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Fluid Properties
Basic Concept

« A substance in the liquid / gas phase is referred to as ‘fluid’.

« The distinction between a solid & fluid is made on the basis of the
substance’s ability to resist an applied shear (tangential) stress that tends
to change its shape. A solid can resist an applied shear by deformi
shape whereas a fluid deforms continuously under the influence
stress, no matter how small is its shape. In solids, stress is p@

strain, but in fluids, stress is proportional to ‘strain rate.’
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Illustration of solid and fluid deformati@

Referring to Fig., the shear modulug of Selid (S ) and coefficient of viscosity (u )
for fluid can defined in the foll anner;

N4

iear stress /A

F/
_ Shear stress /&

Shear stain AX/I"] hear strain rate Auh
/ /
4

) is acting on the certain cross-sectional area ( A),

Here, the she

f the solid block / height between two adjacent layer of the fluid

longation of the solid block and Au is the velocity gradient between
cent layers of the fluid.

« So, aFluid is a substance which deforms continuously, or flows, when
subjected to shearing forces.

. If afluidis at rest there are no shearing forces acting. All forces must be
perpendicular to the planes which they are acting.
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« Fluid can be treated as continuum and the properties at any point can be
treated as bulk behavior of the fluids.

Newton'’s Law of Viscosity

« The shearing force F acts on the area on the top of the element. This area
is given by A = 6z x 6x . We can thus calculate the shear stress which |
equal to force per unit area i.e.

shear stress, Tt =F/A

B
-
g __°
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j o
F = —
v E
Fluid element under r force
« The deformatioh is shear stress causes is measured by the size of
the angle ¢ and is as shear strain.
« Inasolid shéar strainj, is constant for a fixed shear stress t.
o Ina fluid asesfor as long as T is applied - the fluid flows.

oint E (in the above figure) moves under the shear stress
it takes time t to get there, it has moved the distance x. For
rmations we can write

she

rate of shear strain =@/t = x/ty = x/t.1/y = u/y

where x/t = u is the velocity of the particle at E

Using the experimental result that shear stress is proportional to rate of shear
strain then
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T = Constant x u/y

The term u/y is the change in velocity with y, or the velocity gradient, and may be
written in the differential form du/dy . The constant of proportionality is known as
the dynamic viscosity, p, of the fluid, giving

Fluids vs. Solids

For a solid the strain is a function of the applied stress (providing that the
elastic limit has not been reached). For a fluid, the rate of strain is
proportional to the applied stress.

The strain in a solid is independent of the timeseverwhich the force is
applied and (if the elastic limit is not reached) thexdeformation disappears
when the force is removed. A fluid contindes t@flow for as long as the
force is applied and will not recover its*@sigihal form when the force is
removed.

Newtonian / Non-Newtonian Fluids

Fluids obeying Newton’sflaw where the value of p is constant are known
as Newtonian fluids. If Nis constant the shear stress is linearly dependent
on velocity gradient, This is true for most common fluids.

Fluids in which theyvalue of p is not constant are known as non-Newtonian

fluids.

Other types of Fluids

Theféware several categories of these, and they are outlined briefly below.
Thesecategories are based on the relationship between shear stress and
tRe velocity gradient (rate of shear strain) in the fluid. These relationships
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can be seen in the graph below for several categories.

o\“
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Each of these lines can be represented by the equation

r=4+

where A, B and n are constants. For Ncwluni 0,B=pandn=1.

Below are brief description of th operties of the several categories

1. Plastic: Shear stress m@ a certain minimum before flow

commences
2. Bingham plastié: [ e plastic above a minimum shear stress must
be achieved. Withthis'elassification n = 1. An example is sewage sludge.
3. Pseudo-plastic: No minimum shear stress necessary and the viscosity
i hear, e.g. colloidial substances like clay, milk,
ment.
4. Dilatantisubstances; Viscosity increases with rate of shear
our, printing inks and vinyl resin pastes.
pic substances: Viscosity decreases with length of time shear
e is applied e.g. thixotropic jelly paints.
opectic substances: Viscosity increases with length of time shear
orce is applied
7. Viscoelastic materials: Similar to Newtonian but if there is a sudden large
change in shear they behave like plastic.
8. There is also one more - which is not real, it does not exist - known as
the ideal fluid. This is a fluid which is assumed to have no viscosity.
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Properties of Fluid

« Any characteristic of a system is called property. It may either
be intensive (mass independent) or extensive (that depends on size of
system). The state of a system is described by its properties. Most
common properties of the fluid are:

1. Pressure ( p): It is the normal force exerted by a fluid per unit area. More
details will be available in the subsequent section (Lecture 02). InSI
system the unit and dimension of pressure can be written as, NAn*and
ML T2, respectively.

2. Density: The density of a substance is the quantity of maitér ceatained in
unit volume of the substance.

It is expressed in three different ways; mass density (p # mass/volume),
specific weight(pg ) and relative density/specific gravity Water SG = p/pwater

The units and dimensions are given as, For massidensity; Dimension: M L
3 Unit: kg/m?3

For specific weight; Dimension: ML2T*Wnit: N/m?3

The standard values for the density‘ef water and air are given
as 1000kg/m3 and 1.2 kg/m?3 ,(respéctively. Many a times the reciprocal of mass
density is called as speé¢ificjvolume”( v ).

3. Temperature (T ): It isthe'measure of hotness and coldness of a system. In
thermodynamic sense, it isthe measure of internal energy of a system. Many a
times, the tempetatute is'expressed in centigrade scale (°C) where the freezing
and boiling pgint,of water is taken as 0°C and 100°C, respectively. In S| system,
the temperatute is'€xpressed in terms of absolute value in Kelvin scale (K = °C+
273).

4. Viseosity: Viscosity is a measure of a fluid’s resistance to flow. It determines
thenfluid strain rate that is generated by a given applied shear stress.
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y ¢
Velocity
uly) profile
S —
No-slip at wall

O

Velocity profile and shear stress Q
« A Newtonian fluid has a linear relationship between shear ss and

velocity gradient: L 4

greatest at the wall.
« The no-slip condition: at
is a characteristic of all
« The linearity coefficient i equation is the coefficient of
viscosity, 4(Nsfm also use the kinematic viscosity v(m?/s) =p/p
« Temperature has @streng and pressure has a moderate effect on
viscosity. Theviscosity of gases and most liquids increases slowly

with pres *
o Gasvi reases with temperature. Two common approximations
are the'po law and the Sutherland law
« Ligu osity decreases with temperature and is roughly exponential.
5. | Conductivity(k ): It relates the rate of heat flow per unit area (q)to the
t ature gradient dT/dx and is governed by Fourier Law of heat conduction
ie.
g =-k.dT/dx

In SI system the unit and dimension of pressure can be written as, W/m.K
and MLT3 67, respectively
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6. Surface Tension:

When a liquid and gas or two immiscible liquids are in contact, an unbalanced
force is developed at the interface stretched over the entire fluid mass. The
intensity of molecular attraction per unit length along any line in the surface is
called as surface tension. For example, in a spherical liquid droplet of radius (r),
the pressure difference (Ap) between the inside and outside surface of the
droplet is given by,

Ap=20/r
Reason: - Cohesive force b/w molecules. O

Definition: - Force required to maintain unit length of the film irgbrium,
means force per unit length @ TS
Unit:- (N/m)

— Due to surface tension

Increasing internal pressure of droplet.\mO

The tendency of liquid droplet to INminimum surface area at a given
volume, only for this reason, sh droplet is “Sphere”.
NOTE:- C
2
Minimum surface area iven volume = surface area of sphere.

Dependency of sukfage tehsioh:-

Temperature

Increases, cohesive force decreases and this will results in
in surface tension

If continuous decreasing in temperature takes place than surface tension
becomes zero at “critical point of temperature”.

Additives or {impurities}

Surfactants:-

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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— Reduce the surface tension
Ex. Organic solute
Some salt [NaCl] increase the surface tension

Curved surface indicate pressure difference (mean pressure jump)
Pressure higher on concave side (in given figure)

Pressure difference between pi and po for

Soap bubble: O
40, ) 0

P-P=|—
- R= R @0

Water Droplet:

F26)
P: = P, = LF| O
Y

Where o is surface tension and s of curvature for bubble or droplets.

7. Capillary action: Capillary ac¢tion etimes capillarity, capillary motion, or
wicking) is the ability of,a ligui w in narrow spaces without the assistance
of, or even in oppositién al forces like gravity. It occurs because of
intermolecular forces b the liquid and surrounding solid surfaces. If the

diameter of the tub
(which is cause
liquid and contai

is sufficiently small, then the combination of surface tension
hésion within the liquid) and adhesive forces between the
Il act to propel the liquid.
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2
Capillary action of water compared to mercury, in.eachcase with respect to a
polar surface such as glass

Capillary Effect:

Reason:- Cohesive force or surface
responsible for Capillary effect)

&and Adhesive forces. (Both force

o Curved free surface in i@c pillaries is called meniscus.
« Rise orfall of li insid tube is due to contact angle b/w liquid
surface and ca&

Meniscus:- i}

Concave upw, _-/ @ — contact angle

Water

NOTE: if <7 <90 then

o Level of liquid inside the tube is rise
« Liquid is known as Wetting liquid
« Inthis case: cohesive force >adhesive force
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o L~ N

Mercury \ —Meniscus: Convex Upward

If & >90° then
« Level of liquid fall inside the tube
« liquid is known as Non-wetting liquid O
« Inthis case:- Q
adhesive= cohesive .
force force @
&7 = Angle b/w tangent to the liquid surfacelandisolid surface at the
contact point.
Height of a meniscus @
The height h of a liquid column is'given

;o 2+ cosf O

pgr ¢

where y is the li
angle, pis th
gravity (length/s

ir srface tension (force/unit length), 6 is the contact
f liquid (mass/volume), g is the local acceleration due to
e of time), and r is the radius of tube.

Thus t er the space in which the water can travel, the further up it goes.
ns

« For water —glass interface
& =0 go cos&Z =1 this results in

i 20,
pgR
www.jkchrome.com www.jkchrome.com www.jkchrome.com
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« Height of capillary rise is a function of

. If diameter of tube > 1 cm than Capillary effect negligible

8. Bulk Modulus of Elasticity:

« Compressibility of liquid is measured by bulk modulus of ela
o Bulk modulus is represented the compressive stress perb' etric

strain.
e Bulk modules k

[ﬂg) — Compressive siress 'S
K= Sp 1 Av _ _
(Av/v) {— — Volumetric strainalways
N

« K — always positive or is a positive quan

% O
z)

o Truly incompressible sub Qans
Av

ing unit of pressure

iy
o« ¥ ¢
So, K (bulk mod 00
Note: 'S
Kincrease sistance to further compression increases.

increases with decreases in temperature: with decrease in
ture cohesive force between molecules increases, which results in
er resistance to further compression.

or gases K increases with increases in temperature: With increase in
temperature, collision between gas particle increases and results in higher
internal pressure so the resistance to further compression increases.

9. Vapour Pressure and cavitation:

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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« Saturation Temperature:
For a given pressure, the temperature at which a pure substance changes
phase is known as saturation temperature

o Saturation Pressure:
At a given temperature, the pressure at which a pure substance changes
phase.

Example: at 1 atm pressure (const. pressure) saturation temperature is 100 c
and at constant temp. 100 c saturation pressure for water is 1 atm.

Vapour Pressure:

« Forliquid, pressure exerted by its vapour, in phase equiliBriumywith its
liquid at a given temperature

« Vapour pressure increases [with temperature witl’inéreases and rate
molecules escaping liquid surface increasing

« When vapour pressure equal to pressure on the'liguid — boiling occur.

Cavitation:

« Cavitation is a phenomenon whicli'oceurs'in a liquid flow system.

« If liquid undergo pressure below. vapour pressure during flow, than sudden
vaporization takes place

« Vapour bubbles collapse@s they are swept from the low pressure region,
generating highly destrugtive pressure waves.

« Cavitation can alse,occur i liquid contains dissolved air or other gases,
{Reason-Solubilities'Decréase with decreasing pressure}

« Risk of cavitation is\greater at higher temperatures.

Example: Given a flew system (water) and Temperature is 36 c. Find the
minimum pressugeito avoid cavitation?

Solution; MiniMum pressure to avoid cavitation is equal to vapour pressure of
that liquid at'given temperature for water

- —_ —_ [
PNa\P =425kPa  (T=30%)
Note:
1. Partial pressure is the pressure exerted by a component in a mixture of
gases.
www.jkchrome.com www.jkchrome.com www.jkchrome.com
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2. for pure substance vapour pressure and saturation pressure, both are
equal.

3. If external pressure is equal to or less than the vapour pressure, boiling of
liquid will start no matter how much temperature.

Manometry and Buoyancy & Hydrostatic Forces on Surface

Manometry and Buoyancy

Manometry D
« The pressure is proportional to the height of a column offflui
« Manometry is the field of science which deals with the evaluation of the
pressure of the fluid.

« Theinstrument used to carry out the complete p istermed a
Manometer.

« Types of Manometers: Barometer, Piezo r and U-tube Manometer.

Manometers use the relationship betweeno and head to measure

pressure.
Relation between Hydrostatic p &ead

s
We have the vertical pressure @ ip p = pgz + constant measuring z from

the free surface so that d surface pressure is atmospheric,patm

p = pegh+ constant

Patmospheric = constant

SO

p=pgh+ Patmospheric

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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We generally assume atmospheric pressure as the datum,
Gauge pressure, pg = pgh

The lower limit of any pressure is the pressure in a perfect vacuum. Pressure
measured above a perfect vacuum (zero) is known as absolute pressure.

Piezometer Tube Manometer OO

I Q*
©
)

Absolute pressure, pa = pgh+ patmospheric

Absolute pressure = Gauge pressure + Atmospheric

o The simplest man is an open tube. This is attached to the top of a
container with lig ressure. containing liquid at a pressure.

o Thetubeis opento atmosphere, The pressure measured is relative to
atmospherti it feasures gauge pressure.

ressure due to column of liquid h

Limitations of Piezometer:

« Canonly be used for liquids
« Pressure must above atmospheric
« Liquid height must be convenient i.e. not be too small or too large

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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U-tube Manometer

U - Tube Manometer 0

4
« It consists of a U shaped bend whose one end is%ed to the gauge
point ‘A’ and the other end is open to the at
« It can measure both positive and negativel(s
o “U"-Tube enables the pressure of bot
“U” is connected as shown and fille

tion) pressures.
s and gases to be measured
ometric fluid.

Note: K
o The manometric fluid de wd be greater than of the fluid measured,
Pman = P
o Thetwo fluids s‘ ld'no ble to mix they must be immiscible.
o Pressureinacon static fluid is the same at any horizontal level,
pressure at pre‘s eatC
Ps =Pc
« For t-hand arm pressure at B

essure at A + pressure of height of liquid being measured
gh-

o Forthe right-hand arm pressure at C =
o pressure at D + pressure of height of manometric liquid

Pc=P+ pmanoth

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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We are measuring gauge pressure we can subtract patmospheric giving
Ps =Pc

Pa =P +pmanogh2- pghs

Differential U-Tube Manometer

« A U-Tube manometric liquid is heavier than the liquid for which t
pressure difference is to be measured and is not immiscible wi

QO

« The pressure differenge'between A and B is given by equation
: h

Differential U - Tube Manomet

Pa — Ps = p2h2 + pshs -
Inverted U-Tube Manomet

o Invert € manometer consists of an inverted U Tube containing a
'd to measure the differences of low pressures between two

here better accuracy is required.
nerally consists of an air cock at top of the manometric fluid type.

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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Inverted U tube Manometer Q

2
Pressure difference can be calculated from equation: @

P1 — pigH2 — pmg(H1— H2)=P2 — p2gH1

Micro Manometer Q
« Micro Manometer is the modifi &n a simple manometer whose one
ctign

limb is made of larger cro area.
o It measures very small pr differences with high precision.

Micro Mamometer

Let ‘a’ = area of the tube, A = area of the reservoir, hs = Falling liquid level
reservoir,

h2 = Rise of the liquid in the tube,

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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« By Volume Equality, Ahs = ah;
« Equating pressure heads at datum,

P1=(pm — p1)ghs + pmgh2 — p1ghs
Inclined Manometer

« Aninclined manometer is used for the measurement of small pressure
and is to measure more accurately than the vertical tube type m
« Due toinclination, the distance moved by the fluid in manom@

Inclinea Manometer

« Pressure difference between A aen by equation
Pa — Ps = paisine + p3h2 — p1h4 Q
Buoyancy O

Buoyancy is also known nt force. It is the force exerted on an object that
is wholly or partly immeérsediin a fluid.

*
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Concept of Buoyancy: When a body is immersed i upward force is
exerted by fluid on the body which is equal to w of fluid displaced by body.
This acts as upward.

Archimedes’ Principle: It states, when a @wmersed completely or partially
in a fluid, it is lifted up by a force equal to,we of fluid displaced by the body.

Buoyant force = Weight of fluid di ced’by body

Buoyant force on cylinder =Weight of fluid displaced by cylinder
*
Vsm = Value of immerse@partof solid or Volume of fluid displaced
Fg = Pwater X g X \lolume af cylinder immersed inside the water

g =pVg)

of Flotation: According to this principle, if weight of body is equal to
rce then, body will float.

Fs =mg

V. plg=Vp.g

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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T T -
e dx=p_ . g—dhn
pwb 4 P{Ju.._ge.e 4

_pb. r= p{}'.’."’:.::iern

« The factors that affect buoyancy are: the density of the fluid, the volume of
the fluid displaced, and the local acceleration due to gravity.

« The buoyant force is not affected by the mass of the immersed obje¢t or
the density of the immersed object.

Center of Buoyancy: The point at which force of buoyancy acts is
called center of buoyancy. It lies on center of gravity of volum
or center of gravity of the part of the body which is inside the ointBis

the center of buoyancy. @ .

Buoyancy on a rg&l dy:

« TheArchimeédes principle states that the buoyant force on a submerged
bod ual to the weight of liquid displaced by the body, and acts
r y upward through the centroid of the displaced volume.
. s the net weight of the submerged body, (the net vertical downward
orce experienced by it) is reduced from its actual weight by an amount
at equals the buoyant force.

Buoyancy on a partially immersed body:

« According to Archimedes principle, the buoyant force of a partially
immersed body is equal to the weight of the displaced liquid.

www.jkchrome.com www.jkchrome.com www.jkchrome.com
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« Therefore the buoyant force depends upon the density of the fluid and the
submerged volume of the body.

« For a floating body in static equilibrium and in the absence of any other
external force, the buoyant force must balance the weight of the body.

Metacentre of a Floating Body: If a body that is floating in liquid is given a small

angular displacement, it starts oscillating about some point M. This point is
called the metacentre.

- fo wn o - -

Body floating in liquid O
The equilibrium of a submerged bo '%uid requires that the weight of the
body acting through its centre o vityashould be colinear with equal

hydrostatic lift acting through re of buoyancy. Let us suppose that a body
is given a small angular displacement and then released. Then it will be said to
be in distance MG is ca et tric height (it is the distance between the

gravity centre and metage

\) o

Gravity centre and metacentre

Stability of Submerged Body: It is classified into three groups.

« Stable Equilibrium: When the centre of buoyancy lies above the centre of
gravity, the submerged body is stable.

www.jkchrome.com www.jkchrome.com
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i
l
|
|
|
|

e

Stable equilibrium

Unstable Equilibrium: When B lies below G, then body is in unstabl
equilibrium.

’ G | O
o | O
Unstable equilibrium @ 4

« Neutral Equilibrium: When B and G coincide
equilibrium.

- O
TS

Stability of Floating Bodi hen the body undergoes an angular displacement

about a horizontal axis, the shape of the immersed volume changes and so the
ves relative to the body.

, body is in neutral

www.jkchrome.com www.jkchrome.com
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It occurs, when metacentre lies above centre of gravity.
« Unstable Equilibrium: In the above case, if body does not come in its
original position and moves further away then, it is known as unstable
equilibrium. M lies below centre of gravity.

My~

Unstable position O

« Neutral equilibrium: When a body is given a small ular displacement
and it sets on new position then, body is called ir@lﬁquilibrium. In

this, M and G coincide.

6g A

Vig

/ G K
_/

Neutral position

o Relation betweengB,Gfan i

2
GM=1/V -BG
Here, | = Least t of inertia of plane of body at water surface
_— bd’
- ‘;I.:L' - 12 -
M = Metacentre
www.jkchrome.com www.jkchrome.com www.jkchrome.com
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V is volume submerged inside the water can be given as 7" =

-—— 3 ——

—
e 27_ ll ~ o
Submerged part of body K

« BGisthe distance betwee tre'of gravity and centre of buoyancy. (In
other words, BG=distance be n centre of gravity of whole body and
centre of gravity of s part of body)

« When we find ot we can determine the status of body as

o GM >0 (st uilibrium),
o GM < Oy(unstable equilibrium),
o GM euftal€quilibrium)

Hydrostati c Surfaces

Fluid

Statics deals with fluids at rest while Fluid Dynamics studies fluids in
otion.
« Any force developed is only due to normal stresses i.e, pressure. Such a
condition is termed the hydrostatic condition.
« Fluid Statics is also known as Hydrostatics.
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« A static fluid can have no shearing force acting on it, and that any force
between the fluid and the boundary must be acting at right angles to the
boundary.

« For an element of fluid at rest, the element will be in equilibrium. The sum
of the components of forces in any direction will be zero. The sum of the
moments of forces on the element about any point must also be zero.

« Within a fluid, the pressure is same at all the points in all the directio

« Pressure at the wall of any vessel is perpendicular to the wall

o Pressure due to depth is P = pgh, and is the same at any horizontal level o

connected fluid. O
Fluid Pressure at a Point Q
« If afluid is Stationary, then force acting on any surface or aféa is
perpendicular to that surface. 4

« If the force exerted on each unit area of a bo isghe same, the
pressure is said to be uniform

. that pressure or intensity of pressure at a point in a static fluid
id is in rest) is equal in all directions. If fluid is not in motion then
rding to Pascal’s law,
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Pressure at a point

O

Px = Py = Pz
where, px py and p; are the pressure at point x,y,z respectively. Q

General Equation For Variation Of Pressure in a Static @ ¢

Area A (p+opA

Fluid density p

Vertical Variation Of Pressure in a Fluid Under Gravity
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L A
Area A
— T
Fluid demsity p 2
i [k O
Taking upward as positive, we have ¢

Vertical cylindrical element of fluid cross sectionallareay:=

mass density = p
The forces involved are: O
« Force due to p1 on A (upw

« Force duetop2onA(do
« Force due to weight o me

=p2. A
downward) = mg

= mass density x vol

=p.g.A.(z2- z1) .
Thus in a flui avity, pressure decreases linearly with increase in height
P2-PpP1=
Thi hydrostatic pressure change.

Equality Of Pressure At The Same Level In A Static Fluid

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 28 of 103



www.jkchrome.com www.jkchrome.com www.jkchrome.com

Fluid density p
Area A
P A P A
Face L * Face R
weight, myg

Horizontal cylindrical element cross sectional area = A
mass density =p
left end pressure = p

right end pressure = p;

L 2
For equilibrium, the sum of the forces in the x directi = p.A=prA
P1=Pr
So, Pressure in the horizontal directior@nt.
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For a vertical pressure change we have
PI=Pp+ P8z

and
Pr=Pq~ P8=

Thus, pressure at the two equal levels is the same. 0

Total Hydrostatic Force on Plane Surfaces

« For horizontal plane surface submerged j
gas chamber, or any plane surface unde

plane surface inside a
ion of uniform hydrostatic

pressure, the total hydrostatic force 5 y
F=p.A
where p is the uniform pressur Qve area.

« Ingeneral, the to pressure on any plane surface is equal to
the product of th e surface and the unit pressure at its center of
gravity.

F=pcgA

where peg i sure at the center of gravity.
ogeneous free liquid at rest, the equation can be expressed in
s of unit weight y of the liquid.

where h'is the depth of liquid above the centroid of the submerged area.

Derivation of Formulas(Not required for exam)
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The figure shown below is an inclined plane surface submerged in a liquid. The
total area of the plane surface is given by A, cg is the center of gravity, and cp is
the center of pressure.

“ S

(Forces on a inclined plane surface)

The differential force dF actingot element dA is

dF=p. dA
P ‘%
dF=y. h. dA \

From the figure *

7fy.dA

r--a

(R

Recall from Calculus that
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Jy.dA=Ay"~

Hence, F=(y.sinB)A.y~

F=y. (y"sin®). A

From the figure, y sin6=h", thus,
F=yh"A

The product yh™" is a unit pressure at the centroid at the plane ar s, the
formula can be expressed in a more general term below: Q

F= pcg,A

*
Location of Total Hydrostatic Force (Eccentricity) @

From the figure above, S is the intersection of th longation of the submerged
area to the free liquid surface. Taking moment ut'point S.

Fyp=Jy. dF @
Where

dF=y(ysin6)dA

F=y(y sinB)A O

reference point is S,
Ay Yp=ls
Thus,
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yp =Is/Ay”~

By transfer formula for moment of inertia Is=lg+Ay~2, the formula for y, will
become

yp=(IgtAy 2)/Ay~ or
=Y +lg/Ay"

From the figure above, yp,=y~ +e, thus, the distance between cg and itl

Eccentricity, e=lg/Ay”
Example 1 O
*
An opening in a dam is covered with a plate of T m squ@i is hinged on the
top and inclined at 60 ° to the horizontal. If the top e gate is 2 m below

the water level what is the force required to ope gate by pulling a chain set
at 45 ? angle with the plate and set to the lower'end ofithe plate. The plate weighs

2200 N. O
>

Solution:

Free Surfoce

Free body diagram
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Given data: Area of the gate= 1 m ?

Total force on the gate= F = whx where =2+ l 1nn 60°

-

—— a0
Depth of the cented of pressure /= x+ 1gstn’ 60°

Ax
Distance of the application point of the force from the hinge = (k- 2) “r =
fnol
Taking moments about the hinge,
T lands = Fx0 5342200 --_lcoc:ﬁlf O

Then, T = 18.66 Q

Answer: 18,66 kN

Total Hydrostatic Force on Curved Surfaces:

« Inthe case of curved surface submerge iquid at rest, it is more
convenient to deal with the horizontal/@fd vertical components of the total
force acting on the surface. Note: ssion here is also applicable to
plane surfaces.

« Horizontal Component: T | component of the total hydrostatic

force on any surfaceis e the’pressure on the vertical projection of
that surface. 6

FH=pcg. A L 2

« Vertical Componen e vertical component of the total hydrostatic force
on any surfacaiis equal to the weight of either real or imaginary liquid
above i

Fv=y.V
tal Hydrostatic Force:
F= +Fv?)
« Direction of F:

tan0x=Fv/Fn

Case 1: Liquid is above the curve surface
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The vertical component of the hydrostatic force is downward and equal to the volume of the real liquid above the

submerged surface.

‘ \
F Fv
1/ ‘
[ O v
FH X (Ss-=y

PE2IZ777 777727 L .

Vertical projection
of the curve surface 2

Case 2: Liquid is below the curve surface

The vertical component of the hydrostatic i ing upward and equal to the
volume of the imaginary liquid above t)‘
C
Imaginary P O
liquid .

abowe the
surface

A O OO

Vertical projection
of the curve surface

Example 2
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The length of a tainter gate is 1 m perpendicular to the plane of the paper. Find
out the total horizontal force on the gate and the total hydrostatic force on the
gate.

Solution:

*
Horizontal hydrostatic force on the tainter gate @

F, =wAx

=44 145 KN O
where projected area A = 3x1 =3 m?

The vertical force Is equal to the% ater displaced by the shaded area.
The area of the shaded po =Ex6’-%13\/§:-:3=163m’ |
The vertical force, 0%8101‘1 3x1=1599 KN

The resultant forcef) 7 = +F’  and tam8=F,/F,

5

nd

onzontal

A quarter circle (10 m diameter) gate which is 10 m wide perpendicular to the
paper holds water as shown in the figure. Find the force required to hold the gate.
The weight of the gate can be neglected.

Solution:

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 36 of 103



www.jkchrome.com www.jkchrome.com www.jkchrome.com

AL Tmaginery nvfuﬂ

Horizontal force

Fy= wAx
=9810xSx10x5/2
=1226 MN
And It acts at a distance of 5/3 m from the bottom end,
And the upward vertical force |s the welght of the Imaginary water body held over x 2
Fp = 98102105 -:}nS’l: 526x10'N

And it will act through its C.G. which is Determined as follow -

4R 20
CG of atea A"z_,-;'?;m away from AA

C.G, of the [total araa about AA Is 2.5m away from AA,

X
ca ofA,n>.4,x;—;+A,u=Ah25
x=388m

Distance from 'O'= (5-3.88) = 1.12m,
Taking moments about O =>F, x%+.", <1.1%

Answar:~ $26% 10’ N

2
Fluid Kinematics

« Fluid Kinematics deals with the motion of fluids such as displacement,
velocity, tion, and other aspects. This topic is useful in terms of
wledge of the candidate.
s is the branch of classical mechanics that describes the motion
ies and systems without consideration of the forces the cause the

Typesof Fluid Flows
Fluid flow may be classified under the following headings;

Steady & Unsteady Flow
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Steady flow

Unsteady flow

The flow in which
characteristics of fluid
like velocity, pressure,
density etc_, at a point,
do not change with
time is called as steady
flow.

W 02 _oP_g

If velocity pressure and
density changes with
time then flow is
unsteady flow.

W02 0%

_ ;: 7 E
ar ar &t

& ér ot

Uniform & Non-uniform Flow

Uniform Flow

Non-uniform Flow

The flow in which
velocity at any
given time does
not change with
respect to distance.

In this flow,
velocity at any
given time changes
with respect to
distance.

Gl |-

Laminar & Turbulent ?

X 3 ent Flow

vvvvvvvvvvv

The flow in which
adjacent layers cross
each other and do not
move along well
defined path.

EVLAERRARIALAN WAAALR

Rotational & Irrotational Flow
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Rotational Flow Irrotational Flow

If the fluid If fluid particles do
particles flowing | not rotate about
alone stream lines. | their own axes.
also rotate about then flow is

their own axes, irrotational.

then flow is
rotational.

Combining these, the most common flow types are:

Steady uniform flow
o Conditions do not change with position in the stream orwith time.
o E.g. flow of water in a pipe of constant diameter at a constant
velocity.
Steady non-uniform flow
o Conditions change from point to pojmtin the,stream but do not
change with time.
o E.g. Flow in a tapering pipe with*C@nstant velocity at the inlet.
Unsteady uniform flow
o Atagiven instant in time the,conditions at every point are the same
but will change withime.
o E.g. A pipe of constantidiameter connected to a pump pumping at a
constant rate whi¢h is then switched off.
Unsteady non-uniform flow
o Every condijtion efithe flow may change from point to point and with
time at everyypoipt.
o E.g. Waves in aichannel

Flow Pattern

Three types of fluid element trajectories are defined: Streamlines,
Pathlineshand Streaklines.

« WPathline is the actual path travelled by an individual fluid particle over
gome time period. The pathline of a fluid element A is simply the path it
takes through space as a function of time. An example of a pathline is the
trajectory taken by one puff of smoke which is carried by the steady or
unsteady wind.

« Timeline is a set of fluid particles that form a line at a given instant.
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. Streamline is a line that is everywhere tangent to the velocity field.
Streamlines are obtained analytically by integrating the equations defining
lines tangent to the velocity field as illustrated in the figure below:

r!\‘
dx u 0
X
Figure

dy _v O
dx u K

where u,v, and w are the veloci onents in x, y and z directions respectively
as sketched

o Streakline is thg c articles that have earlier passed through a

prescribed point.A'streakline is associated with a particular point P in
space which has the fluid moving past it. All points which pass through
this point id to form the streakline of point P. An example of a
streak e continuous line of smoke emitted by a chimney at point P,
i have some curved shape if the wind has a time-varying direction
e: The streamlines passing through all these points form the

of a stream-tube. Because there is no flow across the surface,
cross-section of the streamtube carries the same mass flow. So

e streamtube is equivalent to a channel flow embedded in the rest of
the flow field.
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y

Xo ,‘ ‘o

X - X
:,/ 3-D streamtube 2-D streamtn@
Note: Q

« The figure below illustrates streamlines, pathlin streaklines for the
case of a smoke being continuously emitted ipaney at point P, in the

presence of a shifting wind.
« In a steady flow, streamlines, pathlines,
« Inthis example, they would all be ma

aklines all coincide.
he smoke line.

®
streakline from poin o
(smoke line) \:‘;;«*\“eﬁ

<1l streakline at
successive times

instantaneous |’

wind veloaty/

VeIocit@ Particle

: ocity of a fluid along any direction can be defined as the rate of change
isplacement of the fluid along that direction

« LetV be the resultant velocity of a fluid along any direction

and u, v and w be the velocity components in x, y and z directions
respectively.

« Mathematically the velocity components can be written as

pathline of fluid element A
(smoke puff)

u=f(xy,zt)
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w=f(xy,zt)
v=f(xvy,12t)

Let Vg is resultant velocity at any point in a fluid flow.
Resultant velocity VR = ui + vj + wk

V,=u'+ v+ w

Where u=dx/dt, v=dy/dt and w=dz/dt are the resultant vectors in X,
directions, respectively.

Acceleration of Fluid Particle Q

« Acceleration of a fluid element along any directi bé&defined as the
rate of change of velocity of the fluid along t n.

« If ax, ay and a; are the components of accelération along x,
y and z directions respectively, they can heé mathematically written as ax =

R
™
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Similarly
dvdy dvdy dvid: v
S e e s s e s o} e

"axdt dydr drdt o

L, oOwds dwdy dwd: dw
T d dydr dzdt O

and

But u = (dx/dt), v = (dy/dt) and w = (dz/d1).

Hence

Local accln

Convective accln 7
du iy du du o du O
a, =t—+vV—3W—"—
- dx  dy dz ot
u‘gu_ai+\~.al+“v2i+£ Total accln

dx dy dz  dt
dw . _dw  dw  dw *
a4 =U—+V—tw—+—
: dx dy dz
If A is the resultant acceleration vector, it is given by
A=aji+a j+ak

=1/uf +a; +uf O
For steady flow, the local acceleration will%
Stream Function O:

o The partial derivati am function with respect to any direction gives
the velocity compepent, at right angles to that direction. It is denoted by .

v Hu \ 4
—_— VY, — = —

& ou

equation for two-dimensional flow is

Equations of Rotational Flow

« As y satisfies the continuity equation hence if p exists then it is a possible

case of fluid flow.
« Rotational components of fluid particles are:
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o L[8w o)
2]y 8z
B _llﬁ'u_ﬁ';-,"'
o218z 6x
o _1{8v_ bu|
- 218x  fx)

Equation of Irrotational Flow O
o If wx=wy=w:then, flow is irrotational. 0

o Forirrotational flow, w;=0

<
v fu 0

ox o)

1

e T
-
o

500 o ‘_tﬁ_’b B
ox(ox) ov| o) K
o Bu_,

« Thisis Laplace‘® ry.

Note: It can be conéluded that if stream function () exits, it is a possible case of
fluid flow. But w t d&cide whether flow is rotational or irrotational. But if
stream functi fies Laplace equation then, it is a possible case of
irrotation rwise it is rotational flow.

a scalar function of space and time such that its negative derivative
ith respect to any direction gives the fluid velocity in that direction. It is

denoted b ¢
il do do
- = 3"!:__ = V:__ = '|.1.‘=
dx dy oz
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We know that continuity equation for steady flow is

gu_ & _y
Ox oy

8 89| 8| 89| _,
dx| x| dy| & '__

&o o _ 0
O

. If ¢ satisfies the Laplace equation, then it is a possible c@ fluid flow.

Rotational component w; can be given by @ *
_1{év_du| 1/6(-80| 8 60
208 &8y 2|8x| 8y | 8yl x|
_ 1 &9 - a0 _0 O
2(0x-8y Oy-Ox|
« It shows that ¢ exits the will*be irrotational.
Relation between Stream Fdn nd Velocity Potential
*
We know,

Stream versus Velocity Function
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Stream Function Velocity Potential
A 8o

—=v ——=u

dx Ox

au do

Ay By

If ¥ exists then, a|If ¢ exists then, flow is
possible case of fluid | irrotational.

flow. If ¢ satisfies the Laplace
If ¥ satisfies Laplace | equation then, a possible
equation then, flow is | case of fluid flow.

irrotational. < :

Equipotential Line versus Stream Line

2
Equipotential Line Stream Line
It 1s the line along which |It is the line alo
velocity potential @ is constant. | stream function ‘F.i tant.
dx dy
= —udc—vdy=0
—u
L d_-u
dax v
2
Fluid Dynamics and Fl
Fluid Dynamics 4
Fluid Dynamies e beginning of the determination forces which cause
motion in ffids. This section includes various forces such as Inertia, Viscous,

etc., B i's theorems, Vortex motion, forced motion etc.

e‘momentum correction factor, the impact of jets etc.

Dynamics is that branch of mechanics which treats the motion of bodies and
the action of forces in producing or changing their motion.

Flow rate
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« Mass flow rate

. dm mass
m — e =
dt  time taken to accumalate mass

« Volume flow rate - Discharge
o More commonly we use volume flow rate Also know as di r

The symbol normally used for discharge is Q.

Discharge, Q = Volume / Time
Continuity Q

This principle of conservation of mass says matter c@)e‘created or
destroyed. This is applied in fluids to fixed volu as control

volumes (or surfaces).

) 3 .&O
=

Mass flow out

&
. For any control viglume, the principle of conservation of mass defines,

Mass entering per Unit tim@= Mass leaving per unit time + Increase of mass
in control vol pe time

flow there is no increase in the mass within the control

ring per unit time = Mass leaving per unit time

Applying to a stream-tube
Mass enters and leaves only through the two ends (it cannot cross the stream

tube wall).
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for steady flow,

p10A1u1 = p20A2u2= Constant= Mass flow rate Q

This is the continuity equation. @ ¢

Some example applications of Continuity

_‘_\k !

O

A liquid is flowing fr ftito

As we are considering avliguid,

L 2
P1=P2
Qi=Q2
A1ui=Aazu

Velocities ipes coming from a junction
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mass flow into the junction = mass flow out

pP1Q1= p2Q2+ p3Q3 O
When incompressible, O

Q1=Q2+Qs @’

A1ui=Azu2 + Asus

Vortex flow
. This is the flow of rotating mas fQ)r flow of fluid

along curved path. Q

Tangential velocity directly

g?nr;?:r?ll o proportional to radius
v v
g
r r
Free vortex Forced vortex
Free vortex flow
www.jkchrome.com www.jkchrome.com www.jkchrome.com
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« No external torque or energy required. The fluid rotating under certain
energy previously given to them. In a free vortex mechanics, overall
energy flow remains constant. There is no energy interaction between
an external source and a flow or any dissipation of mechanical energy in
the flow.

. Fluid mass rotates due to the conservation of angular momentum.

. Velocity inversely proportional to the radius.

. Forafree vortex flow

vr= constant O
v=c/r
. At the center (r = 0) of rotation, velocity approaches to‘in inite, that
point is called singular point.
« The free vortex flow is irrotational, and the o known as the

irrotational vortex.
. In free vortex flow, Bernoulli’s equation applied.

Examples include a whirlpool in a river, @ ows out of a bathtub or a sink,

flow in centrifugal pump casing and flaw around the circular bend in a pipe.
Forced vortex flow

« To maintain a fogcedivo ow, it required a continuous supply of
energy or extefh

« All fluid particles at the constant angular velocity w as a solid
body. Theref@re, a of forced vortex is called as a solid body
rotation. ¢

. Tange ity is directly proportional to the radius.

Angular velocity.
= Radius of fluid particle from the axis of rotation.
. surface profile of vortex flow is parabolic.
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Parabolic
3]
= &
2 .2
LU |
h =
* Eg
. Inforced vortex total energy per unit weight increasesgvi crease
in radius.

o Forced vortex is not irrotational; rather it is a rotati aljlow with
constant vorticity 2w.

Examples of forced vortex flow is rotating a ve cOoftaining a liquid with
constant angular velocity, flow inside the centfifugabpump.

Energy Equations
« This is the equation of méi &'ch the forces due to gravity and
pressure are taken into eration. The common fluid mechanics
equations used in quid@w s are given below
. Let, Gravity forceyFg,[Pr e force Fp, Viscous

force Fv, Com{itessi force F¢, and Turbulent force Ft

Fret=Fg+Fp+ Fy+ c+|i

o If fluid i&ui ressible, then Fc = 0

Thi own as Reynolds equation of motion.
. fluid is incompressible and turbulence is negligible, then, Fc =0, Ft = 0
.'.Fnet=Fg+Fp+FV

This equation is called as Navier-Stokes equation.
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« If fluid flow is considered ideal then, a viscous effect will also be
negligible. Then

Fnet = Fg + Fp
This equation is known as Euler’s equation.

« Euler’'s equation can be written as:

d
L, gdz+ vdv= 0
2
Bernoulli’s Equation Q

It is based on law of conservation of energy. This eq 's%pplicable when
it is assumed that

. Flow is steady and irrotational

« Fluid is ideal (non-viscous)

« Fluid is incompressible
It states in a steady, ideal flow pressible fluid, the total energy at
any point of the fluid is consta

The total energy consisgts aof p re energy, kinetic energy and potential

energy or datum enefgy. nergies per unit weight of the fluid are:
S

« Pressure energy

g

. eti®energy

VA

2%
o Datumenergy =z

Bernoulli’s theorem is written as:
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-

P Vv
—+ —+ z= constat
w 2lg

« Bernoulli's equation can be obtained by Euler’s equation

dp

— ~vdv+ gdz = constant
P

As fluid is incompressible, p = constant O

f% :fv dv—fg dz +constant Q

] L 2
1_1‘
or i+ —+ z = consfant
PE g

“S  Potential
- head
Drazzure  Elinetic
haad haad

where, Head = Energy / Weight &O

. Restrictions inthe applicati noulli’s equation
o Flow is steady
o Density is constapt (i pressible)

o Friction losgestar igible
o It relates%he at two points along a single streamline, (not
conditions O, tWo different streamlines)
The Bernoulli e n ﬁ plied along streamlines like that joining points 1
and 2

Total head at 1 = Total head at 2
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2
PLL A g =222,
pg 2g Pg 2g

This equation assumes no energy losses (e.g. from friction) or energy gains
(e.g. from a pump) along the streamline. It can be expanded to include these
simply, by adding the appropriate energy terms

Total Total Loss  Work done Encrgy

cnergy per = encrgy per unit + per unit+ perunit —  supplied

unit weightat | weightat2  weight  weight  per unit weight O
: 2 O
u u
ﬂ+—'+z| = &+—2+z2+h+ w—gq
pe 2g re 2g @ ¢
Note Point:

The Bernoulli equation is often combine h& continuity equation to find
velocities and pressures at points in LK nnected by a streamline.
Kinetic Energy Correction Fact )

In a real fluid flowing throu pi r over a solid surface, the velocity will be
zero at the solid bou ndWill'increase as the distance from the boundary

increases. The kinetic r unit weight of the fluid will increase in a
similar manner.
&

The kinetic ener erms of average velocity V at the section and a kinetic
ctor a can be determined as:

aﬂ.‘l ?

In which m = pAVdt is the total mass of the fluid flowing across the cross-
section during dt. By comparing the two expressions for kinetic energy, it is
obvious that,
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a= l,, Iu’dA
18

Al

The numerical value of a will always be greater than 1
Flow-through Pipes & Boundary Layer Theory

This article contains basic notes on "Flow-through Pipes" topic of "Fluid

Mechanics & Hydraulics" subject. O
Flow-through Pipes < : l
Energy Losses .
ﬁ %,

Due to Sudden Major Losses

W Enlargement
9, | Dueto Sudden
wn Contraction
3 Due to pipe
— i Fitting
e}
.E — At pipe bends
= 3
— At BExit of pipe
4
Major Loss: It,is ated by Darcy Weisbach formulas
Loss of hea friction
2
=g
where,
L = Length of pipe,
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v = Mean velocity of flow
d = Diameter of pipe,

f = Coefficient of friction

rL ,2
or =L o yp
dZg friction factor
for laminar flow B E O

Fictional factor@D’  Re O
16

Coefficientof friction /= —
Re @ &
For turbulent flow, coefficient of friction
0.079
f==
Re* K

Chezy’s Formula: In fluid dynamics@ormula describes the mean flow velocity
of steady, turbulent open channeliflow

Chezy's formula of steady flow

v= ¢ vmi, c= Chezy's Constant = v(8g/f)

i = Loss of head per unit length of pipe
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Ay

L (hydraulic slope tan 8)

m = Hydraulic mean depth

_ Area(Ad)
Wetted perimemr (p)

Relation between Coefficient of Friction and Shear Stress O

| 2 C)
i —————- 1
| \ T
| | 4 *

p:T : P l
I |
i 1
T -——— i
L L -

Coeflicient of friction and shear s 0
f= 2 Q
We get pv < |

where, ¢

f = Coefficient of frictign ¢
To = Shear stregs
Minor
ther type of head loss in minor loss is induced due to following reasons
Loss due to Sudden Enlargement

Head loss
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hL _ (1”1 —V ):
2g
Loss due to Sudden Contraction
Head loss, h. = 0.5 v2?/ 2g
Remember v; is velocity at point which lies in contracted section.

Loss of Head at Entrance to Pipe

Head loss,
, 4
'l_:l‘
h,= 0.5+
L zg

Loss at Exit from Pipe

Head loss,

Expression
Vv, —V¥3)?
= V1Y)
29
VZ
”‘, = EE
1iddrn (omivoedion 1 1y v
= (=~ 1) 2 ot 0,5 e
' Ce 2 29
. e ¥ . . = Cocfficient of contraction
. C.= f‘— and A, - Cross section Area at
2
vana contractn
Head loss at pipe bend or head loss due kv?
: ; Ha=—
to pipe fitting 2y
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Note: In case 1 and 2, flow occurs between pipe to pipe, while in case 3 and 4, flow

occurs between tank and pipe. We are taking entry or exit w.r.t. pipe. So, be careful.

Combination of Pipes: Pipes may be connected in series, parallel or in both. Let see
their combinations.

Pipe in Series: As pipes are in series, the discharge through each pipe will be

Total loss of head = Mdfo inor loss
H=h +h
) ' L 4

Major loss =

due to iQn\in each pipe

 + Ay

1L11"1 + f:L:vj + ,ﬂlﬁ";
d.2g d,.lg d;lg

While, minor loss = Entrance loss + Expansion loss + Contraction loss + Exit loss
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0.5 (w+v) 057
= _|_ = _|_ i
2g 2g g g

h

L

If minor loss are neglected then,

AL ALY fiLY
d.2g d2g 28

-

H= JﬁLIQ:+ f:L:Q? 4 fELEQJ

T1ni1d 121d 1214 O

Entrance

Contraction

Expansion
loss

Exit lo Q
Head loss when minor loss are n{

Pipes in Parallel: In this discharge in pipe is equal to sum of discharge in each of
parallel pipes. C

¢

QA ¢ B

o

%
Q2
Pipes in parallel

Hence, Q=Q1+ Q2

Loss of head in each parallel pipe is same
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h.=h,

LY _ fL¥ FLO _ fiLO:

d-2¢ d,-2g 1214, 121d;

where, hy and hy, are head loss at 1 and 2 respectively.

Equivalent Pipe: A compound pipe which consists of several pipes of differentflengths

that of compound pipe is called as equivalent pipe.

=h+h +h, 0

QO _ fLO' | ALO | fLO’ @ ¢
12.1d° 1214, 12.1d; 1214

and diameters to be replaced by a pipe having uniform diameter and theG th as

(where, L= L1 + L2 + L3)

ff=fi=f=1f
Then,
L I - L, - L. .
d d d d
Hydraulic Gradiengjki (H&_) d Total Energy Line (TEL)
LEL ¥ :
-5 _ walig
HGL Palpg
T
1{ I; . HGL and TEL
oot
———————————————————————————— Datum

Equivalent pipe diagram
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HGL — It joins piezometric head (p/pg + z) at various points.
TEL — It joins total energy head at various points:
{(p/pg + 2) + v?/2g}

Note: HGL is always parallel but lower than TEL.

Power Transmission through Pipe (P) O

FPaw= PEOH O
‘Pa:nﬂ?: PgQ{H_ ‘Iif} ¢

h.= Head loss
] H-h
Efficiencyn = 4
Power deli y a given pipe line is maximum when the flow is such that one third of
static onsumed in pipe friction. Thus, efficiency is limited to only 66.66%
m efficiency,
_H
??:I'!l'ﬂ}'. 3
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Water Hammer: When a liquid is flowing through a long pipe fitted with a vale at the end
of the pipe and the valve is closed suddenly a pressure wave of high intensity is
produced behind the valve. This pressure wave of high intensity is having the effect of
hammering action on the walls of the pipe. This phenomenon is known as water
hammer.

Intensity of pressure rise due to water hammer,

__va
-2 O

When valve is closed gradually when valve closed suddenly wi rigid‘plpe.

o= K7

When valve closed suddenly with plastic pipe :
1 vg
2
P> —=

c Valve closlre is;a to be gradual.

If the time required to clo
L 2

5
P — =
C Ive closure is said to be sudden.

Wh
L = Length of pipe
D = Diameter of pipe

C = Velocity of pressure wave produced due to water hammer
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K
2

v = Velocity of flow
K = Bulk modulus of water

E = Modulus of elasticity for pipe material.

t = Time required to choose the valve.
Boundary-Layer Theory O
Boundary Layer Theory @ ¢
When a real fluid flows over a solid body, the ity Of fluid at the boundary
will be zero. If boundary is stationary. As we e away from boundary in

perpendicular direction velocity increaseg

.-@-. K
velocity gradient "%/ will exist!
Note: O

du®

Velocity gradient 4’ dod,ndt exist outside the boundary layer as outside the
boundary layer velogity ig cOnstant and equal to free stream velocity.

Developme undary Layer: Development of boundary layer can be
divided in regions: laminar, transition, turbulent.

Reygolds ntmber

For laminar boundary layer

(Re)x < 5 x 10° (For flat plate) and if (Re)x> 5 x 103
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where Re = Reynolds's number

Then, flow is turbulent.

Free stream

iv‘iv%

O

o (Bou 4ayer)

Boundary laye{g

TS ' Turbulent region

i
b

—X

Here, x is distance from leading edge in horizontal direction.

Boundary Layer Thickness (8): It is the distance from the boundary to the
point where velocity of fluid is approximately equal to 99% of free stream
velocity. It is represented by 0.
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- U, >
0.99u_
0
u=0,
7777
Boundary Layer thickness & C)

*
Displacement Thickness (6%): It is observed that insi@boundary layer
velocity of fluid is less than free stream velocity , dischargeis less in
this region. To compensate for reduction in dj e the boundary is

displaced outward in perpendicular directi ome distance. This distance
is called displacement thickness (6*).

Boun layer displacement thickness (3")

Momentum Thickness (0): As due to boundary layer reduction in velocity
occurs so, momentum also decreases. Momentum thickness is defined as the
distance measured normal to boundary of solid body by which the boundary
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should be displaced to compensate for the reduction in momentum of flowing
fluid.

y .

1—-=
L."

éuf

= —
o 7

v

Energy Thickness (6**): It is defined as distance measured perpendicul

the boundary of solid body by which the boundary should be displace
compensate for reduction in kinetic energy of flowing fluid (KE decreases due
to formation of boundary layer)

= Ieh-Ee ox

| 4
Boundary Conditions for the Velocity Profile: Bo @ditions are as

d
(a) Aty=0,u= [J;—u;ﬂ

. O

(b) :i!-‘}'=5;H=U;E=D Q Q&

d}.

Laminar Flow: A flow in whicaflui’ ws in layer and no intermixing with each

other is known as lamiaqar flo circular pipe, flow will be laminar.
*

D
If Re= 22 < 2000
H ¢

Where, p = of fluid, v = Velocity of fluid,

pipe, u = Viscosity of fluid.

ate flow will be laminar.

I )
If Re= 2% = 5.10°
7

Where L is length of plate.

Turbulent Flow:
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In this flow, adjacent layer of fluid cross each other (particles of fluid move
randomly instead of moving in stream line path), for flow inside pipe. If Re >
4000, the flow is considered turbulent, for flat plate, Re > 5 x 10°.

Von Karman Momentum Integral Equation

r,__ dé

pU*  dx

where, 6 = momentum thickness O
Shear stress:

,dux a
To = H|— ¢
o H _@1_1:& @

Where, U = Free stream velocity; p = Density aoffflu

Local Coefficient of Drag (Cp*): O
e &

It is defined as the ratio of the S To to the quantity

éPUJ- 0
It is denoted by
2

I fined as the ratio of the total drag force to

1 .2
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F,
Cp= Z

1 e
Epﬁb

Where, A = Area of surface,
U = Free stream velocity, p = Mass density of fluid.

Blassius Experiment Results

For laminar flow, O
S 548 0

X . |'I§ ex ‘
Coefficient of drag z

_ 0.664

& O
Average coefficient of drag Q&

1.46

Re,

CD:QF_.

For turbulent flow,

f 037

ance from leading edge, Rex = Reynolds's number for length x.
Re. ynolds's number at end of plate

Coefficient of drag
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0.059

g i 1
| Re, )3

Average coefficient of drag

0.072
Cp=—7
| Re. )?

For laminar flow O
s ¢

f = Boundary layer thickness, @ ¢

1

Ta ’_\tﬁ

To = Shear stress at solid surface O

x = Distance from where solid s cestarts.

Velocity profile for turbule @ry layer is
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Separation stream line

Reverse flow causing
eddies

ap
dx Prrin dx
Y
A B Cc S D O
Separation boundary layers ABCSD 0
— = —Ve,
avi_,

the flow is separated @
= Qo
) O

If 2
du
[_] N D= ’
dvi_,
the flow i e average of separation
&
If
[Eiu = +ve
£ 18
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the flow will not separate or flow will remain attained

2

Methods of Preventing Separation of Boundary Layer: Suction of slow-
moving fluid by a suction slot.

« Supplying additional energy from a blower.

. Providing a bypass in the slotted

. Rotating boundary in the direction of flow.

« Providing small divergence in a diffuser. Q
« Providing guide blades in a bend.

« Providing a trip wire ring in the laminar region f@flw over a sphere.

Pumps and Turbines
Velocity Diagra

Velocity diagrams for different valuesﬁ pear as shown below:

(i) Va>V2, Vi>Vi2; Ra<0 (Ry is ne%

Vi vre
r1 V
< {\
U o~ u
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(iii) V1=Vr2; Vi=V2; Re=0.5

\Vre
Vi

rl‘@\
. i

= oS

(iv) V1=V2; Ri=100%

Vv vre ¢
: %,

r1

We that for utilization factor € to be maximum, the exit velocity V2
minimum.

For a given rotor speed U, the minimum value of V2 is obtained only if V22 is
axial and the velocity triangles would look as shown:
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M vre

r1

Z
<
U

Velocity triangle for maximum utilization factor condition: O

V,=Vsina, 0
FJ_ V‘IJ
g= —/——2— *
™= RJ7

p N |
Fr=T1 s o

T — T2
I - R sin" a

£
= T TR st R, sin’ a:l

Form the expression, it is cleaG maximum Will have the highest value if a1 =

0.

But a1 =0, results in V h is not a practically feasible condition. The
zero angle turbines wh uld have a; = 0 appears as shown:
" it v
1 —N
F
—
ie—
u ' —j— =
o — VP —e— —»
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Though the zero angle turbines are not practically feasible it represents the
ideal condition to be aimed at. In a Pelton wheel, we arrive at a condition
wherein the jet is deflected through an angle of 165 to 170 degrees. Though
an angle of 180 degrees would be the ideal condition as in case of a zero
angle turbine. Impulse turbine designed for maximum utilization.

AC 22U
CoSqy = —— = —

OA VW,
cosey U

2V ‘<;>
U

The ratio '* is referred to as peed ratio ¢ which will have limiting
value of 0.5 for a zero anglé tUgbin€. But in practical situation, asis in between
20 to 25 degrees. Bub: om 0.45to0 0.47. The blade speed ratio is very
useful performance pa r and it may be noted that the closer its value is

to 0.5, the better it

but, V_, = V,cose; = 2U

P =217

Reaction turbine:
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We know that,

-
_ Ccos™ oy
= max irom

1— R4 SN oy
For a fixed value of a1, as Rd increases €maximum.

But for Rd=1 (100% reaction turbine), this equation doesn’t holds good?

Let us examine how Emaximum is affected by Rd. O

Case (1): Rd=1, Q
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P=U,V_,
P=2UVcosg,

ZUVI COSay

L}

V
2UV, cosay +—-

Y

2UV, cosey

L}

V2
:
2

UV, cosa, 1+
2(2UV, cosay, )
1 O

'1ihll"
1+ : ¢
4UV, cosoy

For maximum utilization V2 needs to {l 2 is to be axial, then V1 also

1y

should be axial which means that the ator of the expression becomes
his only means that a; should be

equal to infinity which reduces
as low as possible to get m ull Values of. This represents contradicting
condition and hence Rd =1 |ﬁ erred.

Case (2): Rd>1 \%

V2>V1,Vr2>Vri

As Rd> £ tends to zero.
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In this case, V2>V1 and hence V2 can never be axial and hence the condition
for emaximum [An axial orientation for V2 can never be met]

The utilization factor € is given by

As Rd increases, € decreases.

value as possible but also turn the fluid through a very largef@ngl is
results in the poor flow efficiency and hence Rd greater than

practically preferred. @ <
Case (3): Rd<0 [negative Rd]

This means that the stator has to function to not only diffusgg ow a

b IS not

decreases.

Vi2<V11, also means that the pressure is increasing as fluid passes through the
rotor.
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i.e. the rotor is acting like a diffuser. This is not preferred since pressure
always has to decrease along the flow path for good flow efficiency. Hence,
Rd < 0 is not practically preferred.

Case (4): Rd=0.5,

We know that for a 50% reaction turbine, velocity triangles are similar andgfor
maximum utilization condition the triangle would appear as shown.

We notice,
a; = 5, O

The angle identical but reversed for the rotor and the stator. From the

point, the manufacturing of blades becomes simple. Since the
de can be used for either the stator or the rotor by merely reversing
clion. It can also be shown that in a multistage turbines 50% reaction
gives maximum stage efficiency. Since V2>Vn, pressure reduces along the
flow path in the rotor resulting in high flow efficiency. In general, n Rd value
between 0 and 1 is preferred due to practical considerations.

From the velocity triangle it can be noted that Vw1=U
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P= % [VaUp =V, U]

Vw2 = 0 (for maximum utilization factor condition)
~P=U2

Comparing the energy transfer achieved by 50% reaction turbine with
impulse turbine when both are designed for emaximum condition and opgéra
with the same rotor velocities. We notice that an impulse turbine S
twice as much energy as 50% reaction turbine gives the better fI@
efficiencies.

If multi staging is attempted, then for a given value of
reaction turbine would need twice the number of sta
turbines. In actual practice, when multistage is a
are designed for an impulse turbine when maxi
The subsequent stages are 50% reaction sta

rgy ‘transfer, a 50%
that of impulse
he initial stages

id velocity is available.

Impulse and R{ inciples
Turbo machines are classified 8s.i s&and reaction machines depending
on the relative proportions o\i&ntic nd dynamic heads involved in the
de

energy transfer. To aid this, a term referred to as degree of reaction

Rd.
¢

Degree of reaction Rd defined as the ratio of static head to the total
head in the energy ansie

L 2 j _ I:1';""?1:1 B 1"'?111 ;l
)+ (U] - U= (Vi- V)

Degree of reaction can be zero, positive or negative.

Rd=0, characterizes a close turbo machine for which a static head is equal to
zero.

In the most general case, this will happen if U1 = U2 and Vi1 = Vio.
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These classes of turbo machines are referred to as impulse machines. In
most practical situations V2 may be less than Vi1 even though ri = ra.

This is generally due to frictional losses. Even then a machine is referred to as
an axial flow turbines and pumps would have r1 = r2 and if Vi1 = Vio, then they
become examples of pure impulse machines.

Pelton Wheel, tangential flow hydraulic machines is also example of i Is
machine.

Velocity Triangles for impulse machine: Velocity triangle for axi
impulse machine is shown in the following figure.

The velocity of whirl at exit is to be calculated by general expression,

V.,=U,—V_,cos 31
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If the value obtained is negative, then it suggests that

V,cos3, > U,

If Vw2 is positive, then OVT would appear as follows:

ue

Vwe O
Voj O
vre 0?\ Ve @ .

If V2=0, then the OVT would look like O
ST
Ve Vo2=Ve
4 ’%

Radial flow Pu Compressors:

General analyisis:
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L)V,U, =V, U,

ie, U, » U, orr, > 1, flowis radially outward.
2.) AxialentryV, =V |

S V.,=0

3_)P_t\ ,U,. Watt

At 5 -1 .
H= w2V m of fluid.

g
Most of the turbo machines belong to this class. In general,%@a
madi

restricted flow area for a given rotor diameter and have low lum
specific speed.

*
Significant aspects: @

1. Flow is outwards from the smaller to la dil¥s the Euler’s turbine
equation. i.e.,

P —_(xh ~V_,
o reqmres& 2 # Va1 for pumps and

compressors which are bing machines. For this sake radial

flow compressors and enerally have fluid entering at a smaller
radius and leaving at %r dius.

2. The absolute Ve t is oriented parallel to the axes of the shaft
i.e., Va1 = V7 and ere is no whirl component atinleti.e.,Vwi1=0.

3. Since Vw1 = Q, the ehgergy transferred is purely a function of exit

— %RF_JL‘J  Watt

\
2U2 m of fluid

acity relationship:

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 84 of 103



www.jkchrome.com www.jkchrome.com www.jkchrome.com

.
H= 1"I1.='J.["J
g
.
H= Y [UJ — V., cot 31]
g
Q=,=4,V,
T
Q= U, U, Qcot3
g A,
- lzl_ U, cot3,
g L ogA
H =K, —K,Q (considering rotor operating fora given speed.) O
2
U
g
ve /\vre Vma
- U -
(N &
3 <907 3> 90°
Backward curved vane @ palvane Forward curved vane

¢

*

&

From the velocity triangles for the 3 types of vanes it may be noticed that the
whirl component at exit is least for backward curved vane (8<90° and most for
a forward curved vane. When operating under similar condition of speed and
cross section area. But from a practical view point a high value of exit velocity
V2 is not desirable. This is because it becomes necessary to construct a
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diffuser of unreasonably large dimensions even for moderate sized rotors.
Hence backward curved vane with B2 in the range of 20-25 degrees is
preferred for radial flow pumps and compressors. Forward curved vanes are
not preferred while radial vanes (8=90°) are used in select applications
requiring very high pressure.

Expression for Degree of reaction in terms of rotor velocity and rotor bl
angles:

We know that, Degree of reaction is given by, O
R o WEUD-0F-VE) Q
=P+ (U -UD - -T3)
o 4
R, = — EP}';—P’H} 1 @
V2 -vH-Wi-V3)

V=V, +(V,tany,)" =V (1+tan’ ;) O
V:-V:=V (tan" y, —tan’ ) K

1 ¥l

For a pump it is generally acc@%wite degree of reaction as
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Degree of reaction is the ratio of suction head to the total head. Which may be
written as

VA=V
_Ix 2g )
R, = =
1 T 7: e ."J
{2 -ri)- (2]
=5
| 2™

ﬁ___
e
= b
||
e
a b

\"-

R. = '
‘ FH-JU: - I—’;11-'1U1 Q
g, - Velany, +tan s ]ltany; — tan ) .
2UV [tan y, —tan 7, ]

_ Vaj [tan y, + tan ]

R,

207, O
U tan [, tan 5 Q
General analysis of Turbines

They are power gen w machines, which run on both incompressible
fluids such as water as'wellhas compressible fluids such as gases.

ind8 May be defined as the ratio of actual work output to

The efficiency

pes of efficiencies:

<

raulic efficiency /isentropic efficiency.
chanical efficiency.

The mechanical efficiency takes care of all losses due to energy transfer
between mechanical elements. In the turbines, mechanical efficiency is very
high and of the order of 98 to 99%.

The hydraulic efficiency takes care of losses during flow.
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We realize that, turbines must have a residual exit velocity so that flow is
maintained.

However, this residual velocity so that flow is it represents a lot far as the
rotor is concerned. Hence, even if we have idealized friction free flow it is not
possible to transfer all the energy in the fluids due to the need to have the
final residual exit velocity.

Hence, hydraulic efficiency is a product of 2 terms and is given by

O

nv - where is referred to as vane efficiency and takes care o@nal loss.

Utilization factor: ¢
Utilization factor is defined as the ratio of the a rk transferred from the
fluid to the rotor in an ideal condition to the i possible work that
could be transferred in an ideal condition.

‘ﬁ'?a:mal _ . F‘O

W

max

Relationship between € and Rq:

OR

Derive an expression for € in terms of Rd:
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H, = (U U= (03 -T2)]
g

1 3 g
H, =51 -V}]
g

RJ[H,+H]=H. O
Rd‘H:-l_Rd‘Hd':H: Q

o o Rely @ ¢
) (1_R¢r)

Utilization factor may be written as

E:H—:+Hf O
H.+ -+
2g “ \

good for Rd values between 0 and 1. This cannot be
% reaction). Since, the expression becomes equal to 1
suggestin 6 utilization factor which could obviously lead to residual exit

nalysis of Axial flow turbines:

Most turbines involving compressible flow are axial turbines. Generally, steam
and gas turbines are axial flow machines.

We know that in all axial turbine machines, U1 =U2=U.
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And hence the alternative form of turbine equation reduces to
mlr . -2 22 xr24]
P= T:l(""l — Vi) =(Va—=Va)|

Degree of reaction,

_ _(I’ri _F.-I‘JJ}
U 69 Bl U g Y

d

Change of fluid pressure in the rotor happens only due to ch
relative velocity component Vr, since, U remains constant.

Axial flow turbines are of 2 types: @ P
1. Impulse type for which Rd=0.since Vi1=Vr. power
1

p=
output t 3[1 ]

2. Reaction type: Generally any turbi @1 s not purely an impulse
turbine is referred to as a reacti@h t .Itis not a 100% reaction

turbine. But, it is still refege reaction turbine. Most reaction

turbines are designed for reaetion which is found to be very

advantageous from pra€ti nsideration. In the case of

steam turbines ifis i it that a reaction turbine is 50% reaction

turbine called aswreaction turbine.

Turbomachinery
¢

Turbomaching,i ed as a device in which energy transfer takes place
between a flowing¥fluid and a rotating element resulting in a change of
pressur omentum of the fluid. Energy is transferred into or out of the
turbo e mechanically by means of input/output shafts.

arts of a Turbo Machine

1. Rotating element consisting of a rotor on which are mounted blades.
2. A stationary element in the form of guide blades, nozzles, etc.

3. Input/output shafts.

4. Housing
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Schematic cross sectional view of a steam turbine shewing the principal parts
of a turbo machine. @

Functions:

1. The rotor functions to absorb/deliv to the flowing fluid.
2. The stator is a stationary eleme ay be of many types:-
to

o Guide blades which functi rect the flowing fluid in such a

o Nozzles which fu
kinetic energy
o Diffusers vihich fu
energy o
3. The input /output'Shafts function to deliver/receive mechanical energy
to or from thg&maghi

o convert pressure energy of the fluid to

n to convert kinetic energy to pressure

4. The housingugia protective enclosure which also functions to provide a
path o g fluid. While a rotor & input /output shaft are essential
par [l turbo machines, the stator & the housing are optional.

Classifigation of Turbo Machines:

ccording to the nature of energy transfer:

o Power generating turbo machines: In this, energy is transferred
from the flowing fluid to the rotor. Hence, enthalpy of the flowing
fluid decreases as it flows across. There is a need for an output
shaft.
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o Ex: Hydraulic turbines such as Francis turbine, Pelton wheel
turbine, Kaplan turbine, steam turbine such as De-Laval turbine,
Parsons Turbine etc, Gas turbines etc,

o Power absorbing Turbo machines: In this, energy is transferred
from the rotor to the flowing fluid. The enthalpy of the fluid
increases as it flows there is a need for an input shaft.

o Ex: Centrifugal pump, Compressor, blower, fan etc,

o Power transmitting turbo machines: In this energy is tran e
from one rotor to another by means of a flowing fluid. Thege i
need for an input / output shafts. The transfer of en rs

due to fluid action.
o Ex: Hydraulic coupling, torque converter etc, Q

Schematic representation of different types of turbo@im based on fluid
flow:

« Axial flow fan.
« Radial outward flow fan.

« Mixed flow hydraulic turbine. O

1. Based on the type of fluid flo
o Tangential flow in whiCh lows tangential to the rotor Ex:

Pelton wheel etc,
o Axial flow in w iﬁ?luid flows more or less parallel to the axes
0

of the sh torS®Ex: Kaplan turbine, Axial flow compressor.
fluid flows along the radius of the rotor this is

low which involves radius entry & axial exit or vise-
a. Ex: Modern francises turbine & Centrifugal Pump

on the type of Head:

igh head &low discharge. Ex: Pelton wheel.

Medium head &medium discharge. Ex: Francis turbine.
Low head & high discharge. Ex: Kaplan turbine.

Application of 15t & 2"d Jaw of thermodynamics of turbo machines:

In a turbo machine, the fluctuations in the properties when observed over a
period of time are found to be negligible. Hence, a turbo machine may be
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treated as a steady flow machine with reasonable accuracy & hence, we may
apply the steady flow energy equation for the analysis of turbo machine.

Hence we may write

[ o]

'l;'.ll" - 'l;'.ll":
2T ez, -2)

-

[ 3=

g—w = (1, —h)+

Where, subscript ‘1’ is at the point of entry & subscript 2’ is at point ofiexit’

Vi v
w=(h, +- +gzzj—(h1+71+gzlj @‘
—w=(h, —h;)

Where, ho2 & ho1 are stagnation exit & e tively.

w = Ahg.
In a power generating turbo Qo is negative (since ho2 < ho1) & hence

W is positive.
On the same line, for‘%sorbing turbo machine, Ahg is positive (since
ho2 > ho1) & hence vy is e.

n
\ 4 .
From the 2" [a ermodynamics:

Tds=dh

In the above relation, we note that vdp would be a negative quantity for a
power generating turbo machine & positive for power absorbing turbo
machine.
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Hence Tds which is always a positive quantity would reduce the amount of
work generated in the former case & increase the work absorbed in
the later case.

Efficiency of a turbo machine:

Generally, we define 2 types of turbo machine .in case of turbo machine
account for various losses 2 type of efficiency is considered:

« Hydraulic efficiency/isentropic efficiency
« Mechanical efficiency. O

1. Hydraulic efficiency/isentropic efficiency: Q
To account for the energy loss between the fluid & th@ ¢

(H j or penarating machine ~ r
izen Jpower genesafing machin “"ﬂuid

W,
(H{E—".‘l‘l jpm:'e:‘absmbmgmachme === @
2. Mechanical efficiency: Q/c '
S

To account for the ell een the rotor & the shaft.

(nn'.e:]'ﬁ'.l-:al jpm:'-:r Esaating

Sc ic representation of Compression & Expansion process:

(a) er absorbing machine. (b) Power generating machine.
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(1)Power generating machine
W, =hg —hg,
W, W, =h, -1

izan

02
7 1
W =hy —hy,
7 1
W =h —h,
W, =h, —h}

_ “'?m _ hm _hcl: 0
T T h,, —h;

—=

_ Wact hy—h, @ .
Tt T Ws—t n,—n,

— “'?act — hﬂll _h-::a
=T W_ T b

(2). Powerabsorbing turbomachine: O
W, =hg, —hy
Wi = W, = h%:-: —hy, 0

- 1
W, =hg—h

1""?5—1 = hl! _hl:ll ’
1“?5—»5 = hll - hl

hn:l: _hcll

Analysis of Energy Transfer in turbo machines: Analysis of energy transfer in
turbo machines requires a consideration of the kinematics and dynamic
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factors involved. The factors include changes in the fluid velocity, rotor
velocity and the forces caused due to change in the velocity.

We apply Newton’s second law of motion as applicable to rotary movement.
i.e., Torque is proportional to the rate of change of angular momentum.

_ d(mVr)
R

T

steady flow machine.

1. This involves following assumptions: Q
Mass-flow rate is constant.

State of fluid at any given point does not chang@ ¢

Heat and Work transfer are constant.

Leakage losses are negligible.
Same steady mass of fluid flows throughall 'Section.

Velocity Components: @
'

Another important consideration is the treatment of a turbo mac@

ocuorWN

Fig: ity components through a rotor
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The fluid enters the rotor with an absolute velocity say V1 an@es with an

absolute velocity say V2. @ ¢
The absolute velocity of the fluid will have comp tSWmfthe axial, radial and

tangential direction which may be referred to Vwand Virespectively.

The axial components do not participate i rgy transfer but cause a
thrust which is borne by the thrust be e radial components also do
not participate in the energy transf cause a thrust which are borne by the
journal bearings. The only com ich participate in the energy

transfer is the tangential comg :
Va1 and Va2 : Axial co‘ nent 1 and V2 respectively.

V1 and Vs, : Radial com ts of V1 and Varespectively.

Vw1 and Vw2 : Ta ial‘co ponents of V1 and V2 respectively referred to as
whirl velocit velocity. Let the rotor move with an angular velocity w.

Dimengj alysis

Dim nal analysis is a mathematical technique which makes use of the

s f dimensions as an aid to the solution of several engineering problems.
It deals with the dimensions of the physical quantities is measured by
comparison, which is made with respect to an arbitrarily fixed value.

Length L, mass M and Time T are three fixed dimensions which are of
importance in fluid mechanics. If in any problem of fluid mechanics, heat is

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 97 of 103



www.jkchrome.com www.jkchrome.com www.jkchrome.com

involved then the temperature is also taken as fixed dimension. These fixed
dimensions are called fundamental dimensions or fundamental quantity.

Secondary or Derived quantities are those quantities which possess more
than one fundamental dimension. For example, velocity is defined by distance
per unit time (L/T), density by mass per unit volume (M/L3) and acceleration
by distance per second square (L/T?). Then the velocity, density and
acceleration become as secondary or derived quantities. The expressi

(L/T), (M/L3) and (L/T?) are called the dimensions of velocity, densit
acceleration respectively.

Dimensional Analysis Q
Quantity Symbol | Dimensions ¢
Mass m M @

Length L

Time

Temperature
Velocity
Acceleration

wle [d]|~+]|—

Mamentum,-"lmpuIEE mv

Force F

Energy - Work

Power

Moment of Force

Angular momentum

Angle

Angular Velocity

Angular acceleratio
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Elastic Modulus E MLT2
Flexural Rigidity B | MLET?
Shear Modulus G MLT2
Torsional rigidity Gl | ML3T?
Stiffness k MT2
Angular stiffness T/n | MLET?
Flexibiity 1/k | M2
Vorticity RS

Circulation - LTt

Viscosity Tl MLIT? O
Kinematic Viscosity T LTt

Diffusivity - LTt 0

Friction coefficient ffp | moLoT®

Restitution coefficient MACLET? @ .
Specific heat- ¢, |zt

Constant volume

Dimensional homogeneity

« Dimensional homogeneity meafs§ th ensions of each termin an
equation on both sides a . Whus if the dimensions of each term

on both sides of an equati re the same the equation is known as
the dimensionally hom@ge s equation.

« The powers oféu | dimensions i.e., L, M, T on both sides of the
equation will be identigal for a dimensionally homogeneous equation.
Such equatians arefadependent of the system of units.

. Let us congidar th& equation V = u + at

fLHS=V=L/T=LT-1
sof RHS=LT"+ (LT?) (T)
LT

imensions of L.H.S = Dimensions of RH.S = LT
Therefore, equation V = u + at is dimensionally homogeneous
Uses of Dimensional Analysis

. Itis used to test the dimensional homogeneity of any derived equation.
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. Itis used to derive the equation.
- Dimensional analysis helps in planning model tests.

Methods of Dimensional Analysis

« If the number of variables involved in a physical phenomenon is known,
then the relationship among the variables can be determined by th
following two methods.

Rayleigh's Method
. Rayleigh“s method of analysis is adopted when a nu Dameters
or variables is less (3 or 4 or 5).
« If the number of independent variables becomes_more t four, then it
is very difficult to find the expression for the d@n’variable

Buckingham's (M- theorem) Method

. If there are n — variables in a physicalphéhomenon and those n-
variables contains 'm' dimensio ,‘he variables can be arranged
into (n-m) dimensionless group% o1 terms.

riaples can be expressed using m

o Iff (X1, X2, X3, ......... Xn) =
dimensions then. f (M1, , ¥ Mn-m) =0 Where, M1,N2, N3, .........
are dimensionless groups.

« Each I term containg ( variables out of which m are of repeating
[ eating type.
. ingydiMensionless, the dimensional homogeneity can be

ing variables put together should not form a dimensionless

up.
o two repeating variables should have same dimensions.
. Repeating variables can be selected from each of the following
properties
o Geometric property - Length, Height, Width, Area
o Flow property - Velocity, Acceleration, Discharge
o Fluid property — Mass Density, Viscosity, Surface Tension

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 100 of 103



www.jkchrome.com www.jkchrome.com www.jkchrome.com

Model Studies

. Before constructing or manufacturing hydraulics structures or
hydraulics machines tests are performed on their models to obtain
desired information about their performance.

« Models are a small scale replica of actual structure or machine.

« The actual structure is called prototype.

Similitude
. Itis defined as the similarity between the prototype and its @ . Itis
also known as similarity. There three types of similarities ag@they are

as follows. e
Geometric similarity

« Geometric similarity is said to exist betwgen t odel and
prototype if the ratio of corresponding ardimensions between

model and prototype are equal. i.e.o
Ly _ hp v
= s

. Lx

where Lr is known as scale ratio o :ear ratio.

.... (Velocity Scale Ratio)
V(Lr) .....(Time Scale Ratio)

=1 .....(Acceleration Scale Ratio)

tic similarity exists between prototype and model if quantities
at velocity and acceleration at corresponding points on model and
rototype are same.

Vip  (V2)p  (V2)p v
(Vy)m (Vadm (Vadm 7 T

Where Vr is known as velocity ratio
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Dynamic Similarity

« Dynamic similarity is said to exist between model and prototype if the
ratio of forces at corresponding points of model and prototype is
constant.

(Fy)p  (F2)p _(Fadp
(Fdm  (F)m (Fadm

Where Fr is known as force ratio. O
Dimensionless Numbers Q

Following dimensionless numbers are used in fluid m@i@.

« Reynolds's number
« Froude's number
o Euler's number

« Weber's number
« Mach number K

Reynolds’s number

.

o Itis defined as the ratiolof i a force of the fluid to viscous force.
‘% Nre= Fi/Fy
Froude’s Number (Er) x

o ltis defi he ratio of square root of inertia force to gravity force.
Fr=vFi/Fg

Mo ws (Similarity laws)

Reynolds’'s Model Law

. For the flows where in addition to inertia force, the similarity of flow in
the model and predominant force, the similarity of flow in model and
prototype can be established if Re is same for both the system.

« Thisis known as Reynolds's Model Law.
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« Re for model = Re for prototype
« (NRe)m = (NRe)p

Gyilay

m P

PmVmbm
PpVply’. .4

o O
br
Applications Q

« In the flow of in-compressible fluids in closed >, ¢
« The motion of submarine completely under

« Motion of airplanes.

Froude’s Model Law
« When the force of gravity is pre inn addition to inertia force then
similarity can be establis de's number.
o Thisis known as Froude's

o (Fr)m=(Fr)p %
\ H v
gL/ ) (47

(f;—L),‘

Applicatio

J w over spillways
nnels, rivers (free surface flows).
« Waves on the surface.
. Flow of different density fluids one above the other

www.jkchrome.com www.jkchrome.com www.jkchrome.com

Page 103 of 103



"~ JKChrome

JK Chrome | Employment Portal

() Rated No.1 Job Application

of India &
Sarkari Naukri [
Private Jobs i ) [m—
Employment News Aboit Hilsapp
SAUE IS QR oo e
Notifications

News & Magazines

Rate this app
Tell ers what you t

ith hink

-y |
-y | ™
-y |

STUDY
MATERIAL

GET IT ON

» Google play

JK Chrome ) CIiCK here tO
Q 47/ DOWNLOAD

J

CHR jk chrome

www.jkchrome.com | Email : contact@jkchrome.com



https://play.google.com/store/apps/details?id=com.gbt.it.jobportal



