Basics of Fluid Mechanics

Compressibility and Compressible flow

* In Fluid mechanics, the Compressibility () is defined as a =
] . ] . Compressibility at standard
relative change in volume of a fluid element in response to a _ i
atmospheric conditions:

pressure variation.
Water — 4.55 x 10-10m?*/
Air- 7.04 x 1076 ™m*/,,

p ==-— v is the specific volume
vdp
1d . . Note :- Pressure is the stress associated
ﬂ = ;ﬁ pPs the dEI’lSltv (p = 1/?.7) with normal compressive force

* The thermodynamics process is also an important parameter to
calculate compressibility.

1/dv = ST
Br = = (E)T isothermal compressibility

1 d . L ] . - .
B =—= (—v) isentropic compressibility
v \dP/g



Continuum

* Fluid dynamics considers macroscopic properties of the flow

* Typical analysis deals with small volumes or fluid parcels

* The distribution of flow field variables velocity, pressure,
temperature, density etc. is continuous over space and time.

* |n essence continuum is considered.

* This assumption is valid only when there are a large number
of molecules in the given small volume.

a

Schematic of continuum

Schematic of rarefied



Continuum

NZ
At Sea level At 80Km altitude *
P = 10° N/m? Mol. Wt = 28.014 g / mol P=1.1N/m?
T=273.15K T=198.49K
o
| pum
o |
Number of oo ° o s | °° Number of
molecules = . 0 °° <*% molecules =
1 P 3
2.68 x 107 /um? 3 ./ / um 4.01 x 10 /um

um

How to decide whether to consider continuum or consider
individual molecules ? —importance of Knudsen number.
Knudsen number is the ratio of molecular mean free path to the
typical length scale

A = Molecular mean free path
L = Typical Length scale

Kn =

t~ ™
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INTRODUCTION

* Fluid mechanics is the science that deals with the action of forces on fluids
at rest as well as in motion.

« If the fluids are at rest, the study of them is called fluid statics.

* If the fluids are in motion, where pressure forces are not considered,
the study of them is called fluid Kinematics

* If the fluids are in motion and the pressure forces are considered, the study
of them is called fluid dynamics.



FLUID

« Matter exists In two states- the solid state and the fluid state. This
classification of matter is based on the spacing between different
molecules of matter as well as on the behavior of matter when subjected
to stresses.

« Because molecules in solid state are spaced very closely, solids possess
compactness and rigidity of form. The molecules in fluild can move more
freely within the fluid mass and therefore the fluids do not possess any
rigidity of form.

e Thus Fluid exist in two form:-

* Liquid
 Gas



WHAT'S THE DIFFERENCE?

e Liquids flow and take the shape of their container but maintain a
constant volume.

« Gases expand to fill the available volume.
Liquids are incompressible While
the gas are compressible.
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FLUID

PROPERTIES
»Mass Density > VIiscosity
» Specific Weight » Surface tension
» Specific Volume » \Vapour Pressure
» Specific Gravity » Capillarity

» Cavitation



MASS DENSITY / DENSITY p

* The "mass per unit volume” is mass density. Hence it has
units of kilograms per cubic meter.

* The mass density of water at 4°C is 1000 kg/m3while it is 1.20
kg/m3 for air at 20°C at standard pressure.




Density: Example

A guantity of helium gas at 0°C with a volume of
4.00 m3 has a mass of 0.712 kg at standard
atmospheric pressure.

Determine the density of this sample of helium
gas.

V =4.00m?
m =0.712kg

D=7




SPECIFIC WEIGHT OR WEIGHT
DENSITY ¥

* |t IS the ratio between the weight of a fluid to
Its volume.

* |t IS also weight per unit volume of a fluid.
* [ts unit is N/ms.
« Water at 20 °C has a specific weight of 9.79 kN/m?3

*Y=p9



SPECIFIC VOLUME

* |t Is defined as the volume of a fluid occupied by a unit mass or
volume per unit mass of a fluid is called specific volume.

 Specific Volume = Volume of the Fluid / Mass of the Fluid
= 1/mass of the fluid/volume of the fluid
=1/p



SPECIFIC GRAVITY (S)

* The ratio of specific weight of a given liquid to the specific weight of water at
a standard reference temperature (4°C)is defined as specific gravity, S.

* The specific weight of water at atmospheric pressure is 9810 N/ms.

« The specific gravity of mercury at 20°C is

3
SHg _ 133 kN/m = 13.6

9.81kN/m



Different kinds of fluids flow more easily than others. Oil, for example,
flows more easily than molasses. This is because molasses has a
higher viscosity, which is a measure of resistance to fluid flow. Inside a
pipe or tube a very thin layer of fluid right near the walls of the tube are
motionless because they get caught up in the microscopic ridges of the
tube. Layers closer to the center move faster and the fluid shears. The
middle layer moves the fastest.

The more viscous a fluid is, the more the layers want to cling together, and
the more it resists this shearing. The resistance is due the frictional forces
between the layers as the slides past one another. Note, there iIs no
friction occurring at the tube’s surface since the fluid there is essentially
still. The friction happens in the fluid and generates heat. The Bernoulli
equation applies to fluids with negligible viscosity.




VISCOSITY

* It Is defined as the property of a fluid which offers resistance to the
movement of one layer of fluid over another adjacent layer of the fluid.

* The viscosity of a fluid is a measure of its “resistance to deformation.”




NEWTON'S LAW OF VISCOSITY

[t states that the shear stress on a fluid element layer is directly
proportional to the rate of shear strain.

* The constant of proportionality is called the coefficient of viscosity.
et = |1 du/dy
* Where t = shear stress
du/dy = Velocity Gradient
coefficient of viscosity



KINEMATIC VISCOSITY

* |t Is defined as the ratio between the dynamic viscosity and
density of the fluid.




VARIATION OF VISCOSITY WITH
TEMPERATURE

* Liquids - cohesion and momentum transfer
* Viscosity decreases as temperature Increases.

 Relatively independent of pressure
(iIncompressible)

» Gases - transfer of molecular momentum
* ViScosity Increases as temperature increases.
* VISCOSIty Increases as pressure increases



VARIATION OF VISCOSITY WITH

TEMPERATURE

Increasing temp —
Increasing viscosity

Increasing temp —
decreasing viscosity

Temperature, °C



TYPES OF FLUIDS

* |deal Fluid

* Real Fluid

* Newtonian Fluid

* Non- Newtonian Fluid
* |deal Plastic Fluid



 Newtonian fluid: shear stress Is
proportional to shear strain

—Slope of line iIs dynamic viscosity

« Shear thinning: ratio of shear stress
to shear strain decreases as shear
strain increases (toothpaste, catsup,
paint, etc.)

« Shear thickening: viscosity increases
with shear rate (glass particles in
water, gypsum-water mixtures).

Bingham plastic
Shear-thinning

\\

I\Jewvt()r1jan fluid

.

Shear-ihmkening




APPLICATION OF VISCOSITY :-

. Transparent and storing facilities for fluids I.e., pipes, tanks
. Bitumen used for road construction.

. Designing of the sewer line or any other pipe flow viscosity play
an important role in finding out its flow behaviour.

. Drilling for oll and gas requires sensitive viscosity.

. To maintain the performance of machine and automobiles by
determining thickness of lubricating oil or motor oll.



SURFACE TENSION

« Surface tension is a contractive tendency of the surface of a fluid that allows
It to resist an external force. Surface tension is an important property that
mark ably influences the ecosystems.

What's happening here?
—Bug is walking on water




SURFACE TENSION

 Amolecules in the interior of a liquid Iis under attractive force in all
direction.

 However, a molecule at the surface of a liquid is acted on by a
net inward cohesive force that is perpendicular to the surface.

Hence it requires work to move molecules to the surface against

this opposing force and surface molecules have more energy
than interior ones

* Higher forces of attraction at surface
 Creates a “stretched membrane effect”




SURFACE TENSION

« Surface tension, 0. the force resulting from molecular
attraction at liquid surface [N/m]

F=0.L
F.= surface tension force [N]
0, = surface tension [N/m]

L = length over which the surface tension acts [m]



S e e’
ey e

nple:

« Estimate the difference in pressure (in Pa) between
the Iinside and outside of a bubble of air in 20°C
water. The air bubble iIs 0.3 mm Iin diameter.

m
20
R

Surface Tension

2(0.073 N/m)

P
0.15x10°m

Statics

JIarE = 0.1 m water

~ 9806N /m?




TENSION :-
> A water strider can walk on water.

»Some tent are made impermeable of the rain but they are not really
iImpermeable, but if water is placed on it then the water doesn’t pass
through the fine small pores of the tent cover. But as you touch the cover
while water is on it, you break surface tension and water passes through.




CAPILLARY ACTION

How do trees pump water hundreds of feet from the ground to their highest
leaves? Why do paper towels soak up spills? Why does liquid wax rise to the
tip of a candle wick to be burned? Why must liquids on the space shuttle be
kept covered to prevent them from crawling right out of their containers?!
These are all examples of capillary action--the movement of a liquid up
through a thin tube. It is due to adhesion and cohesion.

Capillary action is a result of adhesion and cohesion. A liquid that adheres to
the material that makes up a tube will be drawn inside. Cohesive forces
between the molecules of the liquid will "connect” the molecules that
aren’t in direct contact with the inside of the tube. In this way liquids can
crawl up a tube. In a pseudo-weightless environment like in the space
shuttle, the “weightless” fluid could crawl right out of its container.



CAPILLARY ACTION :-

- Capillary action is the ability of a fluid to flow in narrow spaces without
the assistance of, and in opposition to, external forces like gravity.

o o




DIFFERENCES BETWEEN ADHESIVE

& COHESIVE
 The force of or attraction between unlike charges In the atoms
molecules of substances are responsible for cohesion and
adhesion.

« Cohesion is the clinging together of molecules/atoms within a substance.
Ever wonder why rain falls in drops rather than individual water molecules?
It's because water molecules cling together to form drops.

« Adhesion is the clinging together of molecules/atoms of two different
substances. Adhesive tape gets its name from the adhesion between the
tape and other objects. Water molecules cling to many other materials
besides clinging to themselves.



CAPILLARY EFFECT

h=height of capillary rise (or depression)
c=surface tension

O=wetting angle

G=specific weight

R=radius of tube

If the tube Is clean, 0 i1s O for water




APPLICATION OF CAPILLARY
ACTION :-

« Caplllary action is found in thermometer where fluid used In it
automatically rises when comes In contact with higher
temperature or falls down with lower ones.

e Capillary action can be performed to transfer fluid from one
vessel to another on its own.



VAPOR PRESSURE

* Vapor pressure: the pressure at which aliquid
will boll.

»Vapor pressure T when temperature Increases

» At atmospheric pressure, water at 100 °C will
oo]]

»>Water can boil at lower temperatures if the
pressure iIs lower

« When vapor pressure > the liquid’s actual pressure
* It will boil.
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CAVITATION

* |t is the phenomenon of formation of vapour bubbles of a flowing liquid in a
region where the pressure of the liquid falls below the vapour pressure and
sudden collapsing of these vapour bubbles in a region of a higher
pressure.
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Classification of Fluid Flows

1) Uniform flow; steady flow

2) If we look at a fluid flowing under normal circumstances - a river for
example - the conditions (e.g. velocity, pressure) at one point will vary from
those at another point, then we have non-uniform flow.

3) If the conditions at one point vary as time passes, then we have unsteady
flow.

4) Uniform flow: If the flow velocity is the same magnitude and direction at
every point in the flow it is said to be uniform. That is, the flow conditions
DO NOT change with position.

5) Non-uniform: If at a given instant, the velocity is not the same at every
point the flow is non-uniform.



e

Classification of Fluid Flows

Steady: A steady flow is one in which the conditions (velocity, pressure and
cross-section) may differ from point to point but DO NOT change with time.

Unsteady: If at any point in the fluid, the conditions change with time, the flow
IS described as unsteady.

Combining the above we can classify any flow in to one of four types
Steady uniform flow. Conditions do not change with position in the stream or

with time. An example is the flow of water in a pipe of constant diameter at
constant velocity.




I

Classification of Fluid Flows

Steady non-uniform flow:

Conditions change from point to point in the stream but do not change with
time. An example is flow in a tapering pipe with constant velocity at the inlet -
velocity will change as you move along the length of the pipe toward the exit.

Unsteady uniform flow: At a given instant in time the conditions at every point
are the same, but will change with time.
An example is a pipe of constant diameter connected to a pump pumping at a
constant rate which is then switched off.

Unsteady non-uniform flow: Every condition of the flow may change from point
to point and with time at every point. An example is surface waves in an open
channel.




Typical examples are fully-developed flows in long uniform pipes and open-
channels.

One-dimensional flow problems will require only elementary analysis, and can be
solved analytically in most cases.

One-dimensional ideal flow along a pipe, where the velocity is uniform across the
pipe section.
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Fluids Mechanics
What is fluid mechanics?

As its name suggests it is the branch of applied mechanics concerned with the statics and dynainics
fluids - both liquids and gases. The analysis of the behavior of fluids is based on the fundamental Bws

mechanics which relate continuity of mass and energy with force and momentum together with the
familiar solid mechanics properties.

Objectives of this section

Define the nature of a fluid.

Show where fluid mechanics concepts are common with those of solid mechanics arj
indicate some fundamental areas of difference.

Introduce viscosity and show what are Newtonian and non-Newtonian fluids

Define the appropriate physical properties and show how these allow differentiation
between solids and fluids as well as between liquids and gases.

Fluids

There are two aspects of fluid mechanics which make it different to solid mechanics:

1. The nature ofa fluid is much different to that of a solid

2. In fluids we usually deal with continuous streams of fluid without a beginning or end.j|n
solids we only consider individual elements.

We normally recognize three states of matter: solid; liquid and gas. However, liquid and gas arfj bot
fluids: in contrast to solids they lack the ability to resist deformation. Because a fluid cannot resitthe
deformation force, it moves, it flows under the action of the force. Its shape will change continuou ‘ ly as
long as the force is applied. A solid can resist a deformation force while at rest, this force may ’ aus

some displacement but the solid does not continue to move indefinitely.

The deformation is caused by shearing forces which act tangentially to a surface. Referring to thej|figur
below, we see the force F acting tangentially on a rectangular (solid lined) element ABDC. Thig is a
shearing force and produces the (dashed lined) rhombus element A'B'DC.




atr 2 sudstance

P o oara )

We can then say

A Fluid is a substance which deforms continuously, or flows, when subjected to shearing fofte,
and conversely this definition implies the very important point that

If a fluid is at rest there are no shearing forces acting. Al forces must be peyento the

planes which they are acting.
When a fluid is in motion shear stresses are developed if the particles of the fluid move relative b on
another. When this happens adjacent particles have different velocities. If fluid velocity is the saine a

every point then there is no shear stress produced: the particles have zero relative velocity.

Consider the flow in a pipe in which water is flbwing. At the pipe wall the velocity of the water wilfjbe
zero. The velocity will increase as we move toward the centre of the pipe. This change in velocity gcros
the direction of flow is known as velocity profile and shown graphically in the figure below:

Velocity profile in a pipe.

Because particles of fluid next to each other are moving with different velocitie satkesbear forces

in the moving fluid i.e. shear forces avermally present in a moving fluid. On the other hand, if a

fluid is a long way from the boundary and all the particles are travelling with the same velocity, the

velocity profile would look something like this:

MITE/AERO/IIl/FM
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'_V

Velocity profile in uniform flow

and there will be no shear forces present as all particles have zero relative velocity. In practice jjye
are concerned with flow past solid boundaries; aeroplanes, cars, pipe walls, river channels etc. §nd
shear forces will be present.

Newton's Law of Viscosity

We @n start by considering a 3d rectangular element of fluid, like that in the figure below.
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Fluid element under a shear force

The shearing force F acts on the area on the top of the element. This area is (4 = &x &
We can thus calculate the shear stress which is equal to force per unit area i.e.

hear str e
shear stre ss, ¢ = —
A
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Thedeformation which this shear stress causes is measured by the size of tge angle and is know dis
shear strain.

In a solid shear strai, , is constant for a fixed shear stress .

In a fluid ¢ increases for as long as& applied - the fluid flows.

It has been found experimentally that the rate of shear stress (shear stress per unit time, /time) is [llirec
proportional to the shear stress.

If the particle at point E (in the above figure) moves under the shear stress to point E' and it takes fjme 1
to get there, it has moved the distance x. For small deformations we can write

X
§==
shear strair VY
. ¢
rate of sh ear strain = 7y
%]
Ty oty
i x
PR P u . - -
Y where ¢ is the velocity of the particle at E.

Using the experimental result that shear stress is proportional to rate of shear strain then

i
= Constant x —

i

The term? is the change in velocity with y, or the velocity gradient, and may be written in the

du
differential form ¥ . The constant of proportionality is known as the dynamic visc#ity, , of
du
T, L
the fluid, giving dy

This is known adewton's law of viscosity

MITE/AERO/IIl/FM



Mangalore Insitute of Technology and Engineering

Fluids and Solids

In the above we have discussed the differences between the behaviour of solids and fluids under
an applied force. Summarising, we have;

4+ For asolid the strain is a function of the applied stress (providing that the elajtic
limit has not been reached). Fofflaid, the rate of strain is proportional to the

applied stress.

#+ The strain in &olid is independent of the time over which the force is applied ahd
(if the elastic limit is not reached) the deformation disappears when the forde is
removed. Afluid continues to flow for as long as the force is applied and will ript

recover its original form when the force is removed.

It is usually quite simple to classify substances as either solid or liquid. Some substances, however, (e.
pitch or glass) appear solid under their own weight. Pitch will, although appearing solid at {pom

temperature, deform and spread out over days - rather than the fraction of a second it would take yyater

As you will have seen when looking at properties of solids, when the elastic limit is reached theyjgeer
to fow. They become plastic. They still dot meet the definition of true fluids as they will only flo

after a certain minimum shear stress is attained.

Newtonian / Non-Newtonian Fluids

Even among fluids which are accepted as fluids there can be wide differences in behaviour underjstres
Fluids obeying Newton's law where the value of is constant are knoviNeatonian fluids. If is

constant the shear stress is linearly dependent on velocity gradient. This is true for most common [juids

Fluids in which the value af is not constant are knowmas-Newtonian fluids. There are several

categories of these, and they are outlined briefly below.

These categories are based on the relationship between shear stress and the velocity gradient|(rate

shear strain) in the fluid. These relationships can be seen in the graph below for several categorie§

MITE/AERO/IIl/FM
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Bingham plastic Pseudo plastic

plastic

Newtonian

Shear stress, 1

Dilatant

Ideal, (T=0)

s

Rate of shear, ﬁulﬁy

Shear stress vs. Rate of shear stiais u/ y

Each of these lines can be represented by the equation

T= A+B(§J

where A, B and n are constants. For Newtonian fluids A = OpuBmrd n = 1.
Below are brief description of the physical properties of the several categories:

#+ Plastic: Shear stress must reach a certain minimum before flow commences.
4+ Bingham plastic: As with the plastic above a minimum shear stress must be achigyved.

With this classification n= 1. An example is sewage sludge. Pseudo-plastic: No
4+ minimum shear stress necessary and the viscosity decreases with rate of shear, §.g.

colloidial substances like clay, milk and cement.

Dilatant substances; Viscosity increases with rate of shear e.g. quicksand.

#+ Thixotropic substances: Viscosity decreases with length of time shear force is
applied e.g. thixotropic jelly paints.

4+ Rheopectic substances: Viscosity increases with length of time shear force is applied

MITE/AERO/IIl/FM
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#+ Viscoelastic materials: Similar to Newtonian but if there is a sudden large change|in
shear they behave like plastic.

There is also one more - which is not real, it does not exist - known &detidluid. This is a fluid
which is assumed to have no viscosity. This is a useful concept when theoretical solutions arel|beir

considered - it does help achieve some practically useful solutions.

Liquids and Gasses

Although liquids and gasses behave in much the same way and share many similar characteristigs, tr

also possess distinct characteristics of their own. Specifically

+ A liquid is difficult to compress and often regarded as being incompressible. A géeb is
easily to compress and usually treated as such - it changes volume with pressure. Allgive

+ mass of liquid occupies a given volume and will occupy the container it is in and foim a
free surface (if the container is of a larger volume). A gas has no fixed volume, it chalhges
volume to expand to fill the containing vessel. It will completely fill the vessel so no filee

surface is formed.

Causes of Viscosity in Fluids
Viscosity in Gasses

The molecules of gasses are only weakly kept in position by molecular cohesion (as they are [0 fa
apart). As adjacent layers move by each other there is a continuous exchange of molecules. Molefjules
a slower layer move to faster layers causing a drag, while molecules moving the other way ex#rt al

acceleration force. Mathematical considerations of this momentum exchange can lead to Newton jaw c

ViSCosity.

If temperature of a gas increases the momentum exchange between layers will increase thus in¢feas

viscosity.

Viscosity will also change with pressure - but under normal conditions this change is negligitje in

gasses.

MITE/AERO/IIl/FM
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Viscosity in Liquids

There is some molecular interchange between adjacent layers in liquids - but as the moleculesfjare
much closer than in gasses the cohesive forces hold the molecules in place much more rigidiyl Th

cohesion plays an important roll in the viscosity of liquids.

Increasing the temperature of a fluid reduces the cohesive forces and increases the mdiecul
interchange. Reducing cohesive forces reduces shear stress, while increasing molecular intef¢han
increases shear stress. Because of this complex interrelation the effect of temperature on viscojity +

something of the form:

He = g (1+ AT+ BT)

Where #r is the viscosity at temperature TC, i#o| is the viscosity at temperature 0C. A and|B are

constants for a particular fluid.

High pressure can also change the viscosity of a liquid. As pressure increases the relative movefpent

molecules requires more energy hence viscosity increases.

MITE/AERO/IIl/FM
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Properties of Fluids

The properties outlines below are general properties of fluids which are of interest in engineering| The
symbol usually used to represent the property is specified together with some typical values in S| unit
for common fluids. Values under specific conditions (temperature, pressure etc.) can be readily folind i
many reference books. The dimensions of each unit is also give in the MLT system (see laterjjn th
section on dimensional analysis for more details about dimensions.)

Density

The density of a substance is the quantity of matter contained in a unit volume of the substance.||t ca
be expressed in three different ways.

Mass Density

Mass Density, # , is defined as the mass of substance per unit volume.
3 =3
Units: Kilograms per cubic metrc<&! (kgm )

Dimensions: ML~

Typical values:
25 = = =
Water = 1000787 Mercury = 1354%8M Air = 1.%gm . Paraffin Oil = (&%

=5 -2
(at pressure =1.01 107 Mi™ 5ng Temperature = 288.15 K.)
Specific Weight

Spedfic Weight & , (sometimes , and sometimes known as specific gravity) is defined as the weig
per unit volumeor

The force exerted by gravity, g, upon a unit volume of the substance.
The Relationship between ga @ can be determined by Nevvrt]gn'_aw,
since weight per unit volume = mass per unit volun® = &

=3
Units: Newton's per cubic metr & /m* (&7 )

MITE/AERO/IIl/FM
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Dimensions: ML2 T

Typical values:

3 2 2 -
Water =9814 77 Mercury = 132047 Ajr=12 NV , Paraffin Oil =7 ¥
Relative Density

Rehtive Density, @ | is defined as the ratio of mass density of a substance to some standard mas§
density. For solids and liquids this standard mass density is the maximum mass density for water (vhicl

occurs at4” ¢) at atmospheric pressure.
str Psudstance

" Prowro
Units: None, since a ratio is a pure number.
Dimensions: 1.
Typical values: Water = 1, Mercury = 13.5, Paraffin Oil =0.8.
Viscosity

Viscosity, 4 is the property of a fluid, due to cohesion and interaction between molecules, which [}ffers
resistance to sheer deformation. Different fluids deform at different rates under the same shear|stres
Fluid with a high viscosity such as syrup, deforms more slowly than fluid with a low viscosity sudh as
water.

All fluids are viscous, "Newtonian Fluids" obey the linear relationship

given by Newton's law of viscosit, dy , Which we saw earlier.

where is the shear stress,
Units Nm'z; kg mts™?
Dimensions ML T

du

4 s the velocity gradient or rate of shear strain, and has

Units: radianss™

. . -1
Dimensions?

MITE/AERO/TIT/FM
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H is the "coefficient of dynamic viscosity" - see below.
Coefficient of Dynamic Viscosity

The Coefficient of Dynamic Viscosity# , is defined as the shear force, per unit area, (or shear stré¢iss
T ), required to drag one layer of fluid with unit velocity past another layer a unit distance away.

B d;u_ Force/?elocity _ Forcex Time Llass
= dy  Area [ Distance Area  Length xArea
: Nsm™ : kgm™ 57!
Units: Newton seconds per square me 3 or Kilograms per meter per s*€% ¢
e
(Although note tha'# is often expressed in Poise, P, where 10 &% ¢ )

Typical values:

Water =1.14% 107 kgm™ &7 A =1 78 X107 kgm™ 5™ \tercury =1.55z%87 5"
Paraffin Oil=1.9%8% " 5" |
Kinematic Viscosity

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

Zal
I

Vv =

. 2.-1
Units: square metres per seco # S

(Although note that is often expressed in Stokes, St, w10*e s )

. . 2=l
Dimensions: &7 .
Typical values:

Water =1.14% 107 m?s™ | Ajr =1.46 X107 m*s™  Mercury =1.145x 107 m?s™ |
Paraffin Oil=2.375x 107 m*s™

MITE/AERO/IIl/FM
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Example - Problems

1. Explain why the viscosity of a liquid decreases while that of a gas increases with a
temperature rise. The following is a table of measurement for a fluid at constant temperature.

Determine the dynamic viscosity of the fluid.

du/dy (s) || 00l 02| 04| 06| 08

EINm?) 00 20| 1.9 3.1 4.0

Using Newton's law of viscocity

7= p—
0 ( ay

wherelis the viscosity. So viscosity is the gradient of a graph of shear stress against vellocity
gradient of the above data, or

7
A=
dy
Plot the data as a graph:
45
4
is
3 2
B
|
os
o
) 02 N4 05 05 1
duily
Calculate the gradient for each section of the line
-1
du/dy (s ~) 00| 02| 041 06| 08

T (Nm?) Jloo]| 10] 19 |31 ] 40

Gradient - 501 4.75| 5.17| 5.0

A l‘ll‘_l!_l‘l = vi . ZQRNleZ
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2. The density of oil is 850 kg/mg. Find its relative density and Kinematic viscosity if the dynamic
viscosity is 5 *
10 3 kg/ms.

P il = 850 kgm3p water= 1000 kg/rr?i
Y oil = 850 /1000 = 0.85

Dynamic viscosity 3 =5 16° kg/ms

Kinematic viscosity =y =1/ p

3. The velocity distribution of a viscous liquid (dynamic visc8sity = 0.9 Ns/mz) flowing over a fixed plate
is given by u = 0.68y - y2 (uis velocity in m/s and y is the distance from the plate in m).

What are the shear stresses at the plate surface and at y=0.34m?

u=068y=-y*
% 2 0.68= 2y
dy
At the plate face y=0m,
d 0.68
dy

Calculate the shear stress at the plate face

= _ﬁ.-ai" =0.9%0.68=0612N/m"
dy
Aty =0.34m,
% 068-2%0.34= 0.0
dy

As the velocity gradient is zero at y=0.34 then the shear stress must also be zero.

MITE/AERO/IIl/FM
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4. 5.6m> of oil weighs 46 800 N. Find its mass density, P> and relative density, .

Weight 46 800 = mg y

Mass m= 46 800 / 9.81 = 4770.6 kg

Mass density= Mass / volume = 4770.6 / 5.6 = 852 l%g/m

5. From table of fluid properties the viscosity of water is given as 0.01008

poises. What is this value in Ns/m2 and Pa s units?

" =0.01008 poise
lpoise =0.1Pas=0.1 Ns%m
. =0.001008 Pa's = 0.001008 N&/m

6. In a fluid the velocity measured at a distance of 75mm from the boundary is 1.125m/s. The fluid has
absolute viscosity 0.048 Pa s and relative density 0.913. What is the velocity gradient and shear stress

at the boundary assuming a linear velocity distribution.

n=0.048 Pas
y=0.913
c’Lu: 1.125 ~155
dy 0.075
iy
" 'ay

=0.048x15=0.720Fas
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Units

System of units

As any quantity can be expressed in whatever way you like it is sometimes easy to become conffised
to what exactly or how much is being referred to. This is particularly true in the field of fluid mechaljics.
Over the years many different ways have been used to express the various quantities involvec| Eve
today different countries use different terminology as well as different units for the same thing {|they

even use the same name for different things e.g. an American pint is 4/5 of a British pint!

To avoid any confusion on this course we will always used the SI (metric) system - which you| will
already be familiar with. It is essential that all quantities be expressed in the same system or thejwror
solution will results. Despite this warning you will still find that that this is the most common misthke

when you attempt example questions.

The Sl System of units

The Sl system consists of sprimary units, from which all quantities may be described. For
convenienceecondaryunits are used in general practise which are made from combinations of
these primary units.

Primary Units

The sixprimary units of the Sl system are shown in the table below:

Quantity Sl Unit Dimension
Length Metre, m L
Mass Kiogram, kg M
Time Second, S T
Temperature Kelvin, K
Current Ampere, A I
Luminosity Candela Cd




Mangalore Insitute of Technology and Engineering

In fluid mechanics we are generally only interested in the top four units from this table.

Notice how the term 'Dimension’ of a unit has been introduced in this table. This is not a property ¢
the individual units, rather it tells what the unit represents. For example a metre is a length which Has a

dimension L but also, an inch, a mile or a kilometre are all lengths so have dimension of L.

(The above notation uses the MLT system of dimensions, there are other ways of writing dimensiains

- we will see more about this in the section of the course on dimensional analysis.)

Derived Units

There are manyle rived units all obtained from combination of the abgwemary units. Those most
used are shown in the table below:

Quantity | Stunit | I Dimension
velocity || m/s || ms” || LT™
acceleration | ms™ | ms® LT
N
force kg mis kgms® M LT
Joule J
ener or work N m,
ot ) kg m°Is° kg m’s > ML 2T
Watt W 1
power N m/s Nms
kg m°/s® kg m's® ML2T=
Pascal P, .
pressure ( or stress) N/m”, Nm
kg/m/s kg mris? ML -T2
density | kgm® || kgm® || ML
N/m°
specific weight kg/mzlsZ ka m-2s-2 ML -2T-2
relative density na:)rjzi(t)s no dimle nsion
N s/nf N sm*
Viscosity kg/m's kg mist M LaT1
N/m Nl
surface tension kg s kgs” MT
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The above units should be used at all times. Values in other units should NOT be used withofljt firs
converting them into the appropriate Sl unit. If you do not know what a particular unit means fingjjout,
else your guess will probably be wrong. One very useful tip is to write down the units of any eq |

you are using. If at the end the units do not match you know you have made a mistake. For exajpple

you have at the end of a calculation, 30 kg/ms =30 m

You have certainly made a mistake - checking the units can often help find the mistake. More ¢ thi

subject will be seen later in the section on dimensional analysis and similarity.

Units

area. The region it covers is 500 square miles and the following consumption figures have beengent

A water company wants to check that it will have sufficient water if there is a prolonged drought i
by various different offices. There is sufficient information to calculate the amount of water avalil ble,

but unfortunately it is in several different units.

Of the total area 100 000 acres is rural land and the rest urban. The density of the urban populatipn is!
per square kilometre. The average toilet cistern is sized 200mm by 15in by 0.3m and on averagg ea
person uses this 3 time per day. The density of the rural population is 5 per square mile. Baths ang tak
twice a week by each person with the average volume of water in the bath being 6 gallons.|Locs
industry uses 1000 m3 per week. Other uses are estimated as 5 gallons per person per day. A US|air b

in the region has given water use figures of 50 US gallons per person per day.

The average rain fall in 1in per month (28 days). In the urban area all of this goes to the river wilile ir
the rural area 10% goes to the river, 85% is lost (to the aquifer) and the rest goes to the one regserv
which supplies the region. This reservoir has an average surface area of 500 acres and is at a dejjth of

fathoms. 10% of this volume can be used in a month.

1. What is the total consumption of water per day in cubic meters?

2. Ifthe reservoir was empty and no water could be taken from the river, would there be
enough water if available if rain fall was only 10% of average?
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Fluid Statics

This section will study the forces acting on or generated by fluids at rest.
Objectives

Introduce the concept of pressure;
Prove it has a unique value at any particular elevation;
Show how it varies with depth according to the hydrostatic equation and

Show how pressure can be expressed in terms of head of fluid.

This understanding of pressure will then be used to demonstrate methods of pressure measure ment thit

will be useful later with fluid in motion and also to analyse the forces on submerges surface/structures.
Fluids statics

The general rules of statics (as applied in solid mechanics) apply to fluids at rest. From earlier we
know that:

4+ a static fluid can haveo shearing forceacting on it, and that

+ any force between the fluid and the boundary must be acting at right angles to the boundar

R

18

Pressure force normal to the boundary
Note that this statement is also true for curved surfaces, in this case the force acting at any gpint

normal to the surface at that point. The statement is also true for any imaginary plane in a static| fluid

We use this fact in our analysis by considering elements of fluid bounded by imaginary planes.
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We dso know that:

+ Foranelement of fluid at rest, the element will be in equilibrium - the sum of the componenis of
forces in any direction will be zero.

4+ The sum ofthe moments of forces on the element about any point must also be zero.

It is common to test equilibrium by resolving forces along three mutually perpendicular axes and also b

taking moments in three mutually perpendicular planes an to equate these to zero.

Pressure

As mentioned above a fluid will exert a normal force on any boundary it is in contact with. Since Jpese
boundaries may be large and the force may differ from place to place it is convenient to work in tefms o
pressure, p, which is the force per unit area.

If the force exerted on each unit area of a boundary is the same, the pressure is said to be unifor

Force

rESsUre = : : :
P Area over which the force is apphed

7
=

-2 s )
Units:Newton's per square meti 2/ 7 kgm™ s

-2
(The same unit is also known as a Padealj.e. Pa=1 Nim )

_ -2
(Also frequently used is the alternative Sl unit the bar, w124"= 10° Nom )

Dimensions: ML T

Pascal's Law

By considering a small element of fluid in the form of a triangular prism which contains a point Fj| we
can establish a relationship between the three pressuimeshe x direction, p in the y direction and{

in the direction normal to the sloping face.
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Px

Py
Triangular prismatic element of fluid

The fluid is a rest, so we know there are no shearing forces, and we know that all force are acting
angles to the surfaces .i.e.

Zs acts perpendicular to surface ABCD,

Zxacts perpendicular to surface ABFE and

Py acts perpendicular to surface FECD.
And, as the fluid is at rest, in equilibrium, the sum of the forces in any direction is zero.
Summing forces in the x-direction:
Force due tc#x
F, =p, x drea e = p, & &
Component of force in the x-direction due? s,

= —p, % Area gz ¥sm &

£y
=—p.EE=
P& &~

=—p,y&

oY
(smﬁ— ég)

1t rig
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2y

Conponent of force in x-direction due

To be at rest (in equilibrium)
P +F +F, =0

Py& + (- p, 5 &) =0
Py =P,

Py

Similarly, summing forces in the y-direction. Force due ,

Fyy =p, X Areagpen = p, K&

Component of force due t7s
F, =-p, X Area jpcq X cosél
x

= —p,&‘&g

=-p.ox&

( cosé = % )

Component of force due t#+ |,

Force due to gravity,
welght = -spectfic w eight * wolume of element
1
=—pg X E&: Ve
To be at rest (in equilibrium)

F.vy +Fy5 +FJ’x + weight =0

1
2,5+~ p,sx&)+(- pgg&@&) =0
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Theelement is small i.ed . &
negligible, hence and  are small, and SSHE s very small and considered

Pr=FPy=F
Considering the prismatic element age?s is the pressure on a plane atar? angle , the x, y arpl z
directions could be any orientation. The element is so small that it can be considered a point so thg

derived expressio 2= B = Fs indicates that pressure at any point is the same in all directions. (fhe
proof may be extended to include the z axis).

Pressure at any point is the same in all directions. This is knoRaszsl's Lawand applies to fluids
at rest.

Variation of Pressure Vertically In A Fluid Under Gravity

Area &

Ehasd demrity p

Vertical elemental cylinder of fluid

In the above figure we can see an element of fluid which is a vertical column of constant cross seciiona
area, A, surrounded by the same fluid of mass de #ity . The pressure at the bottom of the cylindpr is

Pratlevel 21 ,and atthetop #2 atlev?z . The fluid is at rest and in equilibrium so all the forces in
the vertical direction sum to zero. i.e. we have
Force dueto py on & (upward) = p A

Force due to p, on & (downward) = p, A

Force due to weight of element {(downward) =mg

= mass density X volume = pgﬂ(zz—zl]
Taking upward as positive, in equilibrium we have
pA - py A= FEH[ZQ _Zl) =0

p - =-pElz-2)

Thus in a fluid under gravity, pressure decreases with increase in Z=£Z2 _Zl) :
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Equality of Pressure At The Same Level In A Static Fluid

Consder the horizontal cylindrical element of fluid in the figure below, with cross-sectional area A,
ina
fluid of density # , pressur?1  at the left hand end and pre:?z re at the right hand end.

Fluid density
Area A P
Plg A i pr! A‘
Face L + Face R
weight, mg

Horizontal elemental cylinder of fluid
The fluid is at equilibrium so the sum of the forces acting in the x direction is zero.

pA=p,4

p; = pr
Pressure in the horizontal direction is constant.

This result is the same for any continuous fluid. It is still true for two connected tanks which appea

not to have any direct connection, for example consider the tank in the figure below.

We have shown above th#: = #  and from the equation for a vertical pressure change we have

Pr= e+ 2EE
and
Bo=p gL

SO

pytogz=p, + ez
Py =Py

e
Tro tanks of different cross-section connected kv a nine

This shows that the pressures at the two equal levels, P and Q are the same.
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General Equation for Variation of Pressure in a Static Fluid
Here we show how the above observations for vertical and horizontal elements of fluids can be

generalised for an element of any orientatign. . BTk

Fluid density p

pA

A cylindrical element of fluid at an arbitrary orientation.

Consider the cylindrical element of fluid in the figure above, inclined at an zggle to the vertical, ng1gth , Cross-

sectional area A in a static fluid of mass den p/ . The pressure at the end WitlZIeigp is  and atthe end of height

The forces acting on the element are

pA acting at right - angles to the end of the face at =

[p +&J)ﬂ acting at right -angles to the end of the face atz + &
g = the weigh t of the e lement act mg vertic ally down

= mass density x wvolume = graviy

= pddeg
There are also forces fromthe surrounding fluid acting normal to these sides of the element.

For equilibrium of the element the resultant of forces in any direction is zero.

Resolving the forces in the direction along the central axis gives

pA-(p+&)A- pgA& cosf=0

& =—-pgdecosd
%= —-pgcosé
Or in the differential form
d
e —-pgrosé

V] N/ A ECA D /RN ) KV
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if &€= 90ethen sis in the x ory directions, (i.e. horizontal),so

s
s

Confirming that pressure on any horizontal plane is zero.

if &= 0°then s is in the z direction (vertical) so

Confirming the result

Pressure and Head

dp__

In a static fluid of constant density we have the relation: @z, , as shown above. This can lle
integrated to give

» = — gz +constant

In a liquid with a free surface the pressure at any depth z measured from the free surface so that ZF -h
(see the figure below)

X
Fluid head measurement in a tank.

This gives the pressure

p = pgh+constant




Mangalore Insitute of Technology and Engineering

| At the surface of fluids we are normally concerned with, the pressure is the atmospheric pressure,

Pomogrer g

2= 028+ Pt

As we live constantly under the pressure of the atmosphere, and everything else exists under this
pressure, it is convenient (and often done) to take atmospheric pressure as the datum. So we quo/g
pressure as above or below atmospheric.

Pressure quoted in this way is known as gauge pressure i.e.

Gauge pressure is

Pz = 288
The bwer limit of any pressure is zero - that is the pressure in a perfect vacuum. Pressure
measured above this datum is known as absolute pressure i.e.

Absolute pressure is

Pnsote = FER T Prmnepheric

Ahzolute pressure = Gauge prs sure + Atmospher ic pressur e

As g is (approximately) constant, the gauge pressure can be given by stating the vertical height of
any fluid of density” which is equal to this pressure.

p= pgh
This vertical height is known dgadof fluid.
Note: If pressure is quoted mead, the density of the flurdustalso be given.

Example:

-2
We @n quote a pressure ~00K ¥
D= 1000!cgm'3_ Using # = ogh ’

in terms of the height of a column of water of density,

s 3 -3
And in terms of Mercury with density” ~ 136 %107 kgm _

o 500%10°
C126x10° %981

= 275 of Mercur v
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Pressure Measurement

Therelationship between pressure and head is used to measure pressure with a manometeir

(also known as aliquid gauge).

Objective:

To denonstrate the analysis and use of various types of manometers for pressure
4+ Mmeasurement.

The Piezometer

The simplest manometer is a tube, open at the top, which is attached to the top of a vessel contajhing
liguid at a pressure (higher than atmospheric) to be measured. An example can be seen in the fijgure
below. This simple device is known as a Piezometer tube. As the tube is open to the atmospherg the

pressure measured is relative to atmospheric gauge pressure

A simple piezometer tube manometer
pressure at & = pressure due to column of g wd abowve &

Py = e

pressure at B = pressure due to column of ig wd above B

Py= el

This method can only be used for liquids (i@t for gases) and only when the liquid height is
convenient to measure. It must not be too small or too large and pressure changes must be detecthble.
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The "U"-Tube Manometer

Using a "U"-Tube enables the pressure of both liquids and gases to be measured with the game
instrument. The "U" is connected as in the figure below and filled with a fluid called the manometiic
fluid. The fluid whose pressure is being measured should have a mass density less than that ¢f the
manometric fluid and the two fluids should not be able to mix readily - that is, they must He
immiscible

Fluid density p

Marnormetric fluid density p
m

an

A "U"-Tube manometer
Pressure in a continuous static fluid is the same at any horizontal level so,

pressure at B = pressure at C

Fe=Fpo
For theleft hand arm

pressure at B = pressure at & + pressure due to hei ghth | of flud  being meas uwred
Pp=Pat+ogh

For theright hand arm

pressure at C = pressure at D + pressure due to heighth, of manome tric flmd

P¢'= Pamospheric T P 8P
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Arrcephers
Py =Pc.
Pa= Buakhy — 2R

As we are measuring gauge pressure we can sutrg}ract giving

If the fluid being measured is a gas, the density will probably be very low in comparison to the density

of the manometric fluid i.gnan>> pln this case the ter 2% canbe neglected, and the gauge

pressure give by

Pa= PumEl

Measure ment of Pressure Difference

If the "U™tube manometer is connected to a pressurised vessel at two points the pressure differe

AET

friid danzily p

between these two points can be measured. s mssmeie, .,

Pressure difference measurement by the "U"-Tube
manometer If the manometer is arranged as in the figure above, then

pressure at O = pressure at ©
Fo=PFp
Po=Ppatogh,

Pp= pﬂﬂ&(ﬁ‘% —?ﬂ)+pmgfz
patogh, = py +pg[ha —ﬁ)+pmmg»‘2

Giving the pressure difference

MITE/AERO/IIl/FM



