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Lecture 1

Rheology and Fluid Mechanics:
how are they related?

4

Why and What substances are 
Non-Newtonian or Non-Hookeian?

Namely, every fluid that does not follow the constitutive laws of Newton
for viscosity or Hooke for elasticity (voice comments).

F
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Hooke‘s law Newton‘s law

Solid like behaviour

(own shape and volume)

Liquid like behaviour

(own volume, but not shape)

But, to what extent a solid, is a true solid and a liquid, is a
true liquid?

6

A first hint: what about viscosity?

An important question arises now: what does viscosity mean 
anymore and how can it be defined?

For non-Newtonian fluids the concept of viscosity as a true 
fluid property therefore does not have sense in that it now 
depends on the deformation process.

Definition of Apparent Viscosity
in one-dimensional shear flow



��������	
�
�����������	�
��
���

�
�����

�

7

Being “strange“ or “abnormal“ reflects the type of questions 
sometimes we have thought on, for example 

8
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and... what about Mayonnaise?

10

Rouleaux are 
responsible for the 
onset of a yield
stressin whole 
blood. They form 
at very low shear 
rates (Eparine!)
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Kagoshima flow

12
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Non-Newtonian behaviour is therefore common 
rather than unusual!  

RHEOLOGY : Study of the deformation and flow of matter

It may be relevant and not negligible in many scientific processes:

Geophysical

Mechanical and industrial applications

Biological

Pharmaceutical

Medical

Etc.

Recurrent question

How do these
materials deform
and flow?

14

Non-Newtonian behaviour: reflects the complexity of the internal 
structure. Examples are:
- industrial oils,
- organic suspensions (paints, printing inks, pastes, etc.)
- inorganic suspensions (clay-in-water, muds, debris pastes, etc.),
- coal-water slurries, foodstuffs (mustard, mayonnaise,yogurt, fruit and
vegetable purees, etc.)
- whole blood (composed by plasma, red and white cells, platelets)

- polimeric solutions, foams, etc.;

Newtonian behaviour: in general is associated to simple internal material
structures. Examples are: 

air
water
common oils
honey 
blood (somewhere and sometime, as we will see); 
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The role of rheology among other disciplines

16

Non-Newtonian fluids: a general classification

Time Independent Behaviour (T.I.B. or 
No- Memory Fluids)

Time Dependent Behaviour (T.D.B., or
Memory Fluids)

Reiner-Rivlin Fluids

(Purely viscous)

No Yield Stress
Fluids

Yield Stress
Fluids

Newtonian

Ostwlad- De
Waele

Etc.

Bingham

Herschel-
Bulkley

Casson

Etc.

RheopecticsThixotropics Viscoelastics

Linear

Non-linear

Reversible

Irreversible
(False body)

Note: We shall see that all linear models,
indipendentley on how complex they are, can
be described by means of a universal partial 
differental equation, which defines the so
called Rheological Tree
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Definitions

• Pseudoplastic
Some suspended particles become less tangled when they are 

sheared, i.e. they become aligned, and less difficult to 
move relative to each other.  In these cases, the behaviour
looks approximately plastic, i.e. deforms easily at higher 
stresses

• Dilatant
Where particles need to move apart to shear (move around 

each other) thus the whole body expands, i.e. “dilates”

18

Time-dependent fluids

• Thixotropic fluids
– Apparent viscosity decreases with 

shearing and duration of shearing
– Structure breaking down
– Honey, margarine, paint (thick when 

standing, but easy to apply with brush)

• Rheopectic fluids
– Viscosity increases with shearing
– Rare – aqueous gypsum suspension, 

bentonite sol

t

g�
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Viscoelastic components

• Viscous shear –
irreversible loss

• Elastic shear –
reversible

• Viscoelastic – part 
reversible

F

F

20

NonNewtonian flow properties 

• Shear stress = f(shear rate)

• Shear stress = f(shear rate, history)

• Shear stress = f(shear rate)    Fluid-like
Normal stress = f(extension)  Solid-like

( )gt �f=

( )tf ,gt �=

Viscous
time-independent

Viscous
time-dependent

Viscous
elastic
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Viscous time-independent fluids

• Newtonian

• Pseudoplastic

• Dilatant

• Bingham (plastic)

t

g�

Generalized plastic

22

Stress-shear rate functions
(one-dimensional versions!)

• Newtonian

• Pseudoplastic
(shear thinning)

• Dilatant
(shear thickening)

• Bingham plastic

gmmt �-=-=
dy
du

where mis a constant

nK gt �-=

1<n

1>n

(shear thinning)

gmtt �Py -=-
ytt ³for

0=g� for ytt <

Power law fluids
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Apparent viscosity

g�

Shear thinning Bingham plastic
3-D structure which is torn apart
e.g. drilling mud

Shear thinning (usually pseudoplastic)
Most common type of NonNewtonian
Dispersed chains which align with shear
e.g. molten polymers, paints, mayonnaise

Newtonian fluid gas or
simple liquid of smaller molecules
e.g. oil, water

Shear thickening (usually dilatant)
Close-packed bed of particles (slurries)  Lubrication 
breaks down at high shear, e.g starch suspensions

24

Standard flows in rheology

How do we classify a material as Non-Newtonian? The 
aforementioned classification must be supported by 
physical evidence of why and how fluids do not follow the 
Newtonian law.

Ways of detecting Non-Newtonian behaviour are potentially
infinite (voice comments), so a proper convenctional 
standardization is required.  

In the following we describe the most important flow types 
used by rheologists to extract and characterize a certain kind
of Non-Newtonian behaviour.
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Ways of measuring t (g)

• Cone and plate

• Coaxial cylinder

• Tube

• Ball, etc.

W

R1

L R2

Narrow-gap concentric 
cylinder viscometer

The cone and plate 
viscometer

T

Cone a

Plate

W

PD

26

Viscoelasticfluids

• Examples –molten polymers, fibre
suspensions, thick soup! 

• Maxwell model (sequential)

• elastic solid

so

Newtonian fluid

• Total rate of strain

eGgt -=
eGgt �� -=

vgmt �-=

Gev

t
m
t

ggg
�

��� --=+= t
0t

l
m

=
G

t

Steady shear, then stop

Exp decay, relaxation
time

t is same for
both elements
-why?

G = shear modulus
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Equation of motion and related tensorial formulation

Main assumptions

- Concepts of continuous mechanics are valid

- Material properties are described over a sufficiently small volume of 
matter so that fluctuations at molecular level are averaged and 
continuous analysis is still valid

- Fluid behaviour is considered under a macroscopic point of view so that 
they are assumed to be homogeneous. Heterogeneity is referred only to 
as main explanation of a given phenomenon

- Fluids analyzed here are incompressible (constant density)

- Basic concepts on stress and strain are assumed to be known and will 
be recalled only briefly

28

Stress tensor Strain andvorticity tensors 

This is the convention of sign of solid
mechanics, where stretching stress are
positive !!

Rate-of-strain Vorticity



��������	
�
�����������	�
��
���

�
�����

��

29

Continuity of mass

Incompressible fluids

30

Momentum equation

Let‘s try to decompose the stress tensor into a generic hydrostatic
and deviatoric components 

Note: inverting the notation as often is done in fluid mechanics, results just in a change of
the sign of the divergence of the stress tensor and in the way pressure acts on the surface
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Whent is deviatoric then its trace is zero and the scalara
is equal to the mechanical pressure (voice comments)

This concept of pressure must not be confused with the 
thermodynamical pressure (i.e., holding whenever an equation of
state does exists). Incompressible fluids does not have an equation
of state and mechanical pressure comes only from the 
decomposition made!!

If t is not deviatoric (as happen for some special case offluid) then 

32

How to incorporate rheology into De St. 
Venant equation

ji
s
Y

s
U

g
U

t
U

g
-=

¶
¶

+
¶
¶

+
¶
¶1

Dissipation per
unit lenght

We know that under the 1D approximation

R
j w

 g
t

=

Hydraulics 
radius

Wall shear
stress

Specific 
weight

Fluid Rheology!
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Exercise 2: 1D viscoplastic dam break

Fluid sample reservoir

Sliding Gate

Horizontal 
Corridor

L

H

34

Bingham number


