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Fluids at rest

• Stress on an object submerged in a static fluid

• The force exerted by a static fluid on an object is
always perpendicular to the surfaces of the
object.

• The force exerted by the fluid on the walls of
the container is perpendicular to the walls at all
points.

• If a fluid is at rest there are No shearing forces
acting on it, and any force must be acting
perpendicular to the fluid.



� A liquid takes the shape of the container it is
in and forms a free surface in the presence of
gravity

� A gas expands until it encounters the walls of
the container and fills the entire available
space. Gases cannot form a free surface

� Gas and vapor are often used as synonymous
words
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• Stress is defined as the force per unit area.

• Normal component: normal stress

• In a fluid at rest, the normal stress

is called pressure

• Tangential component: shear stress

Fluid Stress



t =
F
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shear stressx ( )

For simplicity, let Fy = 0

Shear stress and pressure
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• Shear stress and pressure at a point
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Consider a force,    , acting on a 2D region of area A sitting on x-y plane
F

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Pa Pascal in SI units= =2

• Units of stress (shear stress and pressure)
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psi pounds per square inch in English units= =2
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pounds per square foot English units= =2 51
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Fluids are either liquids or gases:
Liquid:A state of matter in which the molecules are relatively free 

to change their positions with respect to each other but restricted by 

cohesive forces so it can maintain a relatively fixed volume.

Gas: a state of matter in which the molecules are practically 

unrestricted by cohesive forces. A gas has neither definite shape 

nor volume. 

** Fluids considered in this course move under the action of a shear 

stress, no matter how small that shear stress may be (unlike solids)

*Note*



( )L
• A good way to determine if the continuum model is acceptable is 

to compare a characteristic length      of the flow region with the 
mean free path of molecules.

• If , Continuum model is valid L << l

Mean free path (    ) : 
Average distance that a molecule travels before it collides with 
another molecule. 

l
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• Convenient to assume fluids are continuously distributed throughout 
the region of interest. That is, the fluid is treated as a continuum

• This continuum model allows us to not have to deal with 
molecular interactions directly. We will account for such 
interactions indirectly via viscosity 

Continuum View of Fluids
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• Viscosity, µ, is the property of a fluid, due to cohesion and
interaction between molecules, which offers resistance to shear
deformation.

• Different fluids deform at different rates under the same shear
stress. The ease with which a fluid pours is an indication of
its viscosity.

• Fluid with a high viscosity such as syrup deforms more
slowly than fluid with a low viscosity such as water. The
viscosity is also known as dynamic viscosity.

Units: N.s/m2 or kg/m/s

Typical values:
Water = 1.14 ×10 ̶ 3 kg/m/s; Air = 1.78 ×10 ̶ 5 kg/m/s

Viscosity
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Viscosity
v A simulation of substances with different 

viscosities.
v The substance above has lower viscosity 

than the substance below.

Dynamic

Kinematic
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Definition
v Dynamic viscosity, µ , is defined as the Shear force per unit 
area  (shear stress, t) needed to drag a layer of fluid with a unit 
velocity past another layer at a unit distance away from it in the 
fluid
v Measure of internal friction of fluid particles

•Molecular cohesiveness
•Resistance fluid has to shear (or flow)

Units:

Water: 

Air: 

Dynamic viscosity, µ
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Definition: is the ratio of the viscosity to the density;

• will be found to be important in cases in which significant viscous
and gravitational forces exist.
Units: m2/s

Typical values:
Water = 1.14x10-6 m2/s; Air = 1.46x10-5 m2/s;

In general,
ü viscosity of liquids with temperature, whereas

ü viscosity of gases with in temperature.

rµ=n /

Kinematic viscosity, n
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Viscosity in gases
• Due to intermolecular collision between 

randomly moving particles
• For gas, temperature , amount of 

intermolecular collision , viscosity

Viscosity in liquid
• Due to intermolecular collision between 

liquid particles
• For liquid, temperature , intermolecular

collision is weak, viscosity

Viscosity in Gases & Liquids
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*Facts*
Ø Viscosity: A property that represents the 

internal resistance of a fluid to motion or the 
“fluidity”.

Ø Drag force: The force a flowing fluid exerts on 
a body in the flow direction. The magnitude of 
this force depends, in part , in viscosity.

Ø Viscosity is important, for example,
◦ To determine the amount of fluids that can be 

transported in a pipeline during a specific 
period of time.
◦ To determine the energy losses associated 

with transport of fluids in ducts, channels and 
pipes.

Ø Viscosity is due to the internal frictional force 
that develops between  different layers of fluids 
as they are forced to move relative to each other.



No slip condition
� Because of viscosity, at boundaries (walls) particles of fluid adhere to the 

walls, and so the fluid velocity is zero relative to the wall
� Viscosity and associated shear stress may be explained via the following: 

flow between no-slip parallel plates. 
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Viscosity (    )µ

• Flow between no-slip parallel plates
each plate has area A

Moving plate

Fixed plate

 
F U,

Y
x

z

y

F Fi= 


U Ui= 

Force     induces velocity     on top plate.  At top plate flow velocity is      

At bottom plate velocity is zero    


U


U


F



The velocity induced by moving top plate can be sketched as follows:
y

u y( )
Y

U

u y
U
Y
y( ) = æ

èç
ö
ø÷

The velocity induced by top 
plate is expressed as follows: u y( )= =0 0

u y Y U( )= =
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For a large class of fluids, empirically, F
AU
Y

µ

More specifically, F
AU
Y

= µ ; µ is coefficient of vis itycos

Shear stress induced by F is   t µ= =
F
A

U
Y

From previous slide, note that    
du
dy

U
Y

=
Thus, shear stress is     t µ=

du
dy

In general, we may use previous expression to find shear stress at a point inside a 

moving fluid. Note that if fluid is at rest this stress is zero because    du
dy

= 0



Coefficient of viscosity       can be measured empirically using a viscometerµ

Example: Flow between two concentric cylinders (viscometer) of length L 

Rotating inner 
cylinder

Moving fluid

Fixed outer 
cylinder

w,

T

r

R

h

x
z

y

r - radial coordinate

O

Viscometer
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Inner cylinder is acted upon by a torque,            , causing it to rotate about 
point O at a constant angular velocity     and causing fluid to flow. Find an 
expression for 


T T k= 

T


w
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Surface tension:
- Defined as the force acting a unit length of a line   

drawn in the liquid surface

- Surface tension tend to reduce the surface area 
of a body of liquid
- The internal pressure within the droplet, p and 
the surface tension forces,s must be in 
equilibrium.

Surface Tension, !

s s

p
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Surface tension
• Taking vertical equilibrium of the forces acting on 

the droplet
• The magnitude of surface tension forces are very 

small compared to other forces
• Normally are neglected

22 rpr psp =

r
p s2
=

2
pr

=s

Units : N/m

• Surface tension vector (acts uniformly along 
contact perimeter between liquid and tube)

h

ss

Meniscusx

y q q

r :  radius 
of tube 

σ x L x cos θ

σ x L σ x L 

mg



h

ss
q q


W

x

y s s q q= +[sin () cos ( )]i j

W W j= -(  ) (weight vector of water)

Equilibrium in y-direction yields: s q pcos ( ) ( ) (  ) 2 0r j W j j+ - =

Thus 
s

p q
=

W
r2 cos with W r hwater= g p 2

Given conditions in previous slide, what is      ? s

Adhesion of water molecules to the tube dominates over cohesion between

water molecules giving rise to      and causing fluid to rise within tube
s

s s= n
• unit vector in direction of 

s

[ ]s =
force
length

s s q q= +[sin () cos ( )]i j
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surface tension (magnitude of    )   s
s
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When a liquid comes into contact with a solid surface:
- Adhesion forces: forces between solid and liquid
- Cohesion forces: forces within liquid

If cohesive forces > adhesive forces, the meniscus in a glass tube 
will the liquid concaves down in order to reduce contact with the 
surface of the wall as in figure (a). When the adhesive force of the 
liquid to the wall > the cohesive force of the liquid, the liquid is 
more attracted to the wall than its neighbors, causing the upward 
concavity. (b).

Capillarity
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Capillary effect is 
the rise or fall of a 
liquid in a small-
diameter tube

gd
h

r
qs cos4

=
gr

h
r

qs cos2
=

d
h

g
qs cos4

=Or

Units= m or mm
where h = height of capillary rise (or depression)

s = surface tension
q = wetting (contact) angle
g = specific weight of liquid
r = radius of tube

Or
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Vapor pressure
• Defined as the pressure at which a liquid turns to vapor.
• The pressure exerted by its vapor in phase equilibrium 

with its liquid at a given temperature
• The molecules which moves above the surface of the 

liquid exert pressure in the confined surface
• i.e. # of molecules escaping liquid surface = # of 

incoming molecules 

Pvapour = P saturation Units: N/m2 or Pascal

Vapor pressure, Pv

•Under this equilibrium we call the vapor pressure the 
saturation pressure
•At any given temperature, if pressure on liquid surface 
falls below the the saturation pressure, rapid evaporation 
occurs (i.e. boiling). For a given temperature, the 
saturation pressure is the boiling pressure



Compressibility

• In reality, no fluid is incompressible, but this is a good approximation   
for certain fluids     

• All fluids compress if pressure increases resulting in an increase in density
•Compressibility is the change in volume due to a change in pressure
•A good measure of compressibility is the bulk modulus (It is inversely      
proportional to compressibility)

•From previous expression we may write

•For water at 15 psi and 68 degrees Fahrenheit,
•From above expression, increasing pressure by 1000 psi will compress the 
water by only 1/320 (0.3%) of its original volume
•Thus, water may be treated as incompressible (density      is constant)

E
dp
du u
u

= - u
r

=
1
( )specific volume p is pressure

( ) ( )u u
u u

final initial

initial

final initialp p
E

-
» -

-

E psiu = 320 000,

( )r
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Fluids can be classified into five basic types. They are:

Types of Fluid

Ty
pe

s o
f F

lu
id

Ideal Fluid

Real Fluid

Pseudo-plastic Fluid

Non-Newtonian Fluid

Newtonian Fluid



ü An Ideal Fluid is a fluid that has no viscosity (inviscid) and 

no frictional forces.

ü It is incompressible in nature.

ü no surface tension reset up even during the fluid motion.

ü Practically, no ideal fluid exists.

Practical Fluid have surface tension, viscosity and compressibility.

ü Real fluids are compressible in nature. They have some viscosity.

ü Real fluids implies friction effects.

Examples: Kerosene, Petrol, Castor oil

1. Ideal Fluid:
A fluid is said to be ideal if it is assumed to be both incompressible and 
inviscid (non-viscous). 

2. Real Fluid: 



3 PSEUDO-PLASTIC FLUID:
• A fluid whose apparent viscosity or 

consistency decreases 
instantaneously with an increase in 
shear rate.

• Examples: quick sand and ketch-
up etc..

4 NEWTONIAN FLUID:
• Fluids that obey Newton’s law of 

viscosity. For a Newtonian fluid,
• viscosity is entirely dependent upon 

the temperature and pressure of the 
fluid.

• Examples: water, air, emulsions

5 NON-NEWTONIAN FLUIDS
• Fluids that do not obey Newton’s law 

of viscosity are non-Newtonian 
fluids.

• Examples: Flubber, Oobleck
(suspension of starch in water), 
Pastes, Gels & Polymer solutions
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Example:
Air
Water
Oil
Gasoline
Alcohol
Kerosene
Benzene
Glycerine

Fluid Newton’s law
of viscosity

Newtonian fluids 
obey refer

Newton’s’ law of viscosity is given by;

dy
du

µ=t

• The viscosity µ is a function only of the condition of the fluid,
particularly its temperature.

• The magnitude of the velocity gradient (du/dy) has no effect on the
magnitude of µ.

where,
t = shear stress
µ = viscosity of fluid
du/dy = shear rate, rate of strain or velocity gradient

Newtonian and Non-Newtonian Fluid



Newton’s equation of viscosity

t µ=
du
dy

µ : viscosity (coefficient of viscosity)

Shear stress due to viscosity at a point :

n
µ
r

=

• Kinematic viscosity

Newton’s Law of  Viscosity is very useful to us as we can  use it to 
evaluate the shear stress (and ultimately the shear force) exerted by 
moving fluid onto the fluid’s boundaries. 

t µat boundary
du
dy

at boundary

=
æ
è
ç

ö
ø
÷ Note y is direction normal to the boundary
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Velocity gradient

U/y is the rate of change of velocity with distance

So: 
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Non-Newtonian Fluid
Ø Some fluids do not have constant ! They 

don’t obey Newton’s Law of viscosity.

Ø They do obey a similar relationship and can be 
placed into several clear categories

The general relationship is:

" = $ + & '(
')

!

where A, B and n are constants.
For Newtonian fluids A=0, B = !, and n = 1

Non-Newtonian fluid

Newtonian fluid (linear relationship) 

Non-Newtonian 
fluid
(non-linear 
relationship) 

du dy/

t ( cos )duetovis ity

In this course we will only deal with Newtonian fluids



77

Classification of Flows
Ø Viscous vs. Inviscid Regions of Flow
• Viscous flows:

Flows in which the frictional effects are significant.
• Inviscid flow regions:

In many flows of practical interest, there are regions 
(typically regions not close to solid surfaces) where 
viscous forces are negligibly small compared to inertial 
or pressure forces.

The flow of an originally uniform fluid
stream over a flat plate, and the regions
of viscous flow (next to the plate on
both sides) and inviscid flow (away
from the plate).

Ø Internal vs. External Flow
� Internal flows are dominated by the influence of 

viscosity throughout the flow field
� For external flows, viscous effects are limited to 

the boundary layer and wake.



78

Schlieren image of a small model of
the space shuttle orbiter being tested
at Mach 3 in the supersonic wind
tunnel of the Penn State Gas
Dynamics Lab. Several oblique
shocks are seen in the air
surrounding the spacecraft.

• A flow is classified as incompressible if the density

remains nearly constant.

• Liquid flows are typically incompressible.

• Gas flows are often compressible, especially for high

speeds.

• Mach number, Ma = V/c is a good indicator of whether

or not compressibility effects are important.

• Ma < 0.3 :  Incompressible

• Ma < 1 :  Subsonic

• Ma = 1 :  Sonic

• Ma > 1 :  Supersonic

• Ma >> 1 :  Hypersonic

Ø Compressible vs. Incompressible Flow
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Ø Laminar vs. Turbulent Flow
• Laminar: highly ordered fluid motion with smooth 

streamlines. 

• Turbulent: highly disordered fluid motion 

characterized by velocity fluctuations and eddies.

• Transitional: 

flow that contains both laminar and turbulent regions

Ø Reynolds number: 

Re= ρUL/μ is the key parameter in determining

whether or not a flow is laminar or turbulent.

Re < 2000 Laminar , 

Re > 4000 Turbulent 
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Ø Natural versus Forced Flow

� In forced flow

a fluid is forced to flow over a surface or in a pipe 

by external means such as a pump or a fan. 

� In natural flows

any fluid motion is due to natural means such as 

the buoyancy effect, which manifests itself as the 

rise of the warmer (and thus lighter) fluid and the 

fall of cooler (and thus denser) fluid

In this schlieren image of a girl in a
swimming suit, the rise of lighter, 
warmer air adjacent to her body 
indicates that humans and warm-
blooded animals are surrounded by 
thermal plumes of rising warm air.

Ø A fluid flow is said to be natural or forced, depending on how 
the fluid motion is initiated. 
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System and Control Volume
Ø A system is defined as a quantity of matter or a region in space 

chosen for study.
• A closed system: 

(known as a control mass) consists of a fixed amount of mass. 

• An open system or control volume:

is a properly selected region in space. It usually encloses a device that 

involves mass flow such as a compressor, turbine, or nozzle.

Ø In general, any arbitrary region in space can be selected as a control 

volume. 

There are no concrete rules for the selection of control volumes, but the 

proper choice certainly makes the analysis much easier.

We'll discuss control volumes in more detail in the next Chapters.



• System:
A quantity of matter or a region in space   
chosen for study.

• Surroundings: 
The mass or region outside the system

• The real or Boundary: 
imaginary surface that separates     

the system from its surroundings.

Ø The boundary of a system can be fixed or
movible. Systems may be considered to be   
closed or open.

Ø Closed system (Control mass):
A fixed amount of mass, and no

mass can cross its boundary. 82

System and Control Volume



An open system (a control volume) 
with one inlet and one exit.
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Open system (Control volume)
A properly selected region in space.

• It usually encloses a device that involves mass

flow such as a compressor, turbine, or nozzle.

• Both mass and energy can cross the

boundary of a control volume.

• Control surface: 

The boundaries of a control volume. It can be 

real or imaginary.


