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A drop forms when liquid is forced out of a
small tube. The shape of the drop is
determined by a balance of pressure, gravity,
and surface tension forces.

Introduction
Any characteristic of a system is called a property.
• Familiar: pressure P, temperature T, volume V, and
mass m.
• Less familiar: viscosity, thermal conductivity,
modulus of elasticity, thermal expansion coefficient,
vapor pressure, surface tension.
Intensive properties are independent of the mass of the
system. Examples: temperature, pressure, and density.
Extensive properties are those whose value depends on
the size of the system. Examples: Total mass, total
volume, and total momentum.
Extensive properties per unit mass are called specific
properties. Examples include specific volume v = V/m
and specific total energy e=E/m.

Continuum
Fluids are conceptualized as a continuous medium.

This topic is important for applying the derivative
concept to characterize properties of fluids.

Fluids are aggregations of molecules, widely
spaced for a gas, closely spaced for a liquid.
While a body of fluid is comprised of molecules,
most characteristics of fluids are due to average
molecular behavior.

Density

Specific volume

Density is mass per unit volume; specific volume
is volume per unit mass.
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Specific gravity: The ratio of the density of a substance
to the density of some standard substance at a specified
temperature (usually water at 4°C).

Specific weight: The weight of
a unit volume of a substance.

The weight of an object, W, is the
magnitude of the force acting on the
object due to Earth’s gravity field
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Density of Ideal Gases
Equation of state: Any equation that relates the pressure,
temperature, and density (or specific volume) of a
substance.
Ideal-gas equation of state: The simplest and bestknown equation of state for substances in the gas phase.

Ru: The universal gas constant
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The thermodynamic temperature scale in the SI is the
Kelvin scale.
In the English system, it is the Rankine scale.
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Density

Change in the density of water

Saturation temperature Tsat: The temperature at which a pure
substance changes phase at a given pressure.
Saturation pressure Psat: The pressure at which a pure
substance changes phase at a given temperature.
Vapor pressure (Pv): The pressure exerted by its vapor in
phase equilibrium with its liquid at a given temperature. It is
identical to the saturation pressure Psat of the liquid (Pv = Psat).
Partial pressure: The pressure of a gas or vapor in a mixture
with other gases. For example, atmospheric air is a mixture of
dry air and water vapor, and atmospheric pressure is the sum of
the partial pressure of dry air and the partial pressure of water
vapor.

Evaporation occurs in a fluid when liquid molecules at
the surface have sufficient momentum to overcome the
intermolecular cohesive forces and escape to the
atmosphere.
Boiling occurs when the absolute pressure in the fluid
reaches the vapor pressure. Boiling of water occurs at
approximately 100 °C, but it is not only a function of
temperature, but also of pressure. For example, in Dead
Sea area, water boils at temperatures more than 100 °C.

Viscosity

When a fluid moves relative to a solid or when
two fluids move relative to each other, a friction
force develops at the contact surface in the
direction opposite to motion.
The magnitude of the force needed to move one
object relative to another depends on the friction
coefficient between them.

Viscosity But, is it really a Friction Force?
Viscosity is a property that represents the internal
resistance of a fluid to motion.
The force a flowing fluid exerts on a body in the flow
direction is called the drag force, and the magnitude of
this force depends, in part, on viscosity.

The viscosity is measure of the fluidity of the fluid
which is not captured simply by density or specific
weight.
A fluid can not resist a shear and under shear begins to
flow.
This geometry models
Lubricant-filled space
between a piston and
cylinder wall in an engine,
in a journal bearing
F

Between foot and the wet
floor in bathroom

Viscosity and Shearing Stress: Classical Fluid
Viewelement under
a shear force

The shearing force F acts on the area on the top of the element

If the particle at point E moves under the shear stress to point E’
and it takes time t to get there, it has moved the distance x.
For small deformations

γ

Experimentally,
change in velocity with y, or the velocity gradient
In the differential form
As t approach 0.0
The constant of proportionality

dynamic viscosity

Fluids for which the rate of deformation is proportional to the shear stress

Fluids obeying this relation are called Newtonian fluids.

The no-slip condition: both fluid–solid interfaces the fluid
velocity matches the velocity of the solid surface.
The shear force acting on
a Newtonian fluid layer

To obtain a relation for viscosity, consider a
fluid layer between two very large parallel
plates separated by a distance ℓ
Definition of shear stress is τ = F/A.
Using the no-slip condition,
u(0) = 0 and u(ℓ) = V, the velocity profile and
gradient are u(y)= Vy/ℓ and du/dy=V/ℓ
Shear stress for Newtonian fluid: τ = µdu/dy
µ is the dynamic viscosity and has units of
kg/m·s, Pa·s, or poise.

A sample of motor oil is tested in a parallel plate shearing device
with the following results: τ = 1.54 lbf/ft2, the plate separation
distance is 0.5 in., and the top plate velocity is 10 ft /s. Determine
the viscosity of the fluid and shear rate.
U0 = 10 ft/s

τ = 1.54 lbf/ft2

∆y=0.5 in

Viscosity
and
Stress fluids
Newtonian
andShear
non-Newtonian
The slope of the curve is referred to as the apparent viscosity of
the fluid.

T1

Newtonian fluids (slope is constant)

Shear-thinning (Pseudoplastic) the apparent viscosity
decreases with increasing shear rate (paints and
polymer solutions)
Shear-thickening (Dilatant) the apparent viscosity
increases with increasing shear rate (solution with
suspended starch or sand)
Bingham plastics can withstand a small shear stress
without motion. Once critical shear stress is
exceeded, it can flow (Toothpaste and mayonnaise)

Viscosity and Shear Stress

Proposed report: Viscosity and viscosity models

Variation of Temperature and Pressure
Pressure does not affect the viscosity
of liquids that much.
The effects of changing temperature
are quite large.

Shear viscosity increases with temperature
for gases but decreases with temperature
for liquids.

This generalized chart is characteristic
of all fluids but is only accurate to 20 %

Variation with Temperature

Viscosity is the ability to transfer momentum

In liquids the viscosity is a result of the intermolecular
attractive forces between adjacent molecules.
As the temperature increases, the strength of this
cohesive force decreases, and the average separation
distance between liquid molecules increases.
The liquid transfers momentum less effectively, so
viscosity decreases.

In gases, molecules are not close enough together for
intermolecular forces to be important.
Gas molecules are far more mobile than those in a liquid.
Some of these energetic gas molecules move in a direction with a
component perpendicular to the motion of the top plate.
The molecules moving from the “fast” fluid layer to the “slower”
moving layer below act to pull the “slower” layer forward.
In contrast, the molecules moving from the “slower” layer to the
“faster” layer exert a drag on the “faster” layer.
Since a rise in temperature increases the random molecular motion
in all directions, the shear viscosity of a gas increases with rising
temperature.

Transport
Phenomena
and Viscosity
When treating
fluid motions including
the transport of heat and momentum as
well as mass transport, molecular transport processes occur that cannot be
neglected.
The heat transport occurring, as a consequence of the molecular motion, is given
by the Fourier law of heat conduction

The mass transport occurring analogously given by the Fick’s law of diffusion

In an analogous way, the molecule-dependent momentum transport also has to
be described by the Newtonian law

The direction i indicates the “molecular transport direction”, and j indicates the
components of the velocity vector

Cup-and-Bob (Couette) Viscometer
How is viscosity measured? A rotating
viscometer.
– Two concentric cylinders with a fluid in the
small gap ℓ = (Rout-Rin)
– Inner cylinder is rotating, outer one is fixed.
Use definition of shear force:

cup
Bob

F =τ A = µA
•

du
dy

•

If ℓ/R << 1, then cylinders can be modeled as flat
plates.
Torque T = FR, and tangential velocity V=ωR,

•

Wetted surface area A=2πRL

•

Measure T and ωto compute µ

Example
The viscosity of a fluid is to be measured by a viscometer constructed of two 40-cmlong concentric cylinders. The outer diameter of the inner cylinder is 12 cm, and the
gap between the two cylinders is 0.15 cm. The inner cylinder is rotated at 300 rpm,
and the torque is measured to be 1.8 N.m. Determine the viscosity of the fluid.
ℓ/R = 0.5/6 =0.15 << 1

Then, cylinders can be modeled as flat plates.

Kinematic Viscosity
In fluid dynamics, many problems involving viscosity
are concerned with the magnitude of the viscous forces
(µu/L) compared with the magnitude of the inertia forces
(ρu2), that is, those forces causing acceleration of
particles of the fluid.
Since the viscous forces are proportional to the dynamic
viscosity µ and the inertia forces are proportional to the
density, the ratio µ/ ρ is frequently involved

Kinematic Viscosity is defined as the ratio of dynamic
viscosity to mass density

µ
ν=
ρ
Kinematic viscosity is another way of representing
viscosity used in the flow equations
The units are of m2/s and ft2/s

Compressibility & Volume Expansion Coefficients
How does fluid volume change with P and T?
Fluids expand as T ↑ or P ↓
Fluids contract as T ↓ or P ↑
Need fluid properties that relate volume changes to
changes in P and T.

The density of a fluid depends more
strongly on temperature than it does
on pressure.
The variation of density with
temperature is responsible for
numerous natural phenomena such
as winds, currents in oceans, rise of
plumes in chimneys, the operation of
hot-air balloons, heat transfer by
natural convection, and even the rise
of hot air and thus the phrase “heat
rises”.

Natural convection over a hand.

Surface Tension
Consider the attractive forces between a
molecule and its nearest neighbors.
The interior of the fluid is in balance as
molecules of the like fluid are attracting each
other, no net force.
On surface, there is a net inward pulling
force.
Surface molecules of liquid do not have
identical molecules above them, they will be
more strongly attracted to their neighbors
below and in the plane of the interface

Surface Tension
The surface of the liquid will re-arrange until the least
number of molecules are present on the surface (i.e.
the surface area will be minimized) and attain a
spherical shape.
The surface molecules will pack somewhat closer
together than the rest of the molecules in the liquid.
The surface molecules will be more ordered.
Drop of water is like a balloon. The tensile force along
the surface gives a drop of water its shape.

It is the net force on a molecule in the interface acts in the plane of
the surface in all directions.
Surface tension is a property of the liquid type, the temperature,
and the other fluid at the interface.
The surface of the liquid acts like a stretched elastic membrane
under tension.
This membrane can be “broken” with a surfactant which reduces
the surface tension.

Surface
tension of some fluids in air at 1 atm and 20°C
Surface
Tension

It is a material property whereby a liquid at a material interface,
usually liquid-gas, exerts a force per unit length along the surface.

Capillary
Effect
Capillary
effect is the rise or fall of a
liquid in a small-diameter tube due to
surface tension.
Depends on interaction between solid
molecules and fluid molecules
When the adhesion (force between
fluid molecules and wall) is greater
than cohesion (force between fluid
molecules themselves) the fluid
molecules will be pulled up the wall,
wetting the surface.

Adhesion > Cohesion

Adhesion
Cohesion

Cohesion > Adhesion
Mercury

h is the height, R is the radius of the tube, θ is the
angle of contact.
The weight of the fluid is balanced with the vertical
force caused by surface tension.

water

Adhesion
Cohesion

Capillary
Effect
Capillarity in
circular glass tube

For clean glass in contact with water, θ < 90°, and thus as R
decreases, h increases, giving a higher rise.
For a clean glass in contact with Mercury, θ ≈ 130°, and thus h is
negative or there is a push down of the fluid.
Surface tension is apparent in many practical problems such as
movement of liquid through soil and other porous media, flow of
thin films, formation of drops and bubbles.

A 0.6-mm-diameter glass tube is inserted into water at 20°C in a
cup. Determine the capillary rise of water in the tube if the contact
angle of water with glass is 0°
The surface tension of water at 20°C is
0.073 N/m
The density of liquid water to be 1000
kg/m3.

Cavitation
In flowing fluids, it is possible to develop very low pressure
due to the fluid motion, routinely occur in regions of high
velocity within fluid machinery such as on the inlet
(suction) side of a pump and on rapidly rotating propellers
and impellers.
If the pressure is lowered to the vapor pressure, boiling will
occur
Cavitation is a form of
Boiling due to low pressure
locally in a flow.
Cavitation can occur at the lower
pressure areas of a propeller

This results in the formation of water vapor bubbles
(called cavitation bubbles since they form “cavities” in
the liquid) in certain regions within the flow and on
moving surfaces.
If bubbles are then swept to regions of higher pressure,
the bubbles suddenly collapse with sufficient intensity to
actually cause generating highly destructive, extremely
high-pressure waves
Cavitation may be thought of as boiling or vapor bubble
formation at a point in a moving liquid when the local
pressure is below the vapor pressure at the point.

In a water distribution system, the temperature of water
is observed to be as high as 30°C. Determine the
minimum pressure allowed in the system to avoid
cavitation.
The vapor pressure of water at 30°C is 4.25 kPa
To avoid cavitation,
the pressure anywhere in flow should not be allowed to drop
below the vapor (or saturation) pressure at the given temperature

The pressure should be maintained above 4.25 kPa everywhere in the flow.
With increasing temperature

The vapor pressure, and thus the
risk of cavitation is increases

