

177,178
effect of concentration 195-196
effect of temperature 196-198
gelatinized 175-177,184,188,196
gelrheology 175,388-391
granule mass fraction 191-193
granule size distribution 185
during heating 177
high temperature data 171, 179-184
master curve 179, 412

network of granules 180
shear thickening 184-186
starch granules 174-175, 188
tapioca starch dispersion 191-195,

201-202
Starch-gum dispersions 214-216
Starch-protein dispersions

com starch/soy protein 206-209
cowpea starch/cowpea protein 209-212
wheat starch/gluten 205-206
whey protein isolate/cross-linked starch

212-213
Static measurement of modulus 124-126
Sterilization

continuous flow 447-455
holding tube length 440
in rotating can 459-462
in stationary can 455

Stress overshoot, see Transient viscoelastic
flow

Stress relaxation 122-124
Stress-strain

solid foods 14
tensors 3-4

Sucrose solutions 175, 365, 416
data 331-333, 340

Superposition
locust bean gum and pectin dispersions

115
starch viscosity-temperature data 182
time-temperature 113-114, 180, 444

Suspensions, solids fraction 37-43
Swallowing, role of rheology 417-424

Takayanagi models 53, 54, 242, 243
Temperature effect 231-233

alcohol and wine 334
apple juice 52
gels 366
grape juice 52
mango juice 299
models for viscosity 50-53, 224, 298
oils and fats 320
orange juice 298
passion fruit juice 300
starch dispersion 196-198



Thermal Scanning Rigidity Monitor
111-113

Thermal time distribution 461-462
Thermorheological models 442-443

starch dispersions 443-447
Time constant 32, 120, 157-159
Time-temperature superposition, see

Superposition
Tiu-Boger model 35-36
Tomato products

creep-compliance 118,236
dynamic rheology, paste 236, 239
flow properties 234-236, 239-241
high temperature data 89,234,236
paste 239-242, 243
processing steps 226
pulp content effect 227, 234
pulp particle size 39, 228
solids effect 227, 234, 241, 416

Transient viscoelastic flow 120-122
Leider-Bird model 120
mayonnaise 121,247-248
phenomenological analysis 121
salad dressing 121

Trouton ratio 97, 98, 100
Tube viscometer, see Capillary viscometer

Vane for flow data 75-76
Vane for yield stress 31, 76-79, 117, 196,

215,389
components of yield stress 253-255

Velocity profiles in tubes 92-93, 428-430
Viscoelastic tests/parameters

creep-compliance tests 117-120
dynamic/oscillatory tests 105-107
parameter notation 106, 114

Index 481

static test for modulus 124-126
stress overshoot 120-121
stress relaxation 122-124

Viscometric properties 4-5, 80
Viscosity

apparent 6,11,33-35,43-47,153-159,
242-243,442

Casson 31, 39
high temperature data 50-53, 182
infinite-shear 31, 33, 39, 153-154
intrinsic 11-14,85,86,158,160,229
plateau 35
relative 37,39,45,47,193-195,229
specific 11, 12, 162
zero-shear 6,11,43,159,160-165

Volume fraction
maximum solids 37
solids 41-43, 191,227,244,252
starch granules 128, 183, 196, 199,

389-390

Weltman model 35
WLF equation 51,52-53

Yield stress 8-9, 82, 196
apple sauce 243, 244, 304
chocolate 31
components of 253-255
dynamic yield stress 76, 79, 196,

253,255
models for 27-33, 184, 194, 196
static yield stress 76,215, 253-255
in tube flow 432
vane method 76-79,117,243-244,

255,304
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