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Rheology and Texture
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Introduction

• The first use of the word "rheology" is credited to Eugene C. 
Bingham (circa 1928) who also described the motto of the 
subject as "panta rhei," from the works of Heraclitus, a pre-
Socratic Greek philosopher active about 500 B.C. meaning 
"everything flows".

• Rheology is now well established as the science of the 
deformation and flow of matter: It is the study of the manner 
in which materials respond to applied stress or strain.
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Classification of rheology
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• The classical definition of rheology divides into 
two parts.

• (1) Deformation usually applies to materials 
that are predominantly solidlike in nature.

• (2) Flow usually applies to materials that are 
predominantly fluid-like in nature.

• Distance, symbol l, is measured The most important elements 
in both deformation and flow are the fundamental quantities 
of distance, time and mass.

• in meters (m) Time, symbol t, is measured in seconds (s) 
Mass, symbol m, is measured in kilograms, (kg)
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Some basic definitions 

• Stress: Stress is the force per unit area, symbol  ( 
sigma). It is expressed in units of pascals (Pa) . The 
equation describing stress is simply:  =F/A

• Deformation (strain): Strain refers to the change 
in size or shape of a material when it is subjected to 
a stress. It is denoted by  (epsilon) and may be 
described in several ways:
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Shear strain
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Classical Ideal Materials

• 1- Ideal elastic behavior (Hookean body)

• 2- Ideal plastic behavior (St. Venant body)

• 3- Ideal viscouse behavior (newtonian liquid)
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FLOW OF MATERIAL

• Viscous Fluids

• Plastic Fluids
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Newton’s Law of Viscosity
Viscosity is defined as the resistance of a fluid to flow. 

The unit of dynamic viscosity is (Pa · s) in
the SI system and poise (g/cm · s) in the CGS system.
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Newton’s Law of Viscosity
Consider a fluid between two large parallel plates of area A, separated by a very 
small distance Y . The system is initially at rest but at time t = 0, the lower plate is 
set in motion in the z-direction at a constant velocity V by applying a force F in the 
z-direction while the upper plate is kept stationary. At t = 0,the velocity is zero 
everywhere except at the lower plate, which has a velocity V (Fig. 2.2). Then, the
velocity distribution starts to develop as a function of time. Finally, steady state is 
achieved and a linear velocity distribution is obtained. The velocity of the fluid is 
experimentally found to vary linearly from zero at the upper plate to velocity V at 
the lower plate, corresponding to no-slip conditions at each plate.
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Experimental results show that the force required to maintain the motion of the 
lower plate per unit area is proportional to the velocity gradient, and the 
proportionality constant, μ, is the viscosity of the fluid:

The microscopic form of this equation is known as Newton’s law of 
viscosity:

Shear stress and shear rate have two subscripts: z represents the direction of force and 
y represents the direction of normal to the surface on which the force is acting. A 
negative sign is introduced into the equation because the velocity gradient is negative, 
that is, velocity decreases in the direction of transfer of momentum.
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Viscosity is defined as the resistance of a fluid to flow. The unit of dynamic 
viscosity is (Pa · s) in the SI system and poise (g/cm · s) in the CGS system.

Momentum diffusivity or kinematic viscosity, which has the same units as 
thermal diffusivity (α = k/ρ cp) in heat transfer and mass diffusivity (DAB) in mass 
transfer, is defined to make the transport properties analogous. Its unit is m2/s in SI 
and stoke (cm2/s) in CGS. It is the ratio of dynamic viscosity to density of fluid:
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Factors Affecting Viscosity

• Temperature: There is usually an inverse 
relationship between viscosity and 
temperature.
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• Concentration of Solute: There is usually a 
direct nonlinear relationship between the 
concentration of a solute and viscosity at 
constant temperature.
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• Molecular Weight of Solute: There is usually a 
nonlinear relationship between the molecular weight 
of the solute and the viscosity of the solution at 
equal concentrations.
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• Pressure: The viscosity of most liquids is 
essentially constant over a pressure range of 
0–100 atm. Hence the pressure effect can 
usually be ignored for foods.
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Viscous Fluids

• Viscous fluids tend to deform continuously 
under the effect of an applied stress. They can 
be categorized as Newtonian or non-
Newtonian fluids.
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Newtonian Fluids

• Fluids that follow Newton’s law of viscosity are 
called Newtonian fluids. The slope of the 
shear stress versus shear rate graph, which is 
viscosity, is constant and independent of shear 
rate in Newtonian fluids. Gases; oils; water; 
and most liquids that contain more than 90% 
water such as tea, coffee, beer, carbonated 
beverages, fruit juices, and milk show 
Newtonian behavior.



6/16/2020

22

Fluids that do not follow Newton’s law of viscosity are known as non-Newtonian 
fluids. Shear thinning or shear thickening fluids obey the power law model 
(Ostwald-de Waele equation):

Non-Newtonian Fluids
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Non-Newtonian Fluids

• (a) Shear Thinning (Pseudoplastic) Fluids. In 
these types of fluids, as shear rate increases 
friction between layers decreases. Shearing 
causes entangled, long-chain molecules to 
straighten out and become aligned with the 
flow, reducing viscosity.

• (b) Shear Thickening Fluids. In these types of 
fluids, as shear rate increases, the internal 
friction and apparent viscosity increase.
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Plastic Fluids

1-Bingham Plastic Fluids
• In these types of fluids, fluid remains rigid 

when the magnitude of shear stress is smaller 
than the yield stress (τ0) but flows like a 
Newtonian fluid when the shear stress exceeds 
τ0.
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Ideal plastic behavior (St. Venant body)
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2- Non-Bingham Plastic Fluids
In these types of fluids, a minimum shear stress known as 
yield stress must be exceeded before flow begins, as in the 
case of Bingham plastic fluids. However, the graph of shear 
stress versus shear rate is not linear.

Herschel-Bulkley model:

Casson model:
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Time Dependency

• When some fluids are subjected to a constant shear rate, 
they become thinner (or thicker) with time.

• thixotropic fluids: Fluids that exhibit decreasing shear 
stress and apparent viscosity with respect to time at a fixed 
shear rate are called thixotropic fluids (shear thinning with 
time). This phenomenon is probably due to the breakdown 
in the structure of the material as shearing continues. 
Gelatin, egg white, and shortening can be given as 
examples of this type of fluid.

• rheopectic fluids: In rheopectic fluids (shear thickening 
with time), shear stress and apparent viscosity increase 
with time, that is, the structure builds up as shearing 
continues. Bentonite–clay suspensions show this type of 
flow behavior. It is rarely observed in food systems.
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Solution Viscosity
In the case of solutions, emulsions, or suspensions, viscosity is often measured in 
comparative terms, that is, the viscosity of the solution, emulsion, or suspension is 
compared with the viscosity of a pure solvent. Solution viscosities are useful in 
understanding the behavior of some biopolymers including aqueous solutions of 
locust bean gum, guar gum, and carboxymethyl cellulose.

Viscosities of pure solvents and suspensions can be measured and various values 
can be calculated from the resulting data. The relative viscosity, ηrel is expressed 
as:
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VISCOSITY MEASUREMENT

1-Capillary Flow Viscometers

Capillary flow viscometers are generally in the 
form of a U-tube. These types of viscometers 
are very simple, inexpensive, and suitable for 
low-viscosity fluids. There are different designs 
of capillary viscometers. A typical design of 
capillary viscometer is shown in Fig. 6.2.
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2-Tube viscometer
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3-Orifice Type Viscometers

In orifice type viscometers, the time for a
standard volume of fluid to flow through an
orifice is measured. They are used for
Newtonian or near-Newtonian fluids when
extreme accuracy is not required. In the
food industry, the most commonly used
one is a dipping type Zahn viscometer that
consists of a 44-mL capacity stainless steel
cup with a handle and with a calibrated
circular hole in the bottom. The cup is filled
by dipping it into the fluid and withdrawing
it. The time from the start of withdrawing
to the first break occurring in the issuing
stream is recorded.
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4- Falling Ball Viscometers

These types of viscometers involve a vertical tube where a ball is allowed to fall 
under the influence of gravity. It operates on the principle of measuring the time 
for a ball to fall through a liquid under the influence of gravity.
When the ball falls through the fluid, it is subjected to gravitational force, drag 
force, and buoyancy force (Fig. 2.9). Making a force balance:
Net force (FNet) = GravitaƟonal force (FG)− Buoyancy force (FB)− Drag force (FD)
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5-Rotational Viscometers
• In rotational viscometers, the sample is sheared between the two parts of the 

measuring device by means of rotation. In agitation, the shear rate is proportional 
to the rotational speed. It is possible to measure the shear stress as the shear rate 
is changed. In addition, a sample can be sheared for as long as desired. Therefore, 
rotational viscometers are the best for characterization of non-Newtonian and 
time-dependent behavior. There are different forms of these viscometers, as 
described in the following sections.

5-1- Concentric Cylinder (Coaxial Rotational) Viscometers

This type of viscometer consists of two annular 
cylinders with a narrow gap between them. The 
fluid to be measured is placed in the gap.

It can be used for both Newtonian and non-
Newtonian foods.
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5-2- Cone and Plate Viscometers
The operating principle for cone and plate viscometers is similar to that for 
concentric cylinder viscometers. The system consists of a circular plate and a cone 
with radius R with its axis perpendicular to the plate and its vertex in the plane of the 
surface of the plate.

Usually, the cone is rotated at a known angular velocity (). The fluid is 
placed in the gap between the cone and plate and transmits torque to the 
plate.
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5-3- Other rotational viscometers
5-3-1- Single-Spindle Viscometers (Brookfield 

Viscometer)
A spindle attached to the instrument with a vertical shaft is rotated in the fluid
and the torque necessary to overcome the viscous resistance is measured.
Different spindles are available in various sizes which may be rotated at
different speeds. A suitable spindle and a rotational speed for a particular fluid
are selected by trial and error. This device gives the viscosity of Newtonian
fluids directly since it is calibrated with Newtonian oils. The steady-state
deflection is noted and a conversion chart is provided to estimate the apparent
viscosity under the test conditions. It is possible to determine apparent viscosity
at different speeds (shear rates), but since it is not possible to state the exact
shear rate that the fluid is subjected to, shear stress–shear rate data cannot be
presented. The results are normally presented in the form of apparent viscosity
against rotational speed. A range of calibration fluids is available for checking
the accuracy of the equipment. It is possible to determine whether the fluid is
time dependent or not by using this viscometer.
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5-3-2- FMC Consistometer
5-3-3- Corn Industries Viscometer
5-3-4- Paddle Viscometer
5-3-5- Brabender Viscograph
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6- Vibrational (Oscillation) Viscometer
7- Back extrusion viscometer
8- Imitative viscometer
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Rheometer
A rheometer is a laboratory device used to measure the way in which a liquid, 
suspension or slurry flows in response to applied forces. It is used for those fluids 
which cannot be defined by a single value of viscosity and therefore require more 
parameters to be set and measured than is the case for a viscometer. It measures the 
rheology of the fluid.

There are two distinctively different types of rheometers. Rheometers that control 
the applied shear stress or shear strain are called rotational or shear rheometers, 
whereas rheometers that apply extensional stress or extensional strain are 
extensional rheometers. Rotational or shear type rheometers are usually designed as 
either a native strain-controlled instrument (control and apply a user-defined shear 
strain which can then measure the resulting shear stress) or a native stress-controlled 
instrument (control and apply a user-defined shear stress and measure the resulting 
shear strain).
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Types of shear rheometer

- Pipe or Capillary

-Rotational cylinder

- Cone and plate

- Linear Shear

Types of extensional rheometer

Commercially available extensional rheometers have been segregated according to 
their applicability to viscosity ranges. Materials with a viscosity range from 
approximately 0.01 to 1 Pa.s. (most polymer solutions)are best characterized with 
capillary breakup rheometers, opposed jet devices, or contraction flow systems. 
Materials with a viscosity range from approximately 1 to 1000 Pa.s. are used in 
filament stretching rheometers. Materials with a high viscosity >1000 Pa.s., such as 
polymer melts, are best characterized by constant-length devices.
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Rheometer with cylinder 
measuring system (left) and 
cone/plate measuring 
system (right)

modular Rotational Rheometer with 
cylinder and cone/plate and plate/plate 
measuring systems

FiSER filament stretching 
extensional rheometer Dynamic Shear Rheometer
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Deformation of Material

• Elastic
1- Ideal elastic (Hookean )
2- Non- Hookean
• In- elastic
1- viscoelastic
2- Viscoplastic
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Ideal elastic behavior (Hookean body)
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• Young’s Modulus: Young’s modulus of elasticity is the 
ratio of stress to strain when an elastic solid material is 
compressed or extended. It is a measure of stiffness and was 
developed by Thomas Young, an English physicist (1773–
1829) and it is described by the equation:

• Shear Modulus: Shear modulus is the ratio of shearing 
stress to shearing strain and is described

• by the equation:
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• Bulk Modulus: Bulk modulus is the ratio of the 
stress to the change in volume:

• Poisson’s Ratio: Poisson’s ratio is named after 
the French physicist Siméon Denis Poisson

(1781–1840) and is described by the equation:
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Interrelations Between Moduli:
• Rheological theory shows that for elastic 

materials these four moduli are interrelated as 
follows:
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• Bioyield point is defined as the point at which an 
increase in deformation is observed with a decrease 
or no change of force. In some agricultural products, 
the presence of this bioyield point is an indication of 
initial cell rupture.

• Rupture point is a point on the stress–strain or 
force-deformation curve at which the axially loaded 
specimen ruptures under a load. Rupture point 
corresponds to a failure in the macrostructure of the 
specimen while bioyield point corresponds to a 
failure in the microstructure of the sample.
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VISCOELASTIC BEHAVIOR

• When a force is applied to a viscous fluid, it will start to 
deform and this deformation is proportional with the 
magnitude of force applied. It deforms continuously 
until the force is removed so that it cannot return to its 
original position. Viscous fluids generally exhibit 
viscosity while solids exhibit elasticity. 

• Some foods show both viscous and elastic properties 
which are known as viscoelastic materials.

• The typical food example for viscoelastic fluids is wheat 
flour dough.
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• Weissenberg effect
When a viscous fluid is agitated, the circular motion causes a vortex. If a viscoelastic fluid 
is stirred by a rotating rod it tends to climb the rod, which is known as the Weissenberg
effect (Fig. 2.14). You might have observed this effect while mixing a cake batter or bread 
dough at home. This is due to the production of a normal force acting at right angles to 
the rotational forces, which in turn acts in a horizontal plane. The rotation tends to 
straighten out the polymer molecules in the direction of rotation but the molecules 
attempt to return to their original position.

When a Newtonian fluid emerges from a long, round tube into the air, the emerging jet will 
normally contract. It may expand to a diameter of 10% to 15% larger than the tube 
diameter at low Reynolds numbers. Normal stress differences present in a viscoelastic fluid, 
however, may cause jet expansion (called die swell) which are two or more times the 
diameter of the tube. In addition, highly elastic fluids may exhibit a tubeless siphon effect
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• Recoil phenomenon
Another phenomenon observed in the viscoelastic material is called the 
recoil phenomenon. When the flow of viscoelastic material is stopped, 
tensile forces in the fluid cause particles to move back. However, viscous 
fluids stay where they are when their motion is stopped (Steffe, 1996). 
This phenomenon is illustrated in Fig. 2.15.
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Study viscoelastic

• There are three different methods to study 
viscoelastic materials: stress relaxation test, 
creep test, and dynamic test.
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Stress Relaxation Test
If food materials are deformed to a fixed strain and the strain is held constant, 
the stress required to maintain this strain decreases with time. This is called 
stress relaxation. In this test, stress is measured as a function of time as the 
material is subjected to a constant strain.
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Creep Test
If a constant load is applied to biological materials and if stresses are relatively 
large, the material will continue to deform with time. This is known as creep. In a 
creep test, an instantaneous constant stress is applied to the material and the 
resulting strain is measured as a function of time.
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Dynamic Test (Oscillatory Test)
In dynamic tests, either rate is controlled (stress is measured at a constant strain) or 
stress is controlled (deformation is measured at a constant stress amplitude). That is, 
materials are subjected to deformation or stress which varies harmonically with time. 
Usually, a sinusoidal strain is applied to the sample, causing some level of stress to be 
transmitted through the material. Then, the transmitted shear stress in the sample is 
measured(Fig. 2.18). Concentric cylinder, cone, and plate or parallel viscometers are 
suitable for this purpose. This test is suitable for undisturbed viscoelastic materials as 
a function of time.
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The magnitude and the time lag (phase shift) of the transmission depend on the 
viscoelastic nature of the material. Much of the stress is transmitted in highly 
elastic materials while it is dissipated in frictional losses in highly viscous ones. 
The time lag is large for highly viscous materials but small for highly elastic 
materials.
A storage modulus (     ) that is high for elastic materials and loss modulus (      ) 
that is high for viscous materials are defined as follows:
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EXTENSIONAL FLOW
Many food processes involve extensional deformation. Pure extensional flow does 
not involve shearing and sometimes called shear free flow. In extensional flow, 
molecular orientation is in the direction of the flow field since there are no 
competing forces to cause rotation. Extensional flow causes maximum stretching of 
molecules, producing a chain tension that may result in a large resistance to 
deformation.

Dough processing is an important food process in which extensional flow is 
significant. Another example for extensional flow is extrusion, which involves a 
combination of shear and extensional flow. Formation of carbon dioxide gas 
during fermentation of bread dough involves extensional deformation.
The extensograph is an important instrument used to study dough rheology
which gives resistance to extension and stretchability.
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There are three types of extensional flow: uniaxial, planar, and biaxial (Fig. 
2.19).

There are many test methods that measure the uniaxial extensional properties 
of dough such as the Brabender Extensograph and the Stable Microsystems 
Kieffer dough and gluten extensibility rig. However, these methods do not give 
rheological data in units of stress and strain since sample geometry is not 
defined or measured, and dimensions change nonuniformly during testing. 
Therefore, it is impossible to determine stress, strain, modulus, or viscosity by 
these methods.
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MECHANICAL MODELS
• To understand the rheological behavior of 

viscoelastic foods, some mechanical models 
are used.

• These models consist of springs and dashpots.
• Elastic (Spring) Model
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• Viscous (Dashpot) Model
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Combination Models
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Maxwell Model
The Maxwell model has been used to interpret stress relaxation of 
viscoelastic liquids, especially polymeric liquid. Since the arrangement is 
a series arrangement in Maxwell model, the total shear strain can be 
expressed as the summation of strain in the spring and dashpot:

Differentiating Eq. (upper) with respect to time and using Eqs. (spring) 
and (dashpot), the following equation was obtained:
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Kelvin-Voigt Model
Creep behavior can be described by the Kelvin-Voigt model. This model 
contains a spring and a dashpot connected in parallel . Therefore, it is possible 
to express all strains as equal to each other.
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Burger Model
The Kelvin model shows excellent retardation but this is not the case in many 
foods. Therefore, the Burger model is proposed, which is the series 
combination of the Kelvin and Maxwell models:
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Texture
• Although we do not have an entirely satisfactory definition of texture we
can say with a high degree of certainty that texture of foods has the following
characteristics.
1. It is a group of physical properties that derive from the structure of the 

food.
2. It belongs under the mechanical or rheological subheading of physical 

properties. Optical properties, electrical and magnetic properties, and 
temperature and thermal properties are physical properties that are 
excluded from the texture definition.

3. It consists of a group of properties, not a single property.
4. Texture is sensed primarily by the feeling of touch, usually in the mouth, 

but other parts of the body may be involved (frequently the hands).
5. It is not related to the chemical senses of taste or odor.
6. Objective measurement is by means of functions of mass, distance, and 

time only; for example, force has the dimensions MLT2, work has the
dimensions ML2T2, and flow has the dimensions L3T1.
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Texture is one of the most important quality characteristics 
of foods. Foods have different textural properties. These 
differences are caused by inherent differences due to the 
variety difference, differences due to maturity, and 
differences caused by processing methods. Food texture can 
be evaluated by sensory or instrumental methods. Sensory 
methods need a taste panel containing trained panelists. It is 
hard to repeat the results. Instrumental methods are less 
expensive and less time consuming as compared to sensory 
methods. There are various instrumental methods to 
determine the texture of foods. 
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Texture Measurement
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• Another method 
of classification of 
food texture 
instruments is on 
the basis of the 
variable or 
variables that are 
measured in the 
test.
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Force Measuring Instruments

1- Puncture Test
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2- Compression–Extrusion Test
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3- Cutting–Shear Test
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4- Compression Tests

5- Bending and Snapping Test
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Distance Measuring Instruments

1- Linear Measuring Instruments
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2- Area Measuring Instruments
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Multiple Variable Instruments

1-GF Texturometer
2- FTC Texture Test System
3- Ottawa Texture Measuring System (OTMS)
4- Universal Testing Machines (UTM)
4-1- Instron
4-2- TA.XT2 Texture Analyzer
4-3- QTS Texture Analyzers
4-4- Lloyd Texture Analyzer
4-5- Tensipresser
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Texture Profile Analysis (TPA)

• A group at the General Foods Corporation Technical 
Center pioneered the test that compresses a bite-size 
piece of food two times in a reciprocating motion 
that imitates the action of the jaw, and extracted 
from the resulting force–time curve a number of 
textural parameters that correlate well with sensory 
evaluation of those parameters The instrument 
devised especially for this purpose is the General 
Foods Texturometer.
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