


Lecture Objectives:
Basic concepts of viscosity are introduced together with their analytical and 
experimental manifestations. 

Lecture Contents:
1. Introduction and definitions of viscosity
2. Different types of fluid flow
3. Viscosity models to analyze viscosity

Lecture Outcome:
Upon successful completion of the course the student is able to solve and analyse 
problems involving different types of fluid flow.



FLOW OF FLUIDS
 Different fluids flow differently

 Type of flow depends on the nature of the materials, how the molecules are 
interacted, the processing conditions etc.







Flow Behavior of Materials 

Stress components in three dimensional flow
There are only 3 independent shear components and 2 normal stress differences. 
Thus, in Cartesian coordinates, these are 

and the two normal stress differences defined as
Primary normal stress difference, 
Secondary normal stress difference





Absolute (dynamic) viscosity:

The fundamental unit of viscosity measurement is the poise. A material requiring a 
shear stress of one dyne per square meter to produce a shear rate of one reciprocal 
second has a viscosity of one poise, or 100 centipoise.

Fluidity:
It is the reciprocal of viscosity (Ø = 1/η)

Kinematic Viscosity:
It is the absolute viscosity divided by the density of liquid at a specified temperature.
Kinematic viscosity = η / ρ;  where ρ is the density of the liquid. The unite is Stock 
(S) or centi-Stock (cS)

Relative viscosity:
is the relation of the solution viscosity η with respect to the viscosity of the solvent 
“standard” ηo
 ηrel = η/ η0

Specific Viscosity
 ηsp = (ηrel – 1)



Newtonian Flow of Fluids



NEWTONIAN FLOW
 Newton assumed that all materials have, at a given temperature, a viscosity that 

is independent of the shear rate.

 For Newtonian fluids, all the stress components are related linearly to the rate of 
deformation tensor components via the scalar viscosity. For instance the three 
stress components acting on the x−face (oriented normal to the x−axis) are as 
follows

                                            

For a Newtonian fluid, in simple shear, 

Because Vx only varies in the y−direction. 
Thus, Newtonian fluid requires it to satisfy the 
complete Navier-Stokes equations rather than 
simply exhibiting a constant value of shear 
viscosity.



NEWTONIAN FLOW

                                            



Non-Newtonian Flow of Fluids



NON-NEWTONIAN FLOW

The simplest possible deviation from the Newtonian fluid behavior occurs when 
Time/ Kinematic History Independent

 The simple shear data            does not pass through the origin 
    and/ or 
 Result into a non-linear relationship between

 Conversely, the apparent viscosity, defined as      , is not constant and is a 
function of 

  App. Viscosity ⁄(𝜎𝜎 𝛾̇𝛾) = f(𝜎𝜎, 𝛾̇𝛾)

Time/ Kinematic History Dependent
 Indeed, under appropriate circumstances, the apparent viscosity of certain 

materials is not only a function of flow conditions (geometry, rate of shear, etc.), 
but it also depends on time, the kinematic history of the fluid elements under 
consideration.



NON-NEWTONIAN FLOW

Categories
1) Systems for which the value of    at a point within the fluid is determined only by 

the current value of   at that point; these substances are variously known as 
purely viscous, inelastic, time-independent or generalized Newtonian fluids 
(GNF). e.g. shear thinning, shear thickening behaviour, Bingham flow etc.

2) Systems for which the relation between               shows further dependence on 
the duration of shearing and kinematic history; these are called time-dependent 
fluids. E.g. thixotropy, rheopexy

3) Systems which exhibit a blend of viscous fluid behavior and of elastic solid-like 
behaviour. For instance, this class of materials shows partial elastic recovery, 
recoil, creep, etc. Accordingly, these are called visco-elastic or elasto-viscous 
fluids.



Time Independent Fluid Flow
(Generalized Newtonian Fluids)



TIME-INDEPENDENT FLUID FLOW
The current value of the rate of shear at a point in the fluid is determined only by the 
corresponding current value of the shear stress and vice versa. Conversely, one 
can say that such fluids have no memory of their past kinematic history. Thus,

Or, its inverse form,

Depending upon the above equation, 
three possibilities exist:
1) Shear- thinning or pseudoplastic 

behavior
2) Visco-plastic behavior with or without 

shear-thinning behavior
3) Shear- thickening or dilatant 

behavior.



Shear-Thinning Fluids
The most widely encountered type of time-independent non-Newtonian fluid 
behavior in engineering practice. It is characterized by an apparent viscosity which 
gradually decreases with increasing shear rate. In polymeric systems (melts and 
solutions), at low shear rates, the apparent viscosity approaches a Newtonian 
plateau where the viscosity is independent of shear rate (zero shear viscosity,   ). 
Furthermore, only polymer solutions also exhibit a similar plateau at very high shear 
rates (infinite shear viscosity,     ), i.e.,



Structural Reasons of Pseudo-plastic Flow Behaviour 



Power-law fluid/ Ostwald–de Waele power law (2 Parameters Model)

A Power-law fluid is a type of generalized Newtonian fluid for which the shear 
stress,     , is given by

Where n is the flow behavior index or power law index (dimensionless) and m is 
the flow consistency index (SI units Pa.sn), 
In terms of the apparent viscosity,
 

The value of n in the range 0.3-0.7 depending upon the concentration and 
molecular weight of the polymer, etc. Smaller is the value of n, more shear-thinning 
is the material.

Drawback
It predicts neither the upper nor the lower Newtonian plateaus in the limits of         
or



Cross Law (3 Parameters Model)
New parameter incorporated here is zero shear viscosity
 Another difference is Cross law index (m) is introduced in place of power law 

index

.

At low shear rate (               ) cross fluids behave as Newtonian fluids
At high shear rate (                ) as power-law fluids.

o Applicable at the low-shear-rate behavior of 
the viscosity. 

o Differs from the Bird-Carreau law primarily in 
the curvature of the viscosity curve in the 
vicinity of the transition between the plateau 
zone and the power law behavior



Bird-Carreau Law (4 Parameters Model)
New parameter incorporated here is infinite shear viscosity

At low shear rate (             ) Carreau fluid behaves as a Newtonian fluid
At high shear rate (             ) Carreau fluid behaves as a power-law fluid.

It differs from the Cross law primarily in the curvature of the viscosity curve in the 
vicinity of the transition between the plateau zone and the power law behavior.



Carreau-Yasuda Law (5 Parameters Model)
New parameter incorporated here is an index a that controls the nature of transition

 low value of parameter a (a < 1) lengthens the transition.
 high value of parameter a (a > 1) results in an abrupt transition.

The Carreau-Yasuda law is a slight variation 
on the Bird-Carreau law. The addition of the 
exponent ‘a’ allows for control of the 
transition from the Newtonian plateau to the 
power-law region. 



Shear-thickening (Dilatant Flow )
 Certain suspensions with a high percentage (up to 50%) of deflocculated solids 

exhibit an increase in resistance to flow with increasing rate of shear.
 Systems actually increase in volume when sheared, hence also termed dilatant.
 When stress is removed, a dilatant system returns to its original state of fluidity. 

e.g. corn starch in water.

Reasons for Dilatancy
1. At rest particles are closely packed with 

minimal inter-particle volume (void), so 
the amount of vehicle is enough to fill in 
voids and permits particles to move at 
low rate of shear.

2. Increase shear stress, the bulk of the 
system expand (dilate), and the particles 
take an open form of packing.

3. The vehicle becomes insufficient to fill 
the voids between particles. Accordingly, 
particles are no longer completely 
wetted (lubricated) by the vehicle.

4. Finally, the suspension will set up as a 
firm paste.

5. This process is reversible.



Visco-Plastic Fluids
 This type of non-Newtonian fluid behavior is characterized by the existence of a 

threshold stress (called yield stress or apparent yield stress,     ) which must be 
exceeded for the fluid to deform (shear) or flow. 

 When the externally applied stress is less than the yield stress,     .the substance 
will behave like an elastic solid (or flow like a rigid body)

 When the external yield stress exceeds the value of      , the fluid may exhibit 
 Newtonian behaviour (constant value of     ); known as Bingham bodies
 Shear-thinning characteristics, i.e.,.



Bingham Bodies
A fluid with a linear flow curve for                     is called a Bingham plastic fluid,
and is characterized by a constant value of viscosity       
In one-dimensional shear, the Bingham model is written as:

Examples; suspension of ZnO in mineral oil, 
certain paints, ointments

Herschel-Bulkley fluid
On the other hand, a visco-plastic material showing shear-thinning behavior at 
stress levels exceeding     is known as a yield-pseudoplastic fluid, and their 
behavior is frequently approximated by the so-called Herschel-Bulkley fluid model 
written for 1-D shear flow as follows:





Time Dependent Fluid Flow



THIXOTROPY 

 When material is sheared at a constant rate, 
its apparent viscosity decreases with the 
duration of shearing.

 As the value of    is gradually increased, the 
time needed to reach the equilibrium value is 
seen to drop dramatically.

 The breakdown of structure may be 
reversible, i.e., upon removal of the external 
shear and following a long period of rest, the 
fluid may regain (rebuilding of structure) the 
initial value of viscosity.

Hysteresis Loop
 In a single experiment, when the strain rate is 

increased at a constant rate from zero to 
some maximum value and then decreased at 
the same rate, a hysteresis loop is formed.

 The height, shape and the area of the loop 
depend on the rate of increase/decrease of 
shear rate, the maximum value of shear rate, 
and the past kinematic history of the sample.



Rheopexy
 Fluids which show the negative thixotropy, i.e., their apparent viscosity (or the 

corresponding shear stress) increases with time of shearing
 The hysteresis loop is obviously inverted
 As opposed to thixotropic fluids, external shear raises the build up of structure

Example : gypsum pastes, printer inks, coal-water slurries and protein solutions



Conclusions

 The discussion here is restricted primarily to the response of such structured 
fluids in unidirectional steady shearing motion which leads to the manifestation 
of shear-thinning, shear-thickening, visco-plastic, thixotropic, rheopectic, visco-
elastic characteristics.

 This, in turn, provides some ideas on how to manipulate the microstructure of a 
system to realize desirable non-Newtonian features.

 The measurement and monitoring of viscosity, yield stress etc. is frequently 
used to control product quality in food and personal care product sectors, for 
instance.





Effect of Temperature on Viscosity 
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