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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 th
tends to change its shape. A solid can resist an applied shear b
deforming its shape whereas a fluid deforms continuously under th

influence of shear stress, no matter how small is its shapegin'solids,
stress is proportional to strain, but in fluids, stress is % | to

propa
‘strain rate.’ 6
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Referring to Fig., the shear m@ f solid (S ) and coefficient of viscosity (y

) for fluid can defined in thé f g manner;
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Shear stress

= Shear stress

:‘l

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

Shear stain

Here, the

h is thejheight of the solid block / height between two adjacent layer of the
flui ent,

Ax is the elongation of the solid block and Au is the velocity gradient between
two adjacent layers of the fluid.

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

Page 2 of 117



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

. If afluid is at rest there are no shearing forces acting. All forces must be
perpendicular to the planes which they are acting.

« 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. Jhis
area is given by A = 6z x 6x . We can thus calculate the shear s

which is equal to force per unit area i.e. O
shear stress, Tt = F/A

.
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Fluid element under a shear for

« The deformation is shear stress causes is measured by the size
of the angle ¢ andisknow as shear strain.

 In asolid shear strain, ¢, is constant for a fixed shear stress t.

. In a fluid @inereaSesfor as long as T is applied - the fluid flows.

. Ifthe ' point E (in the above figure) moves under the shear
str point E' and it takes time t to get there, it has moved the

[ . For small deformations 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 ofsstrain is
proportional to the applied stress.

. The strainin a solid is independent of the time over which thesforce is
applied and (if the elastic limit is not reached) the defogmation
disappears when the force is removed. A fluid coatinues to flow for as
long as the force is applied and will not recoveritsforiginal form when
the force is removed.

Newtonian / Non-Newtonian Fluids

« Fluids obeying Newton's law whegeithe value of p is constant are known
as Newtonian fluids. If p is conStant the shear stress is linearly
dependent on velocity gradient§I his is true for most common fluids.

« Fluids in which the value,of this not constant are known as non-
Newtonian fluids.

Other types of Fluids

. There are several categories of these, and they are outlined briefly
below. Thése ‘¢ategories are based on the relationship between shear
stress dnd the Velocity gradient (rate of shear strain) in the fluid. These
relationships'can be seen in the graph below for several categories.
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<\
? Ideal plastic
shear
stress R heoplastic
Yy Pseudoplastic
Newtonian
Dilatent
Initial
stress
l_ Ideal fluid
= -
du/dy 0

where A, B and n are constants. For Ncwmni

™~

XB=pundn=1.

Below are brief description of t ical properties of the several categories
1. Plastic: Shear stress m a certain minimum before flow

r
commences
2. Bingham plastic: i e plastic above a minimum shear stress
must be achievex this classification n = 1. An example is sewage
: N minimum shear stress necessary and the viscosity
ate of shear, e.g. colloidial substances like clay, milk,
d cement.
bstances; Viscosity increases with rate of shear
. éarnflour, printing inks and vinyl resin pastes.
otropic substances: Viscosity decreases with length of time shear
rce is applied e.g. thixotropic jelly paints.
6. Rheopectic substances: Viscosity increases with length of time shear
force 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. Moke
details will be available in the subsequent section (Lecture 02)aln Si
system the unit and dimension of pressure can be written as®™/m? and
ML T2, respectively.

2. Density: The density of a substance is the quantity of matter€ontained
in unit volume of the substance.

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

The units and dimensions are given as, Formassydensity; Dimension: M L
3 Unit: kg/m3

For specific weight; DimensionaMIF2AE % Unit: N/m?3

The standard values for the dénsity‘of water and air are given
as 1000kg/m3 and 1.2 kg/m?3Ssespectively. Many a times the reciprocal of
mass density is called as\spegific volume (v ).

3. Temperature (T¢: It is the measure of hotness and coldness of a system. In
thermodynamicgense, it'isd¢he measure of internal energy of a system. Many
a times, the temperature is expressed in centigrade scale (°C) where the
freezing and Boiling point of water is taken as 0°C and 100°C, respectively. In
Sl system, thestemperature is expressed in terms of absolute value in Kelvin
scale (K =G+ 273).

4 Njscosity: Viscosity is a measure of a fluid's resistance to flow. It

determines the fluid strain rate that is generated by a given applied shear
stress.
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Velocity
profile

ufy)

MNo-slip at wall

O

Velocity profile and shear stress g?
« A Newtonian fluid has a linear relationship between sheaf'stress and
velocity gradient: @ 14
T=H dy

This is known as Newton’s law of viscosity.

« The shear stress is proportiona&th;iope of the velocity profile and

is greatest at the wall.
« The no-slip condition: all'velocity is zero relative to the wall.
Thisisa characterlst cﬁv cous fluid.
equation is the coefficient of
n also use the kinematic viscosity v(m?/s)

viscosity, p(Ns

=p/p

- Temperaturethas @ stiong and pressure has a moderate effect on
viscosity. iscosity of gases and most liquids increases slowly
with p

sity increases with temperature. Two common
ations are the power law and the Sutherland law
iscosity decreases with temperature and is roughly exponential.

al Conductivity(k ): It relates the rate of heat flow per unit area (q)to
the temperature gradient dT/dx and is governed by Fourier Law of heat
conductioni.e.

g =-k.dT/dx
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In SI system the unit and dimension of pressure can be written as, W/m.K
and MLT-2 07, respectively

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 sugface'is
called as surface tension. For example, in a spherical liquid droplet of radius
(r), the pressure difference (Ap) between the inside and outside suffaceof the
droplet is given by,

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

Definition: - Force required to maintain unit length of'the film in equilibrium,
means force per unit length

Unit:- (N/m)
— Due to surface tension
Increasing internal pressure of droplet.

The tendency of liquid droplet to attain minimum surface area at a given
volume, only for this reéason, shape of droplet is “Sphere”.

NOTE:-

Minimum sutfaceiarea at a given volume = surface area of sphere.
Dependéncy of surface tension:-

Temperature:-

If temperature increases, cohesive force decreases and this will results in
decrease in surface tension

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

Page 8 of 117



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

Additives or {impurities}

Surfactants:-

— Reduce the surface tension

Ex. Organic solute

Some salt [NaCl] increase the surface tension

Curved surface indicate pressure difference (mean pressure ju
Pressure higher on concave side (in given figure) 0

Pressure difference between pi and po for

*
Soap bubble:

P-P = L4—G |
O
Water Droplet: K
(2] \Q
pi p{: L B 0

Where o is surface tensi is the radius of curvature for bubble or
droplets.

pma action (sometimes capillarity, capillary motion, or
ity"of a liquid to flow in narrow spaces without the

r even in opposition to, external forces like gravity. It occurs
molecular forces between the liquid and surrounding solid

e diameter of the tube is sufficiently small, then the combination
tension (which is caused by cohesion within the liquid) and

e forces between the liquid and container wall act to propel the liquid.

wicking) is t
assistan
becau
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Capillary action of water compared to mercury, in each cas@respect toa
polar surface such as glass

2
Capillary Effect:

Reason:- Cohesive force or surface tension and Adhesive forces. (Both force

responsible for Capillary effect)
« Curved free surface inside the i@is called meniscus.
« Rise or fall of liquid inside,t is due to contact angle b/w liquid
surface and capillary tube.

O

Meniscus:- Y3 (]
K
Concave upward @ — contact angle
‘ater
NOTE: " then

| of liquid inside the tube is rise
iquid is known as Wetting liquid
. Inthis case: cohesive force >adhesive force
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o 7 ~)

Mercury \ —Meniscus: Convex Upward

If ©>90° then
. Level of liquid fall inside the tube
« liquid is known as Non-wetting liquid
adhesive= cohesive Q
force force

2
<7 = Angle b/w tangent to the liquid surface @urface at the
contact point.

Height of a meniscus O
The height A of a liquid column is giv
2'}’ cos 9 Q
h =
pPar ‘ '
where y is the liquid-air e tension (force/unit length), 8 is the contact

« Inthis case:- {

angle, p is the density of liquid (mass/volume), g is the local acceleration due
to gravity (lengt re of time), and r is the radius of tube.

Thus the thinner the space in which the water can travel, the further up it goes.
Obsegrvati

or water —glass interface
&'=0 gp cos =1 thijs results in
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« Height of capillary rise is a function of

LhF 2L . th_‘
R,
. If diameter of tube > 1 cm than Capillary effect negligible

8. Bulk Modulus of Elasticity:

« Compressibility of liquid is measured by bulk modulus of it
« Bulk modulus is represented the compressive stress pt) metric

strain.
o Bulk modules k

[L‘g) — Compressive stress 4
K= &

(Av/ ){ —:-Vﬂé’u;rﬂea:r:rcsa.‘mmahmm

« K— always posnive or is a positive '
N
of pressure ' / 6

= =0
« Truly incompressible su %eans v
So, K (bulk modulus) =

Note:

K increase means esisi e to further compression increases.

ases with decreases in temperature: with decrease in
ohesive force between molecules increases, which results

perature, collision between gas particle increases and results in
igher internal pressure so the resistance to further compression
Increases.

9. Vapour Pressure and cavitation:
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« Saturation Temperature:
For a given pressure, the temperature at which a pure substance
changes phase is known as saturation temperature

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

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

Vapour Pressure:

. Forliquid, pressure exerted by its vapour, in phase equilibrigm with its
liquid at a given temperature

. Vapour pressure increases [with temperature with/fingreases and rate
molecules escaping liquid surface increasipg

« When vapour pressure equal to pressureg@ntheliquid — boiling occur.

Cavitation:

. Cavitation is a phenomenon which oC€trs in a liquid flow system.
« If liquid undergo pressuréibglow,vapour pressure
during flow, than suddenaperization takes place
« Vapour bubbles collapse asthey are swept from the low
pressure region, gengratingsighly destructive pressure waves.
. Cavitation can‘alsoecéurif a liquid contains dissolved air or other
gases, {Reason-Solubilities Decrease with decreasing pressure}
« Risk of cavitation is greater at higher temperatures.

Example: Givema'flow system (water) and Temperature is 36 c. Find the
minimumqressure to avoid cavitation?

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

P

min

=P =425kPa  (T=30%)

Note:

1. Partial pressure is the pressure exerted by a component in a mixture of
gases.
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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

« The pressure is proportional to the height of a column of flui
« Manometry is the field of science which deals with the eyaltia f the
pressure of the fluid.

« Theinstrument used to carry out the complete process is termed a
Manometer. a ¢

« Types of Manometers: Barometer, Piezomet be Manometer.

Manometers use the relationship between pressure‘and head to measure

pressure. .D

Relation between Hydrostatic pressur

We have the vertical pressure relations = pgz + constant measuring z from
the free surface so thatz =-h @ ce pressure is atmospheric,patm

vh + constant
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Patmospheric = constant

S0

p=pgh+ Patmospheric

We generally assume atmospheric pressure as the datum,

Gauge pressure, pg = pgh
The lower limit of any pressure is the pressure in a perfect vac Qure

measured above a perfect vacuum (zero) is known as absolut%ure.
Absolute pressure, pa = pgh+ Patmospheric @ &
Absolute pressure = Gauge pressure + Atmospher

Piezometer Tube Manometer

g z?Q'a g CQ

plest manometer is an open tube. This is attached to the top of a
tainer with liquid at pressure. containing liquid at a pressure.

tube is open to the atmosphere, The pressure measured is relative to
tmospheric so it measures gauge pressure.

« Pressure at A = pressure due to column of liquid h1

Pa = pghs

o Pressure at B = pressure due to column of liquid h2
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P» = pgh2
Limitations of Piezometer:
« Canonly be used for liquids
o Pressure must above atmospheric
« Liquid height must be convenient i.e. not be too small or too large

U-tube Manometer

U - Tube Manometer

« It consists of a U shaped hose one end is attached to the gauge
point ‘A" and the other end is n to the atmosphere.

o It can measureb s nd negative (suction) pressures.

« “U’-Tube enablés,t ure of both liquids and gases to be measured
“U” is connected n and filled with manometric fluid.

Note:

. ric fluid density should be greater than of the fluid measured,

p an

fluids should not be able to mix they must be immiscible.

sure in a continuous static fluid is the same at any horizontal level,
ressure at B = pressure at C

Ps = Pc

« For the left-hand arm pressure at B
o pressure at A + pressure of height of liquid being measured
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Pg = Pa + pgh;

« For the right-hand arm pressure at C =
o pressure at D + pressure of height of manometric liquid

Pc=P+ pmanoth

We are measuring gauge pressure we can subtract patmospheric giving

Pa =P +pmanogh2' pgh1 O
Differential U-Tube Manometer 0
o A U-Tube manometric liquid is heavier than the Ii@rmhich the
pressure difference is to be measured and i | cible with it.

Ps = Pc

Th

ure difference between A and B is given by equation

Pr-P + pshz — p1hy

In d U-Tube Manometer

« Inverted U-Tube manometer consists of an inverted U Tube containing a
light liquid.

« Thisis used to measure the differences of low pressures between two
points where better accuracy is required.

« It generally consists of an air cock at top of the manometric fluid type.
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Inverted U tube Manometer Q

2
Pressure difference can be calculated from equation: @

P1 — pigH2 — pmg(H1— H2)=P2 — p2gH1

&n; a simple manometer whose one
ctignal area.

differences with high precision.

Micro Manometer

« Micro Manometer is the modifi
limb is made of larger cro
o It measures very small pr

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,
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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
o 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 in a fluid, an upward force is
exerted by fluid on the body which is equal to weight of fluid displaced by body.
This acts as upward.

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

Buoyant force = Weight of fluid displaced by body
Buoyant force on cylinder =Weight of fluid displaced by cylinder
Vsm = Value of immersed part of solid or Volume of fluid displacc)o

Fg = Pwater X g X Volume of cylinder immersed inside the water

<&
il
_pegpd

(W =mg = pVg)

buoyant force then, body will float.

Fs=mg K
V., plg="V.p.g C)Q
pha—d X= Py &,eq‘rﬁ$

at affect buoyancy are: the density of the fluid, the volume of
isplaced, and the local acceleration due to gravity.

Principle of Flotation: According to this pri@ if weight of body is equal to

Center’of Buoyancy: The point at which force of buoyancy acts is

called center of buoyancy. It lies on center of gravity of volume of fluid displaced
or center of gravity of the part of the body which is inside the water. Point B is
the center of buoyancy.
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>
u
X} ——P

O

Buoyancy on a submerged body:
« The Archimedes principle states that the buoyant force @bmerged

body is equal to the weight of liquid displaced by
vertically upward through the centroid of the dis

rtical downward
eight by an amount
that equals the buoyant force.

Buoyancy on a partially immersed bodKeO

buoyant force of a partially
t of the displaced liquid.
nds upon the density of the fluid and the

o According to Archimedes
immersed body is equal t
« Therefore the buoyant f@rce

submerged volume of|th .

. For a floating b® ic equilibrium and in the absence of any other
external force, th nt force must balance the weight of the body.
ing™Body: If a body that is floating in liquid is given a small

it starts oscillating about some point M. This point is

Metacentre of a
angular displ

(U0

Pa— — s

W Fg
Body floating in liquid

Page 21 of 117



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

The equilibrium of a submerged body in a liquid requires that the weight of the
body acting through its centre of gravity should be colinear with equal
hydrostatic lift acting through the centre 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 called metacentric height (it is the distance between the
gravity centre and metacentre)

O

<&
Gravity centre and metacentre

Stability of Submerged Body: /¢ /s c/assified into\three groups.

« Stable Equilibrium: When the cen yancy lies above the centre of

gravity, the submerged body is s

= | :
. O
. oG |
l__ = ._.:
Stable equilibrium \

2
« Unstab ium: When B lies below G, then body is in unstable

Unstable equilibrium
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« Neutral Equilibrium: When B and G coincide then, body is in neutral
equilibrium.

Stability of Floating Bodies: When the body undergoes an angular e ent
about a horizontal axis, the shape of the immersed volume cha@ pd'so the

centre of buoyancy moves relative to the body.

external means and if body comes to its origi on due to internal
forces then, it is called stable equilibrium.

QO

« Stale Equilibrium: When a body is given a small displacement by
| T

It occurs, when metage 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

equilibri s below centre of gravity.

« Neutral equilibrium: When a body is given a small angular displacement
and it sets on new position then, body is called in neutral equilibrium. In
this, M and G coincide.
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f’/./

ll.r"

M/
/’/‘G

7

7’
Neutral position

« Relation between B,G and M is

GM=1/V - BG O
Here, | = Least moment of inertia of plane of body at water sur@

bd® . bd’

i= min(lafy )l = T5m ke = 757 @ :

G = Centre of gravity

B = Centre of buoyancy

M = Metacentre

__/_ .
— —+ X
X
)
$ ’
Vis volu merged inside the water can be given as V =badx
Wh and x are the length, width and depth of the section or body.

Page 24 of 117



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

-

. BG is the distance between centre of gravity and centre of bugyancy. (In
other words, BG=distance between centre of gravity of whole bodyand
centre of gravity of submerged part of body)

« When we find out GM then, we can determine the status'ef body as

o GM >0 (stable equilibrium),
o GM < 0 (unstable equilibrium),
o GM =0 (neutral equilibrium))

Hydrostatic Force on Surfaces
Fluid Statics

« Fluid Statics deals with fluids at,rest while Fluid Dynamics studies fluids in
motion.

« Any force developed is only due to normal stresses i.e, pressure. Such a
condition is termed the Rydrostatic condition.

« Fluid Statics is alSe known*as Hydrostatics.

« A static fluid candiave 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 eleméntof fluid at rest, the element will be in equilibrium. The sum
of the éomponents of forces in any direction will be zero. The sum of the
morfients of forces on the element about any point must also be zero.

« Within afluid, the pressure is same at all the points in all the directions.

<o Pressure at the wall of any vessel is perpendicular to the wall

« W Preéssure due to depth is P = pgh, and is the same at any horizontal level of
connected fluid.

Fluid Pressure at a Point

. If afluid is Stationary, then force acting on any surface or area is
perpendicular to that surface.
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« If the force exerted on each unit area of a boundary is the same, the
pressure is said to be uniform

.
Pascal’s Law for Pressure At A Point @

« It states that pressure or intensity of pressure‘at a point in a static fluid
(fluid is in rest) is equal in all directioe id is not in motion then

according to Pascal'’s law, K

Pe- il

fﬁ- =

R = : :

o~ F e
-

wh yand p;are the pressure at point x,y,z respectively.

General Equation For Variation Of Pressure in a Static Fluid
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Area A (p+opA

Fluid density p % 3

(A cylindrical element of fluid at an arbitrary orientatior@ 2

dp
X = _pocosl
s Pg

Vertical Variation Of Pressureina F '&der Gravity
P A 0

Area A

Flubd density p

R

Taking upward as positive, we have

P, A o

Vertical cylindrical element of fluid cross sectional area = A

mass density = p
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The forces involved are:
« Force due to p1 on A (upward) = p1. A
« Force due to p2 on A (downward) = p2 A
« Force due to weight of element (downward) = mg
= mass density x volume x g
=p.g.A.(z2- z1)
Thus in a fluid under gravity, pressure decreases linearly with incr ight

p2- p1 = pgA(z2- z1) C)

This is the hydrostatic pressure change. @ ¢
Equality Of Pressure At The Same Level In A Stati

O
R &

Horizontal cylindricalg@sectlonal area=A
mass density =p \

left end pressur

Fluid density p

right end pressure = p;

For equili , the sum of the forces in the x direction is zero= p.. A =pr. A

So, Pressure in the horizontal direction is constant.
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As we know, pi = pr Q
For a vertical pressure change we have
2

P1=Ppt P8 @
and

Pr=Pq+ P8z
- O

Pp+PEZ= Py +
p[) =

Thus, pressure at th evels is the same.

Total Hydrostatic

ce gn ane Surfaces

« Forho ne surface submerged in liquid, or plane surface inside a
gas ,yor any plane surface under the action of uniform hydrostatic
pres he total hydrostatic force is given by

wherep is the uniform pressure and Ais the area.
« In general, the total hydrostatic pressure on any plane surface is equal to

the product of the area of the surface and the unit pressure at its center of
gravity.
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F=pcg.A
where peyis the pressure at the center of gravity.

« For homogeneous free liquid at rest, the equation can be expressed in
terms of unit weight y of the liquid.

F=yh'A
where h'is the depth of liquid above the centroid of the submerged f :

Derivation of Formulas(Not required for exam)
£

The figure shown below is an inclined plane surface submerg iquid. The

total area of the plane surface is given by A4, cgis the c of gravity, and cpis
the center of pressure.

(Fo n ainclined plane surface)
The differential force dF acting on the element d4 is
dF=p. dA

dF=y. h. dA
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From the figure

h=ysin®,
dF=y.(ysinB). dA

Integrate both sides and note that yand & are constants,
F=y. sin@. [y.dA

r==n

(R

Recall from Calculus that O
Jy.dA=Aly~ Q
Hence, F=(y.sinB)A.y~ @ *

F=y. (y~sin®). A

From the figure, y“sinB=h", thus,

F=yh"A &O
The product yh™™ is a unit pres a entroid at the plane area, thus, the
formula can be expressed in aC eneral term below:

F= Pcg. A
L 4
Location of Total Hydrc\:orce (Eccentricity)
Sis t

intersection of the prolongation of the submerged

From the figure
' urface. Taking moment about point S.

area to the fr

F=y(y sinB)A

[y(y~sinB)Alyp =[yly(ysin8)dAlly(y sini/0i6)Aly,

r--n
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r--a

Ay yp=[y*dA

Again from Calculus, [y?dA is called moment of inertia denoted by /Since éu
reference pointis S

O
Thus, Q

yp =Is/Ay” 4

By transfer formula for moment of inertia Is=Ig+Ay’?, rmula for y, will
become

Yp=(Ig+Ay~2)/Ay~ or O

yp=Yy +lg/Ay" K

From the figure above, yp,=y + Qdistance between cg and cp is
Eccentricity, e=lg/Ay”

L 2
Example 1

An opening in a is cOvered with a plate of 1 m square and is hinged on the
top and inclin to the horizontal. If the top edge of the gate is 2 m below
the water lev is the force required to open the gate by pulling a chain set
at 45 ang the plate and set to the lower end of the plate. The plate weighs
2200
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Free Surfoce

ings O

Free body diagram

Given data: Area of the gate= 1 m 2

Total force on the gate= # = W’* =242 ~nn 607
Depth of the center| ¢ 1 0'" " 60
Distance of the applicatio of the force from the hinge = (k- 2) _U‘ =05

Taking moments 7
T L"-!N:"o = ﬁa. A;’CO‘GO.

To ydrostatic Force on Curved Surfaces:

« Inthe case of curved surface submerged in liquid at rest, it is more
convenient to deal with the horizontal and vertical components of the total
force acting on the surface. Note: the discussion here is also applicable to
plane surfaces.
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« Horizontal Component: The horizontal component of the total hydrostatic
force on any surface is equal to the pressure on the vertical projection of
that surface.

Fu=pcg. A

« Vertical Component: The vertical component of the total hydrostatic force
on any surface is equal to the weight of either real or imaginary liqui
above it.

Fv=y. V O
« Total Hydrostatic Force: Q

e <&
« Direction of F:

tan0x=Fv/Fn

Case 1: Liquid is above the curve surfﬂo
{

The vertical component of the force is downward and equal to the
volume of the real liquid abov@ ubmerged surface.

XS

FILATL LTSI

Vertical projection
of the curve surface
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Case 2: Liquid is below the curve surface

The vertical component of the hydrostatic force is going upward and equal to the
volume of the imaginary liquid above the surface.

L) ¥

~ Vertical projection
of the curve surface

©

The length of a tainter gate is 'm p ndicular to the plane of the paper. Find

Example 2

out the total horizontal forcg o ate and the total hydrostatic force on the
gate. *
Solution:
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Horizontal hydrostatic force on the tainter gate

F, =wAx

=44.145 KN

where projected area A = 3x1 = 3 m?,

The vertical force Is equal to the welght of water displaced by the shaded

The area of the shaded portion- =%x6’-%x3\/§x3=163m’ l
The vertical force, F, =9810x1.63x1=15.99 EN OO

The resultant force, 7=, ,p,? +F and tam8=F,/F,
4

Answer: $6.95 KN and
q= 199" With honzontal

Example 3:

O

is 10 m wide perpendicular to the
ind the force required to hold the gate.

A quarter circle (10 m diameter) ga
paper holds water as shown in th

The weight of the gate can be @
Solution: . \ l
1 i
! * f S
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Horizontal force

F,:\!A;
=9810xSx10x5/2
=1 226 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 the pl
F, = 9810 x10x[ %5 --.1- 75 )=526x10'N

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

-

4R 20
CG ofatea Ajm — =—m away from AA
i 3
C.G, of the [total area about AA Is 2.5m away from AA, Q

.

ca ofA,=>A,.x:_0+_4,AX=A,.;_'{. 'S
A

x=388m

Distance from 'O'= (5-3.88) = 1.12m,

Taking moments about O=> F, ~%+F, x]112=Fxg
Answer;- 9 26%10°N O

Fluid Kinematics g}c
eals

« Fluid Kinemati he motion of fluids such as displacement,
velocity, accelerati other aspects. This topic is useful in terms of
exam and knowle f the candidate.

« Kinematics isjthe branch of classical mechanics that describes the

s and systems without consideration of the forces the

Steady & Unsteady Flow
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Steady flow

Unsteady flow

The flow in which

do not change with

flow.

& Car ot

time is called as steady

W 0P _ % _

—=0—=0
ar ar &t

If velocity pressure and
characteristics of fluid | density changes with
like velocity, pressure, | time then flow is
density etc_, at a point, | unsteady flow.

dv dp Gﬂ_p#

Uniform & Non-uniform Flow

Uniform Flow

Non-uniform Flow

The flow in which
velocity at any
given time does

In this flow,
velocity at any

given time changes
with respect to
distance.

not change with
respect to distance.
av
_] =0 @] =10
[ﬂs . s )_, 0
Laminar & TurbulentF
Laminar Flow ulent Flow

The flow in whi

e'tlow in which
adjacent layers cross
each other and do not
move along well
defined path.

......

Rotational & Irrotational Flow
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Rotational Flow

Irrotational Flow

If the fluid
particles flowing
alone stream lines.

If fluid particles do
not rotate about
their own axes.

www.jkchrome.com

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/or with 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 pgint.in the stream but do not
change with time.
o E.g. Flow in a tapering pipe with censtant velocity at the inlet.
« Unsteady uniform flow
o At a given instant in time, the conditions at every point are the
same but will changgwithitime.
o E.g. A pipe of constant'diameter connected to a pump pumping at
a constant rate,which js then switched off.
. Unsteady non-uniform flow
o Every condition,of the flow may change from point to point and
with time at @very point.
o E.g.\Wawes in aichannel

Flow Pattern

Three t¥pesiof fluid element trajectories are defined: Streamlines,
Pathlines, and Streaklines.

« “Pathline is the actual path travelled by an individual fluid particle over
some 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:

dy < O
dy u 0

<&’
X
Figure

o O
o~

where u,v, and w are the v mponents in x, y and z directions
respectively as sketche

. Streakline isthe logus of particles that have earlier passed through a
prescribe t.Apstreakline is associated with a particular point P in

space the fluid moving past it. All points which pass through
this poipt said to form the streakline of point P. An example of a
streakline is the continuous line of smoke emitted by a chimney at point
will have some curved shape if the wind has a time-varying
ction

amtube: The streamlines passing through all these points form the
urface of a stream-tube. Because there is no flow across the surface,
each cross-section of the streamtube carries the same mass flow. So

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

XoVYoZo
f

Xo Yo

X X
/ 3-D streamtube

- 2-D streamtube

« The figure below illustrates streamlines, pathlines, an@klines for
the case of a smoke being continuously emitted by a ¢

ey at point
P, in the presence of a shifting wind. 4
. In a steady flow, streamlines, pathlines, and_streaklines all coincide.
« Inthis example, they would all be mark@tsmoke line.
streakline from point P e“\‘“‘(‘\‘d‘:
(smoke line) \“-.2 “696‘3

\].2 streakline at
successive times

pathline of fluid element A
(smoke puff)

V be the resultant velocity of a fluid along any direction
u, v and w be the velocity components in x, yand zdirections

. Mathematically the velocity components can be written as
u=f(xy,zt)

w=f(xyzt)
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v=f(xyzt)

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

V= Jut+ v+ w’

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

Acceleration of Fluid Particle O

« Acceleration of a fluid element along any direction ca fined as
the rate of change of velocity of the fluid along dirg:tion.

. If ax, ayand a;are the components of acceler ong x,
yand zdirections respectively, they can be tically written
as ax =du/dt.

Similarly
dvde dvdy dvid: v
a, 55 e s et s} e s =} s
dxdt dydr dzdr o

_Owdy dwdy dwd: " dw

S u:-llllef)‘\‘dl‘ra:dl
But u = (dx/dt), v = (dy/dg) anld w de).

Hence

ocal accln

Total accin

u | w
dx dy dz
s the resultant acceleration vector, it is given by
A=aji+a j+ak

=,fuf +a; +a;

For steady flow, the local acceleration will be zero
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Stream Function

. The partial derivative of stream function with respect to any direction
gives the velocity component at right angles to that direction. It is
denoted by y.

ov_ o _
o o
. Continuity equation for two-dimensional flow is O

_Fu 8 Q
by Ovbx
4
Equations of Rotational Flow @

« As y satisfies the continuity equation h
possible case of fluid flow.

. Rotational components of fluid par’a
o L[ow v K
RIS Q

1 'rf?u_rfi';-;"
T 2lez ox) 2
o 1[{év_ bu
) Hx  8x) ¢
Equation tational Flow
. =S w)y = w:then, flow is irrotational.
. irrotational flow, w-=0
L _Lfov_ou)_
T20ex ey
B[ov)_of vl g
ox\ox) | &)
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o su_,
ot eyt

« This is Laplace equation for .

Note: It can be concluded that if stream function () exits, it is a possible case
of fluid flow. But we can't decide whether flow is rotational or irrotation t
if stream function y satisfies Laplace equation then, it is a possible ¢ f
irrotational flow otherwise it is rotational flow.

Velocity Potential Function
. Itis a scalar function of space and time such that its ngde derivative

with respect to any direction gives the fluid velogityin that direction. It is
denoted b ¢ @

e 8o do
- = 34!_.__— = V.‘-__ =
dx ay dz

We know that continuity equation for @w is
u »_,
o O

3’_@"_£"_@r
Ox| x| '

w,

Ro nal component w; can be given by
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_1{év_Bu| 1/6(-8c| 8| 6
208 &y)| 2|0x| 8y | Oyl x|
1{ &% &

-
i

_|_
Ox-dy  Oy-Ox

« It shows that ¢ exits then, flow will be irrotational.

Relation between Stream Function and Velocity Potential

We know,

_9o_, _9o_
ox = 8y

v

and

du du

o 8y

|
b

00 _ov 0
S By O

"y

Stream versus Velocit

ov_
ay
If ¥ 5 hen. a

o se of fluid

If ¥ satisfies Laplace
equation then, flow is
irrotational.

L 2

Stream Function V Potential
dv
—_V — i
o &

8

—_—
ay

If @ exists then, flow is
irrotational.

If @ satisfies the Laplace
equation then, a possible
case of fluid flow.

Equipotential Line versus Stream Line
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Equipotential Line

Stream Line

It is the line along which
velocity potential @ is constant.

d@:ﬁ-dﬁc—l—ﬁ-ﬂﬁv:ﬂ dp:ﬁ-dr—l—%-dy::]
adx v Ax v

= —udc—vdy=0 = —vdi—udy=0

_ b —u o Yy
dc v dc  u

It is the line along which
stream function ¥ is constant.

Fluid Dynamics and Flow Measurements

Fluid Dynamics

Fluid Dynamics is the beginning of the determin
motion in fluids. This section includes variou
etc., Bernoulli's theorems, Vortex motion, f

Include momentum correction factor, the

Dynamics is that branch of mechanic

s which cause
ch as Inertia, Viscous,
ion etc.

t of jets etc.

ch treats the motion of bodies and

the action of forces in produc'@ hanging their motion.

Flow rate

¢

« Mass flow rate

flow rate - Discharge
More commonly we use volume flow rate Also know as discharge.

The symbol normally used for discharge is Q.

Discharge, Q = Volume / Time

Continuity
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This principle of conservation of mass says matter cannot be created or
destroyed. This is applied in fluids to fixed volumes, known as control
volumes (or surfaces).

e

Maszs flow in

Control
volume

Maszs flow oot

. For any control volume, the principle of conservation c@s efines,

Mass entering per unit time = Mass leaving per unit timey+ Increase of mass
in control vol per unit time

« For steady flow there is no increase in t ssWwithin the control
volume,

Mass entering per unit time = Mass I@ unit time

Applying to a stream-tube

Mass enters and leaves only b% two ends (it cannot cross the stream

tube wall).

Ag

for steady flow,
p10A1u = p20A2u2= Constant= Mass flow rate

This is the continuity equation.
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Some example applications of Continuity

Setiom | Soetiom 2

A liquid is flowing from left to right. By the continuity, p1Aiu1 = p@

As we are considering a liquid, Q
pP1=P2 2
Q1=Q:

A1ui=A2u2

Velocities in pipes coming from a junctiob

mass flow into the junction = mass flow out

A1ui=A2u2 + Aszuz

Vortex flow

« This is the flow of rotating mass of fluid or flow of fluid
along curved path.
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Tangential velocity inversely Tangential velocity directly
proportional to radius

proportional to radius

Free vortex Forced vortex Q
L 4
Free vortex flow @

« No external torque or energy required. T id‘fotating under certain
energy previously given to them. In a fregyortex mechanics, overall
energy flow remains constant. There ergy interaction between
an external source and a flow o pation of mechanical energy in

the flow.
« Fluid mass rotates due to c rvation of angular momentum.
« Velocity inversely prop nakto the radius.
. For a free vortex flo (6

2
vr= constant

v=c/r 'S
« Atthe = 0) of rotation, velocity approaches to infinite, that
pointi

alled singular point.

ortex flow is irrotational, and therefore, also known as the
tational vortex.
ee vortex flow, Bernoulli's equation can be applied.

Examples include a whirlpool in a river, water flows out of a bathtub or a sink,
flow in centrifugal pump casing and flow around the circular bend in a pipe.

Forced vortex flow
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. To maintain a forced vortex flow, it required a continuous supply of
energy or external torque.

« All fluid particles rotate at the constant angular velocity w as a solid
body. Therefore, a flow of forced vortex is called as a solid body
rotation.

« Tangential velocity is directly proportional to the radius.

o V=TIw
o W = Angular velocity.
o r=Radius of fluid particle from the axis of rotation.

. The surface profile of vortex flow is parabolic.

Parabalic O
[
i 4
I w?

10

unit weight increases with an increase

« In forced vortex total e
in radius.

- Forced vortex ig
constant vortici

nal; rather it is a rotational flow with

Examples of forcediortex flow is rotating a vessel containing a liquid with
constant angula ity, flow inside the centrifugal pump.

Energy E S

is 1IS'the equation of motion in which the forces due to gravity and
sure are taken into consideration. The common fluid mechanics
quations used in fluid dynamics are given below
. Let, Gravity force Fg, Pressure force Fp Viscous
force Fv, Compressibility force Fc, and Turbulent force F:

Fret = Fg+Fp+Fv+ Fc + Ft
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« If fluid is incompressible, then Fc = 0
oo Fnet:Fg +Fp +FV+F[‘
This is known as Reynolds equation of motion.

. If fluid is incompressible and turbulence is negligible, then, Fc = 0, o

< Fret =Fg+Fp+Fy
This equation is called as Navier-Stokes equation.

« If fluid flow is considered ideal then, a viscous effect \@0 be
negligible. Then

4
Fnet = Fg + Fp

This equation is known as Euler’s equation.

. Euler’'s equation can be written as: O

dp

>

Bernoulli’'s Equation
< . . .
It is based on law of ¢ %n of energy. This equation is applicable when

it is assumed that

2
o« Flowis st nd irrotational

non-viscous)

It stateS\in a'steady, ideal flow of an incompressible fluid, the total energy at
of the fluid is constant.

The total energy consists of pressure energy, kinetic energy and potential
energy or datum energy. These energies per unit weight of the fluid are:

o Pressure energy
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« Kinetic energy

o Datumenergy =z
Bernoulli's theorem is written as: O

p v Q
—+ —+ z= constat P
w 2g

. Bernoulli's equation can be obtained by 's‘equation

@—vdv—gdz: constant
p K
As fluid is incompressible, p = @

trictions in the application of Bernoulli's equation

o Flow is steady

o Density is constant (incompressible)

o Friction losses are negligible

o It relates the states at two points along a single streamline, (not
conditions on two different streamlines)
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The Bernoulli equation is applied along streamlines like that joining points 1
and 2

Total head at 1 = Total head at 2
o O
7 [/ ? [
L +_]+ET =Q—+—£-‘l+22
o2 g2 @ ¢
This equation assumes no energy losses (e.g. tion) or energy gains

(e.g. from a pump) along the streamline. It c e eéxpanded to include these

simply, by adding the appropriate energyg
Tiotal Total Loss  Work done &p

]
CHETRY Per = enerjly per unit + per unit + u licad
unit weight at | wsipht at 2 weight wi nit weight
z O
u 1l
L T IR < Zy+h+w—gq
P8 28
¢

Note Point:
The Bern uation is often combined with the continuity equation to find
veloci ressures at points in the flow connected by a streamline.

ergy Correction Factor (a)

In a real fluid flowing through a pipe or over a solid surface, the velocity will be
zero at the solid boundary and will increase as the distance from the boundary
increases. The kinetic energy per unit weight of the fluid will increase in a
similar manner.
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The kinetic energy in terms of average velocity V at the section and a kinetic
energy correction factor a can be determined as:

EE mal P

=a—m=a— AV’
2

1
2

In which m = pAVdt is the total mass of the fluid flowing across the cress-
section during dt. By comparing the two expressions for kinetic energy, it

obvious that, O
- [ w’dA Q
Ay

<&
The numerical value of a will always be greater t

Flow-through Pipes & Boundary Layer
Flow- &1 Pipes
Energy Losses
|
Due to Sudden \ | Major Losses
\ 4

-

or Losses

At pipe bends

At Exit of pipe

Major Loss: It is calculated by Darcy Weisbach formulas

Loss of head due to friction
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= 4 fLv*
Td 2g
where,

L = Length of pipe,

v = Mean velocity of flow

d = Diameter of pipe, O
f = Coefficient of friction O

| )
o= L5 piogpe

dg friction factor

for laminar flow fie 64
frictional factor(4f)”  Re K

Coefficientof friction f = 1
Ee

For turbulent flow, coeffici n@ction

0.079 ¢
f=—

Ret ‘
Chezy'’s For fluid dynamics, Chezy's formula describes the mean flow
velocity, 0 y, turbulent open channel flow.
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Chezy's formula of steady flow

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

i = Loss of head per unit length of pipe

o
- hy

L (hydraulic slope tan 6)

m = Hydraulic mean depth O

Area(d)

" Tetted perimetr (p) Q
fe

Relation between Coeffici tion and Shear Stress

-— O —

Weget 7PV
where,

f = Coefficient of friction
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To = Shear stress
Minor Loss:

The another type of head loss in minor loss is induced due to following

reasons
1:'_'1-_11 J
hL:{Ij ) O
Head loss -8

Loss due to Sudden Contraction @ ¢

Head loss, h. =0.5v g

Loss due to Sudden Enlargement

Remember vz is velocity at point which li racted section.

Loss of Head at Entrance to Pipe K

h, = ﬂ.ﬁl—f
Head loss, =]
2
Loss at Exit from Pipe
2
h —

Head loss
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Expression

SuUAATY.  CYOaTSIoN

Head loss at pipe bend or head loss due
to pipe fitting

Expression

g

p2
Hy, = E;,‘

o= (2-1) Eaosy
= |- — = (5 —

7 e 2g 29

. = Coefficient of contraction

= %
C. e and

= (v, — Vz)"

A, — Cross section Area a

viana contrag

O

Note: In case 1 and 2, flow o

flow occurs between tank and pipe. We ar

be careful.

Combination of Pipes: Pipes

Let see their combinations.

ccurs between pi

Pipe in series

Q = A1v1 = Agva = Azvs
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, While in case 3 and 4,

m@ected in series, parallel or in both.

entry or exit w.r.t. pipe. So,

Pipe in Series: As pipe in series, the discharge through each pipe will be
same.
. H
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Total loss of head = Major loss + Minor loss
H=h +h
Major loss = Head loss

due to friction in each pipe

By =R+ he+ Ry
A A A AR O
d.lg d, 2g d,.lg

While, minor loss = Entrance loss + Expansion loss + ction loss + Exit
loss

05v (v+v) 0.5 7
— 1_|_ [: 2 1) + 3 + 3

= 2g 2g g 2g O

If minor loss are neglected the

d.lg d,2g dJlg

1214} 121d°

h

Entrance

xpansion
loss

Exit loss
Head loss when minor loss are neglected
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Pipes in Parallel: In this discharge in main pipe is equal to sum of discharge in
each of parallel pipes.

Q;

. O
Pipes in parallel Q
Hence,Q=Q1+ Q2 @ *

Loss of head in each parallel pipe is same

;?vﬂ ] hvr: O
fL _ ALy AL LG K

J ﬂr < =
d2g d,2g 121d 12-%
where, s and " are head Io@ nd 2 respectively.

Equivalent Pipe: A co‘\ Ipe which consists of several pipes of different

lengths and diameters tohe replaced by a pipe having uniform diameter and
the same lengt at'of ompound pipe is called as equivalent pipe.

(where, L = L1+ L2 +L3)
Iff=h=H="5

Then,
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L_L . L L _L_L L L
& d & & dF d dd

Hydraulic Gradient Line (HGL) and Total Energy Line (TEL)

P LEL ¥ .
iz e n valdg
HGL palpg

! O
“%““—i{ _______ I‘:';“"'(%“ HGL and TEL 0
P2 Z7
---------- l-"-----l-—*——————— Datum @ ¢
Equivalent pipe diagram
HGL — It joins piezometric head (p/pg + ious points.
TEL — It joins total energy head at va&gts:
$+ v2/2g}
Note: HGL is alwaysg llel bQ/er than TEL.
Power Transmission tN Pipe (P)
*

TETE i hrough pipe

Wheel

- oy
- -
a
o - 4

o G

e
-
= -
e N

Power transmission through pipe
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Pow = PEOH
P.:xrm.‘ = PEQ(H_ ;?vr':l
h. = Head loss

H-h,

Efficiencyn =

Power delivered by a given pipe line is maximum when the flow is su 1
one third of static head is consumed in pipe friction. Thus, efficiaé imited

to only 66.66%
- ¢
Moz =

Maximum efficiency, 3 .
Water Hammer: When a liquid is flowing through @e 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 val\@ ressure wave of high

intensity is having the effect of ham on on the walls of the pipe.
This phenomenon is known as wa mer.

Intensity of pressure rise due@ hammer,

Lv
Pt *

When valve is ¢ grgd lly when valve closed suddenly with rigid pipe.

V@/e osed suddenly with plastic pipe
5 .

h
p=VX

If the time required to close the valve
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2L
[ == o
¢ Valve closure is said to be gradual.

2L
Po = _ _
C The valve closure is said to be sudden.

Where,
L = Length of pipe O
D = Diameter of pipe

o (£
C = Velocity of pressure wave produced due tow @\er P

v = Velocity of flow

K = Bulk modulus of water @

E = Modulus of elasticity for pipéynaterial

t = Time required to choose the valve.

¢ ndary-Layer Theory

“

Boundary Layer

ws over a solid body, the velocity of fluid at the boundary
oundary is stationary. As we move away from boundary in

When a real
will be ze

perpe rection velocity increases to the free stream velocity. It means
)
ve gradient @) will exist.

Note:
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du

Velocity gradient 9" does not exist outside the boundary layer as outside the
boundary layer velocity is constant and equal to free stream velocity.

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

Reynolds number

Ve X v-Xx
ru v Q
For laminar boundary layer

2
(Re)x < 5 x 10° (For flat plate) and if (Re)x > 5 x 103 @

where Re = Reynolds's number

Then, flow is turbulent. O
.| Free straarv@
e LS

ndary layer)
u=0
— =1
L &
Bou er theory
Transient Turbulent region
boundary
: layer :
inar boundary ! :
) layer ' :
|
— :
:
|
1

- -

U 07:T/f////7////11111////////Y///////ﬁl
= | ]

Loading:
edge |
!
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Here, x is distance from leading edge in horizontal direction.

Boundary Layer Thickness (6): 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 6.

— ) —

0.99u. |

Boundary Layer thickness & ¢

Displacement Thickness (6*): It is observed t side the boundary layer
velocity of fluid is less than free stream velocity hence, discharge is less in
this region. To compensate for reduction ji rge the boundary is
displaced outward in perpendicular dir @ some distance. This distance
is called displacement thickness (6* {

~ftl O

Boundary layer displacement thickness (87)

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

fluid.
5y u |
8= | Z|1-Z|a
f U [y ‘ l
Energy Thickness (6**): It is defined as distance measured perpendi to

the boundary of solid body by which the boundary should be displacédto
compensate for reduction in kinetic energy of flowing fluid (KE d® due

to formation of boundary layer)
s i ( 2] 0

i

é — — 1_—.l 'C!Hrl
f vl vt ¢
Boundary Conditions for the Velocity Profile: n conditions are as
(a) ifﬁ—ﬂJ—ﬂE:ﬂ O
dy K
(B Aty=06,u=U, ﬂ=E]
Laminar Flow: A flow inw ch rows in layer and no intermixing with each
other is known as larfii or circular pipe, flow will be laminar.
If Re= —D <2
L

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

eter of pipe, p = Viscosity of fluid.

plate flow will be laminar.
VL

If Re= 2= < 5410°

L

Where L is length of plate.
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Turbulent Flow:

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 B E

where, 8 = momentum thickness QO
Top = H % ¢

Shear stress: VY Jp=0

Where, U = Free stream velocity; p = Density of flu

Local Coefficient of Drag (Cp*): @

It is defined as the ratio of the stress 1o to the quantity

-

R

C;:‘l ¢

2

It is denoted by

Average Coeffi f Ora (Cp):

—p.i[,':

k| =

he ratio of the total drag force to

pPAU?

Where, A = Area of surface,

U = Free stream velocity, p = Mass density of fluid.
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Blassius Experiment Results

For laminar flow,

S 548
X a ‘II&E'Lx
Coefficient of drag

0.664

Average coefficient of drag .
c 146 @
Re
[ 037 O
x ' K

D
l H
For turbulent flow, ~ ®&)

L

where x = Distance from Iead@ , Rex = Reynolds's number for length x.
n

ReL = Reynolds's nurnb\al e
Coefficient of drag

*

plate

A e coefficient of drag
0.072
Co=—7
| Re, |°

For laminar flow
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f = Boundary layer thickness,

To = Shear stress at solid surface
x = Distance from where solid surface starts.

Velocity profile for turbulent boundary layer is

H —_—
L."

= 5%10° < Re <dl07

Conditions for Boundary Layer Separa 'c@u take curve surfac

where fluid flow separation print'Slis determined from the condition

eparation stream line

Reverse flow causing
eddies

B
A /
P f 0 Leo
dx pmh dx
Y
A B Cc S D
Separation boundary layers ABCSD
a
— = —Veé
If - e
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."@ ) D"‘
_—
the flow is separated "¢
aul _,

the flow is on the average of separation

% _ D‘
. & J Q
¢ &u i

v = +ve, ¢
If - =t the flow will not separate or flow wil@ln

P D‘_
attained '4x |

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

« Supplying additional ene om‘a blower.
« Providing a bypass in the sl

« Rotating boundasy infthexdirection of flow.
. Providing smalbdi in a diffuser.
« Providing guide in a bend.

« Providing a tfi wi&e ing in the laminar region for the flow over a sphere.

Pumpsgan bines
Velocity Diagrams

Velocity diagrams for different values of Rd appear as shown below:

(i) V1>V2, Vi1>Vi2; Ra<0 (Ra is negative)

Page 70 of 117



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

vl Vrg

7N

(ii) Vr1=Vrg; Rg=0

< i TS
—

(iii) V1=Vi2; Vii=V2; Ra=0.5

A o
N S
>

o U™
(iv) V1=V2; Re=100% _ & l
B\
Vv Ve

(v) V2>V1; Vi2>Vi1 ; Ra>100%
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e el
e “‘\-..U

We know that for utilization factor € to be maximum, the exit v I2
should be minimum.

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

v e ’QO

Velocity triangle for m utilization factor condition:
V,=Fsina,

Form the expression, it is clear that €maximum Will have the highest value if a; =
0.
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But ar = 0, results in V2 = 0 which is not a practically feasible condition. The
zero angle turbines which would have a; = 0 appears as shown:

— v
1 N
N
—
o— —t— !

u —
‘ o — VP - —e— —»

— vy y—;
I — o :

———
4
elit represents the
at a condition

1070 degrees. Though
jition as in case of a zero
um utilization.

Though the zero angle turbines are not practically fe
ideal condition to be aimed at. In a Pelton wheel
wherein the jet is deflected through an angle

an angle of 180 degrees would be the ide
angle turbine. Impulse turbine designed fi i

U

The ratio *1 is referred to as a blade speed ratio ¢ which will have limiting
value of 0.5 for a zero angle turbine. But in practical situation, ai is in between
20 to 25 degrees. But ¢ varies from 0.45 to 0.47. The blade speed ratio is very
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useful performance parameter and it may be noted that the closer its value is
to0 0.5, the better it is.

Expression for power output:

P=(V U -V, U,) =1

272 Ko
V.,=0 fore,, . condition.
P=V_U

but, V_, = V,cosay = 2U O
o P =2U"

Reaction turbine: .

We know that, @

,
cos” oy

For a fixed value of a1, as Rd increases ©maximum.
But for Rd=1 (100% reaction tQ this equation doesn't holds good.

Let us examine how g [ cted by Rd.

Case (1): Rd=1,

IS
V1 V2
v
v L
-
U U

Vwi=Vw2
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Hence by Euler’s turbine equation
P=(V, U —-V_U,)
P=U[V,,—V..]

P=U,V_,

P=2UV cosg,

IL'VI COSay

£ = 2
_ v
2UV, cosay, +—— Q
=
e
2UV, cosey

- 2 f *
2UV, cosey, |1+ : |
22UV, cosay )|

1y

L 1
£ = Vv

N O

4UV, cosay K

For maximum utilization V2 ne be"axial. If V2 is to be axial, then V1 also
should be axial which means that denominator of the expression becomes
equal to infinity which reduce zero. This only means that ai should be
as low as possible td% ing full values of. This represents contradicting

condition and hence Rd%,1%s not preferred.

Case (2): Rd>1 ¢
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V2>V1,Vr2>Vril
As Rd> £ tends to zero.

In this case, V2>V1and 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

Vi =V
2 = ‘rlrll _ Rc"r'.':: O
As Rd increases, € decreases. 0

This means that the stator has to function to not onl@e‘\lz toaslowa
value as possible but also turn the fluid through e angle. This
results in the poor flow efficiency and hence ater than 100% is not
practically preferred.

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

For this condition, it is noticed that rd is negative denominator increases, €
decreases.
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Vo<V, also means that the pressure is increasing as fluid passes through the
rotor.

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 simi for
maximum utilization condition the triangle would appear as sho

Il
Ly

o] 2

Al

We notice, 2 = 1 @ TS

= I.".: %
e S |, A=
1 Jilf \\'J . I:\.L:l' K
'\.
J AL A -1

The angles are identical but reversed for the rotor and the stator. From the

practical view pointythegnanufacturing of blades becomes simple. Since the
same blade ¢ d for either the stator or the rotor by merely reversing
the directionijit also be shown that in a multistage turbines 50% reaction

gives ma stage efficiency. Since Vr2>Vn, pressure reduces along the
flow patheigithe rotor resulting in high flow efficiency. In general, n Rd value
bet 0 and 1 is preferred due to practical considerations.

Fro e velocity triangle it can be noted that Vwi=U

P = E [‘;'-:'IUI - ‘;‘-:"‘U"' ]
t 1712

Vw2 = 0 (for maximum utilization factor condition)
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2 P=(F

Comparing the energy transfer achieved by 50% reaction turbine with an
impulse turbine when both are designed for €maximum condition and operating
with the same rotor velocities. We notice that an impulse turbine transfers
twice as much energy as 50% reaction turbine gives the better flow
efficiencies.

If multi staging is attempted, then for a given value of energy transfef; a 50%
reaction turbine would need twice the number of stages as that offimpulse
turbines. In actual practice, when multistage is attempted, the initial stages
are designed for an impulse turbine when maximum fluid velocity,iS¥available.
The subsequent stages are 50% reaction stages.

Impulse and Reaction Principles

Turbo machines are classified as impulse and g&actioh machines depending
on the relative proportions of the static and dynamie heads involved in the
energy transfer. To aid this, we define a tegfmfeferred to as degree of reaction
Rd.

Degree of reaction Rd can be déefinedas the ratio of static head to the total
head in the energy transfer.

-2 -2 > 2 4
R. = ILKT"I_-["Z}_I:“":l_1""];2:'
d = -1 2 -2 ) 72 »2
|:"'1 =V :I_I:Ll _UZ»:I_(-‘":I _1"'.-:j
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 tAesmiest general case, this will happen if U1 = U2 and Vi1 = Vio.

These'ctlasses of turbo machines are referred to as impulse machines. In
most practical situations V> may be less than Vi1 even though ri = 2.

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

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

" Vui +|

The velocity of whirl atexitis t calculated by general expression,
V.,=U,—V ,cos3 \

* ,
If the value obta negative, then it suggests that

V_, cos 3: h

If V positive, then OVT would appear as follows:
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e
Vwe
Vre VG’ER Ve
If V2=0, then the OVT would look like
ue O

Vo2=Ve *
AN

Radial flow Pump and Compressors: O
General analysis: K
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V Ve
E\JFE "

[
—

Vwe
ue

1L)V,,U, =V U,

ie, U, > U, orr > 1, flowis radially outward. O
2.) AxialentryV, =V c

.I. 1"'"-_:.1 - D
3:' P= Et‘-"ﬂ-: U:: Watt @ ¢
o1, .
H=—""-—=m of fluid.
o

Most of the turbo machines belong to i. n general, they have a
restricted flow area for a given rotor eterand have low to medium
specific speed. Q
Significant aspects: O

1. Flow is outwards smaller to larger radius the Euler’s turbine
equation. i.e.,

requires that VU2 = VUi for pumps and

ich are power absorbing machines. For this sake radial

leaving at a larger radius.

e absolute velocity at inlet is oriented parallel to the axes of the shaft
.€,) Va1 = V1 and hence there is no whirl component at inlet i.e.,Vwi = 0.
ince Vw1 = 0, the energy transferred is purely a function of exit

m -
P =V, Uy, Watt

wv_.U,
w2V m of fluid

H—
condition i.e. g
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Head-capacity relationship:

V..U,
H= T i i
g
.
H="2 U, —V,,cot3,]
g
Q=,=4A,"V,
T
Q=hU _Qcot3

l l lU cot3; O
H=K —-K,Q (con51der1ngrotorc:peratingfora civen speed.) Q
U?

K, =—2
g Z)
V2

Wa WirE We r2 -
f

3 < 90° 3 =907

Backward curved va \ Radlal vane Forward curved vane

Q

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 (£<90° and most for
a forward curved vane. When operating under similar condition of speed and
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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
diffuser of unreasonably large dimensions even for moderate sized rotors.
Hence backward curved vane with 5 in the range of 20-25 degrees is
preferred for radial flow pumps and compressors. Forward curved vanes are
not preferred while radial vanes ($=90°) are used in select applications
requiring very high pressure.

Expression for Degree of reaction in terms of rotor velocity and rotor bla

angles: O
We know that, Degree of reaction is given by, 0
P o ol .

0 —V)+ W] -UH- Wi -V3)

(V2 =V,1)

Ry=—7— —
0 =)= -73) O

Vi=V; +(V,tany,)’ =V, (1+tan’ )

Va—Va =V, (tan 7, —tan’
Forapumpitis genera ce le to write degree of reaction as

D G (5Y
LT - By

that, Euler’s turbine equation for a pump may be written as

U:l(Vhlul_Vh:H:)

=]
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- ] r} | 1 .;-}
[ 1 | 1 i
& L - A - A

P, 5 ™y I 5 3 ™y
{77+ _ 7= YV [ 7% _17¢ 1}
i | I:-1 I;J 11 I;.l‘l I;J‘J ]

Degree of reaction is the ratio of suction head to the total head. Which may be
written as

R, = -
: 1 (772 72 (-2 11
)04 O
-5
(vi-73) 0

_ Va: [tan j; + tan y, ][tan y; —tan 3, ]

? 2UV[tan 7, — tan ,] O

_ Va: [tan , + tan 3, ]

R,
27, \Q

oV ltan B+tan 8]

T2 tan B tan B, .

General analysis of Turbines:

*
They are power ting turbo machines, which run on both incompressible
fluids such r as well as compressible fluids such as gases.

1. Hydraulic efficiency /isentropic efficiency.
2. Mechanical efficiency.
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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.

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 f
rotor is concerned. Hence, even if we have idealized friction free
possible to transfer all the energy in the fluids due to the need
final residual exit velocity.

Hence, hydraulic efficiency is a product of 2 terms ar@v&m by
nH = &*nv
nv-where is referred to as vane efficiencG es care of frictional loss.

Utilization factor:

vi

"a-:r.',al ﬂ][( I:1;""'1:'1-["_1 - 1":'6'1-["_3 :I B

2]

e
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':Vva-ltl — Vv.:-:T—:: :'
N
(VU =V, Uy + -

L]

Relationship between €and R
OR

Derive an expression for gin terms of Rd:

]. +7 +7 3 3
H, =—|(U -U) -, -] Q
-

R[H,+H]=H. @
RH +RH,=H, Q

H = Rde
" (1-R)) Y3
Utilization factor may be Wgitten as
*
oo Hot fi
H_+
= r
(=)
F_l: _F—JJ
E=r3 _p 2
Which'gives, nom R

This expression holds good for Rd values between 0 and 1. This cannot be
used for Rd=1 (100% reaction). Since, the expression becomes equal to 1
suggesting 100% utilization factor which could obviously lead to residual exit
velocity V2 becoming zero.
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General analysis 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.
And hence the alternative form of turbine equation reduces to

m 1

P=—2|(V = V1) - (Va— Vo)

e U )
R SO R USRS (Y

Degree of reaction,

Change of fluid pressure in the rotor happens only'duetechange in the
relative velocity component Vr, since, U remain§éenstant.

Axial flow turbines are of 2 types:

1. Impulse type for which Rd=0.sin€e V1=V and hence power

output t 2

2. Reaction type: Generally,anyjturbine which is not purely an impulse
turbine is referreditolas a‘f€action turbine. It is not a 100% reaction
turbine. But, it issstillreferred to as a reaction turbine. Most reaction
turbines are designed for 50% reaction which is found to be very
advantageous, from practical consideration. In the case of
steam turbinesiit is implicit that a reaction turbine is 50% reaction
turbinecalled as parson’s reaction turbine.

Turbomachinery

Taurbomachine is defined as a device in which energy transfer takes place
between a flowing fluid and a rotating element resulting in a change of
pressure and momentum of the fluid. Energy is transferred into or out of the
turbomachine mechanically by means of input/output shafts.

Principal Parts of a Turbo Machine
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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

inlet
i Stator or housing

Schematic cross sectional view of a stea ine showing the principal parts
of a turbo machine.

Functions:

1. The rotor functions t
2. The statoris a '
o Guide blades

way that en

@/ eliver energy to the flowing fluid.

ar ment which may be of many types:-

ICH function to direct the flowing fluid in such a
ransfer is maximized.

s which function to convert kinetic energy to pressure
rgy of the fluid.

ut /output shafts function to deliver/receive mechanical energy
r from the machine.

housing is a protective enclosure which also functions to provide a
ath of flowing fluid. While a rotor & input /output shaft are essential
parts of all turbo machines, the stator & the housing are optional.

Classification of Turbo Machines:

1. According to the nature of energy transfer:
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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.

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 transfefred
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 etg;

o Power transmitting turbo machines: In this energy is transferred
from one rotor to another by means of a flowing fluid. There is a
need for an input / output shafts. The transfeér of@nergy occurs
due to fluid action.

o Ex: Hydraulic coupling, torque convertertetc,

Schematic representation of different types ofiturb6 machine based on fluid
flow:

« Axial flow fan.
« Radial outward flow fan.
« Mixed flow hydraulic tugbife.

1. Based on the type,of fluid*flow:
o Tangentialkflow, in"'which fluid flows tangential to the rotor Ex:
Pelton wheeletc,
o Axial flow inpwhich the fluid flows more or less parallel to the axes
of the Shafts /rotors. Ex: Kaplan turbine, Axial flow compressor.
o Radifalflow in which fluid flows along the radius of the rotor this is
agdain classified as:
Radially inward flow. Ex: Old fancies turbine.
Radially outward flow. Ex: Centrifugal Pump
o Mixed flow which involves radius entry & axial exit or vise-
versa. Ex: Modern francises turbine & Centrifugal Pump
2. Based on the type of Head:
o High head &low discharge. Ex: Pelton wheel.
o Medium head &medium discharge. Ex: Francis turbine.
o Low head & high discharge. Ex: Kaplan turbine.
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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
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

1I'..'_'I
q—w =(h,—h,)+ —-I-F_Ffzﬁ—zlj O

Where, subscript ‘1’ is at the point of entry & subscript ‘2’ is Qt of exit.

I_nl_,

2
It is also true that, thermal losses are minimal comp 10 the amount of

work transferred & hence may be neglected. Hen y write,
1-3 v
w=(h, +—+gz,)— + EEO
—w =(h,, _h-:.:' K
Where, ho2 & ho1 are stagnatio@ry respectively.
In a power generating t achine, Ahg is negative (since ho2 < ho1) & hence
W is positive. 'S

r a power absorbing turbo machine, Ahg is positive (since
e W is negative.

On the sam
ho2 > ho1)

From t aw of Thermodynamics:
Tds=dh—wvdp
—dw = vdp + Tds

w=—!vdp—des
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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.

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 r@e o
account for various losses 2 type of efficiency is considere

« Hydraulic efficiency/isentropic efficiency

« Mechanical efficiency. @ *

1. Hydraulic efficiency/isentropic efficien

To account for the energy loss between tb the rotor

( is.-:r:I a fin Thac hins =
ir? ) v N - -iﬁr;'.;lu
Wi
iz owsfgnsorbingmachine — - -
: W
‘ Lt L
2. Mechanical efficienc
<
To account for ergy loss between the rotor & the shaft.
_ = v"?;r.f:
ing machina -11--? B
N 11‘:’1‘[1‘:’
zl Jpower sboorbing machine — T
-ﬁ' zh=ft

Schematic representation of Compression & Expansion process:

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

W, =W_=h, 6 —h
W,_, =h, —h',

02

7 1
1“'5—1 = 1 h 2
7 1
“‘5—5 = hl - h"

_ Wact  hy—h, @ .
Tt T Ws—t  n,—n,
1Wa.n hm — hm
W._, h,—h

e = =
-z

(2). Powerabsorbing turbomachine : O
W, =hg, —hy
Wi =W, = hé,: —hy, O

7 1

W, =hg—h

1""?5—1 = hl! _hl:ll ‘
W, =h}—h,

8-

W, hy, —hy,

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)
T dt

T

steady flow machine.

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

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

Heat and Work transfer are constant.

Leakage losses are negligible.
Same steady mass of fluid flows throu |I'section.

Velocity Components: @
)

Another important consideration is the treatment of a turbo mac@

ocCas N
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The fluid enters the rotor with an absolute velocity say V1 and leaves with an
absolute velocity say V2.

The absolute velocity of the fluid will have components in the axial, radial and
tangential direction which may be referred to as V,,V{and Vifespectively.

The axial components do not participate in the energytransfer but cause a
thrust which is borne by the thrust bearings. The radial components also do
not participate in the energy transfer but cause‘athrust which are borne by the
journal bearings. The only components which participate in the energy
transfer is the tangential component Viw.

Va1 and Va2 : Axial components ofiV/1 and V2 respectively.
Vs and Vi, : Radial components of V1 and Varespectively.

Vw1 and Vw2 : Tangentidah,components of V1 and V2 respectively referred to as
whirl velocity, flow yelocity, Let the rotor move with an angular velocity w.

DimensionafAalysis

Dimengional analysis is a mathematical technique which makes use of the
study,ofidimensions as an aid to the solution of several engineering problems.
ltsdeals 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
involved then the temperature is also taken as fixed dimension. These fixed
dimensions are called fundamental dimensions or fundamental quantity.
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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 expressions
(L/T), (M/L3) and (L/T?) are called the dimensions of velocity, density and
acceleration respectively.

Dimensional Analysis

Quantity Symbol | Dimensions
Mass m M 0
Length

Time

Temperature
Velocity
Acceleration

Momentum/Impulse

Force

Energy - Work

Power

Moment of Force

Angular momentum

Angle

Angular Velocity
Angular acceleragi

Area

Volume
First

oment of Area I L4

Specific heat-Constant Pressure Co LFT=o"
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Elastic Modulus E MLIT?
Flexural Rigidity B | MLET2
Shear Modulus G MLT2
Torsional rigidity GJ | MLET2
Stiffness k MT2

Angular stiffness T/n | MLET?

Flexibiity 1/k | M7

Vorticity - Tt O
Circulation - =Tt 0
Viscosity L ML

Kinematic Viscosity T =Tt @ ¢
Diffusivity - =Tt

Friction coefficient ffpn [ MmO

Restitution coefficient pMOLeTD O
g ific heat-
pecific hea ¢, | 2T

Constant volume

Dimensional homogeneity

. Dimensional h eans the dimensions of each termin an
equation on bothisi are equal. Thus if the dimensions of each term
on both sides of a uation are the same the equation is known as
the dimensionally!homogeneous equation.

erswof fundamental dimensions i.e, L, M, T on both sides of the
will be identical for a dimensionally homogeneous equation.
uations are independent of the system of units.

us consider the equation V = u + at

imensions of LH.S=V=L/T =LT-1

Dimensions of RH.S = LT + (LT?) (T)
=LTT+LT

= LT

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

. Itis used to test the dimensional homogeneity of any derived equation.
. 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 istkknown,
then the relationship among the variables can be detegminethby the
following two methods.

Rayleigh's Method

« Rayleigh“s method of analysis is adopted.whema number of parameters
or variables is less (3 or 4 or 5).

« If the number of independent variablessbeeomes more than four, then it
is very difficult to find the expressian forithe dependent variable

Buckingham's (M- theorem) Method

. If there are n — variableg’in a,physical phenomenon and those n-
variables contains 'm' dimensions, then the variables can be arranged
into (n-m) dimensienless groups called I terms.

o Iff (X5, X2, X3, ... Xah= 0 and variables can be expressed using m
dimensions then. f ()1, M2,13, ......... Mn-m) = 0 Where, M1, 12, N3, .........
are dimensgionless’groups.

« Each 4erm contains (m + 1) variables out of which m are of repeating
type,and one’is of non-repeating type.

. EachJ™erm being dimensionless, the dimensional homogeneity can be
Usedwo get each I term.

Method of Selecting Repeating Variables

. Avoid taking the quantity required as the repeating variable.

. Repeating variables put together should not form a dimensionless
group.

« No two repeating variables should have same dimensions.
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. 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

Model Studies

. Before constructing or manufacturing hydraulics structures or

hydraulics machines tests are performed on their models
desired information about their performance.

« Models are a small scale replica of actual structure orfma
« The actual structure is called prototype.

Similitude @ ¢

. Itis defined as the similarity between th totype and its model. It is
also known as similarity. There three types ofisimilarities and they are
as follows. e

Geometric similarity

between the model and
nding linear dimensions between

« Geometric similarity is sai
prototype if the ratio of{corr

model and prot ar al.i.e.
2
L h H
L_p = h_IJ:H_p ;....LI
m m mi
L 2
where Lris as'scale ratio or linear ratio.

Vm/Vp= V(L) .... (Velocity Scale Ratio)
tm/tp= V(L) .....(Time Scale Ratio)
Hence, am/ap=1 .....(Acceleration Scale Ratio)

Kinematic Similarity
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. Kinematic similarity exists between prototype and model if quantities
such at velocity and acceleration at corresponding points on model and
prototype are same.

Vidp  (Vadp _ (Valp
(Vydm (Va)m (Vadm

- V;

Where Vr is known as velocity ratio
Dynamic Similarity

« Dynamic similarity is said to exist between model and(prot e if the
ratio of forces at corresponding points of model and p pe is

constant. @ 'S
(Filp  (F2lp _(Falp

[F:)m (Falm  (Falm

Where Fr is known as force ratio. @

Dimensionless Numbers

Following dimensionless nunCS)Qwsed in fluid mechanics.
« Reynolds's num
« Froude's numbe
r

« Euler's number

« Weber's num U
« Machn
Reynolds ber

Itis defined as the ratio of inertia force of the fluid to viscous force.
Nre= Fi/Fv
Froude’s Number (Fr)
. Itis defined as the ratio of square root of inertia force to gravity force.

Fr='\/Fi/Fg
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Model Laws (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.

. This is known as Reynolds's Model Law.

« Re for model = Re for prototype

« (NRe)m = (NRe)p O
ey O

m

Bm¥mim L 4
PpVplp
Hm =1

Hp
Ar¥yDy

Applications @

. Inthe flow of in-compressible fluids in closed pipes.
« The motion of submari ompletely under water.

. Motion of airplanes.
2
Froude’'s Model Law

« When the force ofggravity is predominant in addition to inertia force then

similari established by Froude's number.
« This iskn as Froude's model law.
- (Fr) rp
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Applications:

. Flow over spillways

« Channels, rivers (free surface flows).

. Waves on the surface.

. Flow of different density fluids one above the other

Hydraulic Turbines and Pump

Hydraulic Machines

O

. Devices used for the conversion of hydraulic energy in@:hanical

energy or mechanical energy to hydraulic energy.are known as
Hydraulic Machines. a ¢

« The hydraulic machines which is used for t ion of hydraulic
energy into mechanical energy are know ines and that convert

mechanical energy into hydraulic enerdgyiis KRnewn as Pumps.

MR.L 7
(Head raco) =

"
Reservolr ",

T.R.L

Talirace

Turbing

In a Hydr ic plant as shown above:

antis constructed across a river or a channel for storing water. The
rvoir is also known as Head race.

. “Pipes of large diameter called Penstock which carry water under
pressure from the storage reservoir to the turbines. These pipes are
generally made of steel or reinforced concrete.

. Turbines having different types of vanes or buckets or blades mounted
on a wheel called a runner.
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. Tail-race which is a channel carrying water away from the turbine after
the water has worked on the turbines. The water surface in the tail-race
is also referred to as tail-race.

Important Terms

. Gross Head (Hg ): Vertical difference between headrace and tailrac
« Net Head (Hnet): The actual head available at the inlet of the to 0
the turbine is called the Net Head.
Hnet = Hg - he
h. being the total head loss during the transit of water from
headrace to tailrace, mainly the head loss due to frictigh and¥§ given by:

v oafv?

T 290 29D
'f' is the coefficient of friction of penstock
material of penstock, 'L’ being the total |

flow velocity of water through the pens
and g is the acceleration due to gr

va2
Hnet = K

2
Thus: g

ends on the type of
ofpenstock, 'V' the mean
the diameter of penstock

Types of EfflClenmes‘

Considering different ﬂ\hf input and output, the efficiencies can be
2

classified as:

o of the power generated by the runner of a turbine to the
er supplied at the inlet of the turbine is known as Hydraulic
fficiency.

As the power supplied is in the hydraulic form, and the possible
losses occur between the striking jet and vane, it is rightly called
hydraulic efficiency.
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o If R.P. is the Runner Power and W.P. is the Water Power:

— RunnerPower RP.
n = “WaterPower _ WP.

. Mechanical Efficiency(/m)

o The ratio of the power available at the shaft to the power
generated by the runner of a turbine is called Mechanica
Efficiency.

o Loss of energy in the runner in the annular area bete

nozzle and spear is due to slips and other mecho blems.

o If S.P.is the Shaft Power:

S.P, @ >
m =pp,
« Overall Efficiency(n.)-
o Ratio of the power available at th
the inlet of a turbine is terme
o Because this covers the r
known as overall effici

o Itis dependent on both theyhydraulic losses and the slips and
other mechanica@ s that will create a loss of energy

between the jet powerisupplied and the power produced at the
shaft ava‘l% pling of the generator.
SP P,
P

P.

aftto the power supplied to
verall efficiency.
)blems of energy losses, it is

. Vol ic Efficiency

Volume of water actually stricking the runner

Volume of water supplied to the turbine

Discharge striking the runner Q- AQ
Discharge supplied by penstock = Q

Nvol =

Classification of Turbines
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The hydraulic turbines can be classified on the basis of type of energy
at the inlet, the direction of flow through the vanes, head available at the
inlet, discharge through the vanes and specific speed.

« They are classified as:

Turbine Type of Head | Discharge Direction S;?ccxﬁc
Name Type Cnergy of Mow Speed
High (
Pelton , Head > Tangential e
- fic y <3 4
Wheel Impulse Kinetic 250m to Low 0 e 35 Swle ) |
35 ¢ el
1000m
Francis Medium Med Radial Mow 1
6l) um
Turbme . 0 Mixed Flow to 300
Reaction | Kinetic = 150 m
5 Turhine Pressure , ) High
Kaplan Low High 8
Turbine <30m - ¢ 300101000

« Pelton Turbine:
o Pelton wheel turbine is an impu bine. In this type of turbine

Where:

u= wheel velocity
V= Jet velocity

V= relative velocity
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Vw = whirl velocity

¢ = Angle by relative velocity at outlet and = Guide blade angle at
outlet

u1 = u2=u = 2niN/60 where N= no. of rotation of wheel
. Tangential flow impulse turbine: Basic components:

(1). Nozzle (2). Runner and buckets (3). Casing (4). Breaking Je
Power given to pelton turhine:paVl{le £V Ju Nm/s

Hydraulic efficiency is given by:
_(Vy -u)(1+kcosd)u O
v O
2
*
For maximum efficiency , dn, 0 @
" du
1+kcosd
W \O

Radial Flow Reaction Turbine:

« Inthis type of turbin t?@er strikes the runner, it has both kinetic
energy head a essu ergy head. Due to KE head, impulse will

generate, which i Ilar as in case of impulse turbine.
« Impulse: kin tic%
d

Reaction: sure h
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ALRARAY ARARAAY

Vane O
Flow Top View Q

. Let B4, B2 = width of runner at inlet and outlet @ TS

Area of flow at inlet: A1 = mD1B-

Area of flow at inlet: A2 = mD2B>

If vane thickness is taken into consideratio

Net Area of flow = [mD1 — nt] - B1 = k

K is factor for net area and n is th rof vanes.

Q=A1Vr, =AsVe

Q=1DB,V; = nDzBQV6< >

= al force on runner

|

Fradial = l’i’l(Vf ‘-

Since Vfl =Vf2

Note.:

« Ifitis given that B1 = Bz then [Vf1 = sz].

Francis turbine:
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. Francis turbine is an inward flow reaction turbine.
« To maximize runner power, V2 should be minimum. It can be done by
converting absolute velocity direction into radial direction to the runner

at exit.
It means:
p=90°
V, =V, (For Francis turbine).

QO

RP = pQle Uy
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Hydraulic efficiency:
RP PQVy Uy Vi Uy

MTHP T pQoH | oH
Vw Uy
= 1
Degree of Reaction (R):
R — Change of pressure energy inside the runner O
Change of totalenergy inside the unner Q
<&’
== (vlﬁ _V: )
2e H,

(i) For a Pelton turbine: @
ur = uzand V, =V, Q
Thus, from above equatiouo

- 0

Thus, degree of 'on‘fo the Pelton turbine is zero.

(ii). For F turbine:

cota
2(cota —cot@)

Axial flow Reaction turbine:

. Kaplan and propeller turbines are the example of axial flow reaction
turbine.
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RP = m(Vayu, + Va,u,) @

Draft Tube:

« Adraft tube is a pipe @dually increasing cross sectional area,
linking the runnergu et e tailrace and is used to discharge water

from the turbin o the tail-race.
« Anend of th dme is linked to the runner outlet and the other end
nde

is submerge r the level of water in the tail-race.

Functions:

a negative head to be established to be established at the

tlet'of the runner and thereby increasing the NET HEAD on the

ine.

converts a large proportion of kinetic energy which was being rejected
at the outlet if the turbine into useful pressure energy.
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TURBINE

/CASING
T @7 T

INLET OF |
DRAFT-TUBE l
: TAIL
H, l RACE
| /
y ‘"==/=zzzslzzzs:=—" O
s el
|
T @ fOUTLET OF @ Q
DRAFT-TUBE

*
Draft tube efficiency is given by: @

Specific Speed: <Q;’
f

« The value of specffi or a turbine is the speed of a geometrically

similar turbine whi ould produce unit power (one kilowatt) under a
unit head (one metey).
« This valuegis provided'by the manufacturer (along with other ratings)

and wi efer to the point of maximum efficiency.

. cific Speed is not a dimensionless number. It dimension [MV/2L1/4T-
/

Model Laws:
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Q3 = constant = Q; = (232
DN DN, D.,N,
H2

~=constant =

0 1 _
DN DN D,N,?

—— =constant = K =

P >
D°N? D/°N? D,°N,’ O
Centrifugal Pumps 0

energy or pressure energy is known as a pump!
. A centrifugal pump (also called Rotodynamic
pressure pump) works on the principle

« In Centrifugal pumps, the liquid is subj
rotating impeller which is made of

« A hydraulic machine which converts mechanicwg;into hydraulic

or dynamic
gal force.

of backwards curved
vanes.

S.No. | Classification Criteri s of Pumps

1 Casing desig « Volute pump
* . Diffuser or turbine pump

2 Number o 'mpgl « Single stage pump
« Multistage or Multi impeller pump

r of entrances « Single suction pump
peller « Double suction pump

isposition of shaft « Vertical shaft pump
. Horizontal shaft pump

5 Liquid handled « Semi open impeller
« Open impeller pump
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6 Specific speed « Low specific speed or radial flow
impeller pump with Shrouded
impeller

« Medium specific speed or mixed
flow impeller pump

« High specific speed / axial flow
type / propeller pump

7 Head (H) « Lowhead:H<40m

o Medium head: 15<H<40
« High head: H>40 m

Heads on a centrifugal pump: .
@ overhead

hd

hs

. head (hs)
It is the vertical distance between the liquid level in the sump and
the centre line of the pump.
o Itis expressed as meters.
+ Delivery head (hd)
o ltisthe vertical distance between the centre line of the pump and
the liquid level in the overhead tank or the supply point.
o Itis expressed in meters.
. Static head (Hs)
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o Itisthe vertical difference between the liquid levels In the
overhead tank and the sump when the pump is not working.
o Itis expressed as meters.
Therefore: Hs= (hs+ hq)

Friction head (hs)
o Itisthe sum of the head loss due to the friction in the suctio d

delivery pipes.
o The friction loss in both the pipes is calculated using the'Darcys's

equation. O
" :,fwz L af'Lv?
T 290 29D

Total head (H) *
o Itisthe sum of the static head Hs, frictiondtead (hr) and the
e

velocity head in the delivery pipe (V? re, Va=velocity in
the delivery pipe.

L =h, +h, +K@fd

Manometric head(Hm)

o Itisthe total headde Ioped by the pump.
o This hea % ss than the head generated by the impeller

due to so in the pump

29 29

ump:
er requirement of pump = shaft power (SP)

Impeller power (IP) = SP — (mechanical frictional losses)
iii). Manometric power or output power (MP)= pQgHm

SP>1IP>MP

Efficiencies:
(i). Manometric efficiency (nm):
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Monometric head __H, _ gH,
Head imparted by impeller to water [ Vi, Us J Vi, Us

Mman =

(ii). Mechanical Efficiency:

W | VW2u2
‘g | 1000

m =""gp,

where S.P. = Shaft power. Q
(iii). Overall efficiency: It is defined as ratio of power @ the

pump to the power input to the pump. The power outp he pump in

KW: 4
Ne = Mman % MNm-

(iv). Volumetric Efficiency:

Volumetric Efficiency (ny) n, =

. Specific speed of pump:

N
« Ny = HEE Q

Non-dimensiona specific speed = It is called the Shape number
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)&
| DN ” DN ;
o), " o)

« Priming of centrifugal Pump:
Priming of a centrifugal pump is defined as the operation in which

suction pipe
casing of the pump and a portion of the delivery pipe up to @c slivery
valve is completely filled up from outside source with ﬁ‘i’ d to be

raised by the pump before starting the pump. Thus, th om these

parts of the pump is removed and these parts aresfi IedgNith the liquid to
be pumped.

Minimum starting speed of pump:
N =90 [29Hm
min 21_: rg = r}-:_l K
« Cavitation: Q
(i). Cavitation is defme@e henomenon of formation of vapour

bubbles of a flo iq a region where the pressure of the liquid
falls below its Vz sure and the sudden collapsing of these
vapour bubbles in ion of higher pressure.

(ii). Cavitatio resgl in decrease in turbine efficiency, pitting action,
noise and ion.

ive Suction Head (NPSH):

t head developed at the suction port of the pump, in excess of
head due to the vapor pressure of the liquid at the temperature in
pump.

ii). NPSH must be positive for preventing the liquid from boiling. Boiling
or cavitation may damage the pump.

2
Nmm:_5+i+z] -{ﬂq
P9 20 ) son \PO.
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where, Py is the vapor—pressure of the liquid. If the pump is placed at a
height 'z' above the free surface of a liquid where the atmosphere
pressure is P.

Multi Staging of Pumps:

(i). Pumps in series: The series connection of the pumps is used to
increase the total head delivered by the pump.

Q = constant

(ii). Pumps in Parallel: The parallel connection of the pumps is t

increase the total head delivered by the pump.
Reciprocating pumps:

Hm = constant

In the reciprocating pumps the mechanical energy is cgled to
hydraulic energy (or pressure energy) by sucki liquid into a
cylinder in which a piston is reciprocating (mo@ckwards and
forward) which exerts the thrust on the fluid a reases the pressure
energy.

Delivers
Pipe —* I H'“@' Crank
T ™) J
r
LU r

Non-return / A 'r._.l

valve '<\ x
- > —
Suct (L=2r] Crank
p|p.°ﬂ I Stroke radius

length
Sump

(Q) is given by:
or Single acting pumps:

ALN
Q=55

(ii). For double acting pumps:
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2ALN
% ="go

Slip in Reciprocating pumps:

Percentage slip = Q“‘{;;Qaﬁ x 100

th
Power in reciprocating pumps:
b pgx ALNx (h, +h,) KW
60,000

3
S
¥
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