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Summary

Rheology is the study of how fluids flow and solids deform when subjected to forces.
While some foods can be classified as ideal solids (Hooke’s Law) or ideal fluids
(Newtonian), most behave as Non-Newtonian fluids or even exhibit viscoelastic
behavior, i.e., their response can be expressed in terms of a viscous and an elastic
component. These properties make the rheological characterization of foods a
challenging task. Adding complexity, many foods (e.g., ketchup) exhibit time-
dependent characteristics, i.e., their rheological behavior will depend on the previous
history of the forces applied to the food. Furthermore, their response is greatly affected
by the temperature and the concentration of components, and some foods (e.g.,
mayonnaise and yogurt) exhibit yield stress, i.e., they act as solids below a given stress,
after which they flow. This article describes the rheological properties of Newtonian and
non-Newtonian fluid foods, discusses techniques to measure their rheological
properties, and gives examples of typical foods, such as chocolate, beverages, and
ketchup.

1. Introduction

Rheology is a science that studies the flow and deformation of solids and fluids under
the influence of mechanical forces. In order to study the rheological behavior of many
products, it is necessary to resort to rheometry, which is utilized in different fields of the
industry. The rheological measure of a product during the factory stage could serve as a
control of quality for the said product. It could also correlate the microstructure of a
product with its rheological behavior, which permits the development of new materials.
This rheometry results in rheological equations that assist in the engineering of
processes, above all in the unit operations involving the transfer of heat and momentum.
Finally, by knowing the demands of the consumer, it is possible to develop an adequate
product to meet such demands.

Many industries frequently work with products that are in a liquid phase during all or
some of the industrial operations carried out (concentration, evaporation, pasteurization,
pumps, and those in between), thus a good design of each process installation is
indispensable for good operation. In the design of all processes, it is necessary to know
the individual physical characteristics differentiating each process. One characteristic is
the rheological behavior of the fluid processed. Knowledge of its rheology can avoid
possible excess dimensions of pumps, pipes, evaporators, etc., all of which could cause
a negative rebound in the economy of the process.

The viscosity is utilized in calculating the parameters of transport phenomena of
momentum and energy, as well as for the quality control of certain products. As a result,
in the equations of the mathematical model expounded for the diverse operations that
form a particular process, the rheological constants of the fluids should be determined
by means of experimentation. For this reason, it is very important that the rheological
characterization of the several flowing currents and the deduction of equations be done
in order to be able to calculate directly the rheological constants as a function of the
considered food and of the variables of the operation.
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2. Stress and Deformation

When a force is applied to a body, different response patterns occur depending on the
material. For instance, an elastic solid is deformed when subjected to a force. However,
when the force is removed, the solid will recover its initial shape. If the material is a
Newtonian fluid, it will flow when subjected to a force and will gradually stop flowing
when the force is removed, but will not recover its original shape.

The stress (o) applied to a material is defined as the force (F) per unit of area (A). In
this way, the stress can be normal and/or tangential. There are two types of normal
stress, traction and compression stress. Nine components of the stress exist for a body
(Figure 1). Each one is designated with two subscripts "i"" and "j", expressing the section
that receives a given stress and the direction of the stress, respectively. So, oj; is a stress
applied on the ith section in the jth direction. The nine components of the stress form
the stress tensor:

011 012 013
O0jj= |92 022 022 (1)
O31 O3, O33

The stress tensor is symmetric, i.e. oj; = oj; . Therefore, only six components of tensor
are independent.

For shear stress i # j, while for normal stresses i =j. The normal stress of traction is
defined as positive (o >0), while the normal stress for compression as negative

(Gii < O).

Lo

Gaz

Figure 1. Stress applied on a material.
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All stress applied to a material produces a deformation. The deformation can be angular
or longitudinal, depending on the direction of the applied stress. Normal stress produces
longitudinal deformation (extensions or reduction), while shear stress produces angular
deformation.

If normal traction stress is applied to a bar of length Lo (Figure 2), it will produce an
extension in such a form that the final length of the bar will be L =1Ly +AL. The

deformation produced on this bar is expressed as the Cauchy strain (gc ):

gC:A_L:L_l )

For high deformations, it is preferable to use the Hencky strain (ey), defined as:

ey =In(L/Lp) (3)

When shear stress is applied, it produces a deformation as shown in Figure 3, where the
inferior face of the body remains stationary. The angle of shear is calculated according
to the equation:

tany = ATL 4)

For small deformations, where tan y = vy, the tangent of the angle of deformation is
considered equal to the shear strain (y).

Non siress Stress

Figure 2. Deformation in normal stress.
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Mon stress Stress

Figure 3. Deformation in shear stress.
3. Elastic Solids and Newtonian Fluids

A shear stress (ojj) applied to a solid material will produce a shear strain (y), according
to Equation 5:

ajj =Gy ®)

The proportional constant G is called shear modulus or rigidity modulus and the
material is denominated Hookean solid, being linearity elastic and exhibiting no flow.
The stress remains constant until the deformation is eliminated, returning the material to
its initial shape.

If a normal stress (o) is applied to a Hookean solid, the stress will be proportional to
the Cauchy strain:

Oii = E(C,'C (6)

where the proportional constant E is denominated as the Young modulus, or elasticity
modulus.

Elastic solids are those deformed when subjected to shear or normal forces, but which
recover their initial form if the applied force is removed. Solids that do not recover their
initial shape once an applied force has stopped are known as solid plastics. Elastoplastic
solids exhibit intermediate behavior, i.e., under little stress they behave as solids, but
once a critical stress is reached they will not recover their initial shape.

Fluids, i.e., materials that exhibit flow when subjected to stress, are usually contained
between two parallel plates of gap h (Figure 4), to study their rheological characteristics.
The inferior plate remains static, while the superior one moves at constant speed (vp), as
shown in Equation 7:

dx

Vp = H (7)
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where X is displacement and t is time.
In order to maintain a constant speed, a shear stress (o12) needs to be applied to the
upper plate while the lower plate remains static. In this way, a profile of speeds occurs

in the fluid along the gap between the two plates (Figure 4) and the fluid will flow at a
rate of deformation or shear strain rate (), defined as:

. adv d(s6x) d{ox) d
dy dyl ot dt\ oy dt

The shear stress applied o1, and the shear strain rate ( 7) are directly proportional:

o1 =1y 9)

This expression is known as Newton’s law of viscosity, and the constant of
proportionality n is the Newtonian viscosity.

Fluids that follow Newton’s law of viscosity are considered ideal or Newtonian fluids.

Force
aty=h wv=v,

h

X at y=0 v=0

Figure 4. Velocity profile between parallel plates.
4. Viscometric Functions
For a complete characterization of fluids, a study of stresses and deformations in the

three-dimensional space is required. For a flow in simple shear, the stress tensor is
reduced:

Oi=|0y 0yp O (10)

Simple shear flow is also called viscometric flow, and is used to characterize the
behavior of fluids under geometries such as concentric cylinders, axial flow in a tube,
and rotational flow between plate-plate and cone-plate surfaces.
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In simple shear flow, only three functions are required to describe the behavior of a
fluid. The so-called viscometric functions are the viscosity function (11) and the first
(12) and second (13) normal stress coefficient functions, defined as:

) = 40) =% (12)
() =h0) =% (12)
v2(7) = 4(7) :% (13)

Equations (12) and (13) are sometimes expressed in terms of the first and second normal
stress difference:

Ny =011~ 0% (14)
Ny =09 — 033 (15)
Since N is difficult to measure and usually very low, it is assumed null in most cases.

5. Rheological Classification of Fluids

In classical mechanics, the distinction between liquids and solids was very clear, and
separate physical laws existed to describe the behavior of solids (Hooke’s law) and
liquids (Newton’s law). However, a variety of products (such as foods) exist that exhibit
intermediate behavior which needs to be well characterized.

Fluids are initially classified as having Newtonian or Non-Newtonian behavior,
depending on whether they can be described by Newton's law of viscosity or not. Non-
Newtonian fluids are also classified as time-dependent or time-independent. Fluids in
which rheological behavior depends only on the shear stress (at constant temperature)
are considered time-independent. Time-dependent fluids are those in which the viscosity
depends, not only on the shear stress, but also on the amount of time the stress has been
applied to the fluid. There are fluids that present both viscous and elastic behavior; they
are called viscoelastic fluids.

Classification of flowing fluids can be done by means of viscometric functions, defined
in the previous section. For Newtonian fluids, the viscosity function is constant, and the
viscosity (Newtonian viscosity) is independent of shear strain rate and time

(n7(¥) = n= constant ).

In non-Newtonian fluids, the viscosity function depends on the shear strain rate, and the
apparent viscosity is defined as:
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N =222 = p(7) (16)

In this way, fluids can be classified according to the following scheme:

A). Newtonian flow
B). Non-Newtonian flow
1). Time independent
a) Plastic fluids
b) Pseudoplastic fluids (shear-thinning)
c) Dilatent fluids (shear-thickening)
2). Time dependent
a) Thixotropic fluids
b) Antithixotropic or rheopectic fluids
C). Viscoelastic fluids
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