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Course Objective:

To give insight knowledge on fluid statics

Course Outcome:

Students will gain the knowledge on fluid mechanics fundamentals like fluid statics.

INTRODUCTION:

Fluid Mechanics is basically a study of:

1) Physical behavior of fluids and fluid systems and laws governing their behavior.
2) Action of forces on fluids and the resulting flow pattern.

Fluid is further sub-divided in to liquid and gas. The liquids and gases exhibit different
characteristics on account of their different molecular structure. Spacing and latitude of the motion
of molecules is large in a gas and weak in liquids and very strong in a solid. It is due to these aspects
that solid is very compact and rigid in form, liquid accommodates itself to the shape of the container,
and gas fill up the whole of the vessel containing it.

Fluid mechanics cover many areas like:

(Pumps, Turbines etc). :.h
2. Design of complex netwo i pipe li ansporting liquids. Flow of water

through pipes and its d ce lines.

3. Fluid control devices baq hydraulic.
. . v il -
4. Design and analysis of ket en
5. Power generation from str?and ‘Gj "
6. Methods and devi'c_'es.for me3 t of pre elocity.of a fluid in motion.
UNITS AND DIMENSIONS: S o
. . MEMS_, b

A dimension is a name which describes the measurable characteristics of an object such as mass,
length and temperature etc. a unit is accepted standard for measuring the dimension. The dimensions
used are expressed in four fundamental dimensions namely Mass, Length, Time and Temperature.

Mass (M) — Kg

Length (L) —m

Time (T)-S

Temperature (t) — °C or K (Kelvin)

1. Density: Mass per unit volume=kg/m?

2. Newton: Unit of force expressed in terms of mass and acceleration, according to Newton’s 2™
law motion. Newton is that force which when applied to a mass of 1 kg gives an acceleration
1m/Sec?. F=Mass x Acceleration = kg — m/sec? = N.

3. Pascal: A Pascal is the pressure produced by a force of Newton uniformly applied over an area
of 1 m2. Pressure = Force per unit area = N/ m? = Pascal or P..

4. Joule: A joule is the work done when the point of application of force of 1 Newton is
displaced Work = Force per unit area=N m =] or Joule.



5. Watt: A Watt represents a work equivalent of a Joule done per second.
Power = Work done per unit time = J/ Sec = W or Watt.

Density or Mass Density: The density or mass density of a fluid is defined as the ratio of the mass of

the fluid to its volume. Thus the mass per unit volume of the fluid is called density. It is denoted by €

The unit of mass density is Kg/m3

Mass of fluid

p= Volume of fluid

The value of density of water is 1000Kg/m>.

Specific weight or Specific density: It is the ratio between the weights of the fluid to its volume. The
weight per unit volume of the fluid is called weight density and it is denoted by w.

Weight of fluid Mass of fluid X Acceleration due to gravity
w= — =
Volume of fluid Volume of fluid
Mass of fluid xg
= _— = X
Volume of fluid pxg
Specific volume: It is defined as the by a unit mass or volume per unit

Thus the Specific volume is'.'_che re islexpréssed as m3//kg’ and is commonly
applied to gases. o ==
Specific Gravity: It is defined as the ratio of Wei density (or density) of a fluid to the Weight
density (or density) of a standard fluid. F‘c')r liquids the standard fluid taken is water and for gases the
standard liquid taken is air. The Specific g'ravity is also called relative density. It is a dimension less
guantity and it is denoted by s.

=1

weight density of liquid

S (for liquids) =

weight density of water

weight density of gas

S (for gases) =
( & ) weight density of air

Weight density of liquid=S X weight density of water = $X1000 x9.81 N/ m 3
Density of liquid='S X density of water =S X 1000 Kg/ m3
If the specific gravity of fluid is known, then the density of fluid will be equal to specific gravity of the

fluid multiplied by the density of water

Example: The specific gravity of mercury is 13.6
Hence density of mercury = 13.6 X1000 = 13600 Kg/ m3



VISCOSITY: It is defined as the property of a fluid which offers resistance to the movement of one layer
of the fluid over another adjacent layer of the fluid. When the two layers of a fluid, at a distance ‘dy’
apart, move one over the other at different velocities, say u and u+du. The viscosity together with
relative velocities causes a shear stress acting between the fluid layers.

The top layer causes a shear stress on the adjacent lower layer while the lower layer causes
a shear stress on the adjacent top layer.
This shear stress is proportional to the rate of change of velocity with respect to y. it is denoted by
symbol T (tau)

du
T X —
dy
du
T=U—
dy

Where 1 is the constant of proportionality and is known as the co-efficient of dynamic viscosity or
i i du
only viscosity. e represents the rate of shear strain or rate of shear deformation or velocity

gradient.

From the above equation, we have W= g

denoted by symbol 9 (nu)

9 = viscosity
density |

The unit of kinematic viscogr'gyd/ is m? /sec y ————FLOW
_ MEM '5 ‘ £
s _— Layer 2
Thus one stoke = cm?/sec = ( ) mz/sec— 10* m?%/sec - uvds ¥
& ; — Layer 1
L \ U ﬂ,—
5N ety
NEWTONS LAW OF VISCOSITY: It states that the shear stress | Yoy
(1) on a fluid element layer is directly proportional to the rate |
TTTTTT7 777 eTTIeR 3

of shear strain. The constant of proportionality is called the 0
co- efficient of viscosity .It is expressed as: Fig. 1.2

Fluids which obey above relation are known as

NEWTONIAN fluids and fluids which do not obey the above relation are called NON-NEWTONIAN

fluids.

UNITS OF VISCOSITY
The units of viscosity is obtained by putting the dimensions of the quantities in equation
T

K= @
dy
_ Shear stress
28 - Change of velocity
change of distance




__ Force/(Length)? __ Force x Time

Force/Area
- Length 1 1 (Length)2
€ Time ) Length Time

In MKS System Force is represented by (Kg f) and Length by meters (m)
In CGS System Force is represented by dyne and length by cm and
In SI System Force is represented by Newton (N) and Length by meter (m)

. . . Kgf—
MKS unit of Viscosity = 8 Zsec
m
CGS Unit of Viscosity = m
m
S 1 Unit of Viscosity = Newtofi¥sec = N_S
m?2 m?2

(dyne—sec)
The unit of Viscosity in CGS is called Poise, which is equal to ———>—

The numerical conversion of the unit of viscosity from MKS units to CGS unit is as follows:

One Kg f—sec — 9.81N—sec (1Kgf =9.81 Newton)

m?2 m?2

One Kg f—sec
T mz
dyne—sec
=98.1——— |
cm
(dyne—sec)
=98.1 Poise ) = Poise
OneNs 981 ¢m
— =581 Poise = 10 Poise
1 Ns
Or 1Poise = TomZ

VARIATION OF VISCOSITY WITH TEMPERATURE:

Temperature affects the viscosity. The viscosity of liquids decreases with the increase of
temperature, while the viscosity of gases increases with the increase of temperature. The viscous
forces in a fluid are due to cohesive forces and molecular momentum transfer. In liquids cohesive
forces predominates the molecular momentum transfer, due to closely packed molecules and with
the increase in temperature, the cohesive forces decreases resulting in decreasing of viscosity. But, in
case of gases the cohesive forces are small and molecular momentum transfer predominates with the
increase in temperature, molecular momentum transfer increases and hence viscosity increases. The
relation between viscosity and temperature for liquids and gases are:



1

i) For liquids p=po ( )

1+oct+pt2

Where, 1 = Viscosity of liquid at t c in Poise.




Mo = Viscosity of liquid ato c
a and B are constants for the Liquid.
For Water, po = 1.79 x 103 poise, a =0.03368 and B = 0.000221

The above equation shows that the increase in temp. The Viscosity decreases.
ii) For gases K=o+ at-Bt?
Forair W =0.000017, a=0.056 x 10®, B=0.118 x10°

The above equation shows that with increase of temp. The Viscosity increases.

TYPES of FLUIDS: The fluids may be classified in to the following five types.

1. Ideal fluid 2. Real fluid 3.Newtonian fluid 4. Non-Newtonian fluid 5. Ideal plastic fluid
1. Ideal fluid: A fluid which is compressible and is having no viscosity is known as ideal fluid. It is
only an imaginary fluid as all fluids have some viscosity.

2. Real fluid: A fluid possessing a viscosity is known as real fluid.
All fluids in actual practice are real fluids.

3. Newtonian fluid: A real fluid, in which
proportional to the rate of shear strai
fluid.

4. Non-Newtonian fluid: A real
Proportional to the rate of
Newtonian fluid.

—~ SHEAR STRESS

5. Ideal plastic fluid: A fluid, in
yield value and shear stress'is propé
is known as ideal plastic fluid.

SURFACE TENSION: v . MEMS_,

Surface tension is defined as the tensile force acting on the surface of a liquid is contact with a gas
or on the surface behaves like a membrane under tension. The magnitude of this force per unit length
of free surface will have the same value as the surface energy per unit area. It is denoted by o (sigma).
In MKS units it is expressed as Kg f/m while in Sl units as N/m

Surface Tension on Liquid Droplet:
Consider a small spherical droplet of a liquid of radius ‘r’ on the entire surface of the droplet, the

tensile force due to surface tension will be acting
Let o = surface tension of the liquid

p= pressure intensity inside the droplet (In excess of outside pressure intensity)

d= Diameter of droplet
Let, the droplet is cut in to two halves. The forces acting on one half (say left half) will be
i) Tensile force due to surface tension acting around the circumference of the cut portion

= o Xcircumference =0 X nd

. Vs Y
ii) Pressure force on the area % d2=pX " dz



These two forces will be equal to and opposite under equilibrium conditions i.e.
T o nd 46

pX d2=omnd, p= p=
7 a2 d |

4

Surface Tension on a Hallow Bubble: A hallows bubble like soap in air has two surfaces in contact

with air, one inside and other outside. Thus, two surfaces are subjected to surface tension.

px "d2=2(ond) p=°°
4 d

‘|
SURFACE TENSION ON A LIQUID JET:
Consider a liquid jet of diameter ‘d’ length ‘L’
Let, p = pressure intensity inside the liquid jet above the outside
pressure T

o = surface tension of the liquid
Consider the equilibrium of the semi- jet

Force due to pressure = p X area of the semi-jet=p XL X d

Force due to surface tension =0 X 2L
pXLxd=0oXx2L,
20

CAPILLARITY
Capillarity is defined as a phen in a small tube relative to the
adjacent general level of liquid w i n the liquid. The rise of liquid surface
is known as capillary rise;while pbwn as capillary depression. It is
expressed in terms of ’cm'_—gﬂl:‘;’mm' 0
diameter of the tube and surface tension of iquid.

s TS
EXPRESSION FOR CAPILLARY RISE:

Consider a glass tube of small diameter ‘d’ opened at both ends and is inserted in a liquid; the
liquid will rise in the tube above the level of the liquid outside the
tube.

Let ‘h’ be the height of the liquid in the tube. Under a state of

equilibrium, the weight of the liquid of height ‘h’ is balanced by the

pon thf:épecific weight of the liquid,

force at the surface of the liquid in the tube. But, the force at the
surface of the liquid in the tube is due to surface tension.
Let o = surface tension of liquid

© = Angle of contact between the liquid and glass tube —— RE—
[T O, 2 G T BT I LY Vg

The weight of the liquid of height ‘h’ in the tube
= (areaofthetube X h) x p xg= “d2xhxpx g
4

Where ‘p’ is the density of the liquid.
The vertical component of the surface tensile force = (oX circumference) X cos® =0 X md X cos®©

For equilibrium,™ d*> X h X p X g = 0 d cos8, h = f”d cos6 — 4ocos@
4 71vl‘pxg pxgxd



40
pxgxd

The value of 8 is equal to ‘0’ between water and clean glass tube, thencos©6=1, h =

EXPRESSION FOR CAPILLARY FALL:
If the glass tube is dipped in mercury, the Level of mercury in the tube will be lower than the

general level of the outside liquid.

Let, h = height of the depression in the tube. Then, in equilibrium, two forces are acting on the
mercury inside the tube. First one is due to the surface tension acting in the downward direction =
o X md X cosf

The second force is due to hydrostatic force acting upward and is equal to intensity of pressure at a
depth ‘h’ X area =p X Td2 = pgh Td? (p= pgh),
4 4

2
o mtd cos8 = pgh i
4

(The value of © for glass and mercury 128°)
h= otd cosO

4

__ 4o cos6
pgd

A change from the liquid state ‘ us state is § Vaporizations. The vaporization

ondition) occurs because of

and temp
continuous escaping of the moleguiles free I|qU|d s

Consider a liquid at a temp. of 20°€ nd pressure is at is confined in a closed vessel. This

liquid will vaporize at 100°C, t efcapej‘o e surface of the liquid and get

accumulated in the space befween op of the vessel. These accumulated
vapours exert a pressure on the liquid surfacﬁ S m?’ure is known as vapour pressure of the liquid

or pressure at which the liquid'is converted in to vapours. | ’

Consider the same liquid at 20° ¢ at atmospheric pressure in the closed vessel and the pressure above
the liquid surface is reduced by some means; the boiling temperature will also reduce. If the pressure
is reduced to such an extent that it becomes equal to or less than the vapour pressure, the boiling of
the liquid will start, though the temperature of the liquid is 20°C. Thus, the liquid may boil at the
ordinary temperature, if the pressure above the liquid surface is reduced so as to be equal or less than
the vapour pressure of the liquid at that temperature.

Now, consider a flowing system, if the pressure at any point in this flowing liquid becomes equal to
or less than the vapour pressure, the vapourisation of the liquid starts. The bubbles of these vapours
are carried by the flowing liquid in to the region of high pressure where they collapse, giving rise to
impact pressure. The pressure developed by the collapsing bubbles is so high that the material from
the adjoining boundaries gets eroded and cavities are formed on them. This phenomenon is known as
CAVITATION.

Hence the cavitations is the phenomenon of formation of vapour bubbles of a flowing liquid in a
region where the pressure of the liquid falls below the vapour pressure and sudden collapsing of these
vapour bubbles in a region of high pressure,. When the vapour bubbles collapse, a very high



pressure is created. The metallic surface, above which the liquid is flowing, is subjected to these high
pressures, which cause pitting actions on the surface. Thus cavities are formed on the metallic surface
and hence the name is cavitation.

ABSOLUTE, GAUGE, ATMOSPHERIC and VACCUM PRESSURES

The pressure on a fluid is measured in two different
systems. In one system, it is measured above the absolute
zero or complete vacuum and it is called the Absolute

A .
T . GAUGE PRESSURE 1o oo
/PRESSURE
A

VACUUM PRESSURE

pressure and in other system, pressure is measured above

the atmospheric pressure and is called Gauge pressure. N
1. ABSOLUTE PRESSURE: It is defined as the pressure i R
which is measured with reference to absolute vacuum -

pressure ABSOLUTE ZERO PRESSURE

——» PRESSURE

2. GAUGE PRESSURE: It is defined as the pressure, which is measured with the help of a pressure
measuring instrument, in which the atmospheric pressure is taken as datum. The atmosphericon the

scale is marked as zero.
3. VACUUM PRESSURE: It is defined as the pressure below the atmospheric pressure
i) Absolute pressure = Atmospheric pressure+ gauge pressure

Pab = Patm * Pguag
ii) Vacuum pressure = Atmospheric pressure - Absg

as: — ;
a) Simple Manometers b) Differential Manometers.
2. Mechanical Gauges: are defined as the devices used for measuring the pressure by balancing the
fluid column by the spring or dead weight. The commonly used Mechanical pressure gauges are:
a) Diaphragm pressure gauge b) Bourdon tube pressure gauge
c) Dead — Weight pressure gauge d) Bellows pressure gauge.
Simple Manometers: A simple manometer consists of a glass tube having one of its ends connected
to a point where pressure is to be measured and the other end remains open to the atmosphere. The
common types of simple manometers are:
1. Piezo meter.
2. U-tube manometer. Piezometer
3. Single column manometer. tube

1. Piezometer: It is a simplest form of manometer used for
measuring gauge pressure. One end of this manometeris connected
to the point where pressure is to be measured and other end is open

to the atmosphere. The rise of liquid in the Piezometer gives pressure
head at that point A.
The height of liquid say water is ‘h’ in piezometer tube, then




PressureatA=pgh N
m?2

2. U- tube Manometer:

It consists of a glass tube bent in u-shape, one end of which is connected to a point at which pressure
is to be measured and other end remains open to the atmosphere. The tube generally contains
mercury or any other liquid whose specific gravity is greater than the specific gravity of the liquid
whose pressure is to be measured.

a) For Gauge Pressure: Let B is the point at which pressure is to be measured, whose value is p. The
datum line A—A
Let h1 = height of light liquid above datum line
h, =height of heavy liquid above datum line
S1 = sp. gravity of light liquid
p1= density of light liquid = 1000 S,
S, = sp. gravity of heavy liquid
p2= density of heavy liquid = 1000 S;

As the pressure is the same for the horizontal surface. Hence the pressure above the horizontal
datum line A — A in the left column and the right column of U — tube manometer should be same.

For measuring vacuum pressure - i anometer will be as shown in fig.
Pressure above A A in the lgﬂ_,colum 2

Pressure head in the right column above A A mE M <
p2ghy+pighi+P=0 " .f'# e

p=-(p2gh:+pi1ghy)

SRt G D R A S Ll B S ]

[ WA!\

By gt U T I Ay

(a) For Gauge Pressure (b) For Vacuum Pressure



SINGLE COLUMN MANOMETER:

Single column manometer is a modified form of a U- tube manometer in which a reservoir, having a
large cross sectional area (about. 100 times) as compared to the area of tube is connected to one of
the limbs (say left limb) of the manometer. Due to large cross sectional area of the reservoir for any
variation in pressure, the change in the liquid level in the reservoir will be very small which may be
neglected and hence the pressure is given by the height of the liquid in the other limb. The other limb
may be vertical or inclined. Thus, there are two types of single column manometer

1. Vertical single column manometer. 2. Inclined single column manometer.
VERTICAL SINGLE COLUMN MANOMETER:

Let X — X be the datum line in the reservoir and in the right limb of the manometer, when it is
connected to the pipe, when the Manometer is connected to the pipe, due to high pressure at A The
heavy in the reservoir will be pushed downwards and will rise in the right limb.

Let, A h=fall of heavy liquid in the reservoir

h,= rise of heavy liquid in the right limb

S»= sp. Gravity of heavy liquid in ﬂjLe_r%geEMaﬁi-r-i Tlimb
p1=density of liquid in pipe
p2= density of liquid in reservoir

Fall of heavy liquid reservoir will cause a rise of heavy liquid level in the right limb

A X Ah =a Xh;
Bh = 22 S——)

Now consider the datum line Y =Y

The pressure in the right limb above Y - Y

= p2 Xg X (Ah+h,)

T

Pressure in the left limb above Y—Y

e

<X
% |
M) b :" | '
LR
Rv : N
el
<|%
p—




=p1 XgX (Ah+h1) + Pa

Equating the pressures, we have
p2 8 X (Ah+hy) = p1 X g X (Ah+h1) + pa
pa=p2 X g X (Ah+hy) - p1 X g X (Ah+h,)

= Ah (p2g p1g) + haop2g - hipig

_ axhy

But, from eq (1) Ah

p- =k (pg-pg)lthpg-hpg
A A 2 1 22 11

a
As the area A is very large as compared to a, hence the ratio A becomes very small and can be

neglected Then,

Pa = h2p2g - hip1g --------- (2)

INCLINED SINGLE COLUMN MANOMETER:

The manometer is more sensitive. D pit 1.the moved by heavy liquid in the right
limb will be more.

Let L= length of heavy liquid moue
© = inclination of right. Limb

H, = vertical rise of heavy liquie
=Lsin® e

From above eq (2), the pre‘g-!t;'re atAi

pa = hypog - hipig

b hy H v i
Substituting the value of h; —t— / "2
Lan % — ‘;‘;)’/yx |
pa=Lsin© p2g-hipig =Y S— S
Ig.g“ e ‘/',“)
1 JV
I /(J" f)
-

DIFFERENTIAL MANOMETERS:

Differential manometers are the devices used for measuring the difference of pressure between two
points in a pipe or in two different pipes. A differential manometer consists of a U-tube, containing
heavy liquid, whose two ends are connected to the points, whose difference of pressure is to be
measured. The common types of U- tube differential manometers are:

1. U- Tube differential manometer 2. Inverted U- tube differential manometer.
1. U- Tube differential manometer:

a) Let the two points A and B are at different levels and also contains liquids of different sp.gr.



b) These points are connected to the U — Tube differential manometer.




Let the pressure at A and B are paand pe.

Let h = Difference of mercury levels in the u —tube : ABZZ

y = Distance of centre of B from the mercury level in the
right limb

x = Distance of centre of A from the mercury level in the
left limb

p1 = Density of liquid A A

p2 = Density of liquid B
pgy = Density of heavy liquid or mercury

Taking datum line at X — X
Pressure above X — X in the left limb =p1g(h + x) + pa (where pa = Pressure at A)

Pressure above X — X in the right limb = pggh + p2gy + Ps (where ps = Pressure at B)
Equating the above two pressures, we have

pig(h+x)+pa =pgg8h+p28y+ps

Pa-pPs = pggh+pagy-pig(h+x)

1 F===8 B
=17 H AR YR
=hg(Pg'P1)+ g -~ | x H
-~ Difference of Pressures at A an j g o
' hiE
Let the two points A and B arte™@ X : J[ i X
same liquid of density £, . f
Then pressure above X — X in the :
Pressure above X—Xin the .
Equating the two pressures T
q g p == P

pggh+pigx+ps =pig(h+x) +pa ﬁﬂMEHE'}"
Pa-Ps =pggh+pigx-pig(h+x) '

=gh (pg - p1)
Difference of pressureat AandB=gh (p, - p1)

Inverted U —Tube differential manometer

It consists of a inverted U — tube, containing a light liquid. The two ends of the tube are
connected to the points whose difference of pressure is to be measured. It is used for measuring
difference of low pressures. Let an inverted U — tube differential manometer connected to the two
points A and B. Let pressure at A is more than pressure at B.

Let h; = Height of the liquid in the left limb below the datum line X-X

h, = Height of the liquid in the right limb.



h = Difference of height of liquid
p1=Density of liquid A

p2 = Density of liquid B

ps = Density of light liquid

pa= Pressure at A

ps= Pressure at B

Taking x—xas datum line

The pressure in the left limb below x —x = pa- p1 g hs
Pressure in the right limb below x —x=pg-p2gh,-psgh
Equating the above two pressures

Pa-p1 8hi=pe-p2gha-psgh

’

1. Calculate the density, specific w and weight ofon f petrol of specific gravity = 0.7
=] - =
Sol: i) Density of a liquid=S X De ater = m> el
p=0.7. 1000 *CHE H’E_?' bt
p =700Kg/m3
i) Specific weight w=p X g =700 x 9.81 = 6867 N/ m?
iii) Weight (W) Volume =1 liter =1 x 1000 cm?® = " *-0.001m?
106 ™M

weight of fluid

We know that, specific weightw = o of the fluid

Weight of petrol = wX volume of petrol
=w X 0.001
=6867 X 0.001 =6.867 N

2. Two horizontal plates are placed 1.25 cm apart, the space between them being filled with oil of
viscosity 14 poises. Calculate shear stress in oil, if the upper plate is moved velocity of 2.5 m/sec.



Sol: Given distance between the plates dy=1.25cm =0.0125m




Viscosity W =14 poise = N s/m?
10
Velocity of upper plate u=2.5 m/sec

du
Shear stresst=u—
dy

Where du = change of velocity between plates=u—0=u=2.5 m/sec

14
=M 25

10 0.0125

Shear stress T =280 N/m?

3. The dynamic viscosity of oil used for lubrication between a shaft and sleeve is 6 poise. The shaft dia.
is 0.4m and rotates at 190 rpm. Calculate the power lost in the bearing for a sleeve length of 90mm.
The thickness foil film is 1.5mm

6 Ns Ns 1.5 mm

Sol: Given, Viscosity iU = 6 poise = TomZ= 0.6

Dia. of shaft D =0.4M
Speed of shaft N =190 rpm
Sleeve length L =90mm =

Thickness of a film t= 1.

Tangential velocity of shaf

o

=t
. . du
Using the relationt=p —

dy - |
WG %\HEH 4 bt

Where du = change of velocity =u—0=u=3.98 m/sec

dy = change of distance =t =1.5 X 10°m

3.98
1=0.6 X ——— =1592 N/m?
1.5 x10

This is the shear stress on the shaft

Shear force on the shaft F = shear stress X area =1592 X 1t DL = 1592 X 1t X 0.4 x 90 X 103 = 180.05
N

Torque on the shaft T = Force X > =180.05 X 2% = 36.01 Nm
2 2

2TINT
Power lost =—— =36.01 X 2mx190 X 36.01
60 60



=716.48 W

Power lost




4. A cylinder 0.12m radius rotates concentrically inside a fixed cylinder of 0.13 m radius. Both
cylinders are 0.3m long. Determine the viscosity of liquid which fills the space between the cylinders,
if a torque of 0.88 Nm is required to maintain an angular velocity of 2 Tt rad / sec.
Sol : Diameter of inner cylinder =0.24m

Diameter of outer cylinder =0.26 m

Length of cylinder L=03m

Torque T=0.88 NM

w=2TN/60=2T

N = speed = 60rpm

Let the viscosity = 1

nDN  TX0.24x60

Tangential velocity of cylinder u = o - 0.7536 m/sec

Surface area of cylinder A=t DL=m X 0.24x0.3=0.226 m?
d
Now using the relationt=p d—u
y
Where du=u—-0=0.7536 m/sec
0.26—0.24
dy=—->—=0.02=001m

0.7536
T=pUX ——r
KX o

Shear force, F = shear stress x area
=W X 75.36 %
Torque T=F XD/2=17.0

0.88

5. Therightlimbofa simplé U —tube marjhom iEjr.l.g;nercury is open to the atmosphere, while
the left limb is connected to a pipe in which a fluid of sp.gr.0.9 is flowing. The centre of pipe is 12cm
below the level of mercury in the right limb. Find the
pressure of fluid in the pipe, if the difference of mercury level in the
two limbs is 20 cm.
Given, Sp.gr. of liquid S;=0.9
Density of fluid p1=S; X 1000 = 0.9 X 1000 =900 kg/ m3
Sp.gr. of mercury S, =13.6
Density of mercury p, =13.6X 1000 = 13600 kg/m?
Difference of mercury level h,; =20cm =0.2m
Height of the fluid from A—-A h;=20-12=8cm =0.08 m
Let ‘P’ be the pressure of fluid in pipe

Equating pressure at A— A, we get
p +pighi = p2gh;
p+900 X 9.81 X 0.08 =13.6 X 1000 X 9.81 x 0.2
p=13.6 X 1000 X 9.81 X 0.2-900 X 9.81 X 0.08
p =26683-706
p =25977 N/m?
p =2.597 N/cm?



Pressure of fluid =2.597 N/ cm?




6. A simple U — tube manometer containing mercury is connected to a pipe in which a fluid of sp.gr.
0.8 And having vacuum pressure is flowing. The other end of the manometer is open to atmosphere.
Find the vacuum pressure in pipe, if the difference of mercury level in the two limbs is 40cm. and the
height of the fluid in the left tube from the centre of pipe is 15cm below.

Given,

Sp.gr of fluid $1=0.8

Sp.gr. of mercury S;=13.6

Density of the fluid =S; X 1000 = 0.8 X 1000 = 800
Density of mercury = 13.6 X 1000

Difference of mercury level h, = 40cm = 0.4m
Height of the liquid in the left limb = 15cm =0.15m
Let the pressure in the pipe =p

Equating pressures above datum line A-- A
p2gh2+ pighi+ P =0
P =-[p2gh:+ pighi]
=-[13.6 X1000 X 9.81 X 0.4 + 800 X 9.81 X 0.15]
=53366.4+1177.2

=-54543.6 N/m?

=-5.454 N/cm?

7. What are the gauge pressu
having a density of 1.53 x 10° kg/m? i ' juivalent to 750mm of mercury.
The specific gravity of mercury

Given:
o

e
Depth of the liquid, zy=3m
Density of liquid  p;= 1.53 X 10° kg

: .-
Atmospheric pressure head  zp= 7§Q'mm gmrcufy = % «==0.75m of Hg

Atmospheric pressure pam =po X g X 2o

Where po = density of Hg = sp.gr. of mercury x density of water
=13.6 X 1000 kg/ m?

And zo- pressure head in terms of mercury = 0.75m of Hg
Patm= (13.6 X 1000) X 9.81 X 0.75 N/m?
=100062 N/ m?

Pressure at a point, which is at a depth of 3m from the free surface of the liquid is
P=p1Xgxz=153x10*x9.81 X3
Gauge pressure P = 45028 N/ m?
Absolute Pressure = Gauge pressure + Atmospheric pressure
=45028 + 100062
Absolute Pressure = 145090 N/m?




8. A single column manometer is connected to the pipe containing liquid of sp.gr.0.9. Find the
pressure in the pipe if the area of the reservoir is 100 times the area of the tube of manometer. sp.gr.
of mercury is 13.6. Height of the liquid from the centre of pipe is 20cm and difference in level of
mercury is 40cm.

Given,
Sp.gr. of liquid in pipe $1=09
Density p1 =900 kg/ m?
Areaofreservoir  _A _ 100
Area of right limb a
Height of the liquid h1=20cm=0.2m
Rise of mercury in the right limb h, =40cm =0.4m

Pressure in pipe A

Pa = gx hlp,g-p gl.h,p,8-hp g
= X 0.4 [13600 X 9.81 ~ 900 x 9.81] + 0.4 X

13600 X 9.81 -0.2 X 900 x 9.81

=52134 N/m?

Pressure in pipe A=5.21 N/ c

9. A pipe contains an oil of sp.g onn@cted at the two points A

and B shows a difference ilj' mercury ence Qf:piressure at the two points.

o s
Given: Sp.gr.of oil S;= 0.9_:£Jensity P1 iﬁ(_)._mw IEoﬂlﬁg/ m?3

Difference of level in the mercury h = 15cm =0.15m AlLL
Sp.gr. of mercury = 13.6, Density = 13.6 X 1000 = 13600 kg/m? : .‘E
. |

The difference of pressure pa—pe =g X h X (pg - p1) E 60 om
I‘I
=9.81 x0.15 (13600 — 900) ofL oF E
Sp. gr.=0.9 lq

pa—Dps_ =18688 N/ m? X

10. A differential manometer is connected at two points A and B .At B

P.o05434

air pressure is 9.81 N/cm?. Find absolute pressure at A. Gt
Density of air = 0.9 x 1000 = 900 kg/m? AR
Density of mercury = 13.6 X 10° kg/ m3

Let pressure at A is pa

Taking datumas X—X

Pressure above X — X in the right limb



=1000 X 9.81 X 0.6 + pg= 5886 + 98100 = 103986




Pressure above X — X in the left limb
=13.6 X 10° X 9.81 x 0.1 +0900 X 9.81 X 0.2 + pa
=13341.6 +1765.8 +pa
Equating the two pressures heads
103986 = 13341.6 + 1765.8 + pa
=15107.4 + pa
pa =103986 —15107.4
= 88878.6 N/m?
pa_ =8.887 N/cm?

11. Water is flowing through two different pipes to which an inverted differential manometer having
an oil of sp.gr. 0.8 is connected. The pressure head in the pipe A is 2m of water. Find the pressure in
the pipe B for the manometer readings shown in fig.

OIL of
Sp. gr. 0.8

Given: Pressure head at A =2 = 2m of water
Pg [ - = et

pa=p X gXx2=1000 %X 9.81 X 2 =19620 N/m?

Pressure below X — X in the left limb
= pa- p1ghs

=19620—- 1000 x 9.81

Pressure below X — X in the rig
= pg—1000 X 9.81 X
=pg—981 - 941‘.'7__(_3 =
Equating the two pressuresb_\ﬁe get,
16677 o -4‘?25115 MS_ .r” s

ps = 16677 + 1922.76 )

pe =18599.76 N/m?

12. A different manometer is connected at two points A and B of two pipes. The pipe A contains
liquid of sp.gr. = 1.5 while pipe B contains liquid of sp.gr. = 0.9. The pressures at A and B are 1 kgf/cm
and 1.80 Kg f/cm? respectively. Find the difference in mercury level in the differential manometer.

2

Sp.gr. of liquidat A S;=1.5 Sppgr uylmf

A =

Sp.gr. of liquid at B S;-=0.9

Pressure at A pa= 1 kgf/c m? =1 x 10* X kg/m? =1 X 10* X
9.81N/m?

Pressure at B ps =1.8 kgf/cm?= 1.8 X 10* X 9.81 N/m?  [lkgf=
9.81 N]

Density of mercury = 13.6 X 1000 kg/m?



Taking X — X as datum line
Pressure above X—Xin left limb
=13.6 X 1000 X 9.81 X h + 1500 X 9.81(2+3) + (9.81 x 10%)
Pressure above X — X in the right limb =900 x 9.81(h + 2) + 1.8 X 9.81 x 10*
Equating the two pressures, we get
13.6 X 1000 X 9.81h + 1500 X 9.81 X 5+9.81 X 10* =900 X 9.81(h +2) + 1.8 x 9.81 x 10*
Dividing both sides by 1000 x 9.81
13.6 h+7.5+10=0.9(h+2) + 18

(13.6-0.9)h=1.8+18-17.5=19.8—-17.5=2.3

23
h=—=0.181m
127

h=18.1cm







Course Objective:

To gain knowledge on fluid kinematics and dynamics.

Course Outcome:

Have basic idea about the fundamental equations used in fluid dynamics and able to apply
these concepts in real working environment.

INTRODUCTION:

Kinematics is defined as a branch of science which deals with motion of particles without considering
the forces causing the motion. The velocity at any point in a flow field at any time is studied in this.
Once the velocity is known, then the pressure distribution and hence the forces acting on the fluid can
be determined.

Stream line: A stream line is an imaginary line drawn in a flow field such that the tangent drawn at any
point on this line represents the direction of velocity vector. From the definition it is clear that there
can be no flow across stream line. Considering a particle moving along a stream line for a very short
distance ‘ds’ having its components dx , dy and dz, along three mutually perpendicular co- ordinate

d L
t =< Whichissame as ¢t
Vs

Hence the differential equatio
as:

Streamline

id particle at 1 = ¢
along. In other words a pa_’ch line is 3 Fluid r'; icle a

single fluid particle during its motion. Astr&fﬂﬂ%_ | '

/  Pathline
time t; indicating the velocity vectors for particles A and C{ LT ,"
'0 .-'0
’
-

stant

B. At times t,and t; the particle A occupies the successive
positions. The line containing these various positions of A Fluid particle at £ = 1

represents its Path line o .
Fluid particle at some

intermediate time

Streak line: When a dye is injected in a liquid or smoke in a gas, so as to trace the subsequent motion
of fluid particles passing a fixed point, the path fallowed by dye or smoke is called the streak line. Thus
the streak line connects all particles passing through a given point.

In steady flow, the stream line remains fixed with respect to co-ordinate axes. Stream lines in
steady flow also represent the path lines and streak lines. In unsteady flow, a fluid particle will not, in
general, remain on the same stream line (except for unsteady uniform flow). Hence the stream lines
and path lines do not coincide in unsteady non-uniform flow.

Instantaneous stream line: in a fluid motion which is independent of time, the position of stream line
is fixed in space and a fluid particle fallowing a stream line will continue to do so. In case of time



dependent flow, a fluid particle fallows a stream line for only a short interval of time, before changing
over to another stream line. The stream lines in such cases are not fixed in space, but change with
time. The position of a stream line at a given instant of time is known as Instantaneous stream line.
For different instants of time, we shall have different Instantaneous stream lines in the same space.
The Stream line, Path line and the streak line are one and the same, if the flow is steady.
Stream tube: If stream lines are drawn through a closed curve, they form a boundary surface across
which fluid cannot penetrate. Such a surface bounded by stream lines is known as Stream tube.
From the definition of stream tube, it is evident that no fluid can
cross the bounding surface of the stream tube. This implies that the

guantity of fluid entering the stream tube at one end must be the same

as the quantity leaving at the other end. The Stream tube is assumed to

be a small cross-sectional area, so that the velocity over it could be

considered uniform.

CLASSIFICATION OF FLOWS

The fluid flow is classified as:

i) Steady and unsteady flows.

i) Steady and Un-steady flows: Steae Al i : hichithe fluid characteristics
like velocity, pressure, dens;i_gy etc. at

Thus for a steady flow, we have .
aV b "55”'5-* Opg==

Un-Steady flow is the flow in which the velocity, pressure, density at a point changes with
respect to time. Thus for un-steady flow, we have

Fyoso Py Lo D 20
- ) - i ) AL
a X,y,Z at )X,y,Z ( at X,y,Z

ii) Uniform and Non-uniform flows:
Uniform flow is defined as the flow in which the velocity at any given time does not change with
respect to space. ( i.e. the length of direction of flow )
For uniform flow (% =0

0s t=const

Where dV = Change of velocity

ds = Length of flow in the direction of — S
Non-uniform is the flow in which the velocity at any given time changes with respect to space.

For Non-uniform flow (al) *#0
ds t=const



ili) Laminar and turbulent flow:

Laminar flow is defined as the flow in which the fluid particles move along well-defined paths or
stream line and all the stream lines are straight and parallel. Thus the particles move in laminas or
layers gliding smoothly over the adjacent layer. This type of flow is also called streamline flow or
viscous flow.

Turbulent flow is the flow in which the fluid particles move in a zigzag way. Due to the movement
of fluid particles in a zigzag way, the eddies formation takes place, which are responsible for high
energy loss. For a pipe flow, the type of flow is determined by a non-dimensional number

(\B) called the Reynolds number.
v

Where D = Diameter of pipe.
V = Mean velocity of flow in pipe.
v = Kinematic viscosity of fluid.
If the Reynolds number is lessthan2000, the flow is called Laminar flow.
If the Reynolds number is more than 4000, it is called Turbulent flow.

If the Reynolds number is between 2000 and 4000 the flow may be Laminar or Turbulent flow.

iv) Compressible and Incompressible flows:

In compressible flow is the flowfinl whic ity is c ant for the fluid flow. Liquids are

generally incompressible, while ses are compre‘s:gblei

v) Rotational and Irrotational flows:

. MEMS_,

Rotational flow is a type of flow in whith the fluid particles while fIO\_/ving along stream lines also

rotate about their own axis. And if the fluid particles, while flowing along stream lines, do not rotate

about their own axis, the flow is called Ir-rotational flow.
vi) One, Two and Three — dimensional flows:

One dimensional flow is a type of flow in which flow parameter such as velocity is a function of time
and one space co-ordinate only, say ‘x’. For a steady one- dimensional flow, the velocity is a function
of one space co-ordinate only. The variation of velocities in other two mutually perpendicular

directions is assumed negligible.

Hence for one dimensional flowu=f(x), v=0andw=0
Where u, vand w are velocity components in x, y and z directions respectively.
Two - dimensional flow is the type of flow in which the velocity is a function of time and two space
co-ordinates, say x and y. For a steady two-dimensional flow the velocity is a function of two space co-
ordinates only. The variation of velocity in the third direction is negligible.

Thus for two dimensional flow u=f;(x,y), v=f.(x,y) andw=0.



Three — dimensional flow is the type of flow in which the velocity is a function of time and three
mutually perpendicular directions. But for a steady three-dimensional flow, the fluid parameters are
functions of three space co-ordinates (x, y, and z) only.

Thus for three- dimensional flow u=f,(x,y,2z), v=fa(x,y,2), z=f3(x,v, 2).

Rate of flow or Discharge (Q)

It is defined as the quantity of a fluid flowing per second through a section of pipe or channel. For an
incompressible fluid (or liquid) the rate of flow or discharge is expressed as the volume of the liquid
flowing cross the section per second. or compressible fluids, the rate of flow is usually expressed as
the weight of fluid flowing across the section.
Thus i) For liquids the unit of Qis m3/sec or Litres/sec. li)
For gases the unit of Qis Kg f/sec or Newton/sec.

The discharge Q = AXV
Where, A = Area of cross-section of pipe.
V= Average velocity of fluid across the section.

CONTINUITY EQUATION

p1 = Density of fluid at

Let V= Average velocity at'€ i . W

A; = Area of pipe at sect
And V,, p2, A; are the correspont

Then the rate flow at section 1-1 g%ﬂomng through
Rate of flow at section 2 _7 p2 AV3 g;g SR ’fcy'pe ;

According to law of conservation of mas§|I ME H S r-""
Rate of flow at section 1---1 = Rate of flow at section 2---2

p1A1V: = P2 A2 V;
This equation is applicable to the compressible as well as incompressible fluids and is called
“Continuity equation”. If the fluid is incompressible, then p; = p, and the continuity equation reduces

to

A1V1 = Az Vz



CONTINUITY EQUATION IN THREE DIMENSIONAL FLOW

Consider a fluid element of lengths dx, dy and dz in the direction of x, y and z. Let u, vand w
are the inlet velocity components in x, y and z directions respectively.

Mass of fluid entering the face ABCD per second

= p X velocity in x — direction X Area of ABCD
=p X u X(dyxdz)
Then the mass of fluid leaving the face EFaGH per second
=p X u X(dyxdz) + — (pudydz)dx

Gain of mass in x- direction
= Mass through ABCD — Mass through EFGH per

second. 5
=pudydz-pudydz-6_ (p udy dz)dx
X

a
= (p udy dz)dx

B
= (p u )dxdydz

In z — direction =—

Net gain of mass = — [a_(pﬂ'): + ' I == (4)
ox 1

Since mass is neither created nor destr W&elﬁrpent , the net increase of mass per unit
time in the fluid element must be equal to the rate of increase of mass of fluid in the element. But the

mass of fluid in the elementis p dx dy dz and its rate of increase with time is o (pggix. dy. dz.) or
do, dx. dy. dz. (5)
at —_—

Equatmg the twoaexpre55|ons{s4) & (5) s
(_(pu) + _(pv) + _(pw) Ydx dydz = 2°.dx.dy.dz
ot

a_o+"_(pu)+j_(pv)+ Z_(pw) o (6)
y z —

at dx

This equation is applicable to
i) Steady and unsteady flow
ii) Uniform and non- uniform flow , and
iii) Compregsible and incompressible flow.

p
For steady row =0 and hence equation (6) becomes
a 0 0 —
2(pu) + —(pv) + —_(pw) =0 (7)
ax ady 0z —

If the fluid is incompressible, then p is constant and the above equation becomes



=+ =4+ =o (8)

This is the continuity equation in three - dimensional flow.




FLUID DYNAMICS

A fluid in motion is subjected to several forces, which results in the variation of the acceleration
and the energies involved in the flow of the fluid. The study of the forces and energies that are involved
in the fluid flow is known as Dynamics of fluid flow.

The various forces acting on a fluid mass may be classified as:

1. Body or volume forces
2. Surface forces
3. Line forces.

Body forces: The body forces are the forces which are proportional to the volume of the body.
Examples: Weight, Centrifugal force, magnetic force, Electromotive force etc.

Surface forces: The surface forces are the forces which are proportional to the surface area which may
include pressure force, shear or tangential force, force of compressibility and force due to turbulence
etc.

Line forces: The line forces are the fa vhick ‘ to the length.

Example is surface tension.

L8
The dynamics of fluid flow is'g E’ r£ed ton’s secon
‘ llst be equal toithe prod
the direction of:

- 4

resultant force on any fluid ele

element and the acceleration vect
T

be in compressible and nan- viscous:

n'-..-

o

SF=M.a i HI--MEHS'}‘

Where § F represents the resultant external force acting on the fluid element of mass M and a is

total acceleration. Both the acceleration and the resultant external force must be along same line of
action. The force and acceleration vectors can be resolved along the three reference directions x, y
and z and the corresponding equations may be expressed as ;

S Fx= M. ay
SF,=M.a,
SF,=M.a,

Where Y Fx , 3 Fy ana > F, are the components of the resultant force in the x, y and z directions
respectively, and ayx,ay and a; are the components of the total acceleration in x, y and z directions
respectively.



FORCES ACTING ON FLUID IN MOTION:

The various forces that influence the motion of fluid are due to gravity, pressure, viscosity,

turbulence and compressibility.

The gravity force Fg is due to the weight of the fluid and is equal to Mg . The gravity force per
unit volume is equal to “p g”.

The pressure force Fp is exerted on the fluid mass, if there exists a pressure gradiant between
the two points in the direction of the flow.

The viscous force Fv is due to the viscosity of the flowing fluid and thus exists in case of all real
fluids.
The turbulent flow Ft is due to the turbulence of the fluid flow.

The compressibility force Fc is due to the elastic property of the fluid and it is important only for
compressible fluids.

If a certain mass of fluid in motion is influenced by all the above forces, then according to

Newton’s second law of motion
The net force Fx =M. ax = (Fg )x +
i) if the net force due to compressiBili i ibl esl g net force
Fx = (Fg)x + (Fp) x + (Fv) x + (Ft) x
Reynolds’s equation
ii) For flow where (Ft) is negligible Jthe ir ions.0 tioh are known as
Navier — Stokes equ'ét!on.
iii) If the flow is assumed 't‘o be ideal}
known as Euler’s equation of motion. y - =7 .

EULER’S EQUATION OF MOTION

In this equation of motion the forces due to gravity and pressure are taken in to
consideration. This is derived by considering the motion of the fluid element along a stream-line as:

Consider a stream-line in which flow is taking place in s-
direction. Consider a cylindrical element of cross-section dA and length
ds.
The forces acting on the cylindrical element are:
1. Pressure force pdA in the direction of flow.
2. Pressure force (p + Z_pds) dA

S

3. Weight of element p g dA.ds

Let O is the angle between the direction of flow and the line of
action of the weight of the element.
The resultant force on the fluid element in the direction of S must be

equal to the mass of fluid elementX acceleration in the direction of s.
pdA— (p + a_pds) dA — pgdAds cosB
Js



(1)

= pdAds X as
Whereas is the acceleration in the direction of s.
dv
Now as= = where ‘v’ is a function of s and t.
_wd o _wvw
dsd ot _ ds ot
ov
If the flow is steady, then % =0
a = viv
7 s

Substituting the value of as in equation (1) and simplifying, we get

—a_pdsdA — pgdAds cos6 = pdAds X v
ds 95
Dividing by p dA.ds , — () x () —gcoso =
P s ds
Ax® +gcosb+ " =0
P ds

Js

1. dp dz v ov
Ox(D+g —+_—=0
p Os ds ds
% + gdz + vdv = 0
p
-~ This equation is known as Euler’s equation of motion.

motion as

If the flow is incompressible,  p iS

=]
P H S
L p L i

—‘S" Z+— = con;él‘nt

pg 2g

p V2

— + — + z = constant

pg 28

The above equation is Bernoulli’s equation in which

Ligs Pressure energy per unit weight of fluid or pressure head.
P8

‘2’—2 = Kinetic energy per unit weight of fluid or Kinetic head.
g
z = Potential energy per unit weight of fluid or Potential head.

The following are the assumptions made in the derivation of Bernoulli’s equation.

i.  Thefluidis ideal. i.e. Viscosity is zero.
ii.  Theflow is steady.

iii.  The flow is incompressible.

d
But we have cosf = -

ds



The flow is Irrotational.

iv.




MOMENTUM EQUATION

It is based on the law of conservation of momentum or on the momentum principle, which
states that the net force acting on a fluid mass equal to the change in the momentum of the flow per
unit time in that direction. The force acting on a fluid mass ‘ m “ is given by Newton’s second law of
motion.

F=mXa
Where a is the acceleration acting in the same direction as force F.

But a=—

dt
F=m® = d0mv) - (since m is a constant and can be taken inside differential)
dt dt
d . _
F= (Zl:) is known as the momentum principle.
F. dt =d(mv) Is known as the impulse momentum equation.

It states that the impulse of a force F acting on a fluid mass m in a short interval of time dt is equal to
the change of momentum d(m v) in the direction of force.

Force exerted by a flowing fluid on a pipe-bend:

The impulse momentum equation is used to
determine the resultant force exerted by a flowi
pipe bend.

Consider two sections (1) and (2) a

Let vi = Velocity of flow at section
Pi= Pressure intensity at se .
A; = Area of cross-section o sectl

And V,, Py, A; are corresponding as of Velouty, lrre,s : section (2)
Let Fy and F, be the compénants of t exerted.b wing flwd on the bend in x and y directions

and Fy but in the opposite directions. Hche Mpm@ent of the force exerted by the bend on the fluid in
the x — direction = - F, and in the direction of y = - F,. The other external forces acting on the fluid are p; A;
and p; A; on the sections (1) and (2) respectively. Then the momentum equation in x-direction is given by

Net force acting on the fluid in the direction of x = Rate of change of momentum in x —direction
p1A1 —p2 A; Cos O - Fx = (Mass per second) (Change of velocity)

= p Q (Final velocity in x-direction — Initial velocity in x-direction)

=p Q(V,Cos 8 -V,)
Fx=pQ(V1 -V Cos @) +piAr —p; A; Cos 6 (1)

Similarly the momentum equation in y-direction gives
0-p2A;SinB-F,= pQ(V2Sin 8 -0)
F,= p Q(-V2Sin 6) - p2 A, Sin @ ()

Now the resultant force (Fr) acting on the bend
FR = \/sz + FyZ

And the angle made by the resultant force with the horizontal direction is given by



w2t

tanf




PROBLEMS

1. The diameter of a pipe at sections 1 and 2 are 10 cm and 15cms respectively. Find the discharge
through pipe, if the velocity of water flowing through the pipe at section 1 is 5m/sec. determine the
velocity at section 2.

Given:
At section 1,

D;=10cms=0.1m

A ="(D 2 ="(0.1)% = 0.007254 m2
1oy 1 g

V1 =5m/sec

At section 2, D, =15cms =0.15m

A, =2(0.15)2 = 0.01767 m?
4

Discharge through pipe

We have AiVi=A,N saidl

2 AZ

2. Water is flowing throu%:]
of 2 m/sec. find the total h

above datum line.

. r?ﬁmz and with mean velocity
cross-section, which is 5m

—
Given: dia. Of pipe  =5cm =0.05m
Pressure P =29.43N/cm? = 29.43 x 10*N/m?

Velocity V. =2 m/sec
Datum headZ =5m

Total head =Pressure head + Kinetic head + Datum head

29.43x10%
Pressure head = *_ = ; =30m
pg  (1000x9.81)
o V2 2x2
Kinetichead = _= = 0.204m
29 2x9.81

Datum head =Z =5m

2
2+ 4+ 7=3040204+5=35204m
P9 29



=35.204m

Total head




3. A pipe through which water is flowing is having diameters 20cms and 10cms at cross-sections 1 and
2 respectively. The velocity of water at section 1 is 4 m/sec. Find the velocity head at section 1 and 2
and also rate of discharge?

Given: D1 =20cms =0.2m
o N ® @
A, = () x(0.2)2 = 0.0314m?
4
Vi=4 m/sec o
D,=10cm=0.1m i s
= C
A, =(i) x (0.1)2 = 0.007854m2 o
2
i) Velocity head at section 1 VL =P - 0.815m
29 2x981
ii) Velocity head at section 2 Y2
29
To find V3, apply continuity equation A1VV1 iflfz\lz \;2 00314xt _ Lm/sec
2="4, 000785
Velocity head at section 2
V2 _ 16X16 _ 43 047m
29  2x9.81 '

iii) Rate of discharge

Q | e
4. Wateris flowing through a p pnaving s 20cms and{10cr
The rate of flow through pipe is ers/s ection 1 is 6m @&l
above the datum. If the press ion-1'7s 39.24n/cm?
2? —
Given: At section 1 ‘D1= Ny
A-= g
| S b
P, =39.24N/cm? =ﬂ- /m?
Z1 =6m = ‘iﬁ :Egiq‘!gy_?f
Atsection2 D;=10cm =0.1m
A, = & x (0.1)? = 0.0007854m2
4
Zz = 4m, Pz =7
Rate of flow Q = 35 It/sec = (35/1000) m3/sec = 0.035 m?/sec
Q=A1Vi=AV,
_ Q _ 0035 _
Vi = a0 00314 = 1.114m/sec
V _Q _ 0035 =4456m/sec

2 4, 0007854

2 2
Applying Bernoulli’s equation at sections 1 and 2 Lk + V; +Z = L + Vi+ A
P9 29 g 29 2
2
(39.24 X 109)(1000 x 9.81) + "™ 4 6= 72 @ase?
2%9.81 (1000x9.81)  2x9.81

40+0.063+6=ﬁ+1.102+4

46.063 = —*+5.102
9810

L2 46.063-5.102 = 41.051




9810

P,=41.051 X9810 =402710 N/m?

P, = 40.271N/cm’?




5)Water is flowing through a pipe having diameter 300mm and 200mm at the bottom and upper end
respectively. The intensity of pressure at the bottom end is 24.525N/cm? and the pressure at the upper
end is 9.81N/cm?. Determine the difference in datum head if the rate of flow through is 40lit/sec?

- @
Given: D, =200 mm

p, = 9.81 Nicm?
sectionl D;=300mm =0.3m

A, = (O x (0.3)?%A, =0.07065 m? z, @
4 D;=300mm ,
'zf p4 = 24.525 N/cm
1
' b3 ]
P,=24.525N/cm? = 24.525 X 10°N/m? DATUM LINE
Section 2 D,=200mm 0.2m

L.
A= ()% (02 )2 = 0.0314 m?

P, =9.81N/cm?=9.81 X 10* N/m?

Rate of flow Q =40 lit/Sec =40/1000 = 0.04 m3/sec

(24.525 % 104)  (0.566)2 (9.81x104)  (1.274)2

(1000 x 9.81) + (2 x9.81) = (1000 x 9.81) + (2 x9.81) + 2

25+0.32+Z; =10+1.623+ 7,
Z,—272,=25.32-11.623 =13.697 or say 13.70m
The difference in datum head =Z, —Z; = 13.70m

6) The water is flowing through a taper pipe of length 100m
having diameters 600mm at the upper end and 300mm at
the lower end, at the rate of 50Its/sec. the pipe has a slope
of 1in 30. Find the pressure at the lower end, if the pressure
at the higher level is 19.62N/cm??

Given: Length of pipe L = 100m
Dia. At the upper end D; = 600mm = 0.6m




= T 2 = 2
4= 0% (0.6)? = 0.2827m

P; =19.62N/cm? = 19.62 x 10* N/m?
Dia. at the lower end D, = 300mm = 0.3m

4, = (M x (0.3)2 = 0.07065m?
4

Rate of flow Q = 50 Lts/sec = 2% 005 m3/sec
1000

Let the datum line is passing through the centre of the lower end. ThenZ; =0

As slope is 1 in 30 means Z1 = Ll) X100 = (f) m

30 3
We also know that Q=A1Vi=AV;
_Q_ 005
Vi = Y 0.177m/sec

V —Q_ 005 =0.707m/sec

.....

20 +0.001596 + ifan Lo g

9810

23.335= —2 40,0254
9810

Py : _
sei0 =23:335-0.0254=2331

P, =23.31 X 9810 = 228573N/m?

P, =22.857N/cm?

7) A 45°reducing bend is connected to a pipe line, the diameters at inlet and out let of the bend being
600mm and 300mm respectively. Find the force exerted by the water on the bend, if the intensity of
pressure at the inlet to the bend is 8.829N/cm? and rate of flow of water is 600 Lts/sec.

Given: Angle of bend 6 = 45°
Dia. atinlet D; = 600mm = 0.6m

Aq




A = (D) x(0.6)=0.2827 m?
4
Dia. at outlet D, =300mm =0.3m
= (D) x (0.3)? = 0.07065 m?
4
Pressure atinlet P; = 8.829N/cm? = 8.829 x 10*N/m?
Q = 600Lts/sec = 0.6 m3/sec




v,== 06 =2.122m/sec

T, 02827
Q :
Vo= — = = 8.488m/sec
Az~ 0.07068
2 2
Applying Bernoulli’s equation at sections 1 and 2, we get n + V1 +7Z = £2 + V2 +7Z
Py | =2
2 2 pg 29 @ 2g
ButZz = Z ,then ﬁ+V1 =P—+V2
! 2 ® 29 opg 29
8.829 x 10t (2.122)* P, _ (8:488)?
1000x9.81 2x981 1000x9.81 2x9.81
9+0.2295 = Pz +3.672 P2 9.2295 -3.672 = 5.5575 m of water

9810 9810

P,=5.5575 X 9810 = 5.45 x 10* N/m?
Force exerted on the bend in X and Y — directions

FX=pQ(V1-V2 C050)+P1A1—P2A2C059

\/ \V/d - g i
e essﬁ.ﬂzM E HE? ol
Therefore the Resultant Force Fr = F,2 + F)2 =(19911.4)*+ (- 6322.2)? = 20890.9N

Fr=20890.9 N
The angle made by resultant force with X — axis is Tan 6 = K
Fy

=(6322.2/19911.4) = 0.3175

0=tan'0.3175= 17°36'






Course Objective:

To give basic understanding of boundary layer concept and analyze different types of
losses and measurement of flow.

Course Outcome:

Study the fundamental of boundary layer concepts and apply of losses concept in real life.
Boundary Layer Characteristics

The concept of boundary layer was first introduced by a German scientist, Ludwig Prandtl, in the year
1904. Although, the complete descriptions of motion of a viscous fluid were known through Navier-
Stokes equations, the mathematical difficulties in solving these equations prohibited the theoretical
analysis of viscous flow. Prandtl suggested that the viscous flows can be analyzed by dividing the flow
into two regions; one close to the solid boundaries and other covering the rest of the flow. Boundary
layer is the regions close to the solid boundary where the effects of viscosity are experienced by the
flow. In the regions outside the boundary layer, the effect of viscosity is negligible and the fluid is
treated as inviscid. So, the boundary layer is a buffer region between the wall below and the inviscid
free-stream above. This approach allows the complete solution of viscous fluid flows which would
have been impossible through Navier-Stokes equation. The qualitative picture of the boundary-layer
growth over a flat plate is shown in Fig. 1.

Turbulent

Transtion Poant

\ ——

Fig. 1. Representation%fl“-dJnﬁa‘ﬁv layer on a flat plate.

A laminar boundary layer is initiated at the leading edge of the plate for a short distance and extends
to downstream. The transition occurs over a region, after certain length in the downstream followed
by fully turbulent boundary layers. For common calculation purposes, the transition is usually
considered to occur at a distance where the Reynolds number is about 500,000. With air at standard
conditions, moving at a velocity of 30m/s, the transition is expected to occur at a distance of about
250mm. A typical boundary layer flow is characterized by certain parameters as given below;

Boundary layer thickness : It is known that no-slip conditions have to be satisfied at the solid surface:
the fluid must attain the zero velocity at the wall. Subsequently, above the wall, the effect of viscosity
tends to reduce and the fluid within this layer will try to approach the free stream velocity. Thus, there
is a velocity gradient that develops within the fluid layers inside the small regions near to solid surface.
The boundary layer thickness is defined as the distance from the surface to a point where the velocity
is reaches 99% of the free stream velocity. Thus, the velocity profile merges smoothly and
asymptotically into the free stream as shown in Fig. 2.
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Equal areas

{a) {®} i)
: (8) Boundary lyer thickness; (b) Free stream flow (No vecosty):

(<) Concepts of dspiacerment thickness.

Fig. 2: (a) Boundary layer thickness; (b) Free stream flow (no viscosity);
(c) Concepts of displacement thickness.

REYNOLDS EXPERIMENT: It consists of a constant head tank filled with water, a small tank containing
dye, a horizontal glass tube provided with a bell-mouthed entrance a and regulating valve. The water
was made to flow from the tank through the glass tube in to the atmosphere and the velocity if flow
was varied by adjusting the regulating valve. The liquid dye having the same specific weight as that of
water was introduced in to the flow at the bell — mouth through a small tube

Drye
g DYE
/ FILAMENT
L‘ Calass tube Laminar flow WAVY
P  FILAMENT
L  — e e —— ﬁ. b

DIFFUSED
FILAMENT

From the experiments it™V elocity of flow was low, the dye

remained in the form of a'straight line ng through the glass tube so steady
that it scarcely seemed to be__ir) motion with iu’pfeF’sMﬁe velocity of fIO\_N a critical state was reached
at which the filament of dye showed irregularities and began of waver. Further increase in the velocity
of flow the fluctuations in the filament of dye became more intense and ultimately the dye diffused

over the entire cross-section of the tube, due to intermingling of the particles of the flowing fluid

Reynolds’s deduced from his experiments that at low velocities the intermingling of the fluid
particles was absent and the fluid particles moved in parallel layers or lamina, sliding past the adjacent
lamina but not mixing with them. This is the laminar flow. At higher velocities the dye filament diffused
through the tube it was apparent that the intermingling of fluid particles was occurring in other words
the flow was turbulent. The velocity at which the flow changes from the laminar to turbulent for the
case of a given fluid at a given temperature and in a given pipe is known as Critical Velocity. The state
of flow in between these types of flow is known as transitional state or flow in transition.

Reynolds discovered that the occurrence of laminar and turbulent flow was governed by the
relative magnitudes of the inertia and the viscous forces. At low velocities the viscous forces become
predominant and flow is viscous. At higher velocities of flow the inertial forces



predominance over viscous forces. Reynolds related the inertia to viscous forces and arrived at a
dimension less parameter.

R or N __ inertiaforce __ F;

e e viscous force Fy

According to Newton’s 2" law of motion, the inertia force F; is given by
Fi = mass X acceleration
= p X volume X acceleration p = mass density

=pxL3x %= pLEV? e (1) L = Linear dimension

Similarly viscous force Fyis given by Newton’s 2" law of velocity as

Fv=1 X area T = shear stress
= p,d_v QKT V/ IR E— (2)  V=Average Velocity of flow
dy

W = Viscosity of fluid

In case of pipesL=D

In case of flow through pipes

Where pu/p = kinematic viscosi

The Reynolds number is a ve S her the flow is laminar or
turbulent.

Re < 2000 viscous / laminar flow
R = 2000 to 4000 transientflow

Re>4000 Turbulent flow "‘i‘-MEHE'}f —

FRICTIONAL LOSS IN PIPE FLOW — DARCY WEISBACK EQUATION

When a liquid is flowing through a pipe,
the velocity of the liquid layer adjacent to the
pipe wall is zero. The velocity of liquid goes on
increasing from the wall and thus velocity
gradient and hence shear stresses are
produced in the whole liquid due to viscosity.

This viscous action causes loss of energy, which
is known as frictional loss.

o™ ®
Consider a uniform horizontal pipe having steady flow. Let 1-1, 2-2 are two sections of pipe.
Let P1 = Pressure intensity at section 1-1

V1 = Velocity of flow at section 1-1

L = Length of pipe between section 1-1 and 2-2



Diameter of pipe

d=




f" = Fractional resistance for unit wetted area per a unit velocity
hs = Loss of head due to friction
And P;, V, = are values of pressure intensity and velocity at section 2-2
Applying Bernoulli’s equation between sections 1-1 and 2-2

Total head at 1-1 = total head at 2-2 + loss of head due to friction between 1-1 and 2-2

2
£L+V_12+Z =&+V2 +7Z
pg 29 g 29 2
Z1 =27y as pipe is horizontal
V1=V, as dia. of pipe is same at 1-1 and 2-2
_Pyp Or
pg pg
ho=" 2 (1)
F pg  pg

Now, Frictional Resistance = Frictic sistance perwuni 2d area per unit velocity

The forces acting on the fluid bet
Pressure force at section 1;;1.,; P1 XA

Pressure force at section 2- 2 Pz XA ﬁ" ME HE_?

Frictional force = F;
Resolving all forces in the horizontal direction, we have

P1A—P2A—F1=0
(Pr=P))A=Fi=f XpXLXxV2 from equation —(2)

! 2
P1—P2= -MKL;XV But from equation (1) P;- P, = pghs

Equating the value of P; - P;, we get

"xpXLxV?2
pght =_L%
h f
X=XLXV (3)
f
pg
. P Wetted Permiter md m
Inthe equation(3) ~ = ——— = —=—
A Area Zd d
Fooa FoooALv?



’

f r

Putting p = ) Where f is known as co-efficient of friction.




4
Equation (4) becomesash =

__4fLV?
hf - 2gd

This Equation is known as Darcy — Weisbach equation, commonly used for finding loss of head due to
friction in pipes

Then f is known as a friction factor or co-efficient of friction which is a dimensionless quantity. fis
not a constant but, its value depends upon the roughness condition of pipe surface and the Reynolds
number of the flow.

MINOR LOSSES IN PIPES:

The loss of energy due to friction is classified as a major loss, because in case of long pipe lines it
is much more than the loss of energy incurred by other causes.

The minor losses of energy are caused on account of the change in the velocity of flowing fluids
(either in magnitude or direction). In case of long pipes these loses are quite small as compared with
the loss of energy due to friction and hence these are termed as “minor losses “

. —
2. Loss of energy due to sudd@én centraction h = 0

=2 - o
= Y =
1%
. L f tth to 1205 .
3 oss of energy at the.entrance cﬂq;pMEl ?-; i
VZ
4. Loss of energy at the exit from a pipe h, = 29
_ 2
5. Loss of energy due to gradual contraction or enlargement h; = %
, kv?
6. Loss of energyinthe bends h, = 7

2
7. Loss of energy in various pipe fittings h; = kng



1. LOSS OF HEAD DUE TO SUDDEN ENLARGEMENT

Consider a liquid flowing through a pipe which
has sudden enlargement. Consider two
sections 1-1 and 2-2 before and after
enlargement. Due to sudden change of
diameter of the pipe from D; to D,., The liquid
flowing from the smaller pipe is not able to
fallow the abrupt change of the boundary. Thus
the flow separates from the boundary and
turbulent eddies are formed. The loss of head
takes place due to the formation of these

eddies.
Let p’ = Pressure intensity of the liquid eddies on the area (A;-Ay)
he = loss of head due to the sudden enlargement.

Applying Bernoulli’s equation at section 1-1 and 2-2

Vvi? Vy?
Py 4z =247 47 4 Lossof

due to sudden enlargement

P9 29
But z1 =2, as pipe is horizg
p1
pg
Or h

The force acting on the liquid in the con_trol volume in the dir-eEtion of flow
Fr =pi1d1 +p'(A2 — A1) — p2A2
But experimentally it is found that p' = p1
Fy = p141+ pi1(42 — A1) — p242
= p1d2 — p24:

= (p1 —p2)A2 (2)

Momentum of liquid/ second at section 1-1 = mass X velocity
= pA1V1 X V1
= pA1V12

Momentum of liquid/ second at section 2-2 pA,V, X V, = pA,V,2



Change of momentum/second = pA;V,2 — pA,V12 (3)

But from continuity equation, we have




or A =42

. Change of momentum/sec=pA V 2 — p X SN
2 2 vy 1

= pAsz2 — pA1V1V2

= pA:(V22 = V1iV2) (4)

Now the net force acting on the control volume in the direction of flow must be equal to rate of
change of momentum per second. Hence equating equation (2) and equation (4)

(p1— p2)Az = pA2(V22 — ViV2)

PEP2—ya_yy
p 2 12

— 2_
Dividing both sides by ‘g’ we have pimp2 _ V'Vl

12 g

Or

Substituting in equation (1)

V22—V1V V12
he=2_12 _|_(_1
g 29

——

2. LOSS OF HEAD DUE TO SUDDEN CONTRACTION

Consider a liquid flowing in a pipe, which has a sudden contraction
in area. Consider two sections 1-1 and 2-2 before and after
contraction. As the liquid flows from larger pipe to smaller pipe, the
area of flow goes on decreasing and becomes minimum at section
C - C. This section is called Vena-contracta. After section C- C, a
sudden enlargement of area takes place. The loss of head due to
sudden contraction is actually due to sudden enlargement of area
from vena-contracta to smaller pipe.

Let Ac = Area of flow at section C-C

V. = Velocity of flow at section C—C
A; = Area of flow at section 2 - 2
V, = Velocity of flow at section 2 - 2
hc = Loss of head due to sudden contraction
Now, h¢ = Actual loss of head due to sudden enlargegwent from section C - C to section 2-2 is

2
A (1)

¢ 29 29 V2



From continuity equation, we have




A . A
AV =A V or =m=lol [ C =7
cc 2 2 Vs Ac Z C_c c 4
A2

Substituting the value of Yein equation (1)
2 2 2 2
=‘yi[l—1] =M Where k= [+ — 1]

¢ 29 C. 2g Ce

If the value of C. is assumed to be equal to 0.62, then

1 2
k=[——-1] =0375

0.62
kv,2 V2
Then h becomes as h ="%=0375"?
¢ 29 29

If the value of C is not given, then the head loss due to contraction is taken as
V,?
he = 0.55
3. LOSS OF HEAD AT THE ENTRANCE OF A PIPE
This is the loss of energy which occurs when a liquid enters a pipe which is connected to a large
tank or reservoir. This loss is similar to the loss of head due to sudden contraction. This loss depends

on the form of entrance. For a sharp edge eatrar oss is slightly more than a rounded or bell

4. LOSS OF HEAD AT THE E-)'(._IT (o)

This loss of head (or energy) due ta

dissipated either in the form of a free jet
o . — s "y : Qf‘# . e , .
reservoir. This loss is equal to z—g' ,where \Lis the velocity of liquid at'the out let of the pipe. This loss

at the ouic. let of the pipe, which is
A
of the pipe-is free) or it is lost in the tank or

is denoted by ho.

VZ
ho = 7 V = velocity at outlet of the pipe

5. LOSS OF HEAD DUE TO OBSTRUCTION IN A PIPE

Whenever there is an obstruction in a pipe, the loss of energy take place due to reduction of the area
of the cross section of the pipe at the place where obstruction is present. There is a sudden
enlargement of the area of flow beyond the obstruction due to which loss of head takes place.

Consider a pipe of area of cross- section A having an obstruction

Let a = max. Area of obstruction
A = Area of pipe

V = velocity of liquid in pipe
Then (A - a) = Area of flow of liquid at section 1-1




As the liquid flows and passes through section 1-1, a vena -
contracta is formed beyond section 1-1- after which the stream of liquid widens again and velocity of
flow at section on 2-2 become uniform and equal to velocity, v in the pipe. This situation is similar to
the flow of liquid through sudden enlargement.

Let V.= velocity of liquid at vena — contracta




Then loss of head due to obstruction = loss of head due to enlargement from vena — contracta to
section 2-2

WV =W)2
= (1)
g
From continuity equation we have A XV, =AXV (2)
Where ac= Area of cross section at vena- contracta

If C.= co-efficient of contraction

Then C __ areaatvena—contracta __  ac

¢ (A-a) (4-a)
ac = Cc (A'a)

Substituting this value in equation (2) C.(A-a)V.=AV

AXV
“Ve=
Substituting this value of Vcin equation (1)
(V V)Z ( AXV 2 2
Head loss due to obstruction= """ = _g-gc.~") _ V_2 ¢)
29 2g 29 (A-a)Cc

ui-_MEHS-}f

Where, hj = Loss of head due to bend, V = Velocity of flow, k = Co-efficient of bend.
The value of k depends on

1. Angle of bend,
2. Radius of curvature of bend,
3. Diameter of pipe.

7. LOSS OF HEAD IN VARIOUS PIPE FITTINGS:

The loss of head in various pipe fittings such as valves, couplings etc. is expressed as

_w
=
Where V= Velocity of flow, k= co-efficient of pipe fitting.

LOSS OF ENERGY DUE TO GRADUAL CONTRACTION OR ENLARGEMENT:

The loss of energy can be considerably reduced if in place of a sudden contraction or sudden
enlargement a gradual contraction or gradual enlargement is provided. This is because in gradual
contraction or enlargement the velocity of flow is gradually increased or reduced, the formation of



eddies responsible for dissipation of energy are eliminated.

The loss of head in gradual contraction or gradual enlargement is expressed as




_ k(1—vp)?
h, — 29

Where k is a co-efficient and V1 and V, are the mean velocities at the inlet and the out let. The
value of K depends on the angle of convergence or divergence and on the ratio of the upstream and
the downstream cross-sectional areas. For gradual contraction the value of K is very small even for
larger values of the angle of convergence. For gradual contraction without sharp corners the loss of
energy caused is so small that it may be neglected.

For gradual enlargement the value of K depends on the angle of divergence.

The value of K increases as the angle of divergence increases for a given ratio of the cross-
sectional areas at the inlet and at the outlet. In the case of gradual enlargement, except for very small
angles of divergence, the flow of fluid is always subjected to separation from the boundaries and
consequent formation of the eddies resulting in loss of energy. Therefore in the case of gradual
enlargement the loss of energy can’t be completely eliminated.

PIPES IN SERIES:

Y Ll’?t ~ o
Gw‘ La, 4 B
s NP
f \L‘

If a pipe line connecting two re Ep of several pipestof different diameters di, d», ds,
d in'series (iserend d en the difference in the liquid
e head losses in all tiOns. Further the discharge through

> 4

etc. and lengths L, Ly, Ls etc. a

surface levels is equal to the sum

each pipe will be same.

_ o.svl'z__+_ AfalaVi®, LaVal OSVa2 | 4falaV?
2g “2gd1 L\ 29 2gd> 2g 2gds
2
Q:(”Xdl)xvz("Xdz)xV—(”x‘i3) 1%
Also p 1 p 5 ; 3

However if the minor losses are neglected as compared with the loss of head due to friction in each
pipe, then

— 4f1L1V4? + 4f2L2V? + 4f3L3V3?
2gdi1 2gd> 2gd3

The above equation may be used to solve the problems of pipe lines in series. There are two
types of problems which may arise for the pipe lines in series. Viz.

a) Given a discharge Q to determine the head H and
b) Given H to determine discharge Q.

If the co-efficient of friction is same for all the pipesi.e. f; = f, = f3, then



L3V32-|
d3 .

d2

2
L1V12+L2V2 +

4f1
H_Zg[dl

jawddds
it R L L R




PIPES IN PARALLEL:

When a main pipeline divides in to two or more parallel pipes, which may again join together
downstream and continue as main line, the pipes are said to be in parallel. The pipes are connected in
parallel in order to increase the discharge passing through the main. It is analogous to parallel electric

current in which the drop in potential and flow of electric current can be comp ared to head loss and
rate of discharge in a fluid flow respectively.

Pipes in Parallel

_ I

3
Qotal = &1+ Q3+ Q3
h

Ly =" Biy= By
The rate of discharge in the main line is equal to the sum of the discharges in each of the parallel pipes.
ThusQ=Q; +Q,

The flow of liquid in pipes (1) and (2) takes place under the difference of head between the
sections A and B and hence the loss of head between the sections A and B will be the same whether
the liquid flows through pipe (1) or pipe (2). Thus.

D;, D; and L;, L, are the diameters and lengths of

as to give

Assuming same value of f for ea

=

3 L E'S_.f,

HYDRAULIC GRADIENT LINE AND TOTAL IglNERGY LINE:

Energy

— _Ai_ — gradient line (EGL)
— bl ————
hey Expansion
Reservoir |
A Exit loss
Reservoir
B

Consider a long pipe line carrying liquid from a reservoir A to reservoir B. At several points
along the pipeline let piezo meters be installed. The liquid will rise in the piezometers to certain heights
corresponding to the pressure intensity at each section. The height of the liquid surface



above the axis of the pipe in the piezometer at any section will be equal to the pressure head (p/w) at
that section. On account of loss of energy due to friction, the pressure head will decrease gradually
from section to section of pipe in the direction of flow. If the pressure heads at the different sections
of the pipe are plotted to scale as vertical ordinates above the axis of the pipe and all these points are
joined by a straight line , a sloping line is obtained, which is known as Hydraulic Gradient Line (H.G.L ).

Since at any section of pipe the vertical distance between the pipe axis and Hydraulic gradient
line is equal to the pressure head at that section, it is also known as pressure line. Moreover if Z is the
height of the pipe axis at any section above an arbitrary datum, then the vertical height of the
Hydraulic gradient line above the datum at that section of pipe represents the piezometric head equal
to (p/w + z). Sometimes the Hydraulic gradient line is also known as piezometric head line.

At the entrance section of the pipe for some distance the Hydraulic gradient line is not very
well defined. This is because as liquid from the reservoir enters the pipe, a sudden drop in pressure
head takes place in this portion of pipe. Further the exit section of pipe being submerged, the pressure
head at this section is equal to the height of the liquid surface in the reservoir B and hence the
hydraulic gradient line at the exit section of pipe will meet the liquid surface in the reservoir B.

If at different sections of pipe the total energy ( in terms of head) is plotted to scale as vertical
ordinate above the assumed datum and all these points are joined, then a straight sloping line will be

dr‘H;d:aﬁﬁﬂ: grade lin

rallel to the hydraulic ine, with a vertical distance

+ z), the energy grade line

VZ ’ ,- :
between them equal to (5). : .ntrance sectiofof the’.p"i e occurs some loss of energy

- V2

vertical depth equal to 0.5_(5)below the rﬂﬁﬁ bﬂr%te in the reservoir A. Similarly at the exit

V2
section of pipe, since there occurs an exit loss equal to h. = (2—)_ The energy gradiant line at this
g

V2

section will lie at a vertical distance equal to (5)above the liquid surface in the reservoir B. Since at

any section of pipe the vertical distance between the energy grade line and the horizontal line drawn
through the liquid surface in reservoir A will represents the total loss of energy incurred up to that
section.

If the pipe line connecting the two reservoirs is horizontal, then the datum may be assumed
to be along the pipe axis only. The piezometric head and the pressure head will then become the same.

If a pipe line carrying liquid from reservoir A discharges freely in to the atmosphere at its
exit end, the hydraulic grade line at the exit end of the pipe will pass through the centre line of the
pipe, since the pressure head at the exit end of the pipe will be zero (being atmospheric). The energy
grade line will again be parallel to the hydraulic grade line and it will be at a vertical distance of

VZ
(g)above the Hydraulic grade line



PITOT - TUBE

A Pitot tube is a simple device used for measuring the velocity of flow. The basic principle used
in this is that if the velocity of flow at a particular point is reduced to zero, which is known as stagnation
point, the pressure there is increased due to conversion of the kinetic energy in to pressure energy
and by measuring the increase in pressure energy at this point , the velocity of flow may be
determined.

Stagnation pressure

Static pressure h

\l/

stagnation point

Simplest form of a pitot tube consists of a glass tube, large enough for capillary effects to be
negligible and bent at right angles. A single tube of this type is used for measuring the velocity of flow
in an open channel. The tube is dipped vertically in the flowing stream of fluid with its open end A
directed to face the flow and other open end projecting above the fluid surface in the stream. The

fluid enters the tube and the level of the exceeds that of the fluid surface in the
surrounding stream. This is so becau stagnation point, where the fluid is
at rest, and the fluid approachi d passes around tube. Since at

the surrounding fluid surface he velocity of flow of fluid

approaching end A of the tube. nown as stagnation pressure.

flowing stream of velocity V. Now iftf - at ‘ depfﬁ of ho from the free surface
of fluid and h is the height of the fluid Faise i / ove the free surface of the liquid. Then
by applying Bernoulli’s equation between the‘ﬂﬁtﬂ.aﬁyl A, neglecting loss of energy, we get

2
he=—=h +h
2g o

(ho + h) is the stagnation pressure head at a point A, which consists of static pressure head ho and
dynamic pressure head h. Simplifying the expression,
2
V_ =h Or v = \/Z?h_ (1)
2g e —
This equation indicates that the dynamic pressure head h is proportional to the square of the
velocity of flow close to end A.

Thus the velocity of flow at any point in the flowing stream may be determined by dipping the
Pitot tube to the required point and measuring the height ‘h’ of the fluid raised in the tube above the
free surface. The velocity of flow given by the above equation (1) is more than actual velocity of flow
as no loss of energy is considered in deriving the above equation.

When the flow is highly turbulent the Pitot tube records a higher value of h, which is higher
than the mean velocity of flow. In order to take in to account the errors due to the above factors,



the actual velocity of flow may be obtained by introducing a co-efficient C or Cy called Pitot tube co-
efficient. So the actual velocity is given by

v = CV2gh (Probable value of C is 0.98)

When a pitot tube is used for measuring the velocity of a flow in a pipe, the Pitot tube may be inserted
in a pipe. Since pitot tube measures the stagnation pressure head (or the total head) at its dipped end,
the static pressure head is also required to be measured at the same section, where tip of pitot tube
is held, in order to determine the dynamic pressure head ‘h’. For measuring the static pressure head
a pressure tap is provided at this section to which a piezo meter may be connected. Alternatively a
dynamic pressure head may also be determined directly by connecting a suitable differential
manometer between the pitot tube and pressure tap.

Consider point 1 slightly up stream of the stagnation point 2.
Appling Bernoulli’s equation between the points 1 and 2, we get

By Yt e)

Where P; and P, are the pressure intensiti

the specific weight of the fluid flowi is the static pressure and P, is the

stagnation pressure. The equatio ometer in meters of water may

be written as,

(ﬁ)xs+ys+ ¢

w

(3)

Where s and sy, are the specific grauities id flowing ipe and the manometric liquid
respectively. By simplifyirr'g:r"

b

Pl m :
L s e 7
o ([b,‘l__&}EMS_.{,
After substituting for ( P2 _B =) in the equation (2) and solving for V
w w

v=CVZgx ("] -1)
S

VENTURI METER

A venture meter is a device used for measuring the rate of flow of fluid through a pipe. The
basic principle on which venture meter works is that by reducing the cross-sectional area of the flow
passage, a pressure difference is created and the measurement of the pressure difference enables the
determination of the discharge through the pipe.






A venture meter consists of (1) an inlet section, followed by a converging cone (2) a cylindrical
throat and (3) a gradually divergent cone. The inlet section of venture meter is the same diameter as
that of the pipe which is followed by a convergent cone. The convergent cone is a short pipe, which
tapers from the original size of the pipe to that of the throat of the venture meter. The throat of the
venture meter is a short parallel — sided tube having its cross-sectional area smaller than that of the
pipe. The divergent cone of the venture meter is a gradually diverging pipe with its cross-sectional
area increasing from that of the throat to the original size of the pipe. At the inlet section and the
throat i.e sections 1 and 2 of the venture meter pressure gauges are provided.

The convergent cone of the venture meter has a total included angle of 21° 4+ 1° and its length
parallel to the axis is approx. equal to 2.7(D-d), where D is the dia. of pipe at inlet section and d is the
dia. of the throat. The length of the throat is equal to d. The divergent cone has a total included angle
5°to 15°, preferably about 6°. This results in the convergent cone of the venture meter to be of smaller
length than its divergent cone. In the convergent cone the fluid is being accelerated from the inlet
section 1 to the throat section 2, but in the divergent cone the fluid is retarded from the throat section
2 to the end section 3 of the venture meter. The acceleration of the flowing fluid may be allowed to
take place rapidly in a relatively small length without resulting in loss of energy. However if the
retardation of the flow is allowed to take place rapidly in small length, then the flowing fluid will not
remain in contact with the boundary of the diverging flow passage or the flow separates from the walls

and eddies are formed and consequent energy loss. Therefore to avoid flow separation and

Since the cross-sectio the cross-sectional area of the

inlet section, the velocity of flo that at inlet section, according

connecting differential manometé ement of the pressure difference

between these sections en_ab'les the alculated. For greater accuracy the
cross-sectional area of the throat is reduEed mt?a}ﬁmeipres;sure at the throat is very much reduced.
But if the cross-sectional area of the throat is reduced so much that pressure drops below the vapour
pressure of the flowing liquid. The formation of vapour and air pockets results in cavitation, which is
not desirable. Therefore in order to avoid cavitation to occur, they diameter of the throat can be
reduced to 1/3 to 3/4 of pipe diameter, more commonly the diameter of the throat is 1/2 of pipe

diameter.

Let a;and a; be the cross-section | areas at inlet and throat sections, at which P; and P, the
pressures and velocities V; and V; respectively. Assuming the flowing fluid is incompressible and there
is no loss of energy between section 1 and 2 and applying Bernoulli’s equation between sections 1 and
2, we get,

P+ 1212 P> 1722

PRETRE TR P

Where w is the specific weight of flowing fluid.

If the venturi meter is connected in a horizontal pipe, then Z; = Z,, then

P1, vi® _ Py | v?
=2
w 29 w 29



. PL Py. . .
In the above expression (— — %) is the pressure dif ference between the pressure heads at
w w
section 1and 2, is known as venture head and is denoted by h

2 2
v2 U1
h = —

29 29

Qi = a1v1 = apv2 ,

v, =% v — 9
ai az
_Qm? 1 1

h=""(_-")

2

ORIFICE METER
An orifice meter is a simple device for me‘é§un’ﬂ§ EMsgﬁa;ge through-pipes. Orifice meter also works
on the same principle as that of venture meteri.e by reducihg cross-sectional area of the flow passage,
a pressure difference between the two sections is developed and the measurement of the pressure
difference enables the determination of the discharge through the pipe. Orifice meter is a cheaper
arrangement and requires

smaller length and can be used where pressurc taps
space is limited.
An orifice meter consists of a flat circular Pl J P2

plate with a circular hole called orifice, ; 1t

which is concentric with the pipe axis. The = 5ig, D W
thickness of the plate tis less than or equal Q T 1 g"g\\_
“

to 0.05 times the diameter of pipe. . )

From the upstream face of the plate the

edge of the orifice is made flat for a thickness 0.02 times the diameter of pipe and the remaining
thickness the plate is beveled with the bevel angle 45°. The diameter of the orifice is kept at 0.5 times
the diameter of pipe. Two pressure taps are provided one at section 1 on upstream side of the orifice
plate and other at section 2 on the downstream side of the orifice plate. The upstream tap is located
at a distance of 0.9 to 1.1 times the pipe diameter from the orifice plate. The position of downstream



pressure tap, however depends on the ratio of the orifice diameter and the pipe diameter. Since the
orifice diameter is less than pipe diameter as the fluid flows through the orifice, the flowing stream
converges, which results in the acceleration of the flowing fluid in accordance with the consideration
of continuity. The effect of convergence of flowing stream extends up to a




certain distance upstream from the orifice plate and therefore the pressure tap on the upstream side
is provided away from the orifice plate at a section where this effect is non-existent. However on the
downstream side the pressure tap is provided quite close to the orifice plate at a section where the
converging jet of fluid has the smallest cross-sectional area (which is known as veena- contracta)
resulting in the max.velocity of flow and consequently the min. pressure at this section. Therefore a
max. Pressure difference exists between the section 1 and 2, which is measured by connecting a
differential manometer between the pressure taps at these sections or connecting separate pressure
gauges. The jet of fluid coming out of the orifice gradually expands from the veena-contracta to again
fill the pipe. In case of an orifice meter an abrupt change in the cross- sectional area of the flow passage
is provided and there being no gradual change in the cross- sectional area of flow passage as in the
case of venture meter, there is a greater loss of energy in an orifice meter.

Let p1,p2 and vi,v, be the pressures and velocities at sections 1 and 2 respectively. Then for an
incompressible fluid, applying Bernoulli’s equation between section 1 and 2 and neglecting losses, we

have 5 5
By, =047 4y
-1 > 2
w 2g 29
P P
or CHz)-CGHz)="-"
1 w 2 29 2g
2 2
h="2 - (1)
Where h is the dlfferenc Sections 1 and 2. However if the
orifice meter is connected in a e h will represent the pressure

In deriving the above e dered, this expression gives the
theoretical velocity of flow atisectio it must be multiplied by a factor Cy,
called co-efficient of veIOC|ty, which is defined 0 betWeen the actual velocity and theoretical
velocity. Thus actual velocity-ef flow at sé'qtlo’rﬁZlE m;‘?%ed"as -

vy = CN2gh + v12 ) (3)

Further if a; and a; are the cross-sectional areas of pipe at section 1 and 2,
By continuity equation Q=a; vi=a; v (4)
The area of jet a; at section 2 (i.e. at veena- contracta) may be related to the area of orifice a, by the

fallowing expression
a, = Cc ao where Cc is known as co-efficient of contraction, which is defined as the ratio
between the area of the jet at veena - contracta and the area of orifice. Thus introducing the value of

a, in equation (4), we get
v =v C a By substituting this value of v in equation (3), we get

1 ZCal 1

2

v =CV2gh+v 20 2%°

2 v 2 c alz

Cy(v2gh)

Solving for v ,we get v
2 2

2
1=C 20 285
VI=C 22

v ¢ g2

Now Q = a;v; = Ccaovz and C.Cy, = Cq



Where Cy is the co-efficient of discharge of the orifice.




Simplifying the above expression for the discharge through the orifice meter by using a co-efficient C
expressed as

So that Q=""=Caa +2gr

J @2 0 1Var2—ap?

Q=Caa +2gh

0 1arz—agt
This gives the discflmarg(t)e through an orifice meter and is similar to the discharge through
venture meter. The co-efficient C may be considered as the co-efficient of discharge of an orifice
meter. The co-efficient of discharge for an orifice meter is smaller than that for a venture meter. This
is because there are no gradual converging and diverging flow passages as in the case of venture
meter, which results in a greater loss of energy and consequent reduction of the co-efficient of
discharge for an orifice meter.

PROBLEMS ON FLOW THROUGH PIPES

Given:

2 pg L by 1000 100

Let the rate of flow =Q

Applying Bernoulli’s equation to both sections i.e smaller and larger sections
P Vi Py V2P

+7Z ="+ " +7Z +Headloss due to enlargement

= 1 = 2 (1)

(V1—V2)?

But head loss due to enlargement,h, = ”

(2)

[}

From continuity equation, we have A; Vi=A,V, Vi = a2

D2 ve _ 0.48
o ( ) X Vz= (024) Va=22V; =4V,

=4
Vl
4

Substituting this value in equation (2), we get



h. = AV=V? _ (3V? _ 9va?
€ 2g 2g 2g

Now substituting the value of h. and V1 in equation (1)

P, V2
P 4V7)? = 9V,2
L (4v)® +7 + +7Z 4+ 92
Pg 2g Lopg 2 2 2g

16v2_ V2ot (ke )= (P HZ)

2 1

2g 2g 29 Pg Pg




But Hydraulic gradient rise = (& +Z7Z)— (& +Z)= (i) m
Pg 2 pg 1 100

2 Fx5-81-
6v2" _ (1_)m vV =v"7"" =0.1808 = 0.181m/sec
2 6x100

2g 100

CI:AZVZ:%DZZV2

Discharge
Vs
=5 (0.48)2 x 0.181 = 0.03275m3/sec = 32.75Lts/sec

2. A 150mm dia. pipe reduces in dia. abruptly to 100mm dia. If the pipe carries water at 30lts/sec,

calculate the pressure loss across the contraction. Take co-efficient of contraction as 0.6

Dia. of larger pipe D; = 150mm = 0.15m

Given:
Area of larger pipe A; = T (0.15)? = 0.01767m?
4

From continuity equation, Vthave Q
B =
“EM‘EC—? —

L @ >=003)
Vi . 0.01765_?\_
= 3.82 m/sec

V _Q _ 003
2 4, 0007854
Applying Bernoulli’s equation before and after contraction
Pq V12 | ) V22
T+ +Z =2+ +Z +h
Py 1 pg E 2 c (1)

pg 28

But Z; =Z; and h.the head loss due to contraction is given by the equation
06

ho= (¢ —1) =882 1)) = 033

29  Ce 2x9.81

Cc Zg

Substituting these values in equation (1), we get
+0.33

P11, (1.697)%2 _ P; +(3.82)2
Pg 2x9.81 pg 2x9.81



P 401467 =2 +0.7438 +0.33
pg pg

1 _ P2 = 07438 +0.33 — 0.1467 = 0.9271 m of Water

pg  PY

P1—P; =pg x0.9271 = 1000 X 9.81 x 0.9271 = 0.909 X 10* N/m2
=0.909 N/cm?

Pressure loss across contraction = P;- P, = 0.909N/cm?




3. Water is flowing through a horizontal pipe of diameter 200mm at a velocity of 3m/sec. A circular
solid plate of diameter150mm is placed in the pipe to obstruct the flow. Find the loss of head due to
obstruction in the pipe, if Cc =0.62.

Given: Diameter of pipe D =200mm = 0.2m
Velocity V = 3m/sec

Area of pipe A = % D*= {(0.2)2 =0.03141m?

Diameter of obstruction d = 150mm =0.15m

T
Area of obstruction a = " (0.15)2=0.01767m

Cc=0.62
. sz A 2
The head loss due to obstruction = _~ | —1]
29 C(A-a)
3x3 0.03141 2
: TP —1]
e e

e end pointing upstream and other
perpendlcular to it. The m?gﬁ velocity'In the P 80 of the centrgﬁelouty Find the discharge
through the pipe, if the pressure dlfferehge &f\ﬁh‘t‘é‘t}#o orifices is 60mm of water. Co-efficient
of Pitot tube Cy =0.98

Given: Diameter of pipe =300mm =0.3m
Difference of pressure head h = 60mm of water = 0.06m of water

Mean velocity V=0.80 X central velocity

Central velocity = C,W/2gh = 0.98 X v/2 X 9.81 x 0.06 = 1.063 m/sec
Mean velocity =0.8 X 1.063 = 0.8504m/sec

Discharge Q = Area of pipe X Mean velocity = A X V

=Z (0.3)2 x 0.8504

=0.06m3/sec



2. Find the velocity of flow of an oil through a pipe, when the difference of mercury level in a
differential U-tube manometer connected to the two tappings of the pitot tube is 100mm. Co- efficient
of pitot tube C =0.98 and sp.gr.of oil =0.8.
Given: Difference of mercury level x = 100mm = 0.1m
Sp.gr. of 0il =0.8, Cy =0.98
13.6

Difference of pressure head h = x [(S—m) -1 =01[(Z2D —-1]
s 0.8

= 1.6 m of oil

Velocity of flow=Cyv/2 X g X h =0.98/2 x 9.81 x 1.6 =5.49m/sec
=5.49m/sec

3. A pitot tube is used to measure the velocity of water in a pipe. The stag nature pressure head is
6m and static pressure head is 5m. Calculate the velocity of flow. Co-efficient of pitot tube is 0.98.

Given: Stag nature pressure head hs =6m
Static pressure head hy=5m

h=hs—h;=6-5=1m

4. A submarine moves horizontall elow the surface of the water. A pitot

Xis is.eonnected to the two limbs

s found toe be 170mm. Find the speed
e

tube is properly placed justin fro
of a U- tube containing meq_rgﬂy. The

of the sub-marine. Specific gravity of mercu‘i-y‘I 3 € Snd sea water is 1.026 with respect to fresh
water — b - i

Given: Difference of mercury level = 1770mm = 0.17m
Specific gravity of mercury S, =13.6,
Specific gravity of sea water S, = 1.026

h=x[®)—1]=017[2% - 1] = 3.0834
S 1.026

V=+v2gh =+2 x 9.81 x 2.0834

=6.393 m/sec

__ 6.393x60x60
1000

=23.01km/ hr



5. A pitot tube is inserted in a pipe of 300mm diameter. The static pressure in the pipe is 100mm of
mercury (Vacuum). The stagnation pressure at the centre of the pipe is recorded by Pitot tube is
0.981N/cm?. Calculate the rate of flow of water through the pipe. The mean velocity of flow is 0.85
times the central velocity Cy = 0.98

Given: Diameter of pipe d =0.3m
T
Area of pipe a = " (0.3)2 =0.07068m?

Static pressure head = 100mm of mercury = % X 13.6 =1.36m of water

0.981x10*

Stag nature pressure head = 000 X 981 =1m

h= Stagnation pressure head — static pressure head =1 — (- 1.36) = 2.36m

Velocity at centre = Cy \/Zg h=0.98v/2 X 9.81 X 2.36 = 6.668m/sec

Mean velocity 1= 0.85% 6.668 = 5.6678m/sec




PERFORMANCE OF
HYDRAULIC TURBINES
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Course Objective:
To become familiar about different types of turbines and able to analyze their performance
characteristics of turbines.

Course Outcome:

Understand the fundamentals of turbo machinery and measure the performance of different
types of turbines.

BASICS OF TURBO MACHINERY
HYDRO-DYNAMIC FORCE OF JETS:

The liquid comes out in the form of a jet from the outlet of a nozzle, the liquid is flowing under
pressure. If some plate, which may be fixed or moving, is placed in the path of the jet, a force is exerted
by the jet on the plate. This force is obtained by Newton’s second law of motion or from Impulse —
Momentum equation.

F=ma or F xdt=d(mv)

Thus the impact of jet means, the force exerted by the jet on a plate, which may be stationary or
moving.

a) Plateis vertica
b) Plateis inclined
c) Plateis curved

- i
2) Force exerted by the jet on a movi

=

a) Plateis vertical to the jet.

. - e
b) Plate is inclinedto the jet.\
c) Plateis curved.

MEMS_)

a) FORCE EXERTED BY THE JET ON A STATIONARY VERTICAL PLATE:

Consider a jet of water coming out from the nozzle, strikes a flat vertical plate.

a
<

Let V= Velocity of jet.

d = Diameter of jet.

r—— ——

a = Area of cross-section of jet. = %dz

The jet of water after striking the plate will move along

the plate. But the plate is at right angles to the jet.
Hence the jet after striking will be deflected through
90°.

Hence the component of the velocity of the jet, in the direction of jet, after striking will be
zero.



The force exerted by the jet on the plate in the direction of jet,

Fx = Rate of change of momentum in the direction of force.

__ Initial momentum—Final momentum

Time

__ Mass X Initial velocity — Mass X Final velocity

Time

_Mass itial veloci inal veloc
—m(lmtla velocity — Final velocity)

= (Mass/sec) X (Velocity of jet before striking — Final velocity of jet after striking)
=paV(V-o)
Fyx = paV?

For deriving the above equation, we have taken initial velocity minus final velocity and not final
velocity minus initial velocity. If the force exerted on the jet is to be calculated, then final velocity
minus initial velocity is to be taken. But if the force exerted by the jet on the plate is to be calculated,
then initial velocity minus final velocity is to be taken.

6 = Angle between the jet and
a = Area of cross-section.of jet.
I_:J-S

Mass of water per second §j.;fking the

pav i M

— 5 e

If the plate is smooth and there is no loss of
energy due to impact of the jet, the jet will

move over the plate after striking with a ;
G155 LSS BT

velocity equal to initial velocity. i.e. with a . PLATE .,

velocity V. Let us find the force exerted by the jet on the plate in the direction normal to the plate. Let
this force is represented by F,.

Then Fn = Mass of jet striking per second
X (Initial velocity of jet before striking in the direction of n
— Final velocity of jet after striking in the direction of n)
=paV(Vsin@—-0)=paV?sin f---m--mememmm- (1)

This force can be resolved in two components, one in the direction of the jet and the other
perpendicular to the direction of flow.

Then we have Fx = Component of F, in the direction of flow.



Fx = Fn,cos(90 — 0) = F,sinf — pal/2sin X sin 8




x = paV?2sin2g (1)

And F, = Component of F, in the direction perpendicular to the flow.

Fy = Fysin(90 — 0) = Frcos 8 = pav?sin6 X cos 0

F, = pav?sinfcos0 (2)
c) Force exerted by a jet on a stationary Curved plate:
i) Jet strikes the curved plate at the centre:

The jet after striking the plate comes out with
same velocity, if the plate is smooth and there is
no loss of energy due to impact of the jet, in the
tangential direction of the curved plate. The
velocity at the out let of the plate can be resolved
in to two components, one in the direction of the
jet and other perpendicular to the direction of jet.

Component of velocity in the direction of jet = =V Cos6

(-ve sign is taken as the velocity at out let is in theg@pposite direction of the jet of water coming out

from nozzle.)

Fx = Mass per

Where Vi = Initial velocity in th
V2 = Final velocity in the [
Fx=paV [V- (- / pad L)Y Te—— (1)

Similarly F, = Mass per sec

Where V4, = Initial velocity in.the directio "
V,, = Final velocity in the direction ofy =V sin@

Fy= paV [0-V Sinf] = —paV?Sing ---------——-- ()
-ve sign means the force is acting in the downward direction.
In this case the angle of deflection of jet = 180° -
ii) Jet strikes the curved plate at one end tangentially when the plate is symmetrical:
Let the jet strikes the curved fixed plate at one end
tangentially. Let the curved plate is symmetrical about x—

axis. Then the angle made by the tangents at the two
ends of the plate will be same.

Let V = Velocity of jet of water.
6 = Angle made by the jet with x—axis at the
inlet tip of the curved plate.




If the plate is smooth and loss of energy due to impact is zero, then the velocity of water at the out
let tip of the curved plate will be equal to V. The force exerted by the jet of water in the direction of
X
and y are

Fx = (mass/sec) X (Vix— V)

= paV [V Cosf — (—V Cos0)]
=2 paV? CosO
F, = paV (Vi,—V,,) = paV [V sin@ =V Sinf] =
iii) Jet strikes the curved plate at one end tangentially when the plate is un-symmetrical:

When the curved plate is unsymmetrical about x- axis, then the angles made by tangents drawn at
inlet and outlet tips of the plate with x- axis will be different.

Let 6 = Angle made by tangent at the inlet tip with x-axis.
@ = Angle made by tangent at the outlet tip with x-axis

The two components of velocity at inlet are

Vixk=Vcosf and Vi =V si

"'l-..

~ e ﬂ_'m
-
e
th ectlons ofxand 5
.
»

Fx = paV (Vix — \Y, (V Cos@ + \7‘t95
= > "
e ) .l.-'.'-

= paV (Vlz sz pa\A.{V MEMrﬁilmpaVZ smO Sin @)

FORCE EXERTED BY A JET ON MOVING PLATES

The fallowing cases of the moving plates will be considered:
a. Flatvertical plate moving in the direction of jet and away from the jet.
b. Inclined plate moving in the direction of jet and
c. Curved plate moving in the direction of jet or in the horizontal direction.

a) Force on flat vertical plate moving in the direction of jet:

Let a jet of water striking a flat vertical plate
moving with a uniform velocity away from the jet.

Let V = Velocity of jet.
a = Area of cross-section of jet.
u = Velocity of flat plate.

In this case, the jet does not strike the plate with a
velocity v, but it strikes with a relative velocity, which is




equal to the absolute velocity of jet of water minus velocity of the plate.

Hence relative velocity of the jet with respect to plate =V —u
Mass of water striking the plate per second

=p X Area of jet X velocity with which jet strikes the plate
=pa(V—u)
-~ Force exerted by the jet on the moving in the direction of the plate
Fx = mass of water striking per second X (Initial velocity with which water strikes — Final velocity)
=pa(V-u)[(V-u)-0l=pa (V-up (1)
Since final velocity in the direction of jet is zero.

In this, case the work will be done by the jet on the plate, as the plate is moving. For stationary
plates, the work done is zero.

~ The work done per second by the jet on the plate

In the above equation (2), if the ter is ta Inits (i.e.1000kg/m?3) the work

done will be in N m/s. The ter : t(W).

o e
= -

Let a jet of water strikes an inclined p  uniform velocity in the direction of
== O

jet. i
' 'ﬁ.__MEHE;' & i —U)

Let V = Absolute velocity of water. \

u = Velocity of plate in the direction of jet.

a = Cross-sectional area of jet

6 = Angle between jet and plate.

Relative velocity of jet of water=V —u

The velocity with which jet strikes=V —u
Mass of water striking per second = p a (V—u)

If the plate is smooth and loss of energy due to impact of the jet is assumed zero, the jet of water
will leave the inclined plate with a velocity equal to( V — u).

The force exerted by the jet of water on the plate in the direction normal to the plate is given as

Fn = Mass striking per sec x (Initial velocity in the normal direction with which jet strikes — final
velocity)



=pa(V-u)[(V—u)sind — 0]
= pa(V-u)? sin@

This normal force Fy, is resolved in to two components, namely F, and Fy in the direction of jet and
perpendicular to the direction of jet respectively.

Fyx=Fnsinf = pa(V — u)2sin20
Fy = Fncos6 = pa(V — w)?sinfcoso
Work done per second by the jet on the plate
=Fx X Distance per second in the direction of x
=Fx Xu =pa(V-u)’sin’d xu
=pa(V-u)u sin’0 Nm/sec
c) Force on the curved plate when the plate is moving in the direction of jet:

Let a jet of water strikes a curved plate at the centre of the plate, which is moving with a
uniform velocity in the direction of jet. (V - u) sin @

Let V = absolute velocity of jet.
a = area of jet.
u = Velocity of plate in

Relative velocity of jet of wate
jet strikes the curved plate =V —

If the plate is smooth an#ve loss gy .
impact of jet is zero, then the velocity with whigk
e

jet will be leaving the curved vane = (V—-u

This velocity can be resolved in to two components, one in the direction of jet and the other
perpendicular to the direction of jet.

Component of the velocity in the direction of jet = - (V —u) Cos@
(-ve sign is taken as at the out let, the component is in the opposite direction of the jet).
Component of velocity in the direction perpendicular to the direction of jet = (V — u) sinf
Mass of water striking the plate = pa X velocity with which jet strikes the plate.

=pa (V-u)
~Force exerted by the jet of water on the curved plate in the direction of jet Fy

Fx = Mass striking per sec [Initial velocity with which jet strikes the plate in
the direction of jet —Final velocity]
=pa(V -w)[(V —u) — (—=(V —u) cos §)]



= pa(V — u)?[1 + cos 6] (1)

Work done by the jet on the plate per second
= Fx XDistance travelled per second in the direction of x
=F,xu=palV—-—u)?[l+cosf] xXu
= pa(V —u)? X u[l+ cos @]

d) Force exerted by a jet of water on an un-symmetrical moving Curved plate when
Jet strikes tangentially at one of the tips:

Let a jet of water striking a moving
curved plate tangentially, at one of its tips.

As the jet strikes tangentially, the loss of
energy due to impact of the jet will be zero. In
this case as plate is moving, the velocity with
which the jet of water strikes is equal to the
relative velocity of jet with respect to the plate.
Also as the plate is moving in different direction
of the jet, the relative velocity at inlet wj

and velocity of the plate at inlet.
Let V1= Velocity of jet at inlg
u1= Velocity of the pl

V-, = Relative velocity o
inlet.

a = Angle betwe
8 = Angle made by relative velocit ir 'on'oﬂnotiqn atinlet.
hﬁ.‘__ . E%-m

(Vane angle at inlet)

Vw,and V¢, =The components of velocity of the jet Vs, in the direction of motion and
Perpendicular to the direction of motion respectively.
Vw,=Velocity of whirl atinlet.

V¢, =Velocity of flow atinlet.
V, =Velocity of jet at the outlet of the vane.
u; = Velocity of vane at outlet.
V., = Relative velocity of jet w.r.t the vane at the outlet.
B =Angle made by the velocity V, with direction of motion of vane at outlet.

¢ = Angle made by the relative velocity V;, with the direction of motion of the
Vane at outlet.
Vw,and V¢, = Components of velocity V, in the direction of motion of vane and
Perpendicular to the direction of motion of vane at outlet.
Vw, = Velocity of whirl at outlet.

V, =Velocity of flow at outlet.



The triangles ABD and EGH are called velocity triangles at inlet and outlet.

Velocity triangle at inlet: Take any point A and draw a line AB = V; in magnitude and direction which
means line AB makes an angle a with the horizontal line AD. Next draw a line AC = u; in magnitude.
Join Cto B. Then CB represents the relative velocity of the jet at inlet. If the loss of energy at inlet due
toimpactis zero, then CB must be in the tangential direction to the vane at inlet. From B draw a vertical
line BD in the downward direction to meet the horizontal line AC produced at D.

Then BD = Represents the velocity of flow atinlet= Vy,
AD = Represents the velocity of whirl atinlet =V,
£BCD =Vane angle atinlet =6

Velocity triangle at outlet: If the vane surface is assumed to be very smooth, the loss of energy due
to friction will be zero. The water will be gliding over the surface of the vane with a relative velocity
V:, and will come out of the vane with a relative velocityV,. This means that the relative velocity at
out let V;, = V;, . The relative velocity at outlet should be in tangential direction to the vane at outlet.

Draw EG in the tangential direction of the vane at outlet and cut EG = V;,. From G, draw a line
GF in the direction of vane at outlet and equal to u,, the velocity of vane at outlet. Join EF. Then EF
represents the absolute velocity of the jet at outlet.i
line EH to meet the line GF produced at H.

magnitude and direction. From E draw a vertical

iy hRND

If vane is smooth and is having ve ion4 g letand outlet equal, then we
have

U =uU=u= Vei(_)_cjt3_1 of vane,in bMEerEn_qﬁ.motion fmd_
Vi, =V, .
Now mass of water striking the vane persecond paV,,
Where a= area of jet of water, I, = Relative velocity at inlet.
~ Force exerted by the jet in the direction of motion
Fx = Mass of water striking per second X [Initial velocity with which jet strikes in the
direction of motion — Final velocity of jet in the direction of motion]-------- (2)

But initial velocity with which jet strikes the vane =V,

The component of this velocity in the direction of motion = V;, cos 8 (Vw, —u1) similarly, the
component of relative velocity at the outlet in the direction of motion

=V,,cos0 = —[uz + Vu,]



Ve sign is taken as the component of the relative velocity V., in the direction of motion is in the
opposite direction

Substituting the equation (1) and all the above values of the velocities in equation (2), we get
Fr=paVy [(Vw, —u1) — {—(uz + Vw,)}] = paV, [Vw, —u1r + uz — Vi, ]

=paVy, [Vw, + Vuw,] (3) sinceur = uy

The equation (3) is true only when anglef is an acute angle. If $=90°, then V,, = 0
Then equation (3) becomes as Fx=p a Vi1 V1
If B is an obtuse angle, then the expression for Fx will become
Fy=paVe,(Vw, — Vw,)
Thus in general, Fxis writtenas  Fx= paVy, (Vw, £ Vw,)
Work done per second on the vane by the jet

= Force X distance per second in the direction of force

(5)

Work done/second per unit mass of quid.s.trinE

-— ———
i

_ .paVrl [le'iVWZ].X'u Nm/s _ paVry [V £V wy]xu Nm/kg
weight of fluid striking/s kg/s paVrq

= (Vw, = Vu,) X u Nm/kg (7)

Efficiency of jet: The work done by the jet on the vane given by equation (5) is the output of the jet
whereas the initial kinetic energy of the jet is the input. Hence the efficiency of jet is expressed as

Out put __ Work done per second on the vane
Input Initial K.E per second of the jet

Efficiency n =

_ paVri[VwiVwylXu

T
—mV.,2
2 1

Where m = Mass of fluid per second in the jet =paVy

— 1
V1 = Initial velozity of jet (paV1)xV1?

_ paVr

Efficiency n

[VwiEVw,lXu



(8)

‘S i

o




PROBLEMS

1. Water is flowing through a pipe at the end of which a nozzle is fitted. The diameter of the nozzle is
100 mm and the head of the water at the centre of the nozzle is 100m. Find the force exerted by the
jet of water on a fixed vertical plate. The co-efficient of velocity is given as 0.95.

Given: Diameter of nozzle d=100mm =0.1m

s ( )2 2
Area of nozzle = p X *0.1° = 0.00785m

Head of water H = 100m

Co-efficient of velocity C, = 0.95

Theoretical velocity of jet of water Vin =v2gh =+/2 X 9.81 x 100 = 44.294m/sec

Actual velocity

But C/ =

Theoritical velocity

- Actual velocity of jet of water = C, X Vi, =0.95 X 44.294 = 42.08m/sec

Force exerted on a fixed vertical plate

F=palz =1000 x X (42,
|
F=13907.2N=1
L)
2. A jet of water of diameter 75mim movin velocity of c strikes a fixed plate in such a
way that the angle between th plate'is 60°. Find th ted by the jet on the plate

o

i In the direction nq_f_:_qal te

ii.  Inthe direction of the jet.
b

Given: Diameter of the jet d =7_5mrni

_?,a gans

Area of the jet Ex 0.075)2 = 0.004417m2

Velocity of jet V =25m/sec
Angle between jet and plate 6 = 60°

i) The force exerted by the jet of water in the direction normal to the plate
F, = paV2sind = 1000 x 0.004417 x (25)2sin 600
Fn =2390.7N
ii) The force in the direction of jet
F. = paV2sin2 = 1000 x 0.004417 X (25)% X sin2600

Fy =2070.4 N



3. A jet of water of dia.50mm moving with a velocity of 40m/sec strikes a curved fixed symmetrical
plate at the centre. Find the force exerted by the jet of water in the direction of jet, if the direction of
jet is deflected through an angle of 120° at the out let of curved plate.

Given: Dia. of jet d = 0.05m

s

] ( )2 2
Areaof jet a= ” X *0.05" = 0.001963m

Velocity of jet V =40m/sec
Angle of deflection =180 -6 =180—-120 = 60°

Force exerted by the jet on the curved plate in the direction of jet

Fy = paV2[1+ cosb]
F, =1000 X 0.001963 x (40)2 X [1 + cos 60°]
Fy=4711.15N

4. A jet of water of dia. 75mm moving with a velocity of 30m/sec strikes a curved fixed plate
tangentially at one end at an angle of 30° to the horizontal. The jet leaves the plate at an angle of 20°

to the horizontal. Find the force exerted b a.plate in the horizontal and vertical direction.

Given:

The force exerted by the jet of water on pﬁi\;ﬁ'mﬁg?al direction Fx

Fx = paV?[cos @ + cos @]
= 1000 % 0.004417[cos 300 + cos 20°] x (30)2
Fy=7178.2N
The force exerted by the jet of water on the plate in vertical direction F,
F, = paV?[sin 6 — sin @]
= 1000 x 0.004417[sin 300 — sin 20°] x (30)?

F, = 628.13N

5. A nozzle of 50mm dia. delivers a stream of water at 20m/sec perpendicular to the plate that
moves away from the plate at 5m/sec. Find:

i) The force on the plate.

ii) The work done and



iii) The efficiency of the jet.
Given: Dia. of jet d =50mm =0.05m,

. s
Area of jeta = 7 (0.05)? =0.0019635 m?

Velocity of jet V =20m/sec,
Velocity of plate u=5m/sec

i) The force on the plate Fy = pa(V —u)?
F, =1000 % 0.0019635 x (20 — 5)2

Fx=441.78 N

ii) The work done by the jet =F,Xu

= 44178 X 5

=2208.9Nm /s

iii) The efficiency of the jet n = output Of,jet

6. A 7.5cm dia. jet having a velocity of 30m/sec strikes a flat plate, the normal of which is inclined at
45° to the axis of the jet. Find the normal pressure on the plate:

i.  When the plate is stationary and

iii. When the plate is moving with a velocity of 15m/sec away from the jet. Also determine the
power and efficiency of the jet when the plate is moving.

Given: Dia. of thejet d=7.5cm =0.075m

T
Area of jeta = 2 (0.075)* =0.004417m?

Angle between jet and plate 6 =90° —45° =45°
Velocity of jet V =30m/sec

i) When the plate is stationary, the normal force F, on the plate is

Fn = paV2sin® = 1000 x 0.004417 X (30)% X sin 450

=2810.96 N



ii) When the plate is moving with a velocity of 15m/sec away from the jet, the normal force on the
plate Fr




Fn = pa(V —u)?sinf = 1000 x 0.004417 X (30 — 15)2 X sin 450

=702.74 N
ili) The power and efficiency of the jet, when the plate is moving is obtained as

Work done /sec by the jet
= Force in the direction of jet x Distance moved by plate in the direction of jet/sec
Fy=F,sinfO = 702.74 X sin450 =4969 N

=F,Xu Where

Work done/ sec =496.9 X 15 = 7453.5Nm/s
=7.453 kW

Work done /sec _ 7453.5
1000

Power in kW = 1000

Out put _ Work done per sec

K.E of jet per sec

Efficiency of jet =

Input
_ 74535  _ 74535
- %(paV)xV2 - %paV3

ate a% centry locity of 20m/sec. the curved
of he jet is deflected through an

¢ in“the direction

Force exerfepl on the

Power of jgl’.“
Efficiency ofjet._

Given: Dia. of jetd =7.5cm =0.075m
s
Area of jeta = . (0.075)> =0.004417m?

Velocity of jet V = 20m/sec
Velocity of plate u = 8m/sec

Angle made by the relative velocity at the out let of the plate 8 = 180 °-165° =15°

i) Force exerted by the jet on the plate in the direction of jet
Fy= pa(V —u)%(1+ cos 6)

F, = 1000 x 0.004417 x (20 — 8)2[1 + cos 15]

=1250.38N

ii) Work done by the jet on the plate per second



FyXu




=1250.38 x 8

=10003.04 Nm/s

10003.04
1000

= 10kW

Power of jet =

Work done per sec

Ou
iii) Efficiency of the jet = put = K Eof jet per see

Input

1250.38 x 8 1250.38 x 8

E‘paV.V 2 T 12><1000 %0.004417 X (20)203

=0.564 =56.4%

8. A jet of water having a velocity of 40m/sec strikes a curved vane, which is moving with a velocity of
20m/sec. The jet makes an angle of 30° with the direction of motion of vane at inlet and leaves at an
angle of 90° to the direction of motion of vane at out let. Draw velocity triangles at inlet and outlet
and determine vane angles at inlet and outlet, so that the water enters and leaves the vanes without
shock.

Given: Velocity of jet V1 = 40m/s

Vane angles atinlet and outlet are 6 an%MEuﬁ_? !

From A BCD we have tan 0= __ D _

CD  AD-AC Vyw;—w1

0
Where Vi, =Visina =40 Xsin30 = 20m/s

Vw =Vicosa =40 X cos30° = 34.64 m/s

1
ur = 20m/s

20 20
= Taer — = 0
3464—20  14.64 = 1.366 = tan 53.79

tan @ =

0 =53.79%0r 53047.4

v
Also from ABCD we have sinf = /!

orV _Vn 20 =24.78m/s

Vry ™ sin@  sin53.79°

V., =24.78m/s



But V,, =V, =2478

Hence, From AEFG, cos® = 2 i =0.8071 = cos 36.180

Ve, 2478




®»=36.18°0r 36° 10.8

9. A stationary vane having an inlet angle of zero degree and an outlet angle of 25°, receives water at
a velocity of 50m/sec. Determine the components of force acting on it in the direction of jet velocity
and normal to it. Also find the resultant force in magnitude and direction per unit weight of the flow.

Given: Velocity of jet V =50m/sec
Angle at outlet =25°
For the stationary vane, the force in the direction of jet.

F. = Mass per sec X [Vix — Vol

Where Vi,=50m/sec, Vx = —50 cos 250 = —45.315

. Force in the direction of jet per unit weight of water F

F = Mass/ sec[50—(—45.315)] __ Mass/sec[504+45.315]
. =

Weight of water /sec (mass/sec)xg
_ 95315 _ g NN
9.81

Force exerted by the jet in perpendicular d per unit weight of flow

Viy=0 Va,=50sin250

e - E '? b

-~ Resultant Force per unit weight of water Fg = VF2 + F,?

Fr = V(9.716)2 + (2.154)2 =9.952N

The angle made by the Resultant Force with x- axis

tan 6= ¥ = 2% _ 92217

Fx 9.716

0 =tan-10.2217 = 12.50°



10. A jet of water diameter 50mm moving with a velocity of 25m/sec impinges on a fixed curved plate
tangentially at one end at an angle of 30° to the horizontal. Calculate the resultant force of the jet on
the plate, if the jet is deflected through an angle of 50°. Take g=10m/sec?.

Given:
Dia. of jet d =50mm = 0.05m,

Vs
Areaofjet a = (0.05)2 =0.0019635 m?

Velocity of jet V = 25m/sec,

Angle made by the jet at inlet with horizontal 6 = 30°

Angle of deflection = 50°

Angle made by the jet at the outlet with horizontal @
@ = 6 + angle of deflection = 30°+50° = 80°

The Force exerted by the jet of water in the direction of x

Where p = 1000
a =2(0.05)2
4

Vix=V cos 300 = 2
Vax=V cos800 =

F, = 1000 x £(0.05)’ 3 . S ='849.7 N
4 -

The Force exerted by the '{_g,of
-1

F, éaV(V
F, = 1000 X (0.05)? itq‘e‘sﬂsﬁﬁoﬁ-:;s sin 800} = —594.9 N
4

- ve sign shows that Force F, is acting in the downward direction.

The Resultant force Fr= VF2 + F)2

= V(849.7)2 + (594.9)2
=1037N

Angle made by the Resultant Force with the Horizontal

Fy 5949
tana =~ = =0.7

Fx 849.7

a =tan-10.7 = 35°



HYDRAULIC TURBINES

Turbines are defined as the hydraulic machines which converts hydraulic energy in to mechanical
energy. This mechanical energy is used in running an electric generator which is directly coupled to
the shaft of Turbine. Thus mechanical energy is converted in to electrical energy. The electric power
which is obtained from the hydraulic energy is known as the Hydro-electric power.

Efficiency of a Turbine: The following are the important efficiencies of Turbine.

a) Hydraulic Efficiency, nn
b) Mechanical Efficiency, fjm
c) Volumetric Efficiency, v
d) Overall Efficiency, o

a) Hydraulic Efficiency (ns): it is defined as the ratio of power given by the water to the runner of a
turbine (runner is a rotating part of a turbine and on the runner vanes are fixed) to the power supplied
by the water at the inlet of the turbine. The power at the inlet of the turbine is more and this power
goes on decreasing as the water flows over the vanes of the turbine due to hydraulic losses as the
vanes are not smooth. Hence power delivered to the runner of the turbine will be less than the power
available at the inlet of the turbine.

__ Power delivered to theru

Nn

W.P = power supplied at inlet of turk

Where W =weight of water strikingt.h'e vanes of the t'erine persecond=p g Q
Q = Volume of water per second

Vw, =Velocity of whirl atinlet.
Vw, =Velocity of whirl at outlet
u  =Tangential velocity of vane
u1  =Tangential velocity of vane at inlet of radial vane.
u; = Tangential velocity of vane at outlet of radial vane.
H = Net head on the Turbine.

Power supplied at the inlet of the turbine in S | Units is known as Water Power.
_ pXgXQxH
~ 1000

W.P (For water p = 1000Kg/m?)

1000xgxQxH

1000 =gXxQXxHkwW

b) Mechanical Efficiency (17:): The power delivered by the water to the runner of a turbine is
transmitted to the shaft of the turbine. Due to mechanical losses, the power available at the shaft of
the turbine is less than the power delivered to the runner of the turbine. The ratio of power available



at the shaft of the turbine (Known as S.P or B.P) to the power delivered to the runner is defined as
Mechanical efficiency.




_ Power at the shaft of the turbine _SP
Nm  Power delivered by the water to the runner R.P

c) Volumetric Efficiency (17,): The volume of the water striking the runner of the turbine is slightly less
than the volume of water supplied to the turbine. Some of the volume of the water is discharged to
the tailrace without striking the runner of the turbine. Thus the ratio of the volume of the water
supplied to the turbine is defined as Volumetric Efficiency.

__ Volume of water actually striking the Runner
by =

Volume of water supplied to the Turbine
d) Overall Efficiency (10): It is defined as the ratio of power available at the shaft of the turbine to
the power supplied by the water at the inlet of the turbine.

__ Power available at the shaft of the turbine _ Shaft power
Mo Power supplied at the inlet of the turbine Water power

_SP _ SP _RP
wp ~— wpP " RP

g RP
RP w.P
No=Mm X Nn

represented by P.

Water power in kw

CLASSIFICATION OF HYDRAULIC TURBINES; /W |- 11 & .
- %

The Hydraulic turbines are classified according to the type of energy available at the inlet of the
turbine, direction of flow through the vanes, head at the inlet of the turbine and specific speed of the
turbine. The following are the important classification of the turbines.

1. According to the type of energy at inlet:
(a) Impulse turbine and
(b) Reaction turbine
2. According to the direction of flow through the runner:
(a) Tangential flow turbine
(b) Radial flow turbine.
(c) Axial flow turbine
(d) Mixed flow turbine.
3. According to the head at inlet of the turbine:

(a) High head turbine



(b) Medium head turbine and




(c) Low head turbines.
4. According to the specific speed of the turbine:
(a) Low specific speed turbine
(b) Medium specific speed turbine
(c) High specific speed turbine.

If at the inlet of turbine, the energy available is only kinetic energy, the turbine is known as
Impulse turbine. As the water flows over the vanes, the pressure is atmospheric from inlet to outlet
of the turbine. If at the inlet of the turbine, the water possesses kinetic energy as well as pressure
energy, the turbine is known as Reaction turbine. As the water flows through runner, the water is
under pressure and the pressure energy goes on changing in to kinetic energy. The runner is
completely enclosed in an air-tight casing and the runner and casing is completely full of water.

If the water flows along the tangent of runner, the turbine is known as Tangential flow turbine. If
the water flows in the radial direction through the runner, the turbine is called Radial flow turbine. If
the water flows from outward to inwards radially, the turbine is known as Inward radial flow turbine,
on the other hand, if the water flows radially from inward to outwards, the turbine is known as
outward radial flow turbine. If the water flows through the runner along the direction parallel to the

axis of rotation of the runner, the turbine is callegdsaxial flow turbine. If the water flows through the

. bucket along the tangent of the

et of.the turbine s only
this turbine is used f

runner. The energy available a ergy. The pressure at the inlet

ads a_nd is named after L.A.Pelton

-

and out let of turbine is atmosphg
an American engineer. :

The nozzle increases the kinéticenergy of the water owing :c‘hrough the penstock. At the outlet of the
nozzle, the water comes out in the form of a jet and strikes the buckets (vanes) of the runner. The
main parts of the Pelton turbine are:

Nozzle and flow regulating arrangement (spear)
Runner and Buckets.
Casing and

A wwnN e

Breaking jet

1. Nozzle and flow regulating arrangement: The amount of water striking the buckets (vanes) of the
runner is controlled by providing a spear in the nozzle. The spear is a conical needle which is operated
either by hand wheel or automatically in an axial direction depending upon the size of the unit. When
the spear is pushed forward in to the nozzle, the amount of water striking the runner is reduced. On
the other hand, if the spear is pushed back, the amount of water striking the runner increases.

2. Runner with buckets: It consists of a circular disc on the periphery of which a number of buckets
evenly spaced are fixed. The shape of the buckets is of a double hemispherical cup or bowl. Each
bucket is divided in to two symmetrical parts by a dividing wall, which is known as splitter.



The jet of water strikes on the splitter. The splitter divides the jet in to two equal parts
and the jet comes out at the outer edge of the bucket. The buckets are shaped in such a way that the
jet gets deflected through an angle of 160 °or 170°. The buckets are made of cast Iron, cast steel,
Bronze or stainless steel depending upon the head at the inlet of the turbine.

3. Casing: The function of casing is to prevent the splashing of the water and to discharge the water
to tailrace. It also acts as safeguard against accidents. It is made of Cast Iron or fabricated steel plates.
The casing of the Pelton wheel does not perform any hydraulic function.

4. Breaking jet: When the nozzle is completely closed by moving the spear in the forward direction,
the amount of water striking the runner reduces to zero. But the runner due to inertia goes on
revolving for a long time. To stop the runner in a short time, a small nozzle is provided, which directs
the jet of water on the back of the vanes. This jet of water is called Breaking jet.

Velocity triangles and work done for Pelton wheel:

The jet of water from the nozzle strikes the bucket at the splitter, which splits up the jet into
two parts. These parts of the jet, glides over the inner surfaces and comes out at the outer edge. The
splitter is the in let tip and outer edge of the bucket is the outlet tip of the bucket. The inlet velocity
triangle is drawn at the splitter and outer velocity triangle is drawn at the outer edge of the bucket.
Let

H = Net head acting on the Pelton Wheel

=Hy—hy
(a)
Where H 4= Gross Head
4fLV?
hr =1 x2g
Where D*=diameter of pensto ANGLE OF

D = Diameter of Wheel,
d = Diameter oflgf
N = Speed of the wheel inr.p. m MF M ;

_ DEFLECTION

Then V; = Velocity of jet at mIet \/ZgH

The Velocity Triangle at inlet will be a straight line where
Vrl =Vi—wumi=Vi—u
0 0
Vw,=V1i a=0 and 6 =0
From the velocity triangle at outlet, we have
Ve, =Vy andVy, =V,,cos @ —u

The force exerted by the Jet of water in the direction of motion is

Fy = pavl[le + VWZ] (1)

As the angle B is an acute angle, +ve sign should be taken. Also this is the case of series of

Vs
vanes, the mass of water striking is paViand notpaV/;, . In equation (1) ‘a’ is the area of the jet = 4 d?



Now work done by the jet on the runner per second




=FxXu=paVi[Vw, +Vw,] Xu Nm/s

Vi[Viy Vi, 1%
Power given to the runner by the jet = ** Vi tVylxu W
1000

VilViy +Voy
Work done/s per unit weight of water striking/s = __"-. Vgl

. TriKi
Weightof water— 9

N

=paV1[VW1+Vw2]><u = ! [/ +V ] Xu (3)

pavixg g "t w2

The energy supplied to the jet atinlet is in the fi)rm of quetlc energy
. K.E. of jet per second = "mV2= (paV ) X V 2
2 2

Work done per second

Hydraulic efficiency, n, =

K.E.of jet per second
paVa[Vwi+Vw,y]xu
= (paV )XV
2 11
_ 2[Vwi+Vwy]Xu
= o (4)
Now
And

2(V1—w)[1+cos @ Ju
Vlz "_'_"-.
The efficiency will be maximum for a given value of /1 when
d ﬂ ) -0 or i[Zu(Vl—u)[1+cos®]] —0

(5) MEMWMS

E du V12
(14cos®) 4
i — 2) —
Or VT w QuVy —2u?) =0
or 4 2uv —2uz] =0 RS
du 1 Vy2
4%
or 2V, —4u = Or u=" (6)

Equation (6) states that hydraulic efficiency of a Pelton wheel will be maximum when the velocity of
the wheel is half the velocity of the jet water at inlet. The expression for maximum efficiency will be
obtained by substituting the value of u = in equation (5)

2

v v
2(V1— ) (A+cos9)x)
Vi

Max. nn =

2V>;h(1+cos (0] (14+cos®)
)_
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RADIAL FLOW REACTION TURBINE:

In the Radial flow turbines water flows in the radial direction. The water may flow radially from
outwards to inwards (i.e. towards the axis of rotation) or from inwards to outwards. If the water flows
from outwards to inwards through the runner, the turbine is known as inwards radial flow turbine.
And if the water flows from inwards to outwards, the turbine is known as outward radial flow turbine.

Reaction turbine means that the water at the inlet of the turbine possesses kinetic energy as
well as pressure energy. As the water flows through the runner, a part of pressure energy goes on
charging into kinetic energy. Thus the water through the runner is under pressure. The runner is
completely enclosed in an air-tight casing and the runner is always full of water.

Main parts of a Radial flow Reaction turbine:

1. Casin
_ & hani SPIRAL CASING TR IO
2. Guide mechanism GHNER

3. Runnerand

4. Draft tube.
1. Casing: in case of reaction turbine, casing
and runner are always full of water. The
water from the penstocks enters the casing
which is of spiral shape in which area of
cross-section one of the casing goes
decreasing gradually. The casing comg
surrounds the runner of the tugbi
water enters the runner at consta
throughout the circumference
2. Guide Mechanism: It consist ircular wheel alifakound the runner of the turbine.
on the gwde rﬁhan' m ATh ide vanes allow the water to

o

strike the vanes fixed on the ru Vi inl suitable arrangement, the width

The stationary guide vanes aré

between two adjacent van'érs pf guic hat the amount of water striking
the runner can be varied. = :
3. Runner: It is a circular wheel on whicha sdifﬂﬂtﬁal_cgrved vanes are fixed. The surfaces of the
vanes are made very smooth. The radial curved vanes are so shaped that the water enters and leaves
the runner without shock. The runners are made of cast steel, cast iron or stain less steel. They are
keyed to the shaft.

4. Draft - Tube: The pressure at the exit of the runner of a reaction turbine is generally less than
atmospheric pressure. The water at exit can’t be directly discharged to the tail race. A tube or pipe of
gradually increasing area is used for discharging the water from the exit of the turbine to the tail race.
This tube of increasing area is called draft-tube.

Inward Radial Flow Turbine: In the inward radial flow turbine, in which case the water from the casing
enters the stationary guiding wheel. The guiding wheel consists of guide vanes which direct the water
to enter the runner which consists of moving vanes. The water flows over the moving vanes in the
inward radial direction and is discharged at the inner diameter of the runner. The outer diameter of
the runner is the inlet and the inner diameter is the outlet.

Velocity triangles and work done by water on runner:

Work done per second on the runner by water

= paVi[Vw,u1 £ Vi, uz]



1) alhi=0Q

= pQ[Vw1u1 T VWZuZ]
The equation represents the energy transfer per second to the runner
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= Velocity of whirl atinlet

Where V,, =
Vw, = Velocity of whirl at outlet

u = TaBg;(e]Qtlal velocity at inlet
, Where D = Quter dia. Of runner,

60
u; = Tangential velocity at outlet

D2 XN
60
Where D1 = Inner dia. Of runner
N =Speed of the turbine in r.p.m
The work done per second per unit weight of water per second =

I uz ‘/Wz' 5
e Runner

work done per second
weight of water striking per second
PQ[Vwiu1tVw,yuz]
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R.P. = Runner Power i.e. power delivered by water to the runner

Where .P.
W.P. = Water Power
If the discharge is radial at outlet, then V,, =0
= Ywu1
M= "yq

The following terms are generally used in case of reaction radial flow turbines which are

Definitions:
defined as:
1. Speed Ratio: The speed ratio is defined as= -4
V2gH
u; =tangential velocity of wheel at inlet

Where



2. Flow Ratio: The ratio of velocity of flow at inlet (Vr, ) to the velocity given V2gH is known as the
flow ratio.

_'n

Where H =Head on turbine

V2gH




3. Discharge of the turbine: The discharge through a reaction radial flow turbine is
Q =nD1B1 X Vfl =mnD;B; X sz

Where D1 = Dia of runner at inlet
D, = Dia of runner at outlet
B1 = Width of the runner at inlet
B> = Width of runner at outlet
V¢, = Velocity of flow at inlet
V¢, = Velocity of flow at outlet

If the thickness of the vanes are taken into consideration then the area through which flow takes
place is given by

=mDi—nxXt Where n = Number of vanes and
t = Thickness of each vane
4. Head: The (H) on the turbine is given by

H =21, 7® Where P =Pressure atinlet

6. If there is no loss of e?g?gy when the waté
through the vanes then we have ﬁ“ E

V2 1
2g —[leul + Vw,uz]

FRANCIS TURBINE:

The inward flow reaction turbine having radial discharge at outlet is known as Francis Turbine.
The water enters the runner of the turbine in the radial direction at outlet and leaves in the axial
direction at the inlet of the runner. Thus the Francis turbine is a mixed flow type turbine.

The velocity triangle at inlet and outlet of the Francis turbine are drawn in the same way as in
case of inward flow reaction turbine. As in case of inward radial flow turbine. The discharge of Francis
turbine is radial at outlet; the velocity of whirl at outlet (V,) will be zero. Hence the work done by

water on the runner per second will be

=p Q [VW1 ul]



The work done per second per unit weight of water striking/sec = 1_[V u]

gW11

Vwiui
gH

Hydraulic efficiency nn =

Important relations for Francis turbines:

1. The ratio of width of the wheel to its diameter is given

asn = %. The value of n varies from 0.10 to 0.40
1

2. The flow ratiois given as

. Vr
Flow ratio = _—__ 3nd varies from 0.15 to 0.30
\2gH
3. Thespeedratio = “L— varies from 0.6 to 0.9
V2gH

Outward radial Flow Reaction Turbine:

radial direction and is discharges e r NAGRT he inner diameter of the runner
is inlet and outer diameter is the

The velocity triangles 3 ame procedure as adopted for
inward flow turbine. The wo yer second, the horse power
developed and hydraulic efficienc vil : “ ined from tk )City triangles. In this case as the inlet
of the runner is at the inner dia r ' elogity at inlet will be less than

that of an outlet. i.e.

ur < U As D1 <D

All the working conditions flow-through Mrgr
blades without shock. As such eddy losses which are
inevitable in Francis and propeller turbines are
almost completely eliminated in a Kaplan turbine.

The discharge through the runner s
obtained as .

Q=_D2-D ) xV
4 0 b f1

Where Dy = outer diameter of the runner

D, = Diameter of the hub

V¢, =Velocity of flow atinlet

Important points for Kaplan turbine:

1. The peripheral velocity at inlet and outlet are equal.

_ mDoN
W =uz = o

Where Dy = Outer diameter of runner.

2. Velocity of flow at inlet and outlet are equal.



Vi, =Vy,

Area of flow at outlet

3. Area of flow at inlet
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AXIAL FLOW REACTION TURBINE:

If the water flows parallel to the axis of the rotation shaft the turbine is known as axial flow
turbine. If the head at inlet of the turbine is the sum of pressure energy and kinetic energy and during
the flow of the water through the runner a part of pressure energy in converted in to kinetic energy,
the turbine is known as reaction turbine.

For axial flow reaction turbine, the shaft of the turbine is vertical. The lower end of the shaft
is made longer known as “hub” or “boss”. The vanes are fixed on the hub and acts as a runner for the
axial flow reaction turbine. The important types of axial flow reaction turbines are:

1. Propeller Turbine
2. Kaplan Turbine

When the vanes are fixed to the hub and they are not adjustable
the turbine is known as propeller turbine. But if the vanes on the
hub are adjustable, the turbine is known as Kaplan turbine. This
turbine is suitable, where large quantity of w
available.

The main parts of the Kaplan turh

Scroll casing
Guide vanes mechanis

Hub with vanes or run
Draft tube

P wWwNR

the Kaplan turbine turns thr9ugh aright a‘ngIeMtFrtﬂq aﬁ'al
angle direction and then posses throughithe runner. The

runner of the Kaplan turbine has four or six or eight in some

cases blades and it closely resembles a ships propeller. The
blades (vanes) attached to a hub or bosses are so shaped

that water flows axially through the runner.

The runner blades of a propeller turbine are fixed but

the Kaplan turbine runner heads can be turned about their
own axis, so that their angle of inclination may be adjusted
while the turbine is in motion. The adjustment of the
runner blades in usually carried out automatically by means
of a servomotor operating inside the hollow coupling of
turbine and generator shaft. When both guide vane angle
and runner blade angle may thus be varied a high efficiency
can be maintained over a wide range of operating |
conditions. i.e. even at part load, when a lower discharge is

following through the runner a high efficiency can be

attained in case of Kaplan turbine. The flow



through turbine runner does not affect the shape of velocity triangles as blade angles are
simultaneously adjusted, the water under all the working conditions flows through the runner blades
without shock. The eddy losses which are inevitable in Francis and propeller turbines are completely
eliminated in a Kaplan Turbine.

Working Proportions of Kaplan Turbine:

The main dimensions of Kaplan Turbine runners are similar to Francis turbine runner.
However the following are main deviations,

d . . .
i.  Choose an appropriate value of the ration = where d in hub or boss diameter and D is

runner outside diameter. The value of n varies from 0.35 to 0.6

ii.  Thedischarge Q flowing through the runner is given by
=2(D* - a)V =2 (D? - a)yVZgH
4 4

The value of flow ratio 1 for a Kaplan turbine is 0.7

iiii. The runner blades of the Kaplan turbine are twisted, the blade angle being greater at the outer
tip than at the hub. This is because the peripheral velocity of the blades being directly
proportional to radius. It will valy from section to section along the blade, and hence in order
to have shock free entry and exit of wateruer the blades with angles varying from section to

DRAFT TUBE:

The draft tube is a pipé nects the outlet of the runner

to the tail race. It is used for dis urbine to the tail race. This pipe
ube is connected to the outlet
er in the tail race. The draft tube

g two purposes also:

of gradually increasing area is
of the runner and the other end s
in addition to save a passag'e for

1. It permitsa negatlve head to b€ estab e outlet of the runner and their by increase
the net head on the turbine. The-tur'MEnM‘l;?e placed above the tail race without any loss
of net head and hence turbine may be inspected properly.

. S VoA, . .
2. It converts a large portion of the kinetic energy (2_) rejected at the outlet of the turbine
29
into useful energy. Without the draft tube the kinetic energy rejected at the turbine will go

waste to the tail race.

Hence by using the draft tube, the net head on turbine increases. The turbine develops more
power and also the efficiency of the turbine increase.

If a reaction turbine is not fitted with a draft tube, the pressure at the outlet of the
runner will be equal to atmospheric pressure. The water from the outlet of the runner will
discharge freely into the tail race. The net head on the turbine will be less than that of a reaction

2
turbine fitted with a draft tube. Also without draft tube the kinetic energy (VZ_) rejected at the
29
outlet of the will go water to the tail race.
Types of Draft Tube:

1. Conical Draft Tube
2. Simple Elbow Tubes
3. Moody Spreading tubes



4. Elbow Draft Tubes with Circular inlet and rectangular outlet




The conical draft tubes and moody spreading draft tubes are most efficient while simple elbow
draft tube and elbow draft tubes with circular inlet and rectangular outlet require less space as
compared to other draft tubes.

Draft
tube

theory: Consider a conical draft tube
Hs = Vertical height of draft tube above tail race
Y= Distance of bottom of draft tube from tail race.

d outlet section 2-20of the draft tube and
taking section 2-2 a datgm, we get
BVl o+
pg 29

P9
Substituting this value of

2
"L (0 4y) =
pg 29 $

&=&—H—[V12—V22_h] (2)

In equation (2) is less than atmospheric pressure.

Efficiency of Draft Tube: the efficiency of a draft tube is defined as the ratio of actual conversion of
kinetic head in to pressure in the draft tube to the kinetic head at the inlet of the draft tube.

Actual conversion of Kinetic head in to Pressure head

= Kintic head at the inlet of draft tube



Let V1 = Velocity of water at inlet of draft tube
V2 = Velocity of water at outlet of draft tube
hs = Loss of head in the draft tube

Theoretical conversion of Kinetic head into Pressure head in




2 VZZ

Draft tube = [VL ]
2g9 2g9
. - . Vi Vg2
Actual conversion of Kinetic head into pressurehead = [~ — " |—h
29 2g f
2 2
. P27 11
Now Efficiency of draft tube Na =——5
n-
29
PROBLEMS

1. A pelton wheel has a mean bucket speed of 10m/s with a jet of water flowing at the rate of
700lts/sec under a head of 30 m. the buckets deflect the jet through an angle of 160° calculate the
power given by the water to the runner and hydraulic efficiency of the turbine? Assume co-efficient
of velocity=0.98

Given: ' |<—¥U2—;| vw: e

Speed of bucket u =u; =u;=10m/s

Discharge Q = 700lt/sec=0.7m3 /s
Head of water H=30m

Angle deflection = 160°

~ Angle @ =180 —1

Co-efficient of velocity C, = 0.98

The velocity of jet Vi=Ci

Vw, =V cos®—u,
= 13.77 cos 20° — 10 = 2.94m/s
Work done by the jet/sec on the runner is given by equation

=paVi[Vw, + Vw,] Xu

= 1000 x 0.7[23.77 + 2.94] x 10

= 186970Nm/s
Power given to the turbine = 186970 — 186.97kW
1000

The hydraulic efficiency of the turbine is given by equation

2V tViplxu 2[23.774+2.94]x10
h V2 23.77%23.77

= 0.9454



94.54%

Or




2. A reaction turbine works at 450rpm under a head of 120m. its diameter at inlet is 120cm and flow
area is 0.4m?2. The angles made by absolute and relative velocities at inlet are 20° and 60° respectively,
with the tangential velocity. Determine

i) Volume flow rate i) the power developed
iii) nr. The hydraulic efficiency. Assume whirl at outlet is zero.
Given: Speed of turbine N = 450rpm

Head H = 120m

Diameter of inlet D1=120cm=1.2m

Flowarea mDi1X B1 = 0.4m?

Angle made by absolute velocity a = 200

Angle made by relative velocity 8 = 600

Whirl at outlet Vw, =0

Tangential velocity of the turbine at inlet

Wy = TN _ mx1.2x450
1= 6 ~— 7 60

. . _Va
Frominlet triangle tana =
Vg

Tan 200 = /1 = 0.364,

Vwi

Vs, = 0364V, (1)

= 28.27m/s

Vit 0364V,

Also tanf =

Vwi—u1

0.364V.,
0.364V,, =

=1 / s
From equation (1) Vi =0.364V, = .79.=13.027m/s
= 0364y SRPEANS.73= 13027
i) Volume flow rate is given by equationas Q = mD1B1Vy,
Q =0.4x13.027 = 5.211m3/sec ( mD1B1 = 0.4m?2)

ii) Work done per second on the turbine is given by equation
= ,DQ[le X ul]
= 1000 x 5.211[35.79 x 28.27] = 5272.402Nm/s

Power developed in kW = work done per sec _ 5272402 _ 5972, 402kW
1000 1000

iii) The hydraulic efficiency is given by equation

Vg Xuq 35.79%28.27
n,=——= = 0.8595
gxH 9.81x120

= 85.95%

3. The internal and external diameters of an outward flow reaction turbine are 2m and 2.75m
respectively. The turbine is running at 250rpm and the rate of flow of water through the turbine is
5m3/s. the width of the runner is constant at inlet and outlet is equal to 250mm. the head on the
turbine is 150m. Neglecting the thickness of the vanes and taking discharge radial at outlet, determine:



i) Vane angle at inlet and outlet ii) velocity of flow inlet and outlet

Given: Internal diameter D1=2m :
External diameter D,=2.75m
Speed of turbine N=250rpm
Discharge Q=5m?3/s

Width atinlet and outlet B1=B2=250mm=0.25m

Head H = 150m

Discharge at outlet = radial
Vw,=0and Vs, =V>

The tangential velocity of turbine at inlet and outlet

_ DN _ TX2X250 _ 26.18m/s

1 60 60

mDaN _ wx2.75%250
60 60

Uy = = 36m/s

The discharge through the turbine is given by Q = mD1B1Vy¢, = nD:B,Vy,
Q 5

f1 7 apBy | mx2x025 3.183m/s
__Q _ 5 _
Vi = B mamsxozs — 2:315m/s

2 _ VWlul

Using equation H — "2
29 9
But for radial discharge V2 = Vy,

(2.315)2 __ Vwyx26.18

150 —
2x9.81 9.81
149.73 x9.81
Vi = etm - » ==
__":ﬂl ; =]
E e

i) Vane angle atinlet and outlet

M S
b =E M o AT s

From the inlet velocity triangle tan 6 =
Vw,—u1  56.1-26.18

6 =tan-10.1064 = 6.0720 or 64, 32
From outlet velocity triangle tan 8 = Vﬁ = 23_15: 0.0643
uz 36

6 = tan-1(0.0643) = 3.68° or 3040. 8
ii) Velocity of flow at inlet and outlet
Vi =3.183m/s and Vs, =2.315m/s
4. A Francis turbine with an overall efficiency of 75% is required to produce 148.25kW power. It is
working under a head of 7.62m. The peripheral velocity=0.26\/m and the radial velocity of flow at
inlet is 0.96\/ZgTh. The wheel runs at 150rpm and the hydraulic losses in the turbine are 22% of the

available energy. Assuming radial discharge determine

i) The guide blade angle. ii) The wheel vane angle at inlet
iii) The diameter of the wheel atinlet, and iv) Width of the wheel at inlet.
Given: Overall efficiency no = 75% = 0.75

Head H=7.62rpm



Power Produced S.P. = 148.25kW
Speed N= 150rpm
Hydraulic loses =22% of energy
Peripheral velocity u; = 0.26v2gh = 0.26/2 x 9.81 x 7.62 = 3.179m/s




Discharge at outlet = Radial
Vw,=0 Vi,=V2

Total head at inlet—Hydraulic losses

The hydraulic efficiency n, =

Heat at inlet

H—0.22H
= = 0.78
Vw,u H
Vwiu1 witl _
But nn = i y— = 0.78
gH gH
0.78xgxH 0.78%x9.81x7.62
Vo _ 078xgxH _ = 18.34m/s.
w1 u 3.179

i) The guide blade angle i.e. @ From inlet velocity triangle

% 11.738
tana =/ = = 0.64
Vw, 1834

a = tan-1(0.64) = 32.619° or 32037

ii) The wheel angle at inlet (6)

Vi 11738
Vwj—wg  1834-3179

tanf =

0.774

6 = tan-1(0.774) = 37.740 or 37°44. 4

iii) The diameter of wheel at inlet (D1)

Using relation

But
o - EN
..ﬁ,‘.’;: 1000 -!-é
0= 100;4;25 ;;;22)(7]0 o I 2.644m3/s (= mo = 75%)
Using equation Q = mD1B1 XV,
2.644 = wx0.4047 X B; X 11.738
Bi=—— " — =0.177m

5. A Kaplan turbine runner is to be designed to develop 7357.5kW shaft power. The net available
head is 5.50m. Assume that the speed ratio is 2.09 and flow ratio is 0.68 and the overall efficiency is

. . 1
60%. The diameter of boss is -, of the diameter of runner. Find the diameter of the runner, its speed

and specific speed.

Given: Shaft power P = 7357.5kW

Head H=55m
Speedratio = —— = 2.09
V2gH
ur =2.09 xv2x981x55=21.71m/s
Flow ratio = _/1_ — 0.68

V2gH -



“ Vg =0.68xV2x9.81x5.5 = 7.064m/s
Overall Efficiency no = 60% = 0.60
1

Diameter of boss Dy = 3 X Dy
Shaftpower 7357.5

water power  R9QH
1000

Using the relation No =




7357.5 x 1000

060 = ———
1000x9.81 XQ X5.5

7357.5 x 1000

Disch - _
Ischarge Q 1000x9.81 x5.5%0.60 227.27 m3/s

Using equation for discharge
Q="[D2-D 2] xV
4 0 b f1
s 2 DO 2

227.27 = - —(—
7 Do (3) 1% Vg,

T 8 2
227.27 = 7 X 5D0 X 7.064

2 4 9 1
0 =22727X—X—-X ——
T 8 7.064

Dy = 6.788m

1
D =§D0 =%= 2.262m

Using the relation u; =

The specificspeed N

N

Geometric similarity

. MEMS

The geometric similarity must exist between the_Z(')del and its proto type. the ratio of all
corresponding linear dimensions in the model and its proto type are equal.

Let Ln = length of model
b, = Breadth of model
Dy = Diameter of model
Am = Area of model
Vm= Volume of model
And Lp, bp, Dp, Ap, Vp= Corresponding values of the proto type.

For geometrical similarity between model and prototype, we must have the relation,

Lp bP=QE=L

Lm bm D r



Where L; is called scale ratio.

For area’s ratio and volume’s ratio the relation should be,

Ap _ Lexbp _ XL =L 2

Am LimXbm




PERFORMANCE ON HYDRAULIC TURBINES

In order to predict the behavior of a turbine working under varying conditions of head, speed,
output and gate opening , the results are expressed in terms of quantities which may be obtained
when the head on the turbine is reduced to unity. The conditions of the turbine under unit head are
such that the efficiency of the turbine remains unaffected. The three important unit quantities are:

1. Unit speed,
2. Unit discharge, and
3. Unit power

1. Unit Speed: it is defined as the speed of a turbine working under a unit head. It is denoted by 'N,,’.
The expression of unit speed (N,,) is obtained as:

Let N = Speed of the turbine under a head H
H = Head under which a turbine is working
u = Tangential velocity.

The tangential velocity, absolute velocity of water and head on turbine are related as:

« VH

u= of turbine.
e =
For a given turbine, the diameter (D) t -
b o g

uox N OrlN < u E{-WOE mﬁ(-'.},f’rom (D, u « \/ﬁ)

N = K1\/T-I (2) Where K1 is constant of proportionality.

If head on the turbine becomes unity, the speed becomes unit speed or
When H=1, N=N,

Substituting these values in equation (2), we get

N.=Ki/1.0=K;
Substituting the value of K; in equation (2)
N=N+VH or N _ N (1)
v Y VH

2. Unit Discharge: It is defined as the discharge passing through a turbine, which is working under a
unit head (i.e. 1 m). It is denoted by 'Q.,’ the expression for unit discharge is given as:

Let H = head of water on the turbine
Q = Discharge passing through turbine when head is H on the turbine.



a = Area of flow of water
The discharge passing through a given turbine under a head ‘H’ is given by,
Q=Area of flow X Velocity
But for a turbine, area of flow is constant and velocity is proportional to \/H_

Q « wvelocity « vH
Or Q= Kz\/ﬁ (3)

Where K is constant of proportionality
If H=1,Q0=0Q. (By definition)
Substituting these values in equation (3) we get
Qu=K~N1.0=K,
Substituting the value of K, in equation (3) we get
Q=QuwH
Q=4 m

3. Unit Power: It is defined as the power developed by a turbine working under a unit head (i.e.

P=Power developed by t
Q= Discharge through

No =

e =S

Pi=mn X , e

x-Q-x H O?XV[ME]H 5';" (+ QoeH)
3

« Hz

P = K3H3/2 (4) Where K3 is a constant of proportionality
When H=1m, P =P,

Pu=K3(1)3/2 = K3
Substituting the value of K3 in equation (4) we get
3
P=P,H2

P
Py = (1)

Use of Unit Quantities(N,,, Qu, P.):

If a turbine is working under different heads, the behaviour of the turbine can be easily known
from the values of the unit quantities i.e. from the value of unit speed, unit discharge and unit power.

Let Hi, Hy, H3,~-------- are the heads under which a turbine works,
Ni, N2, N3, ---------- are the corresponding speeds,
Qy, Qy, Q3, --------- are the discharge and

P1, P2, P3,---------- are the power developed by the turbine.



Using equation I, I, 11l respectively,




N1 _ N2 _ N3

Ne =3 = v = vm
Q1 _ 0 _ Q3 (V)
Y VH VH; H3
p __P1 PP __ _P3
u H,3/? - H,3/2 - H43/2 }

Hence, if the speed, discharge and power developed by a turbine under a head are known, then by
using equation (IV) the speed, discharge, power developed by the same turbine a different head can
be obtained easily.

CHARACTERISTIC CURVES OF HYDRAULIC TURBINES:

Characteristic curves of a hydraulic turbine are the curves, with the help of which the exact
behaviour and performance of the turbine under different working conditions can be known. These
curves are plotted from the results of the tests performed on the turbine under different working
conditions.

The important parameters which are varied during a test on turbine are:
1) Speed (N) 2) Head (H) 3) Discharge (Q)

4) Power (P) 5) Overall Efficiency (o) and  6) Gate opening.

Out of the above six parametegs aely speed (N), Head (H) and discharge

(Q) are independent parameters.

Out of the three independ e parameter is kept constant (say

H) and the variation of othe one of the remaining two
ed and various és.are obtained. These curves are

ing are.the importa

independent variables (say N 3

called characteristic curves. Thé tic curves of a turbine.

1. Main Characteristie Curve

2. Operating Characteristic Cur
et

3. Muschel Curves or Constant Efficiency CUFVES S



1. Main Characteristic Curves or Constant Head Curves:

These curves are obtained by maintaining a constant head and a constant gate opening (G.0.) on the
turbine. The speed of the turbine is varied by changing the load on the turbine. For each value of the
speed, the corresponding values of the power (P) and discharge (Q) are obtained. Then the overall
efficiency (no) for each value of the speed is calculated. From these readings the values of unit speed
(Ny), unit power (Py) and unit discharge (Q.) are determined. Taking N, as abscissa, the values of
Qu Py P and ng are plotted. By changing the gate opening, the values of Q. P, and 1o and N, are

determined and taking N, as abscissa, the values of Q. P, and 7o are plotted.
2. Operating Characteristic Curves or Constant Speed Curves:

These curves are plotted when the speed on
the turbine is constant. In case turbines, the head is
generally constant. As already discussed there are
three independent parameters namely N, H and Q. For
operating characteristics N and H are constant and
hence the variation of power and the efficiency with
respect to discharge Q are plotted. The power curve
for the turbine shall not pass through the origin,
because certain amount of discharge is needed to

produce power to overcome initial
friction. Hence the power and efficiency curves will be slightly away from the origin on the x-axis, as
to overcome initial friction certain amount of discharge will be required.



3. Constant Efficiency Curves or Muschel Curves or Iso - Efficiency Curves:

These curves are obtained from the speed vs.
H= CONSTANT

efficiency and speed vs. discharge curves for G 2 A FULL GO.

different gate openings. For a given efficiency from | 075 GO.

LL— 0.50 G.O.
| 025 G.0.

B
Ha

the N, vs. no curves there are two speeds. From the
N vs. Qu curves, corresponding to two values of e}
speeds there are two values of discharge. Hence for
a given efficiency there are two values of discharge ’

for a particular gate opening. This means for a given

efficiency there are two values of speeds and two

) SCI-EFFICIENCYI CURVES
values of discharge for a given gate opening. If the (b) — SPEED(N)

efficiency is maximum there is only one value. FULL GO. g 75

These two values of speed and two values of G.0.

discharge. Corresponding to a particular gate
opening are plotted. The procedure is repeated for 2

different gate openings and the curves Q vs. N are 0.

plotted. The points having the same efficiencies are , J \
joined. The curves having the same efficiency are 025 GO.
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For plotting the Iso-effici cu’qlé'gr,“m!pizontal Iilﬁ,s
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corresponding o speed
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gover

nting the same efficiency are
drawn on the 1o~ speed curv e efficiency curves at various
gate opening are transferred . The points having the same
efficiency are then joined by sm sent the Iso-efficiency curves.
Selection of Types of Turbine:

Selection of a suitable type _of-turbin

i) Head and Specific Speed. _ii) Partload Operation.

. MEMS_,

i) Head and Specific Speed: It has been found that there is a range of head and specific speed for
which each type of a turbine is most suitable.

S. No Head in meters Types of Turbine Specific Speed
1 300 or more Pelton wheel single or multiple Jet 8.5to 47

2 150-300 Pelton or Francis 30to 85

3 60-150 Francis 85to 188

4 Less than 60 Kaplan or Propeller 188 to 860

A turbine with highest permissible specific speed should be chosen which will be cheapest and
relatively small in size and high rotational speed will reduce the size of the generator as well as the
power house. But the specific speed cannot be increased indefinitely because it results is cavitations.
The cavitations may be avoided by installing the turbine at a lower level with respect to the tail race.



ii) Part load Operation: The turbines may be required to work with considerable load variations. As
the load derivate from the normal working load, the efficiency would also vary.

At part load the performance of Kaplan and pelton turbines is better in comparison to that of
Francis and Propeller turbines. The variability of load will influence the choice of type of turbine, if the
head lies between 150m to 300m or lies below 30m. For higher range of heads pelton wheel is
preferable for part load operation in comparison to Francis turbine, through the former involves
higher initial cost. For heads below 30m Kaplan turbine is preferable for part load operation in
comparison to propeller turbine.

In addition to the above factors the overall cost, which includes the initial cost and running
cost should be considered. The cavitations characteristics of the turbine should be considered.

Specific Speed(N5):

The specific speed of a turbine is defined as the speed of a geometrically similar turbine that
would develop 1kW under 1 m head. All geometrically similar turbines (Irrespective of sizes) will have

the same specific speeds when operating under the same speed.

_ NP

~ H5/4

Specific speed N

Where N=Normal working speed

The turbine with low specific spe undé‘ﬂhlgh and loWie ge conditions, while the high
specific speed turbines work unde hﬁﬂd‘hnd_l.hlgh dlscl'%g i

collapsing of these vapourbubblé i SS en the vapour bubbles collapse,
h these vapour bubbles collapse, is

on the metallic surface and also.considerable noise and vibrations are produced.

Cavitation includes formation of vapour bubbles of the flowing liquid and collapsing of the
vapour bubbles. Formation of vapour bubbles of the flowing liquid take place only whenever the
pressure in any region falls below vapour pressure. When the pressure of the flowing liquid is less than
its vapour pressure, the liquid starts boiling and the vapour bubbles are formed. These vapour bubbles
are carried along with the flowing liquid to higher pressure zones, where these vapour condense and
the bubbles collapse. Due to sudden collapsing of the bubbles on the metallic surface, high pressure
is produced and metallic surfaces are subjected to high local stress. Thus the surfaces are damaged.
Precaution against Cavitation: The following are the Precaution against cavitation

i The pressure of the flowing liquid in any part of the hydraulic system should not be allowed
to fall below its vapour pressure. If the flowing liquid is water, then the absolute pressure head
should not be below 2.5m of water.

ii.  The special materials or coatings such as Aluminum-bronze and stainless steel, which are
cavitation resistant materials, should be used.
Effects of Cavitation: the following are the effects of cavitation.
i.  The metallic surfaces are damaged and cavities are formed on the surfaces.
iil. Due to sudden collapse of vapour bubbles, considerable noise and vibrations are produced.



iiii. The efficiency of a turbine decreases due to cavitation. Due to pitting action, the surface of
the turbine blades becomes rough and the force exerted by the water on the turbine blades
decreases. Hence, the work done by water or output horse power becomes less and efficiency
decreases.

Hydraulic Machines Subjected to Cavitation: The hydraulic machines subjected to Cavitation are
reaction turbine and centrifugal pumps.

Cavitation in Turbines: in turbines, only reaction turbines are subjected to cavitation. In reaction
turbines the cavitation may occur at the outlet of the runner or at the inlet of the draft tube where
the pressure is considerably reduced. (i.e. which may be below vapour pressure of the liquid flowing
through the turbine) Due to cavitation, the metal of the runner vanes and draft tube is gradually eaten
away, which results in lowering the efficiency of the turbine. Hence the cavitation in a reaction turbine
can be noted by a sudden drop in efficiency. In order to determine whether cavitation will occur in any

portion of a reaction turbine, the critical value of Thoma’s cavitation factors o sigma is calculated.
— Hp=Hs _ (Hatm=Hyp)=Hs

H H
Where H, =Barometric pressure head in m of water,

’

Ham = Atmospheric pressure head in m of water,
H, =Vapour pressure head in m of water,
Hs = Suction pressure at the outlet of reaction turbine in m of water or height of
turbine runner above the tail water surface,
H = Net head on the turbine in m.

Surge Tank:
When the load on the ra ( ; 1 ces the rate of flow of water
striking the runner to main cons " j idden reaction of rate of flow in the

burst. When the load on the
d fore bays are usually employed

penstock may lead to water ha
generator increases the turbine
' Case of high head and medium head
hydro power plants where: the pensto ; gibays are suitable for medium and low
head hydro power plants where the Iength oftﬁ?sh&l?‘n short.

An ordinary sugar tank is a cylindrical open toped storage reservoir, which is connected to the
penstock at a point as close as possible to the turbine. The upper lip of the tank is kept well above the
maximum water level in the supply reservoir. When the load on the turbine is steady and normal and
there are no velocities variations in the pipe line there will be normal pressure gradient oaai:. The
water surface in the surge tank will be lower than the reservoir surface by an amount equal to friction
head loss in the pipe connecting reservoir and sugar tank. When the load on the generator is reduced,
the turbine gates are closed and the water moving towards the turbine has to move back ward. The
rejected water is then stored in the surge tank, raising the pressure gradient. The retarding head so
built up in the surge tank reduces the velocity of flow in the pipe line corresponding to the reduced
discharge required by the turbine.

When the load on the generator increases the governor opens the turbine gates to increase
the rate of flow entering the runner. The increased demand of water by the turbine is partly met by
the water stored in the surge tank. As such the water level in the surge tank falls and falling pressure
gradient is developed. In other words, the surge tank develops an accelerating head which increases



the velocity of flow in the pipe line to a valve corresponding to the increased discharge required by
the turbine.

Water Hammer:
Consider a long pipe AB, connected at one
end to a tank containing water at a height ¢

flowing with a velocity, V in
valve is suddenly closed, the
of the flowing water will be de ch pressure will be set up. This
| to the velocity of sound

essure has the effect of

wave of high pressure wi

hammering action on the he pif Hence it - ammer.

wave and may create n

The pressure rise due to wa mmer deper
1. Velocity of flow of water in pipe.
2. The length of pipe.
3. Time taken to close the valve.
4. Elastic properties of the material of the pipe.
The following cases of water hammer in pipes will be considered.
1. Gradual closure of valve
2. Sudden closure of valve considering pipe in rigid
3. Sudden closer of valve considering pipe elastic.
1. Gradual Closure of Valve:
Mass of water in pipe = p X volume of water = p X AX L
Where A = Area of cross-section of the pipe
L = Length of pipe
The valve is closed gradually in time ‘T’ seconds and hence the water is brought from initial velocity V
to zero velocity in time seconds.

. change of velocit V-0
Retardation of water = ge of y=""

Time T, T
Retarding force = Mass X Retardation = pAL X _ (1)
e —




If p is the intensity of pressure wave produced due to closure of the valve, the force due to pressure
wave
=pXAreaof pipe=pxA____ (2)
Equating the two forces given by equation (1) & (2)
14
PALX _=p XA
T

_ o
P T
LV
Head of pressure H=L=22 =
pg  PgxT  gT
2L
i) The valve closure is said to be gradual if T> =
Where T=Time in sec, C= Velocity of Pressure wave
2L
ii) The valve closure is said to be sudden if T < -
Where C = Velocity of Pressure Wave

2) Sudden Closure of Valve and Pipe is Rigid:

In sudden closure of valve T=0, the increase in pressure will be infinite when wave of high
pressure is created the liquid gets compressed to some extent and pipe material gets stretched. For a
sudden closure of valve, the valve of T is very small and hence a wave of high pressure is created.

When the valve is closed suddenly, y of flowing water is converted in to strain

Gain of strain energy = E{:ﬁ‘] X
=]
b=
Equating loss of Kinetic energy to gain of _@“EM 5-_?,

1p2
1x pAL x V2 =_" x AL
2 2K

2 _1 X _
P? =X pAL X V2 X~ = pKV?

p=pV xC

Where C = velocity of pressure wave.






Course Objective:
To be able to understand the working of power absorbing devices like pumps & able to
analyze their performance characteristics.

Course Outcome:

e C(Calculate the performance of different types of hydraulic pumps.

CENTRIFUGAL PUMPS

The hydraulic machines which convert the mechanical energy in to hydraulic energy are called
pumps. The hydraulic energy is in the form of pressure energy. If the mechanical energy is converted
in to pressure energy by means of centrifugal force acting on the fluid, the hydraulic machine is called
centrifugal pump.

The centrifugal pump acts as a reversed of an inward radial flow reaction turbine. This means
that the flow in centrifugal pumps is in the radial outward directions. The centrifugal pump works on
the principle of forced vertex flow which means that when a certain mass of liquid is rotated by an
external torque, the rise in pressure head of the rotating liquid takes place. The rise in pressure head
at any point of the rotating liquid is proportional to the square of tangential velocity

2 2.2
=2 or “7 ). Thus the outlet of the impeller,

of the liquid at that point. (i.e. rise in pres

1) Impeller. 2) Casing. 3) Suction Delivery pipe
1. Impeller: The rotating part o peller. It consists of a series of
backward curved vanes. The imp te af is connected to the shaft of an
electric motor. == =

==

2. Casing: the casing of a centrlfugal pun&\ HEIH ing of a reactlon turbine. Itis an air tight
passage surrounding the |mpeIIer and is designed in such way that the kinetic energy of the water
discharged at the outlet of the impeller is converted in to pressure energy before the water leaves the

casing and enters the delivery pipe. The following three types of the casing are commonly adopted.
a) Volute b) Vortex

c) Casing with guide blades

DELIVERY
VALVE

a) Volute Casing: It is the casing surrounding
the impeller. Itis of a spiral type, in which area
of flow increases gradually. The increase in
area of flow decreases the velocity of flow. The
decrease in velocity increases the pressure of
the water flowing through the casing. It has
been observed that in case of volute casing,
the efficiency of the pump increase slightly as
a large amount of energy

in lost due to the formation of eddies in this type



b) Vortex Casing: If a circular chamber is introduced between the casing and the impeller, the casing
is known as vortex casing. By introducing the circular chamber, the loss of energy due to the formation
of eddies is reduced to a considerable extent. Thus the efficiency of the pump is more than the
efficiency when only volute casing is provided.

c) Casing with guide blades: in this type of casing the impeller is surrounded by a series of guide blades
mounted on a ring known as diffuser. The guide vanes are designed in which away that the water from
the impeller enters the guide vanes without shock.

Also the area of guide vanes increases thus reducing the velocity of flow through guide vanes and
consequently increasing the pressure of the water. The water from the guide vanes then pass through
the surrounding casing, which is in most of the cases concentric with the impeller.

3. Suction pipe with a foot valve and a strainer: A pipe whose one end is connected to the inlet of the
pump and other end dips in to water in a sump is known as suction pipe. A foot valve which is a non-
return valve or one-way type of valve is fitted at the lower end of the suction pipe. The foot valve
opens only in the upward direction. A strainer is also fitted at the lower end of the suction pipe.

PR ST TP G A e G e it
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4. Delivery pipe: A pipe whose one end is connected to the outlet of the pump and the other end
delivers the water at the required height is known as delivery pipe.

Work done by the centrifugal pump on water:

In the centrifugal pump, work is done by
the impeller on the water. The expression for the = = s e

work done by the impeller on the water is =~ - — U, -
obtained by drawing velocity triangles at inlet and ' '

outlet of the impeller in the same way as fora 0 X i q = :

vl .;;‘,
vﬁ? o
hBnn

turbine. The water enters the impeller radially at <\
inlet for best efficiency of the pump, which means i
the absolute velocity of water at inlet makes an
angle of 900 with the direction of motion of the

impeller at inlet. Hence angle a =




90%and V,, = 0 for drawing the velocity triangles the same notations are used as that for turbines.

Let N = Speed of the impeller in r.p.m.

D, = Diameter of impeller at inlet

; . : . DN
u, = Tangential velocity of impeller atinlet = = 610
D, = Diameter of impeller at outlet
u, = Tangential velocity of impeller at outlet = %

V1 = Absolute velocity of water at inlet.
V., =Relative velocity of water at inlet
a = Angle made by absolute velocity(V1)at inlet with the direction of motion of vane

8 = Angle made by relative velocity (V,, )at inlet with the direction of motion of vane

As the water enters the i olute velocity of water at inlet

is in the radial direction and he

OW. tion turbine. But in case of a

A centrifugal pump is
J ﬁ? the runner per second per unit

radially inward flow reaction turbife
weight of the water striking per

==

=]

~Work done by the impeller on the water per second per unit weight of water striking/second

= —[workdone in case of a turbine]

= —[;(V u =V u)]
g

wi 1 wy 2

=1[V u =V u]

g wz 2 wir 1

=V u 6 (- =0)

wy 2 w1

g

Work done by the impeller on water per second

w
= XV u Where W = Weight of water=p X g X Q
g wz 2



Q = Volume of water

Q = Area X Velocity of flow

= DB X Vfl




=mnD;yB, X sz
Where B1 and B; are width of impeller at inlet and outlet and
V¢, And V¢, are velocities of flow at inlet and outlet
Head imparted to the water by the impeller or energy given by impeller to water per unit weight
per second
1
= ; szuZ
HEADS OF A CENTRIFUGAL PUMP:

1. Suction Head (hy): It is the vertical height of the centre line of centrifugal pump, above the water
surface in the tank or sump from which water is to be lifted. This height is also called suction lift 'h,'.

2. Delivery Head(hg): The vertical distance between the centre line of the pump and the water
surface in the tank to which water is delivered is known as delivery head. This is denoted by 'h;’.

3. Static Head(Hy): The sum of suction head and delivery head is known as statics head'H,'.

H; = hg+ hy

14
=22 _ | 6ss of head i

g
Vw
=22 . If loss ¢
g
s =
b) H,, = Total head at outlet of pump ead at.th the pump
E i

= (R4 VP z ) (BLpVE 1 g :
Ot 2 ¢ = ﬁz._MEHS-

pg g r

Where fo Pressure head at outlet of the pump=h
d
PY

2
o - Velocity head at outlet of the pump
29
. . . . de
= Velocity head in delivery pipe = ~_
2g

Zoy = Vertical height of the outlet of the pump from datum line, and

P V2 . .
;;'Z' Z; = Corresponding values of pressure head, velocity head and datum head at the
In let of the pump,

. Vg2
ie.h, °
S zg

¢c)H =h +h +h +h

and Z respectively.
S

V.2
+d

m s d I3 fa 24



Where hg = Suction head,

Delivery head,

hd=




hg, = Frictional head loss in suction pipe,
hg, = Frictional head loss in delivery pipe
V4 = Velocity of water in delivery pipe.

5. Efficiencies of a Centrifugal Pump: In a centrifugal pump, the power is transmitted from electric
motor shaft to pump shaft and then to the impeller. From the impeller, the power is given to the
water. Thus the power is decreasing from the shaft of the pump to the impeller and then to the water.
The following are the important efficiencies of a centrifugal pump:

a) Manometric efficiency, Nnan b) Mechanical efficiency, n,, and

c) Overall efficiency, no.

a) Manometric Efficiency(1),n4,): The ratio of the Manometric head to the head imparted by the
impeller to the water is known as

Manometric head
Manometric Ef ficiency(Mpman) =

Head imparted by impeller to water
— __Hp — _gHm
(VquZ) VWZU.Z
g
The power at the impeller of the pump is more than the power given to the water at outlet of
the pump. The ratio of power given to the water at outlet of the pump to the power available at the

b) Mechanical Eff|C|ency(1r,-n) The power he centrlfdgm pump is more the power
available at the impeller of the pump. The raMthH;%Nepavallable at the impeller to the power at
the shaft of the centrifugal pump is known as mechanical efﬂuency

__ Power at the impeller

N = Power at the shaft
. . Work done by impell d _ W _ VipXu
The power at the impeller in kw =210 7Y "MPe €T Per Secons _ *7 x ‘w22
1000 g 1000
w VW2><uZ
_ y( 1000 )
NMm = S.P
Where S.P. = Shaft power.

c) Overall Efficiency(ny): It is defined as the ratio of power output of the pump to the power input

to the pump.
Weight of water lifted XHy, WHm

The power output of the pump in kW =
1000 1000

The power input to the pump = Power supplied by the electric motor
=S.P. Of the pump
(wum
_1000
v S.P.

No = Nman X Mm



SPECIFIC SPEED OF A CENTRIFUGAL PUMP(N):




The specific speed of a centrifugal pump is defined as the speed of a geometrically similar

pump, which would deliver one cubic meter of liquid per second against a head of one meter. It is

denoted by 'N,’.
The discharge Q for a centrifugal pump is given by the relation
Q = Area x Velocity of flow

=nDxBxV;  Or QxDxBxV;

Where D = Diameter of the impeller of the pump and
B = Width of the impeller
We know that B «< D

From equation (1) we have QxD2X Vg (2)

We also know that the tangential velocity is given by

_ mDN
u= - DN (3)

Now the tangential velocity (u) and velocity of flow (V) are related to Manometric head

(Hp) as

uo Vo vVHpy (4)

Where K is a constant of proportionality

If H,, = 1mand Q = 1m3/sec N becomes N

Substituting these values in equation (5)5/\/2ve get
1 K

1=K =
Hm  N§
K = N
Substituting the value of K in equation (5), we get
H,,3/? N2Q
=N 2
Q=Ns N2 or N =——7
NVQ
A]S 1{"13/4

MULTI- STAGE CENTRIFUGAL PUMPS:

If centrifugal pump consists of two or more impellers,
the pump is called a multi-stage centrifugal pump.
The impeller may be mounted on the same shaft or

-
g el

A

D

— 3
Seemmeany

5




on different shafts. A multi- stage




pump is having the following two important functions:
1) To produce a high head and
2) To discharge a large quantity of liquid.

If a high head is to be developed, the impellers are connected in series (or on the same shaft)
while for discharging large quantity of liquid, the impellers (or pumps) are connected in parallel.

Multi-Stage Centrifugal Pumps for High Heads: For developing a high head, a number of impellers are
mounted in series on the same shaft.

The water from suction pipe enters the 1% impeller at inlet and is discharged at outlet with
increased pressure. The water with increased pressure from the outlet of the 1% impeller is taken to
the inlet of the 2" impeller with the help of a connecting pipe. At the outlet of the 2" impeller the
pressure of the water will be more than the water at the outlet of the 1%t impeller. Thus if more
impellers are mounted on the same shaft, the pressure at the outlet will be increased further.

Let n= Number of identical impellers mounted on the same shaft,

H,, = Head developed by each impeller.

Then total Head developed = n X H
The discharge passing through eag
Multi-Stage Centrifugal Pumps

For obtaining high discha in parallel. Each of the pumps

lifts the water from a commo on pipe to which the delivery

pipes of each pump is connected oumps is w against the same head.
= =
Let = Number of identical pu -
arranged in par'é'ﬂﬁl -
Q = Discharge from one pump. \-I;. HE M 5-?# o
Total Discharge = n X Q
© commo
i N PIPE
-—>Q1+ Qz

DELIVERY
PIPE NO.2

Qi | pELIVERY
PIPE NO.1
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Performance Characteristic Curves of centrifugal pumps

The characteristic curves of a centrifugal pump are defined as those curves which are plotted from the
results of a number of tests on the centrifugal pump. These curves are necessary to predict the
behavior and performance of the pump, when the pump is working under different flow rate, head
and speed. The following are the important characteristic curves for the pumps:

1. Main characteristic curves. P(Q AND H CONSTANTS)
2. Operating characteristic curves and

2
He< N
3. Constant efficiency or Muschel curves.

1. Main Characteristic Curves: the i H(Q = CONSTANT)
characteristic curves of a centrifugal pug
of a head (Manometric head Q<N
Q

discharge with respect to speed. (H,, = CONSTANT)

of Manometric head versus §

constant. For plotting curves po : L

speed, Manometric headand dischar s kﬁonstﬂt.

For plotting the curve of H,, versu - ischargé is kept constant. From the

. This means.that the head developed by a
DN m

pump is proportional toN2. Hence the curve of H,, v/s N is a parabolic curve.

P

From equation is a constant. HenceP o N3. This means that the curve P v/s N is a cubic

D5N3
curve.

The equation _‘3L= constant . This means Q < N for a given pump. Hence the curve Q v/s N is
D3N

straight line.

2. Operating Characteristic Curves:

If the speed is kept constant, the variation
of Manometric head, power and efficiency with | & HEAD (H)
respect to discharge gives the operating 3 5
A e ENCY,
characteristics of the pump. % i = SREEeE
C=3
. Lo
The input power curve for pumps shall not % &%
- . . v NPUT POWER, P
pass through the origin. It will be slightly away from :
} SPEED = CONSTANT
Fal Ll OUTPUT POWER

o Wi —» DISCHARGE, Q



the origin on the y-axis, as even at zero discharge some power is needed to overcome mechanical
losses.

The head curve will have maximum value of head when the discharge is zero.

The output power curve will start from origin as at Q=0, output power(pQgH) will be zero.

. . . .. Output
The efficiency curve will start from originas atQ =0, n = 0. (vn= it
Input
3. Constant Efficiency Curves:
HV.Q
x CONSTANT
.. . . 1 EFFICIENCY
For obtaining constant efficiency curves for g CURVE
a pump, the head versus discharge curves and T
efficiency v/s discharge curves for different speeds
are used. By combining these curves (H ~ %
a
Q curves n ~ Qcurves)constant efficiency curves
are obtained.
For plotting the constant efficiency curves : !
- . . . - CONSTANT
(Iso— efficiency curves), horizontal lines representing E:::éCIENCY

The points, at which these lines cut
curves at various speeds, are

The term NPSH is.lv_e'gy co he_:;n_.ipimum suction conditions

are specified in terms NPSH. e
- o e
It is defined as the absolute pne-ssMEeM &I?@ inlet to the pump minus the vapour
pressure head plus velocity head

~ NPSH = Absolute pressure head at inlet of pump — vapour pressure head (absolute units)
+ Velocity head
— P1_ v vs® (1) (= Absolute pressure at inlet of pump =p )

pg pg 29 1

The absolute pressure head at inlet of the pump is given by as

D1 _ Da v

pg g_(27+ hs + Ry,

Substituting this value in the above equation

vs2

2
_ Pa _ Vs _ _
NPSH = h h vy

pg 29 Sk pg 2



pg P9 s f .
.. Pa _ g = Atmospheric pressure head,

a

=Ha_Hv_hs_hfS C pg




=[(H h—hy_Hg)1__ (2 (- 22 = g =Vapour head)

a S fs v pg v

The right hand side of the above equation is the total suction head. Hence NPSH is equal to the total
suction head. Thus NPSH may also be defined as the total head required to make the liquid flow
through the suction pipe to the pump impeller.

For any pump installation, a distinction is made between the required NPSH and the available
NPSH. The value of required NPSH is given by the pump manufacturer. This value can also be
determined experimentally. For determining its value the pump is tested and minimum value of kg is
obtained at which the pump gives maximum efficiency without any noise. (i.e. cavitation free). The
required NPSH varies with the pump design, speed of the pump and capacity of the pump.

When the pump is installed, the available NPSH is calculated from the above equation (2). In
order to have cavitation free operation of centrifugal pump, the available NPSH should be greater than
the required NPSH.

RECIPROCATING PUMPS

The mechanical energy is converted in to hydraulic energy (pressure energy) by sucking the

liquid in to a cylinder in which a piston is_recip ting,. which exerts the thrust on the liquid and
increases its hydraulic energy (pressu%wn as reciprocating pump.
’DELl.VE,RY RIPE
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hy CYLINDER
© PISTON
*_ 1 . -
PISTONROD *_ | __-
he SUCTION VALVE ' D
SUCTION PIPE be—L = 2r —=|
Fe SUMP LEVEL

A single acting reciprocating pump consists of a piston, which moves forwards and backwards
in a close fitting cylinder. The movement of the piston is obtained by connecting the piston rod to
crank by means of a connecting rod. The crank is rotated by means of an electric motor. Suction and
delivery pipes with suction valve and delivery valve are connected to the cylinder. The suction and
delivery valves are one way valves or non-return valves, which allow the water to flow in one direction
only. Suction valve allows water from suction pipe to the cylinder which delivery valve allows water
from cylinder to delivery pipe only.

When the crank starts rotating, the piston moves to and fro in the cylinder. When the crank is
at A the piston is at the extreme left position in the cylinder. As the crank is rotating from A to C (i.e.
from8 = 0 to 180° ) the piston is moving towards right in the cylinder. The movement of the



piston towards right creates a partial vacuum in the cylinder. But on the surface of the liquid in the
sump atmospheric pressure in acting, which is more than the pressure inside the cylinder. Thus the
liquid is forced in the suction pipe from the sump. This liquid opens the suction valve and enters the
cylinder.

When crank is rotating from C to A (i.e. from 8 = 1800 to 3600 ), the piston from its
extreme right position starts moving towards left in the cylinder. The movement of the piston towards
the left increases the pressure on the liquid inside the cylinder more than atmospheric pressure. Hence
the suction valve closes and delivery valve opens. The liquid is forced in to the delivery pipe and is
raised to the required height.

Discharge through a Reciprocating Pump:
Consider a single acting reciprocating pump.

Let D = Diameter of cylinder

. . . T
A = Cross-sectional area of piston or cylinder = ZDZ

r = Radius of crank
N =r.p.m. of the crank

L = Length of the stroke = 2 X r

o -
Discharge of pump per secq_xa Q=D No. of revolutions per sec
=A%l #ﬂE M 5 o
1 60
ALV
)

Weight of water delivered per second W =p X g X Q

_ PgALN
=~ (1)

Work done by Reciprocating Pump:

Work done per second = Weight of water lifted per second XTotal height through which
water is lifted

= W X [hs + hq] (2)

Where (hs + hy) = Total height through which water is lifted

From equation (1) weight of water is given by
_ PgALN
60

Substituting the value of W in equation (2), we get

PIALN (b +h )
60 S

Work done per second =



Power required to drive the pump in kW




p = Work done per second __ pgxALNx(hs+hq)
1000 60x1000

XALNX (hs+h,
p = P9XALNX(hstha) p,,
60,000

SLIP OF RECIPROCATING PUMP

Slip of a pump is defined as the difference between the theoretical discharge and actual
discharge of a pump. The actual discharge of pump is less than the theoretical discharge due to
leakage. The difference of the theoretical discharge and actual discharge is known as slip of the pump.

Hence slip = Qp — Quet
But slip is mostly expressed as percentage slip

Percentage slip = =% % 100 = (1 — %) x 100

th Qth
=(1-C)x100 (- %ot = ¢
d Qtn d
Where C,; = Co-efficient of discharge.
Negative Slip of the Reciprocating Pump:
Slip is equal to the differenceof i arge and aetual discharge. If actual discharge
is more than the theoretical discharge;" ip pecome —ve. In that case the slip of

Negative slip occurs w oe is long and pump is running

at high speed.

INDICATOR DIAGRAM

i ==

The indicator diagra.r_n_ for a reciQrocMrFM@ is defined the graph between the pressure
head in the cylinder and the distance travelled by piston from inner dead centre for one complete
revolution of the crank. As the maximum distance travelled by the piston is equal to the stroke length
and hence the indicator diagram is a graph between pressure head and stroke length of the piston for
one complete revolution. The pressure head is taken as ordinate and stroke length as abscissa.

Ideal Indicator Diagram: ¢ DELIVERY STROKE
The graph between pressure head in o U TR
the cylinder and the stroke length of a D © f
piston for one complete revolution of :% h
the crank under ideal conditions is = ; d
known as ideal indicator diagram. ; % e B l
Line EF represents the atmospheric (‘B SR e e gl Syl
pressure head equal to 10.3 meters of | tlr-l _ T A B hg : T
water. o
Let H,,= Atmospheric pressure head | T i H.im SUCTION STROKE T 123 m
=10.3 m of water £ : ‘f.-'iia l ’< STROKE LENGTH_>| l
L = Length of the stroke 3&;’? et >

4. —> STROKELENGTH




h; = Suction head and

h; = Delivery head
During suction stroke, the pressure head in the cylinder is constant and equal to suction head(hy),
which is below the atmospheric pressure head(H:,) by a height ofh,. The pressure head during
suction stroke is represented by a horizontal line AB which is below the line EF by a height of 'k’

During delivery stroke, the pressure head in the cylinder is constant and equal to delivery head
( hy), which is above the atmospheric head by a height of 'h;’. Thus the pressure head during the
delivery stroke is represented by a horizontal line CD, which is above the line EF by a height of h,.
Thus for one complete revolution of crank, the pressure head in the cylinder is represented by the
diagram ABCD. This diagram is known as ideal indicator diagram.
POALN o (h +h)
0 s d

The work done by the pump per second =

=K x L(hg + hy)

xLx(hg+hy) (1)
Where K =9 — constant
60
Area of Indicator diagram = AB X BC = AB =L X (hs + hy)

1. Asingle acting reciprocating p 01 m3/s of water. The diameter
of piston is 200mm and stroke le T
o =

i) The theoretical dischargéz‘é? pump

iii) Slip and the percentage slip of pump
Given: The speed of the pump N =50 rpm
Actual discharge Qg = 0.01 m3/s

Dia. Of piston D =200mm =0.2m

nDz_n

Area A= _(0.2)2 =0.031416 m2
4 4

ALN _ 0.031416%0.4x50

i) The theoretical discharge Qu, = o =

=0.01047m3/s

ii) The Co-efficient of discharge € _ Qact 0.01

d Qe 0.01047

= 0.955

iii) Slip Qun — Quee = 0.01047 — 0.01



=0.00047m3/s

_ Qth—CQac
Percentage Slip = ( tch ) X 100

0.01047-0.01
=———x100
0.01047

=4.489%

2. A double acting reciprocating pump, running at 40 r.p.m. is discharging 1.0m3 of water per minute.
The pump has a stroke of 400 mm. the diameter of piston is 200 mm. the delivery and suction head
are 20m and 5m respectively. Find the slip of the pump and power required to drive the pump.

Given: Speed of the pump N=40r.p.m.

1
Actual discharge Qqe = 1 mi/s = i 0.01666m3/s

Stroke L =400mm =0.4m

Diameter of piston D =200 mm =0.2m

Area .. 0.031416m?2

Suction Head

Delivery head

Theoretical discharge for doublé®

ﬁ“ ME Mﬁﬁ?ms/s
Slip Qi — Quee = 0.01675 — 0.1666

= 0.00009m3/s

Power required to drive the double acting pump

P = 2xpgXALNX(hs+hg)
60,000

__ 2x1000x9.81x0.031416x0.4x40x (5420)
60,000

=4.109kW
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