Chapter 1
Non-Newtonian fluid behaviour

1.1 Introduction

One may classify fluids in two different ways; either according to their response
to the externally applied pressure or according to the effects produced under the
action of a shear stress. The first scheme of classification leads to the so called
‘compressible’ and ‘incompressible’ fluids, depending upon whether or not the
volume of an element of fluid is dependent on its pressure. While compress-
ibility influences the flow characteristics of gases, liquids can normally be
regarded as incompressible and it is their response to shearing which is of
greater importance. In this chapter, the flow characteristics of single phase
liquids, solutions and pseudo-homogeneous mixtures (such as slurries, emul-
sions, gas-liquid dispersions) which may be treated as a continuum if they
are stable in the absence of turbulent eddies are considered depending upon
their response to externally imposed shearing action.

1.2 Classification of fluid behaviour
1.2.1 Definition of a Newtonian fluid

Consider a thin layer of a fluid contained between two parallel planes a distance
dy apart, as shown in Figure 1.1. Now, if under steady state conditions, the
fluid is subjected to a shear by the application of a fdrcas shown, this will

be balanced by an equal and opposite internal frictional force in the fluid. For
an incompressible Newtonian fluid in laminar flow, the resulting shear stress
is equal to the product of the shear rate and the viscosity of the fluid medium.
In this simple case, the shear rate may be expressed as the velocity gradient
in the direction perpendicular to that of the shear force, i.e.

F dv, .
Z = ‘ny =u (— dy = Myyx (11)
Note that the first subscript on bothand y indicates the direction normal

to that of shearing force, while the second subscript refers to the direction of
the force and the flow. By considering the equilibrium of a fluid layer, it can
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Surface area A

Figure 1.1 Schematic representation of unidirectional shearing flow

readily be seen that at any shear plane there are two equal and opposite shear
stresses—a positive one on the slower moving fluid and a negative one on the
faster moving fluid layer. The negative sign on the right hand side of equation
(1.1) indicates that,, is a measure of the resistance to motion. One can also
view the situation from a different standpoint as: for an incompressible fluid

of density p, equation (1.1) can be written as:

w d
= ———(pV, 12
Ty, pdy(p ) (1.2)

The quantity pV,’ is the momentum in the-direction per unit volume of the
fluid and hencer,, represents the momentum flux in thedirection and the
negative sign indicates that the momentum transfer occurs in the direction of
decreasing velocity which is also in line with the Fourier’s law of heat transfer
and Fick’s law of diffusive mass transfer.

The constant of proportionality (or the ratio of the shear stress to the rate
of shear) which is called the Newtonian viscosity is, by definition, indepen-
dent of shear ratey(,) or shear stress{,) and depends only on the material
and its temperature and pressure. The plot of shear strgsafainst shear
rate () for a Newtonian fluid, the so-called ‘flow curve’ or ‘rheogram’, is
therefore a straight line of slopg, and passing through the origin; the single
constantyu, thus completely characterises the flow behaviour of a Newtonian
fluid at a fixed temperature and pressure. Gases, simple organic liquids, solu-
tions of low molecular weight inorganic salts, molten metals and salts are
all Newtonian fluids. The shear stress—shear rate data shown in Figure 1.2
demonstrate the Newtonian fluid behaviour of a cooking oil and a corn syrup;
the values of the viscosity for some substances encountered in everyday life
are given in Table 1.1.

Figure 1.1 and equation (1.1) represent the simplest case wherein the
velocity vector which has only one component, in thdirection varies only in
the y-direction. Such a flow configuration is known as simple shear flow. For
the more complex case of three dimensional flow, it is necessary to set up the
appropriate partial differential equations. For instance, the more general case
of an incompressible Newtonian fluid may be expressed — far{hlane — as
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Figure 1.2 Typical shearstress-shearrate datafor a cookingoil anda

corn syrup

follows [Bird etal., 1960,1987]:

5 Vv, n 2
Ty = — =
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(1.3)

(1.4)

(1.5)

Similar setsof equationscanbe drawnup for the forcesactingon the y- and
z-planes;in eachcase,there are two (in-plane) shearingcomponentsand a
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Table 1.1 Typical viscosity values at room

temperature
Substance n
(mPas)

Air 102
Benzene 0.65
Water 1
Molten sodium chloride (1173 K) 1.01
Ethyl alcohol 1.20
Mercury (293 K) 1.55
Molten lead (673 K) 2.33
Ethylene glycol 20
Olive oil 100
Castor oil 600
100% Glycerine (293 K) 1500
Honey 1d
Corn syrup 16
Bitumen 16*
Molten glass 16
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Figure 1.3 Stresscomponentén three dimensionaflow

normalcomponentFigure 1.3 showsthe nine strescomponentschematically
in anelemenbf fluid. By consideringhe equilibrium of afluid elementjt can
easily be shownthat 7, = 1,,; 7., = 7, andr,, = r;,. The normal stresses
canbe visualisedasbeingmadeup of two componentsisotropicpressureand
a contributiondueto flow, i.e.
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Po=—p+tu (1.6a)
Py =—-p+r1y (1.6b)
Py=-p+r1, (1.6¢0)

wheret,, 1y, T, contributions arising from flow, are known as deviatoric
normal stresses for Newtonian fluids and as extra stresses for non-Newtonian
fluids. For an incompressible Newtonian fluid, the isotropic pressure is given by

p=—3Pu+Py+P) (1.7)
From equations (1.6) and (1.7), it follows that
T+ Ty +7,=0 (1.8)

For a Newtonian fluid in simple shearing motion, the deviatoric normal stress
components are identically zero, i.e.

T =Ty =T,=0 (1.9

Thus,the completedefinition of a Newtonianfluid is thatit notonly possesses
a constantviscosity but it also satisfiesthe condition of equation (1.9),
or simply that it satisfiesthe completeNavier—Stokesequations.Thus, for
instance the so-calledconstantviscosity Bogerfluids [Boger, 1976; Prilutski
etal., 1983] which display constantshearviscosity but do not conform to
equation(1.9) must be classed as non-Newtonian fluids.





