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Requires knowledge of
* Engineering Mechanics
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Expected to:

= Understand the properties of fluids, its kinematic and dynamic behavior
through various laws of fluids like continuity, Euler’s, Bernoulli’s equations,
energy and momentum equations.

= Further, the student shall able to understand the theory of boundary layer,
working and performance characteristics of various hydraulic machines like
pumps and turbines.
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On Completion of the course, the student will be able to

= Describe the properties of fluids and Explain the mechanics of fluids at rest
and in motion by observing the fluid phenomena.

= Distinguish the types of flows and continuity equation.

= Derive Euler’s Equation of motion and Deduce Bernoulli’s equation.

=  Examine energy losses in pipe transitions and Sketch energy gradient lines.
= Describe Basic working of hydraulic turbines and hydraulic pumps.
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UNIT-I :

FLUID STATICS
Dimensions and units: physical properties of fluids- specific gravity, viscosity surface
tension- vapor pressure and their influence on fluid motion- atmospheric, gauge and

vacuum pressure — measurement of pressure- Piezometer, U-tube and differential

manometers.

www.giet.ac.in



Syllabus(Cont..) GHET

INSTITUTIONS

ANDHRA PRADESH, INDIA

UNIT-II:

FLUID KINEMATICS:

Stream line, path line and streak lines and stream tube, classification of flows-steady &
Unsteady, uniform, non uniform, laminar, turbulent, rotational, and ir-rotational flows-

equation of continuity for one dimensional flow.

FLUID DYNAMICS: surface and body forces —Euler’s and Bernoulli’s equations for flow
along a stream line, momentum equation and its application on force on pipe bend.

www.giet.ac.in
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CLOSED CONDUIT FLOW: Reynold’s experiment- Darcy Weisbach equation- Minor losses
in pipes- pipes in series and pipes in parallel- total energy line-hydraulic gradient line.
Measurement of flow: pilot tube, venturi meter, and orifice meter, Flow nozzle.

BOUNDARY LAYER THEORY AND APPLICATIONS: Concepts of boundary layer, boundary
layer thickness and equations, momentum integral equation, boundary layer separation
and its control, Cavitation. Circulation, Drag and lift on immersed bodies, Magnus effect.

UNIT-IV

BASICS OF TURBO MACHINERY: hydrodynamic force of jets on stationary and moving
flat, inclined, and curved vanes, jet striking centrally and at tip, velocity diagrams, work
done and efficiency, flow over radial vanes.
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HYDRAULIC TURBINES: classification of turbines, impulse and reaction turbines, Pelton
wheel, Francis turbine and Kaplan turbine-working proportions, work done, efficiencies ,
hydraulic design — draft tube-theory- functions and efficiency.

PERFORMANCE OF HYDRAULIC TURBINES: Geometric similarity, Unit and specific
guantities, characteristic curves, governing of turbines, selection of type of turbine,
cavitation, water hammer.

UNIT-V:

CENTRIFUGAL PUMPS: classification, working, work done — manomertic head- losses and
efficiencies specific speed- pumps in series and parallel-performance characteristic
curves, NPSH.

RECIPROCATING PUMPS: Working, Discharge, slip, indicator diagrams.
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Fluid mechanics is the study of fluid behavior (liquids, gases, blood, and plasmas) at
rest and in motion. Fluid mechanics has a wide range of applications in mechanical and
chemical engineering, in biological systems, and in astrophysics
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What is “Fluid Mechanics & Hydraulic @Eﬁ
Machinery”?(Cont...) NSTITUTIONS

Hydraulic Machines :

Those machines which convert either hydraulic energy ( energy possessed by
water) into mechanical energy (P.E + K.E) or Mechanical energy into hydraulic
energy

Lavour of a bydro-elerric power plant.
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Revised Edition
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Web References @Eﬁ
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1 https://nptel.ac.in/courses/112/105/112105171/
2 https://nptel.ac.in/courses/112/105/112105287/
3 https://cosmolearning.org/courses/fluid-mechanics/video-lectures/
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> Fluid mechanics is the science which deals with the action of forces on fluids

at rest as well as in motion
» If the fluids are at rest, the study of them is called fluid statics

» If the fluids are in motion, where pressure forces are not considered, the

study of them is called fluid Kinematics

» If the fluids are in motion and the pressure forces are considered, the study

of them is called fluid dynamics

www.giet.ac.in



What is Fluid?

> Matter exists in two states- solid
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state and fluid state Bimsios

» This classification of matter is based
on the spacing between different
molecules of matter as well as on
the behavior of matter when

subjected to stresses
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What is Fluid?(Cont...)

» In solid state molecules are closely
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packed, solids possess compactness and

rigidity

> The molecules in fluid can move more
freely within the fluid mass and therefore

the fluids do not possess any rigidity

» Thus Fluid exist in two form:- Liquid and

Gas
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Difference between Liquid and Gas g
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» Liquids flow and take the shape of their container but maintain a constant

volume. Examples : Water, Milk, Kerosene , Petrol, emulsions etc
» Gases expand to fill the available volume

» Liquids are incompressible While the gases are compressible

Pulli increases
‘I'hrégv'gl,um and
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» Fluids are the principle transport media and hence play a central role in
nature (winds, rivers, ocean, blood etc.)

» Fluids are a source of energy generation (power)

» They have several engineering applications

— Mechanical engineering

— Electrical engineering

— Chemical Engineering

— Aerospace engineering

www.giet.ac.in
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Piping Design Ships and Boats
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Fluid Flow Examples

INSTITUTIONS

ANDHRA PRADESH, INDIA

1976)
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Fluid Flow Examples (Cont...)
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Fluid Flow Examples (Cont...)
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Summary

[ Classification of fluid mechanics
[ Difference between liquid and gas
O Applications of fluid mechanics

Q1 Fluid flow examples
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Density or Mass Density(p) GHET
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» Density is the mass per unit volume of a fluid. In other words, it is the ratio

between mass (m) and volume (V) of a fluid

» Density is denoted by the symbol ‘p’. Its unit is kg/m3

Mathematically, mass density is written as:
Mass of the fluid _ m

P = Volume of the fluid v

Fig: Different molecules arrangement in a same volume of space
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Problem:1 GHET
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at standard atmospheric pressure. Determine the density of this sample of
helium gas?

Given Data:
Volume V = 4 m3

Mass m=0.712 kg

Densityp = v 7 - 0178 °%
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Specific Weight or Weight Density(w) Em
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» Specific weight or weight density of a fluid is the ratio between the weight of
a fluid to its volume and it is denoted by the symbol w(N/m3)

» Thus mathematically

_ Weight of fluid _ (Mass of fluid)X Acceleration due to gravity

" Volume of fluid B Volume of fluid
_Massof fluidX g Mass of the fluid
" Volume of fluid Volume of the fluid

]

[ since p =

w=pXg
W =pg

www.giet.ac.in



Specific Volume GHET
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» |tis defined as the volume of a fluid occupied by a unit mass or volume per

unit mass of a fluid is called specific volume. It is expressed in m3/kg

Volume of the Fluid
Mass of the Fluid

» Specific Volume

1
mass of the fluid/volume of the fluid

1
p

www.giet.ac.in



Specific Gravity or Relative Density(S) E5m
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» Specific gravity is defined as the ratio of the weight density (or density) of a
fluid to the weight density (or density) of a standard fluid

» For liquids the standard fluid is water and for gases the standard fluid is air

Mathematically,

. . Weight density ( density)of liquid
S (for liquids) = ——2 y( y)of liq

Weight density ( density)of water

Weight density ( density)of gas

S (for gases) =
( 5 ) Weight density ( density)of air

www.giet.ac.in
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Calculate the specific weight, density and specific gravity of one litre of a liquid
which weighs 7 N.

Solution. Given :

1 1
Volume = 1 litre = —— m® ( | litte=——m? or 1 litre = 1000 cmS)
1000 1000

Weight = 7 N

_ Weght _ TN o0 N Ans,

Volume [ l J ]
—
1000

(1) Specific weight (w)

www.giet.ac.in
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(1) Density (p) -2, % kg/m 7115kg/m Ans. W =pg
8

(1) Specific gravity = Denm‘ty ofliguid = 7133 {* Density of water = 1000 kg/m’}
Density of water 1000

= ().7135. Ans.
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Problem:3 GHET
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Calculate the density, specific weight and weight of one litre of petrol of specific

gravity = 0.7
: . . 3 1000 5 3
Solution. Given: Volume =1 litre = 1 x 1000 cm” = 0% m” = (0.001 m
Sp. gravity S=0.7
(i) Density (p) Specific gravity = Denmlty ofiqud
Using equation ~ Density of water
Density (p) = § x 1000 kg/m> = 0.7 x 1000 = 700 kg/m>. Ans.

www.giet.ac.in
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(i) Specific weight (w)
Using equation * w=pxg=700x9.81 N/m*= 6867 N/m>. Ans.

(iii) Weight (W)

We know that specific weight = Weight
Volume
or W= i ::::1'1':.386’,*':l
001 0.001

W= 6867 x 0.001 = 6.867 N. Ans.

www.giet.ac.in
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» Viscosity is a measure of a fluid's resistance to flow
» It describes the internal friction of a moving fluid

» A fluid with large viscosity resists motion because its molecular makeup

gives it a lot of internal friction

» A fluid with low viscosity flows easily because its molecular makeup results

in very little friction when it is in motion

www.giet.ac.in
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Moving Surface

00:00:00:23

Moving Surface

:
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» Gases also have viscosity, although it is a little harder to notice it in ordinary
circumstances

7

Fig. Different fluid flow behavior in a same type of glass tube
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» |t states that the shear stress on a fluid element layer is directly proportional
to the rate of shear strain

» dy = Distance between adjacent

fluid layers. a :
» du = Velocity difference between d‘Y ® =
. . d
adjacent fluid layers. | y - :
| A—VELOCITY PROFILE
du |
'tOC d_ T77777777777777777777777777777777777777™

— U

Velocity variation near a solid boundary.
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Newton’s law of viscosity(cont...)
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» After removing proportionality the equation becomes
du
T= |.ld—y
» The constant of proportionality is called the coefficient of dynamic viscosity or

coefficient of viscosity

> Where t = shear stress

d . . . :
d_; = Velocity Gradient or Rate of shear strain or Rate of shear deformation

1 = coefficient of viscosity or coefficient of dynamic viscosity

www.giet.ac.in
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Units of Viscosity

MKS unit of viscosity = ~2 > 4t Force/Area
m du du
. L dyne-sec dy dy
CGS unit of viscosity = T Force/Area ForceX Sec
) 1  Area
sec

dyne-sec

2
cm

The unit of viscosity in CGS is also called Poise which is equal to

SI unit of viscosity = Ns/m” = Pas.

\1 kgf = 9.8 N

1 Ns
One poise = — —.
P 10 m?

IN = 10°dynes

www.giet.ac.in



Kinematic viscosity GHET
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» The kinematic viscosity(19) (also called "momentum diffusivity") is the ratio
of the dynamic viscosity( u) to the density of the fluid( p)

Mathematically,

iy
VIW
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Kinematic viscosity(Cont...) GHET

Units: IRSTITUTIONS
Forcex Sec % ox SecX |
. mass X ax SecX length
In MKS and Sl units: m2/sec ,9=£ =—Area e
p Area X Lenth

In CGS units: cm?/s,

This CGS units of Kinematic viscosity is also known as Stroke

2
Thus, one stoke =cm’fs = (ﬁ} m¥s=10"*m%s

Centistoke means = L stoke.
100

www.giet.ac.in
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2
If the velocity distribution over a plate 1s given by u = 3 y - y2 in which u is the

velocity in metre per second at a distance y metre above the plate, determine the shear stress at
y=0andy = 0.15 m. Take dynamic viscosity of fluid as 8.63 poises.

d
Solution. Given : u =3y _y2 d_u = E 2y T=p du
3( \ y 3 _d'y
) w®) 2 20m2 a0
dy at y=0 kd}ll)y:ﬂ 3 3
du (du) 2
Also — or | — = — -2 X.15=.667 - .30 =0.367
dy at y=0.15 N4V, =015

www.giet.ac.in
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Value of i = 8.63 poise = 81—? SI units = 0.863 N s/m?

du
Now shear stress is given by equation .- . asT=Uu —.

dy
(i) Shear stress at y = () is given by

T,= L (?] = 0.863 X 0.667 = 0.5756 N/m>. Ans.
y y=10

(ii) Shear stress at y = 0.15 m is given by_
du

(1), _gqs =M | — = 0.863 x 0.367 = 0.3167 N/m?. Ans.
- L dy y=0.15

www.giet.ac.in
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O Specific weight of a fluid is the ratio between the weight of a fluid to its volume

O Volume per unit mass of a fluid is called specific volume

O Specific gravity is the ratio of the weight density of a fluid to the weight density of a standard
fluid

O Viscosity is a measure of a fluid's resistance to flow

O Newton’s law of viscosity states that the shear stress on a fluid element layer is directly
proportional to the rate of shear strain

O The kinematic viscosity is the ratio of the dynamic viscosity( 1) to the density of the fluid (p)

www.giet.ac.in
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The dynamic viscosity of an oil, used for lubrication between a shaft and sleeve is
6 poise. The shaft is of diameter 0.4 m and rotates at 190 r.p.m. Calculate the power lost in the bearing
for a sleeve length of 90 mm. The thickness of the oil film is 1.5 mm.

Solution. Given : 1.5 mm
Viscosity U = 6 poise

6 N

_6Ns_ o Ns |

10 m? m’ .
Dia. of shaft, D=04m ) QHAFT
Spﬁﬁd of Shaft, N =190 r.p.m “—— 390 mm

" SLEEVE

Sleeve length, L=90mm=90x 10" m

Thickness of oil film, t=15mm=15x10"m

www.giet.ac.in
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DN _ 7x0.4x190

= = 3.98 m/s
60 60

Tangential velocity of shaft, u =

Using the relation T=l — Torque on the shaft

Shear force on the shaft, F = Shear stress X Area

where du = Change of velocity = u— 0= u=3.98 m/s
dy = Change of distance = r=1.5x 10> m

T=10X 398 _ 1592 N/m*

15%10°3

This 1s shear stress on shaft

www.giet.ac.in
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Shear force on the shaft, I’ = Shear stress X Area
= 1592 xTD X L=1592x Tt x .4 x90 x 107> = 180.05 N

Torque on the shaft, T = Force X g = 180.05 X 02—4 = 36.01 Nm

_ 211:NT_ 21t X190 x36.01
60 60

= 716.48 W. Ans.

1.5 mm

*Power lost

A
0.4 m

: v
454_ 90 mm J SHAFT

SLEEVE

www.giet.ac.in
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A plate 0. 92? mm distant from a fixed plate, moves at 60 cm/s and requires a force of
2 N per unit area i.e., 2 N/m* to maintain this speed. Determine the fluid viscosity between the plates.

Solution. Given :
Distance between plates, dy = .025 mm L

=.025% 107 m dy =025 mm = - = - U =60 cmis

Velocity of upper plate u=60cm/s=06m/s | — cmoooo-—--

Force on upper plate, F=20 ﬂz 1 ;

m FIXED PLATE

www.giet.ac.in



Problem:2(Cont...)

Let the fluid viscosity between the plates is L.

du
we have =1 —.

dy
where  du = Change of velocity = u — 0 = u = 0.60 m/s
dy = Change of distance = .025 x 10> m

N
© = Force per unit area = 2.0 —-

m
-3
20=p 0.60 s 2.0x.025x10 _ 333 x
025x10 0.60

= 833 x 107 x 10 poise = 8.33 x 10™* poise. Ans.

o,
GIET
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s Ns

mE

10
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L ... Two large plane surfaces are 2.4 cm apart. The space between the surfaces is filled
with glycerine. What force is required to drag a very thin plate of surface area 0.5 square metre
between the two large plane surfaces at a speed of 0.6 m/s, if :
(i) the thin plate is in the middle of the two plane surfaces, and
(ii) the thin plate is at a distance of 0.8 cm from one of the plane surfaces ? Take the dynamic
viscosity of glycerine = 8.10 x 1071 N s/m?.

L A i iy

Solution. Given :
Distance between two large surfaces = 2.4 cm 1 f.2cm
Area of thin plate, A=0.5m? 2.4 cm _*__.. F
Velocity of thin plate, u=0.6m/s 1.2cm
Viscosity of glycerine, w=28.10x 10" N s/m*

SRR T T L T T T LT E e
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Case 1. When the thin plate is in the middle of the two plane

surfaces
Let F, = Shear force on the upper side of the thin plate
F, = Shear force on the lower side of the thin plate
F = Total force required to drag the plate
Then F=F+F, ] 12cm

The shear stress (,) on the upper side of the thin plate is given by equation, | *4°" "__'F

www.giet.ac.in
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du
L=l d_y
!

where du = Relative velocity between thin plate and upper large plane surface
= (.6 m/sec
dy = Distance between thin plate and upper large plane surface
= 1.2 cm = 0.012 m (plate is a thin one and hence thickness of plate is neglected)

q:SJoxw4x(Uﬁ
012

]:4&5Nmﬁ

Now shear force, F, = Shear stress X Area
=T, XA=40.5x05=2025N
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Problem:3(Cont...) L

Similarly shear stress (7,) on the lower side of the thin plate is given by INSTITUTIONS
T,=U —u] =8.10 x 10_] X 06 =40.5 N,’m2 f.2em
d}‘ 2 0-012 24cm -*——4
Shear force, F,=1,xA=405%x0.5=2025N i
Total force, F=F, +F,=20.25+20.25=40.5 N. Ans. ——
Case I1. When the thin plate is at a distance of 0.8 cm from one of
the plane Surfac\ES ) I”Hf“x’fr Iy,
Let the thin plate is at a distance 0.8 ¢cm from the lower plane T
. surface. 16.cm
Then distance of the plate from the upper plane surface 2.4.cm l
=24-0.8=16cm=.0l6m r—— > F

0.8cm
Y

FE T T T T E i T EE e riddi v ivaid i

(Neglecting thickness of the plate)
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Problem:3(Cont...) GHET

fffffffffffffff

The shear force on the upper side of the thin plate, ANDLA PRADES L O,
F'| = Shear stress X Area=1T; X A
d .
=Ll e xA=810x10"" x 06 x(0.5=15.18 N
dy | 0.016
‘ T
The shear force on the lower side of the thin plate, .
cm
diu 24cm |
Fr=TyXA=H v <A \ —F
Y 2 0.8'cm
=8.10 x 107! x 0.6 % 0.5=30.36 N
0.8/100

Total force required = F| + F, = 15.18 + 30.36 = 45.54 N. Ans.
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Variation of viscosity with Temperature < il

INSTITUTIONS
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» The relation between viscosity and temperature for liquids and gases are

(i) For Liquids: u = u0(1+at+ ﬂtz)
Where, u = Viscosity of liquid at t°C, in poise, uy = Viscosity of liquid at
0° C,in poise
a, S = Constants for the liquid
For water uy = 1.79X 1073 poise,

a=0.03368, [ =0.000221
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Variation of viscosity with Temperature s,
LEN
(Cont...) Eﬂ

AAAAAAAAAAAAA L INDIA

(ii) For gases:
1= po+at— Bt
Where, g = 0.000017 poise,
a=0.000000056

£ =0.1189 X 10~°

www.giet.ac.in



Types of Fluids GHET

INSTITUTIONS

ANDHRA PRADESH, INDIA

» Fluids can be classified into five basic types.

They are:
1. Ideal Fluid 7]
L
_ =
2. Real Fluid =
o
3. Newtonian Fluid &
5. Ideal-plastic Fluid — = VELOCITY GRADIENT (g—‘;
Types of fluids.
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Types of Fluids (Cont...) GHET

INSTITUTIONS
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» Ideal Fluid: Which is incompressible and is

having no viscosity

» Real Fluid: Which possesses viscosity. All

the fluids in actual practice are real fluids

» Newtonian Fluid: A real fluid, in which the

— SHEAR STRESS

/IDEAL FLUID

shear stress is directly proportional to the

—» VELOCITY GRADIENT (g—:)

Types of fluids.

www.giet.ac.in
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Types of Fluids (Cont...)

» Non-Newtonian Fluid: A real fluid , in
which the shear stress is not proportional
to the rate of shear strain(or velocity

gradient)
> Ideal Plastic Fluid: A fluid, in which

shear stress is more than the yield value
and shear stress is proportional to the

rate of shear strain

@:ﬁﬁrﬁ

INSTITUTIONS
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— SHEAR STRESS

/IDEAL FLUID

— > VELOCITY GRADIENT (—gi)
y
Types of fluids.
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Summary @Em

INSTITUTIONS
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(1 Some Extra problems are solved related to viscosity

 The relation between viscosity and temperature for liquids u = pg (1+0(t1+ ﬁtz)

U The relation between viscosity and temperature for gases u = gy + at —

pt*
[ Fluids can be classified as Ideal Fluid, Real Fluid, Newtonian Fluid, Non-
Newtonian Fluid and Ideal-plastic Fluid
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Compressibility and Bulk Modulus T

NSTITUTIONS

» Compressibility is the reciprocal of the bulk modulus of elasticitye=nex

» Bulk modulus is defined as the ratio of compressive stress(Increase of
Pressure) to volumetric strain

Bulk Modulus K = Increase of. PTGSSl:LT'e @ v »;
Volumetric Strain » dY i
_PISTON

e p

I
: : dv | :
Volumetric Strain = - — R
-ve sign means the volume decreases :
|

with increase of pressure.

&
CYLINDER
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Compressibility and bulk modulus(Cont...)
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Increase of Pressure

Bulk Modulus K =

Volumetric Strain

dp _ dp

“=dv T gy
\v

1

Compressibility = 2



Problem:1 GHET
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Determine the bulk modulus of elasticity of a liquid, if the pressure of the liquid is
increased from 70 Nfem® to 130 N/em®. The volume of the liquid decreases by 0.15 per cent.

—

Solution. Given :
Initial pressure =70 N/cm?
Final pressure = 130 N/cm’
dp = Increase in pressure = 130 — 70 = 60 N/cm?®

Decrease in volume = 0.15%
d ¥ 0.15

— =4 —

\v/ 100
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Bulk modulus, K is given by equation .~ . as
dp  60N/cm® 60 x100 . 2
K = = = = . S.
v 15 4 x 10" N/ecm®. Ans
v 100
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Surface Tension GHET
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» Ever wonder why water beads up on a car, how some insects can walk on
water, how bubbles hold themselves together?

lllll

» The answer is surface tension: Because of cohesion between its molecules,
a substance tends to contract to the smallest area possible
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Surface Tension (Cont...)

>

>
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Water on a waxed surface, forms round beads. More weak bounds can be
formed between molecules, if they were arranged on flat layer

Cohesive forces are greater in mercury than in water, so it forms a more
spherical shape

Cohesive forces are weaker in alcohol than in water, so it forms a more
flattened shape

mercury alcohol

www.glet.ac.in



Surface Tension (Cont...) GHET

 ————————————
I ll t Swurface of any liquid INSTITUTIONS
l 1 behaves as though itis ANDHRA PRADESH, INDIA
> covered by a strelched
/ membrane Ne=1 force on molecuts
1= at surface |s into bulk of the liguid
T

wt T ‘/?\"lzs

r

» A molecule in fluid is pulled in all directions by its neighbors with approximately
equal strength, so the net force on it is about zero

» This is not the case at the surface. Here the net force on a molecule is downward.
Thus, the layer of molecules at the surface are slightly compressed

» Surface tension can be defined as the force per unit length holding a surface together

www.giet.ac.in



Surface Tension on Liquid Droplet e
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» 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
(a) DROPLET  (b) SURFACE TENSION

(in excess of the outside pressure intensity)

d= Dia. of droplet )

(c) PRESSURE FORCES
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Surface Tension on Liquid Droplet(Cont...) @Eﬁ
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AAAAAAAAAAAAAAAAAAA

=0 Xnd
> Pressure force on the area — d2 Px-— d2
» The two forces will be equal and opp05|te under equilibrium conditions

ngd2=axnd @0

o x1td (a) DROPLET (b) SURFACE TENSION
P=—
_d2
4‘ S
40
P=—

d (c) PRESSURE FORCES
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Surface Tension on Hollow Bubble

» A Hollow bubble like a soap bubble in air has two surfaces in contact with

air. One is inside and other is outside

» Thus two surfaces are subjected to surface tension
Px%d2 = 2 x (o xntd)

20 td
P=—
*q2
4d
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Surface Tension on a Liquid Jet GHET

» Consider the equilibrium of the semi jet INSTITUTIONS
» Force due to pressure =P x area of semi jet
Qv — P C\“\
s | AT
=PxLxd al
A »~
al »
. al #
» Force due to surface tension =0 x 2L - &
L o 2 :
» Equating the forces 2l 2
.l
Al >
PxLxd=0 x2L 41 »
' =y
d o
X 2L 2
P= d :}P:—G ” (a) " .(b). .
LXxd d Fig. 1.12 Forces on liquid jet.
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Find the surface tension in a soap bubble of 40 mm diameter when the inside

pressure is 2.5 N/m* above atmospheric pressure.

Solution. Given :
Dia. of bubble, d=40 mm=40x 10> m

Pressure in excess of outside,p = 2.5 N/m?

For a soap bubble, using equation : ., we get

8o E8xX0o
p=— or 25= —
d 40%x 10

25%x40 %1073
o= 2

N/m = 0.0125 N/m. Ans.
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Capillary Action T
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» How do trees pump water from the ground to their highest leaves? Why does liquid

wax rise to the tip of a candle?

"\

>

*
2 ““W, - e
1 \ - v vy m

WW W, glet alcElin



Capillary Action(Cont...)

» These are all examples of capillary -It is due to adhesion and cohesion

» Capillarity is defined as a phenomenon of rise or fall
of a liquid surface in a small tube relative to the
adjacent general level of liquid when the tube is held
vertically in the liquid

» The rise of liquid surface is known as capillary rise
while the fall of the liquid surface is known as

capillary depression

@:ﬁﬁET
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Expression for Capillary Rise

>
>

>

Let h= height of the liquid in the tube

Under a state of equilibrium the weight of liquid of height h is balanced by

the 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
0 = Angle of Contact between liquid and
glass tube
The weight of liquid of height h in the tube
= (Area of tubexh)xp xg

=%d2xhxpxg

&os*"“‘”q%
INSTITUTIONS

AAAAAAAAAAAAA . INDIA

o
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Expression for Capillary Rise (Cont...) @Em

INSTITUTIONS

» Vertical component of the surface tensile force =0 x circumference x'cost ™

=0 X1 d xcos6O
A % 1 clow
For equilibrium, ~

T
Zdthxpxg= o x 1 d xcosf
_ 0 X 1 dxCOSO 1
Zd2XpXg

= —

45COSO LIQUID

- pxgxd
» The value of 8 between water and clean glass tube is approximately equal to zero
and hence cos#@ is equal to unity. Then rise of water is given by

www.giet.ac.in



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 as shown in
Fig

Then in equilibrium, two forces are acting on the

mercury inside the tube

First one is due to surface tension acting in down

warddirection and equal to o x T d xcosf

@:ﬁﬁrﬁ

INSTITUTIONS
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MERCURY

www.giet.ac.in



Expression for capillary Fall (Cont...) @Eﬁ
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» Second force is due to hydrostatic force acting upward and equal to intensity

of Pressure at a depth ‘h’ x Area

= Px%d2 = (pgh) x%d2
Equating,

oxmdxcosf = (pg h)x%d2

pgd
» Value of 8 for mercury and glass tube is 128°
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Problem:3 HEY
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Find out the minimum size of glass tube that can be used to measure water level if

Ih€ capillary rise in the tube is to be restricted to 2 mm. Consider surface tension of water in contact
with air as 0.073575 N/m.

Solution. Given :

Capillary rise, h=20mm=2.0x10>m
Surface tension, ¢ = 0.073575 N/m

Let dia. of tube =d

The angle 6 for water =0°

The density for water, p = 1000 kg/m”
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Problem:3 (Cont...) GHET
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he 4o s 4X0073575
pxXgxd 1000 x 981 x d
d= — AX0073575 1015 m = 1.5 em. Ans.

1000x9.81x2%x107°

Thus minimum diameter of the tube should be 1.5 c¢m.
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Vapor Pressure GET
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» Vapor pressure: the pressure at which a liquid will boil

» Vapor pressure ™ when temperature increases

» At atmospheric pressure, water will boil at 100 °C

» Water can boil at lower temperatures if the pressure is lower
e When vapor pressure > the liquid’s actual pressure

° It Wi” bOiI. Vapor Pressure of Water

1400

1200 +
1000 4
500
G600

{mm Hg

400 |
200

ABRSOLUTE Prassure

o 20 40 L] 80 100 120
Temperature |deg C)
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Cavitation GHET
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» It is the phenomenon of formation of vapour bubbles of a flowing liquid in a
region where the pressure of the liquid falls below the vapour pressure and
sudden collapsing of these vapour bubbles in a region of a higher pressure

Venturi
—— :\1\_'_'—44’::,/; ——
— = T
= 8 20 (::D,fﬂﬁbw‘ ——
m
bubble bubble bubble
inception growth collapse

Vapor Pressure

Static Pressure
|
|
|
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Summary %
GHET

0 Compressibility is the reciprocal of the bulk modulus of elasticity A

ANDHRA PRADESH, INDIA

O Bulk modulus is defined as the ratio of compressive stress to volumetric strain

O Surface tension can be defined as the force per unit length holding a surface together

40

L Relation between surface tension and pressure for Liquid Droplet :P = 4

: . 8
d Relation between surface tension and pressure for Hollow Bubble: P= %

: . . 2
1 Relation between surface tension and pressure for a Liquid Jet: P= —:

O Capillarity is defined as a phenomenon of rise or fall of a liquid surface in a small tube
relative to the adjacent general level of liquid when the tube is held vertically in the

liquid
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Pressure “TE

>
>
>
>
>
>
>
1

INSTITUTIONS
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Pressure is the force exerted per unit area
Pressure is force applied to, or distributed over, a surface
The pressure P of a force F distributed over an area A is defined as P = F/A

Units — N/m?, or Pascal (Pa)

Atmospheric pressure (1 atm.) is equal to 101325 N/m?
1 bar = 105 Pascal pness‘?ﬁze
1 pound per square inch (1 psi) is equal to:

psi = 6944 Pa = 0.068 atm , 1atm =14.7 psi S NG, ‘_
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Pascal’s Law GHET
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“It states that the pressure or intensity of pressure at a point in a static fluid is equal in

all directions ”

£
Forces acting on the fluid element are: B %, ; Y
i
1. Pressure forces normal to the surfaces B dy+1 o Y,
. | NP R 5
2. Weight of element in the vertical direction |dy i S X
A b e .

1. Pressure forces:

On Face AB = P, x Area of face AB 0.+ AX 1
¥

=P, xdyx1 - Forces on a fluid element.
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Pascal’s Law (Cont...)

Similarly,
force on face AC= Py xdx x1

force on face BC= P, xds x 1

2. Weight of the element

= (mass of element )x g

= (volume x density) x g

AB x AC

= x1)xp x g

@ﬂﬁET
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8 %, Y
0 7
prdy*1 [ %
'}d
‘y dx X
A
C 7,
p)-.\x-1

Forces on a fluid element.
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Pascal’s Law (Cont...) GHET
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Resolving forces in x-direction
Py xdyx1-(P,xds x1)sin(90-6)=0

P, xdyx1-(P,xds x1)cosf =0
But ds cosf = AB=dy

Poxdyx1- P,xdyx1=0

Pe= P, p,* Ax+ 1
Similarly , Forces on a fluid element.
Resolving the forces in y- direction
Py xdxx 1- (P, xds x1)cos (90-0) - dx;(dyxlxpxg=0

www.giet.ac.in
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. dx x dy
Py x dx - P, x ds sin 6- Tx pxg=0

But ds sin 8= dx and also element is very small and hence weight is negligible

Py dx-P,dx =0 Y
P, =P,
Hence X
P,=P,=P, 2
i.e pressure at any pointis the same in all the directions Py dxe 1
Forces on a fluid element.
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Hydrostatic Law

“It states that rate of increase of pressure in a vertical direction is equal to weight

density of the fluid at that point”

P= pgZ

@:ﬁﬁ%

INSTITUTIONS
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\EREE SURFACE OF FLUID

Forces on a fluid element.
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Problem:1

Find the weight that can be lifted by a hydraulic press when the force applied at the
plunger is 350 N and has diameters of 250 mm and 40 mm of ram and plunger

respectively

Solution; Given data:

Area of the ram

Area of the plunger

F=35Nd,, =025md . =004m
md F 3.14%0.25° :
Amm = = =0.049m"
4 4
Edpirmeerz 3.14% 0042 . >
Aphmger = 4 . = 4 =0.001256m

&os”,sruq%
INSTITUTIONS
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il
L

X\

Plunger
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Normal pressure mtensity due to the force applied = /“’_\ |
B i W
F 350 Rarm '
)= =278.6kPa M
; Aﬁ/mrgm 0 001236 ) e

As the pressure intensity due to the force in the plunger lifts the weight, so the total pressure
acting on the weight in the ram must be equal or greater to the weight, and hence

B /4
P=,
W = p*A_ =278.6%0.049 =13.65kN
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An oil of specific gravity 0.8 is under pressure of 137.2 kPa, then determine pressure
head expressed in terms of meters of oil.

... =1000kg/m*, P

gaiige

Solution: Given data: ( =137.2kPa,S =0.8

' - Weight density (density) of liquid
P =0 .oh S(for liquids) =
Pressure head gange = Foil & (or liquids) Weight density (density) of water

-:} ]Dgrmge - S *1011'mergh
—137.2%1000= 0.8*1000*9.81%* /,
— h=17.48m of oil

So pressure head 1n terms of oil 1s 17.48 m.
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Calculate the pressure due to a column of 0.3 of (a) water, (b) an oil of sp. gr. 0.8, and
(c) mercury of sp. gr. 13.6. Take density of water, p = 1000 kg/m‘?.

Solution. Given :
Height of liquid column, Z=03m.

The pressure at any point in a liquid is given by equation - - as
p=pgL
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(a) For water, p = 1000 kgi’m3
' p = pgZ = 1000 x 9.81 x 0.3 = 2943 N/m*
2943

(b) For oil of sp. gr. 0.8,

From equation -~ , we know that the density of a fluid is equal to specific gravity of fluid
multiplied by density of water.
Density of oil, Po = Sp. gr. of oil X Density of water (P = Density of oil)

= 0.8 x p = 0.8 x 1000 = 800 kg/m’
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Now pressure, P=PoXgXZ
N 23544 N
=800 x9.81 x 0.3 = 23544 — = 22224 N
m 10 cm
N
= 042354 _24 AHS.
cm
(¢) For mercury, sp. gr. =13.6
From equation = ... we know that the density of a fluid is equal to specific gravity of fluid
multiplied by density of water
- Density of mercury, p, = Specific gravity of mercury X Density of water

= 13.6 x 1000 = 13600 kg/m’
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p=p,XgXxXZ

= 13600 x 9.81 x 0.3 = 40025 lz
m

40025 N

= 4.002 Ans.

cm?
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. An open tank contains water upto a depth of 2 m and above it an oil of sp. gr. 0.9 for
a df’pth of 1 m. Find the pressure intensity (i) at the interface of the two liquids, and (ii) at the bottom
of the tank.

Solution. Given :

Height of water, Z,=2m

Height of oil, Z,=1m l

Sp. gr. of oil, S,=09 10 ERS i as

Density of water, p, = 1000 kg/m’ G e fit

Density of oil, P, = Sp. gr. of oil x Density of water T ey
= 0.9 x 1000 = 900 kg/m’ 20 [Egpreas=ss

Pressure intensity at any point is given by s N
=pXgXxZ l o

www.giet.ac.in
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!

N + 10 Ezfoiizzss
(i) At interface, i.e., at A 1 e e
p=pyxgx 10 S
=900 x 9.81 x 1.0 | E=E
= 8829 Nz = 88249 = 0.8829 N/cm®. Ans.
m 10

(if) At the bottom, i.e., at B
P=pPyXgZy+p; XxgXxXZ =900x9.81x 1.0+ 1000x9.81x2.0
— 8829 + 19620 = 28449 N/m? = 252 N/em?= 2.8449 N/emZ Ans.

104
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Pressure Measurement Terms

Absolute Pressure

@ﬂﬁET
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» Measured above total vacuum or zero absolute. Zero absolute represents

total lack of pressure

Absolute Pressure =

Atmospheric Pressure + Gauge Pressure

Pap=Patm + Pgauge

—— PRESSURE

A
®

) GAUGE PRESSURE
ATMOSPHERIC

/ PRESSURE

VACUUM PRESSURE

S
ABSOLUTE —.f
PRESSUREH[ B

ABSOLUTE ZERO PRESSURE

Relationship between pressures.
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Pressure Measurement Terms(Cont...@TE;m

Atmospheric Pressure INSTITUTIONS

ANDHRA PRADESH, INDIA

» The pressure exerted by the earth’s atmosphere. Atmospheric pressure at sea level is
14.696 psi (1 psi = 6944 Pa = 0.068 atm )

» The value of atmospheric pressure decreases with increasing altitude

Barometric Pressure

Atmospheric pressure is also known as barometric pressure because barometers are

A

a7 S GAUGE PRESSURE
[ ATMOSPHERIC
I

/PRESSURE

VACUUM PRESSURE

used to measure it

—— PRESSURE

" I
ABSOLUTE e
PRESSURE\I B

ABSOLUTE ZERO PRESSURE

Relationship between pressures.
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Vacuum Pressure

INSTITUTIONS

ANDHRA PRADESH, INDIA

» Pressure below the atmospheric pressure

Vacuum Pressure = 1 GAUGE PRESSURE 1 SpHERIC
|

/ PRESSURE

— PRESSURE

Atmospheric Pressure — Absolute pressure = JL- VACUUM PRESSURE
ABSOLUTE - ®
PRESSURE B
Pyacuum=Patm — Pap | \T
ABSOLUTE ZERO PRESSURE
Gauge Pressure 5 Relationship between pressures.

» The pressure above atmospheric pressure

» Can be converted to absolute by adding actual atmospheric pressure value

(Pgauge = Pap —Patm )
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What are the gauge pressure and absolute pressure at a point 3 m below the free
surface of a liquid having a density of 1.53 x 10° kg;”m3 if the atmospheric pressure is equivalent to
750 mm of mercury ? The specific gravity of mercury is 13.6 and density of water = 1000 kgf'm‘?.

-

Solution. Given :

Depth of liquid, Z,=3m
Density of liquid, p, = 1.53 x 10’ kg/m’
Atmospheric pressure head, Zy =750 mm of Hg
75
= —O={}.?Sm0ng
1000
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Atmospheric pressure, Pam = Po X & X2,
where p, = Density of Hg = Sp. gr. of mercury X Density of water = 13.6 x 1000 l(ga'm3
and Z, = Pressure head in terms of mercury.

Pam = (13.6 X 1000) x 9.81 x 0.75 N/m* (v Zy=0.75)
= 100062 N/m*
Pressure at a point, which is at a depth of 3 m from the free surface of the liquid is given by,
P=p XgXZ
= (1.53 x 1000) x 9.81 x 3 = 45028 N/m*

www.giet.ac.in
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Gauge pressure, p = 45028 N/m”. Ans.
Now absolute pressure = Gauge pressure + Atmospheric pressure
= 45028 + 100062 = 145090 N/m>. Ans.
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Summary (Eil
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O Pressure is measured as ratio of force per unit area
L From Pascal’s law pressure at a point in a static fluid is equal in all directions
O From Hydrostatic Law, rate of increase of pressure in a vertical direction is equal to

weight density of the fluid at that point
O Pressure measurement terms like  absolute pressure, atmospheric pressure,
barometric pressure ,vacuum pressure and gauge pressure are important for pressure

measuring instruments

www.giet.ac.in




E:ﬁwi’%

INSTITUTIONS

ANDHRA PRADESH, INDIA

PRESSURE AND ITS MEASUREMENT:
PART-2

Presented By:
Shaik Nayeem
Assistant Professor

Mechanical Engineering
GIET(A)

Lecture Details:

Unit-1( Fluid Statics) Pressure and its Measurement
FM & HM/Mechanical Engineering, I Semester .

www.giet.ac.in




Fluid Mechanics & Hydraulic Machinery e,

o

LEN

— |[FLUIDSTATICS | INSTITUTIONS

ANDHRA PRADESH, INDIA

~ PRESSURE AND ITS
wewwars—— MEASUREMENT: PART-

BOUNDARY LAYER THEORY AND APPLICATIONS ‘ !

FLUID KINEMATICS ‘

BASICS OF TURBO MACHINERY ‘

HYDRAULIC TURBINES ‘

4‘ PERFORMANCE OF HYDRAULIC TURBINES ‘

CENTRIFUGAL PUMPS ‘

RECIPROCATING PUMPS ‘

www.giet.ac.in




Contents

INSTITUTIONS

JANDHRA PRADESH, INDIA

e Measurement of Pressure

Classification

e Piezometer

U-Tube Manometer

e Summary

www.giet.ac.in



Measurement of Pressure e
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The pressure of a fluid is measured by the
following devices
1. Manometers 2. Mechanical Gauges liquid pressure

Measuring liquid pressure

Manometers:

» Manometers are defined as the devices used
for measuring the pressure at a point in a fluid
by balancing the column of fluid by the same

or another column of the fluid "

Pause (k) An instrument colled a manomeler is used lo measure liquid préssure

www.giet.ac.in



Measurement of Pressure(Cont.gd

Mechanical Gauges:

» Mechanical Gauges are defined as the

Pinion

devices used for measuring the pressure

by balancing the fluid column by the

Segmental

spring or dead weight

Adjustable link

www.giet.ac.in
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Types ol pressure measuring devices

Manometers Mechanical
CALES
|
I Bourdan tube
Simple Diflerential gage
manemelers MEAnGmelers
Bello
ellow
. gage
—™| Piczometer — U-Tube
- . . Diaphragm
. . —_— 1 gagc
EE— L-Tube | \ Inverted ===
' LI-Tube Dead weisht
. Single column/ | — gage i
Micro Manometer

www.giet.ac.in




Piezometer

» A piezometer is the simplest form of the
manometer

» It measures gauge pressure only

» The pressure at any point in the liquid is
indicated by the height of the liquid in the
tube above that point

» Which can read on the calibrated scale on

glass tube

@:ﬁﬁrﬁ
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Piezometer
fube
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» The pressure at point A is given by

P= pgh = wh Piezometer
fube
P
h= = Piezometer head
Py

www.giet.ac.in
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» It can be measure large pressure or vacuum pressure and gas pressure

» Pressure at XX in left column = Pressure at XX in right column

P, +p.gh, = pygh,
P, = p,gh, - p1ghy

www.giet.ac.in
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Now , P,=p gh
h =head in terms of water column
pgh = p,gh, - p1ghy

h=%h2'%h1

h=52 hZ'Slhl

www.giet.ac.in
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—
A U-tube manometer similar to that shown in Figure =~  is used to measure the gauge
pressure of water (mass density p 1000 kg /m”). If the density of mercury is 13.6 >

10° kg . what will be the gauge pressure at A if /2; = 0.45 m and D is 0.7 m above
BC.

Solution .. )

Considering
Lo =13.6x10" ke /m

e = 1.0=< 10" kg /
f1, =045 m
fi, =07 m

www.giet.ac.in



Problem:1(Cont..)

the pressure at left-hand limb:

P, — Pressure, p, at A — Pressure due to depth, /i, of fluid P

= p, +@ h

= p, t+ pegh,
the pressure at right-hand limb;

p. = Pressure p,, at D — Pressure due to depth /4, of liquid Q

po = 0+a@, h,
=0+ p,gh,

Since  p, = p,

p,+pagh = p{}ghz

Eﬂfl‘ET
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Py =pPogh — prgh,
=13.6%10" x9.81%x0.7-1.0x10" %x9.81x0.45
= 88976.7 N/m’
=88.97 x10°N/m"

www.giet.ac.in
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Problem:2 GHET

A U-tube manometer similar to that shown in Figure 1s used to measure the gauge IkL‘ST'T"T'°"5
- DHRA PRADESH, INDIA

pressure of a fluid P of density p = 1000 kg/m’. If the density of the liquid Q is 13.6 x

10” kg/m’, what will be the gauge pressure at A if 4i; = 0.15 m and /> = 0.25 m above

BC. Take into consideration pam = 101.3 AN/nr".

Solution to :

Putting . &0 A
po=13.6 x10° Fluid P 1t
pr = 1000 keg/m’ /i
hy=0.15 m B ¥ 3 |c

h>=0.25 m U

www.giet.ac.in
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pressure at left-hand limb;

p, = Pressure p, at A+ Pressure due to depth /, of fluid P + Pressure due to
depth /1, of liquid Q

=, +fﬂ_{.hl +ﬂir_jh:

= p,+ppgh + p,gh

pressure at right-hand limb;

P~ — Pressure p, at D

Pn — Atmospheric pressure

;}{' - }r-}u'rﬂ.'
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Since P, =P

Pyt pgh + Polhty = Pp

Py= Py —(p,,g/ll + /?(_,‘Q/I:)
=101.3-(13.6x103x9.81x0.15+ 1000 x 9.81x 0.25)
=70835.1 N /m’
=70.84 kN / m’

OS}LSM

INSTITUTIONS
ANDHRA PRADESH, INDIA
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Fig. . _ shows a conical vessel having its outlet at A to which a U-tube manomeier
is connected. The reading of the manometer given in the figure shows when the vessel is empty. Find the
reading of the manometer when the vessel is completely filled with water.

Solution. Vessel is empty. Given :

Difference of mercury level h, =20 cm

Let h; = Height of water above X-X

Sp. gr. of mercury, S,=13.6

Sp. gr. of water, S, =10

Density of mercury, P, = 13.6 x 1000
Density of water, p; = 1000

www.giet.ac.in
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Equating the pressure above datum line X-X, we have
Py X g Xhy=p; xXgXxXh

or 13.6 x 1000 x 9.81 x 0.2 = 1000 x 9.81 x h,

h, = 2.72 m of water.
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Vessel is full of water. When vessel is full of water, the -,

pressure in the right limb will increase and mercury level in the right limb will go down. Let the
distance through which mercury goes down in the right limb be, y cm as shown in Fig. = . The
mercury will rise in the left by a distance of y cm. Now the datum line is Z-Z. Equating the pressure
above the datum line Z-Z.

Pressure in left limb = Pressure in right limb

13.6 x 1000 x 9.81 x (0.2 + 2y/100)
= 1000 X 9.81 X (3 + h, + y/100)
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13.6 X (0.2 + 2y/100) = (3 + 2.72 + y/100) (-+ h, =272 m)
2.72 +27.2y/100 = 3 + 2.72 + y/100

(27.2y = y)/100 = 3.0
26.2y =3 x 100 = 300

y= 300 =11.45cm
26.2

The difference of mercury level in two limbs
= (20 + 2y) cm of mercury

=20+2x11.45=20+22.90
= 42.90 cm of mercury

Reading of manometer = 42.90 cm. Ans.
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[ Pressure of a fluid is measured by Manometers and Mechanical Gauges

A piezometer is the simplest form of the manometer

L Piezometer head is given by h= %

1 U-Tube Manometer can be measure large pressure or vacuum pressure and
gas pressure
O Head in terms of water column in U-tube manometer is given by

h= S92 hz -S51 h]_
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l Single column manometer is divided into mainly two types \

A. Vertical single column B. Inclined single column
manometer manometer

www.giet.ac.in



(A) Vertical Single Column =
Manometer INSTITUTIONS

> One of the limbs in double column

< i
3

0
—~—

manometer is converted into a reservoir
having large cross sectional area (about 100

times) with respect to the other limb

» Volume of heavy liquid fall in reservoir =

ul.‘;‘

Volume of heavy liquid rise in right column

|
k:

AXAh=aXh2

axh,

A www.giet.ac.in

Ah =




(A) Vertical Single Column
Manometer(Cont...)

Pressure in left column = Pressure in right column
P+ p1 8 hy + p1 8Ah=p, g hy +p, g AR

P=p, gh, +p, g Ah —py g hy — py 8AR

P=Ah|p, g-p18l+p28hy-p18hy

But Ah=2%"z
A
axhn
P=——= [p28-p181+p28hy-p1ghy -

o,
GIET
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

www.giet.ac.in



(A) Vertical Single Column .
Manometer(Cont...) nsrations

: a
» “ A “is very large as compared to “@” , so “ " “

. _aXh
becomes very small , then neglecting

(p=22"2 [ g pigl+p,8hy-prgh

P=p,gh,-p1ghy
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A single column manometer is connected to a pipe containing a ligquid of sp. gr. 0.9
as shown in Fig. . "~. Find the pressure in the pipe if the area of the reservoir is 100 times the area
of the tube for the manometer reading shown in Fig. . .. The specific gravity of mercury is 13.6.

Solution. Given :

Sp. gr. of liquid in pipe,
.. Density

Sp. gr. of heavy liquid,
Density,

S, =0.9
p, = 900 kg/m>
S, =13.6

p, = 13.6 x 1000

Area of reservoir A

= — = 100

Area of right limb a

Height of liquid,
Rise of mercury in right limb,

i, =20cm =0.2m

h, =40 cm = 0.4 m

www.giet.ac.in
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Let p4 = Pressure in pipe
Using equation ~ -, we get

a
Pa= n hyp,g — pigl + hyprg — hyp,g

= ﬁ X 0.4[13.6 x 1000 x 9.81 — 900 x 9.81] + 0.4 x 13.6 x 1000 x 9.81 — 0.2 x 900 x 9.81

- % [133416 — 8829] + 53366.4 — 1765.8

= 533.664 + 53366.4 — 1765.8 N/m” = 52134 N/m? = 5.21 N/em?2. Ans.
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(B) Inclined single column manometer @Eﬁ

> It is modified form of vertical column manometer LL AR R

» This is useful for measuring small pressure values

» Here vertical height will be h, = [ sina
» It will be substitute into the eq(1l) of
vertical single column manometer

axh
> [P= " 2 [p28-p181+pr8hy-py8

www.giet.ac.in



(B) Inclined single column g
manometer(Cont...) wreTions
Hence

P= 2Lsina 02 8-p18]1+p28lsina—pghy

Since , a<< A, neglecting first term
P=p,8h;-p18h

But P= pgh
pgh=py,8hy-p18hy

h= S / sin@ - S1 h1

www.giet.ac.in
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Case 1: U-tube upright differential manometer

connected between two pipes at different|

levels and carrying different fluids

Let h= Difference of mercury level in the U —

tube

UMM NN LUy

y= Distance of the center of B, from the mercury

level in the in the right limb

(a)Two pipes at different levels

www.giet.ac.in



U-tube Differential W;‘ET
Manometer(Cont...)

x= Distance of the center of A, from the mercury level

in the right limb

p1= Density of liquid at A

po= Density of liquid at B

pg= Density of heavy liquid or mercury

» Taking datum line at X-X

Pressure above X-X in the left limb = P, + p;g(x + h) (a)Two pipes at different levels

www.giet.ac.in



U-tube differential manometer | "ﬂ”i"%‘r
(CO nt...) INSTITUTIONS

Pressure above X-X in the right limb = Pg + p,g8y + p,8h

Equating the two pressures,

Py + p1g(x+h) = Pg + pogy + pygh
Py- Pg = pggh +p,8y —p18( x+h)
Py- P = pygh +p,8y —p18h—p 8 x

Difference of pressure at A and B

= hglpg - p1) + p28Y - p18X

(a)Two pipes at different levels

www.giet.ac.in



U-tube differential manometer(Cont...)s{Em

Case 2: U- tube upright differential
manometer connected at two points in a pipe
at same level

» In fig(b) the two points A and B are at the

same level and contains the Same liquid of

density pq

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

VP Ty T iy T Wy T 1y vy

b) A and B are at the same level
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Pressure above X-X in right limb =

Pg + p18x + pggh
Pressure above X-Xin left limb = P, +p,g(x +h)

Equating the two pressures

P g T ity Ty Wy g Tyv

Pg + pigx+ pggh = Py +p18(x +h)
Py — Pp = pggh+p;gx - p18(x+h)
Py — Pg =gh(pg4- p1)

b) A and B are at the same level

www.giet.ac.in
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Problem:2 Er

A U tube manometer measures the pressure difference between two points A and B in AR

a liquid. The U tube contains mercury. Calculate the ditference in pressure it/ =1.5 m.
fi; = 0.75 m and h; = 0.5 m. The liquid at A and B is water ( & = 9.81 x 10° _:"»'}"m:) and
the specific gravity of mercury is 13.6.

Solution °

Since C and D are at the same level in the same liquid at rest

Pressure p, at C = Pressure p, atD

For the left hand limb
P =p, +h
For the right hand limb
P, =p, +@(h, —h )+ seh

= p, +®h, —&h + sh

www.giet.ac.in
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since p-=p,

p,+&h=p,+wh, —oh +soh

Pressure difference p, — p,

=wh, —wh + seh —mh

=@, —&h+ swh —@h
=e(h, —h)+ewh (s —1)
=9.81x10°(0.75-1.5)+9.81x10°(0.5)13.6 1)
= 544455 N /m” = 54.44kN /m”
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Inverted U-tube differential ﬁ%“:ﬁ
manometer INSTITUTIONS

Taking X-X as datum line. Then pressure in the left limb below X-X
=Ppa—P1 X8 Xh.

Pressure in the right limb below X-X
=pp—PrXgXMy-pyXgXh

Equating the two pressure
Pa—P1X&Xh =pg—PyXgXhy—p;xgXh
Pa—DPp=P  XgXh —p,XgXhy—p,XgXxXh.

www.giet.ac.in
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Problem:3 (e

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 2 m of water,
find the pressure in the pipe B for the manometer readings as shown in Fig.

Solution. Given :

Pressure head at A= Pa _ 2 m of water

Pg
Py=pXgx2=1000x9.81 x2 = 19620 N/m*

Fig. . shows the arrangement. Taking X-X as datum line.
Pressure below X-X in the left limb =p, - p, X g X I,

www.giet.ac.in
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= 19620 — 1000 X 9.81 X 0.3 = 16677 N/m>. ~  *ehmessciod
Pressure below X-X in the right limb

= pgp — 1000 X 9.81 x 0.1 — 800 x 9.81 x 0.12

= pp— 981 - 941.76 = pp — 1922.76

Equating the two pressure, we get NN (A -
16677 = py — 1922.76 5 12 cm

pp = 16677 + 1922.76 = 18599.76 N/m* 2

pp = 1.8599 N/cm?. Ans.
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Summary ol
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In this is lecture covered things like:

O Inclined single column manometer are used to measure small pressure differences

O U-tube differential manometers are used to measure the pressure difference between
two pipes

O Solved some problems on single column manometer and U-tube differential

manometers
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What is Fluid Kinematics ? GHET
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» Fluid kinematics deals with the motion of fluids without considering the
forces and moments that cause the motion
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Fluid motion is described by two methods

— —

i) Langrangian Method ii) Eulerian Method

N~ N~




Methods of Describing Fluid Motion
(Cont...)

Langrangian - An observer fixed to the missile

f ? ,_4’.‘:} -------------------
- : ,

t
2N
v ~_"

L

t, t,
A ._1'.’.‘) ...................... =
L [ > B e i

Eﬂfl‘ET

INSTITUTIONS

ANDHRA PRADESH, INDIA

www.giet.ac.in




i) Langrangian Method GHET
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In the Lagrangian description of  fluid flow,

agrangian

velocities, acceleration, temperature and pressure etc. are |l

ervanve

individual fluid particles are "marked," and their positions,lﬂ

described as a function of time

tH0t

Examples:

= Track the location of a migrating bird

= Travel with the flow and observe what happens around you
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» This method requires us to track the position
and velocity of each individual fluid particle

» |If the number of objects is small, such as
billiard balls on a pool table(as shown in side

fig), individual objects can be tracked ¢

» However, if a fluid lump changes its shape, size :

and state as its moves with time, it is difficult

to trace the lump in Lagrangian description

www.giet.ac.in



iif) Eulerian Method

» To describe the fluid flow, a flow domain of a
finite volume or control volume is defined,
through which fluid flows in and out of the
control volume

» Instead of tracking individual fluid particles, we
define field variables such as velocity, pressure
as functions of space and time, within the

control volume

&os*"“‘”q%
INSTITUTIONS
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0 D |
Bulnan -~ —+v-V= —  Lagrangian
(1 ]
N L
/ Fulerion~~ Lagrangian
doiative [ Matoral
# derivative
A
- o
; ;
Sl e Following the motio
oume element -

ofthe fluid elemen
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iif) Eulerian Method(Cont...)

&wﬂ”‘%
AR
» Eulerian description is often more convenient for fluid mechanics applications
» Experimental measurements are generally more suited with Eulerian
approach

Examples:

Control volume

= Counting the birds passing a particular location \ ——————

= Sit and observe a fixed area from a fixed point

(x.y.2) Vix, y, 2 1)

www.giet.ac.in




Types of Fluid Flow
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Steady and Eiiual Uniform and Rotational

Un-Steady Hid Non-Uniform and
Flow Turbulence Flow Irrotational

Flow Flow
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Steady and Unsteady flows

INSTITUTIONS

Steadv flow: ANDHRA PRADESH, INDIA

It is the type of flow in which the fluid characteristics like velocity, pressure, density ,

etc., at a point do not change with time

Mathematically:

ov
(E)xo,y,zoz 0, 4 A
dp _ :
(E)xo,y,ZO_ OI 'l

ap _
(E)xo,y,zo =0,

Where (x4, 7y, z¢) fixed point in the field



Steady and Unsteady rows(Cont...)@"‘.Em

Unsteady flow : ANDRRA SRADESA DA

It is the type of flow in which the fluid characteristics like velocity, pressure, density ,
etc., at a point changes with time

Mathematically:

ov R
(E)xo,y,zo * 0,

Loengitudinal Section

( )xoyzg O

aVv
= () V = wvariabl
( )xoyzo#:o {r —1 |

Where (x4, ¥, Z¢) fixed point in the field

www.giet.ac.in



One, Two and Three Dimensiona @Eﬁ
Flows weTTuTIONS

» Although in general all fluids flow three-dimensionally

» Pressures and velocities and other flow properties varying in all directions,
in many cases the greatest changes only occur in two directions or even only
in one direction

» In these cases changes in the other direction can be effectively ignored, for

making analysis much more simple

www.giet.ac.in



One, Two and Three Dimensiona .
onedienciona Ac JOWS(CoONt...) L':Di;&';y;ma

» In which the 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 M&M

Mathematically: E

u=f(x),v=0,w=0 =
Where u, v and w are velocity components -E
in x,y and z directions respectively '

|
www.giet.ac.in



One, Two and Three Dimensiona @EE
FlOWS(CO ntm) weTTuTIONS

Two-dimensional flow:

» In which the velocity is a function of time and two

rectangular 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

Mathematically: u = f;( x,y), v= f2(x,y), andw =0

www.giet.ac.in



One, Two and Three Dimensiona "”tiET
FlOWS(CO nt...) NSTITUTIONS

Three — dimensional 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
Threg dimensional flow means that

Mathematically: / - /
H | the flow velooty i functon
u=fi1(xyz), v=f2(xyz), and w = f3(xy,z) (, of et condnts

V=1X¥2

www.giet.ac.in



Laminar and Turbulent flow gy

Laminar flow : INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» In which the fluid particles move along well- defined paths or stream line
and all the stream- lines are straight and parallel
» Particles move in laminas or layers gliding smoothly over the adjacent layer

» This type of flow is also called stream-line flow or viscous flow

>
>
>
- d
>

Laminar flow

www.giet.ac.in



Laminar and Turbulent flow(Cont... s
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Turbulentflow: Ao o

» In which the fluid particles move in zig - zag way
» Due to this, the eddies formation takes place which are responsible for high

energy loss

&

- —
i RSN
www.giet.ac.in

Turbulent flow




Laminar and Turbulent flow(Cont... s
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is called Reynold’s number(R,)

VD
R,=—

v
Where : D — Diameter of pipe, V- Mean velocity of flow in pipe, v — Kinematic
viscosity of fluid

If R, < 2000, then the flow is laminar flow

If R, > 4000, then the flow is turbulent flow

If 2000 < R,< 4000, then the flow is transient flow

www.giet.ac.in
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Laminar and Turbulent flow(Cont... s

Transition of flow from Laminar to turbulent

www.giet.ac.in
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Fluid Motion is defined by two methods: i) Langrangian Method ii) Eulerian Method

If flow properties do not change with time it is called steady flow

If flow properties changes with time it is called unsteady flow

For a steady one-dimensional flow, the velocity is a function of one —space —co-ordinate only

For a steady two dimensional flow the velocity is a function of two space co-ordinates only

O 000000

But for a steady three — dimensional flow the fluid parameters are functions of three space cc

ordinates (x, y and z) only

U

In laminar flow all the stream- lines are straight and parallel

(H

In turbulent flow the fluid particles move in zig - zag way

www.giet.ac.in
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Uniform and Non-uniform flow ={En
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Uniform flow: AAAAAAAAAAAAA "INDIA
The flow in which velocity at a given time does not change with respect to space
(i.e., length of direction of flow) is called as uniform flow

Vi =V,

Mathematailgally: A = A
(E)t=constant =0,

Where Vi V2
dV - Change of velocity ' ]
ds — Length of flow in the direction of S Al A2
e.g. Constant discharge though a constant .
diameter pipe Uniform Flow

www.giet.ac.in
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Non - Uniformflow: RTINS DN

The flow in which velocity at a given time changes with respect to space (length

of direction of flow) is called as non — uniform flow

Mathematically: \

av
(E) t=constant * 0, Vi .
Al V2
A2

e.g., Constant discharge through variable diameter pipe

www.giet.ac.in



Uniform and Non-uniform row(Cont..)@fEm

 Flow could be steady if i, = Qout

 |In the non-uniform flow, the fluid acceleration is
not equal to zero

—

lqin

v

Uniform | | Non-uniform

T

INSTITUTIONS
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Compressible and Incompressible flow &R

Compressible Flow:

INSTITUTIONS
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In which density of the fluid changes from point to point

or
Density(p) is not constant for the fluid

Mathematically:

p # Contant

P,
P2
Compressible fluid

www.giet.ac.in




Compressible and Incompressible @Eﬁ
flows(Cont...) STITSTIONS

Incompressible flow

» In which the density is constant for the fluid flow
» Liquids are generally incompressible while gases are compressible
Mathematically:

p = Contant

www.giet.ac.in



Rotational & Irrotational Flow

Rotational Flows :-

The flow in which fluid particle while flowing
along stream lines, also rotate about their
own axis is called as rotational flow

Irrotational Flows:-

The flow in which the fluid particle while
flowing along stream lines, do not rotate

about their axis is called as irrotational flow

@:ﬁﬁrﬁ
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Visualization of flow Pattern GHET
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» In order to visualize the flow pattern it is useful to define some other properties of
the flow
» They are:
1. Stream lines
2. Path lines

3. Streak lines

www.giet.ac.in



Stream line GHET
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of the flow
or

» The flow in which every particle that passes a

passed the point earlier

www.giet.ac.in
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Stream line(Cont...) GHET
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Characteristics of Streamline :

» Streamlines can not cross each other
» Streamline can't be a folding line, but a smooth curve
» Streamline cluster density reflects the magnitude of velocity (Dense

streamlines mean large velocity; while sparse streamlines mean small

velocity)

www.giet.ac.in
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Stream line(Cont...) T

O INSTITUTIONS

///,__— ANDHRA PRADESH, INDIA

Compressed
streamlilines

— —= Enrichment
/ of smaller cloud particles

FI1G. 4. Streamlines around the simulated aircraft fusalage of F-27.

—= Enrichment
of larger cloud particles
—

i ———
——————j’ ;‘="‘“=.=,=_=
/ /
‘// /
Shadow zone

for larger particles

4

Trajectories around the F-27 for water drops of diameter
100 pam travelling at 90 m s ', = 1.75 < 107° kg s ..

www.giet.ac.in




Path Line

» A Path line is the actual path
travelled by an individual fluid
particle over some time period

» And the path of a particle same
as Streamline for Steady Flow

INSTITUTIONS
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Streak line CHET
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» It is an instantaneous picture of the
position of all particles in flow that
have passed through a given point

» Easy to generate in experiments like W/

dye in a water flow, or smoke in an
airflow

www.giet.ac.in



Stream Tubes GHET
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Stream tube :

» Is an imaginary tube whose
boundary consists of streamlines

» The volume flow rate must be the
same for all cross sections of the

stream tube

www.giet.ac.in



Comparison GHET

INSTITUTIONS

ANDHRA PRADESH, INDIA

Stream Lines Streak Lines “Path Lines

1) Stream Lines are Imaginary, can be

: 1) Streak lines are real lines executed by the
mathematically expressed

stream or chain of fluid particles 1) The path lines are the actual path traced by

" , o emanating from their source, every single particle of the flow.
2) The tangent to any point of stream line gives

the direction of flow of fluid in that direction. 2) Two streak lines can intersect with each

2) Two path lines can also intersect each other.
other.

3) Two stream lines can never intersect each other

3) In stream line flow the stream linesand | 3) In streamline flow the path lines and stream

4) when the fluid particles exactly follows the streak lines do coincide with each other. R 0 COREXR WA OCH O,

stream lines then the flow 15 called as
streamline flow

www.giet.ac.in
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The velocity at a given time does not change with respect to space is called as uniform flow
The velocity at a given time changes with respect to space is called as non — uniform flow
In compressible flow density of the fluid changes from point to point

In incompressible flow the density is constant

O 0O 00 0

The flow in which fluid particle while flowing along stream lines, also rotate about their own axis

is called as rotational flow

U

The flow in which the fluid particle while flowing along stream lines, do not rotate about their axis
is called as irrotational flow
O A streamline is a path traced out by a massless particle as it moves with the flow

O A Path line is the actual path travelled by an individual fluid particle over some time period

www.giet.ac.in
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Fluid Flow

E—) |

Longitudinal Section X

Cross Section

@ﬂf;ET
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» Let’s consider a pipe in which a fluid is flowing with mean velocity, V, in unit time, t,

volume of fluid (AL) passes through section X-X,

www.giet.ac.in




Fluid Flow(Cont...)

volume of fluid AL

1. Volume flow rate: Q= , =
time t

Mass of fluid _ p(AL)

2. Mass flow rate: M= :
time t

3. Weight flow rate: G =

Weight of fluid _ pg(AL) w(AL)

time t

t

o,
GIET
INSTITUTIONS
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Fluid Flow(Cont...)

» Let’s consider a fluid flowing with mean

velocity, V, in a pipe of uniform cross-

&@»s"%
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

section
» Thus volume of fluid that passes
through section X-X in unit time At ,
becomes (Here L= VAt ) as
Volume of fluid =LA
=(VAt) A

Vi,

=

Longtudinal ectio

X Cross Section

www.giet.ac.in



Fluid Flow(Cont...) GhET
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volume of fluid

Volume flow rate: Q = .
time

=(AtV)A Vﬁtx ‘

At

Q=AV

Similarly
llll’\l

At

=2Ub _ pav

a Longitudinal Secton N Cs e

www.giet.ac.in



Continuity GhET
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» Matter cannot be created or destroyed - (it is simply

changed in to a different form of matter) \
a

» This principle is known as the conservation of mass Hass flow |
ass liow in

and we use it in the analysis of flowing fluids —_ E:I':Itnf‘"; —

» The principle is applied to fixed volumes, known as T
T

control volumes as shown in figure Mass flow out

» For any control volume the principle of conservation

An arbitrarily shaped control volume.

of mass says

Mass entering per unit time -Mass leaving per unit time
= Increase of mass in the control volume per unit time

www.giet.ac.in



Continuity Equation GHET
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» For steady flow there is no increase in the mass within

the control volume
» So, Mass entering per unit time = Mass leaving per
unit time

> Lets consider a stream tube

» p1, v1 and A; are mass density, velocity and cross
sectional area at sectionl A stream tube

» Similarly p,, v, and A, are mass density, velocity and M, = pAV.
1 171
M, = p,AV,

www.giet.ac.in
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Continuity Equation(Cont...) eiia

According to mass conservation

_ dMcy
M- M, = e
dM
p1 AV —p Ay V= dtCV

.. dM
For steady flow condition dtCV =0

p1A1 Vi —p2 A3 V3 =0
p1 A1 Vi=p AV

INSTITUTIONS
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A stream tube

M, = pAY,
M, = p,A)V,

www.giet.ac.in




Continuity Equation(Cont...) eiia

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

M=p Ay V1 =p; Ay V;
» Hence, for stead flow condition, mass flow rate at section 1= mass flow rate
at section 2. i.e., mass flow rate is constant
» Assuming incompressible fluid, p; =p, =p
AV =4A, V1,
(1 =0>

» Therefore, according to mass conservation for steady flow of
incompressible fluids volume flow rate remains same from section to

section. (Q; = Q,= Q5 = Q4 etc)

www.giet.ac.in
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.. The diameters of a pipe at the sections | and 2 are 10 cm and 15 cm respectively. Find
the discharge through the pipe if the velocity of water flowing through the pipe at section 1 is
5 m/s. Determine also the velocity at section 2.

Solution. Given : ' 2
At section 1, D/ =10cm=0.I'm @
A, =§ (D} % (.1)? = 0.007854 m> ,,V/‘f"
V.=5m/s — ID1=1OCm lDQ=15Cfn
l —_— Ll
At section 2, D,=15cm=0.15m
A, % (.15)* = 0.01767 m’

www.giet.ac.in
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(7) Discharge through pipe is given by equation
or Q=A,xV,
= 0.007854 x 5 = 0.03927 m’/s. Ans.

., we have AV, = A,V,

(i) y,= AV Q007858 s ) = 2.22 mis. Ans
o 27 A 001767 C T T T

www.giet.ac.in
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=)

A 30 cm diameter pipe, conveying water, branches into two pipes of diameters
20 cm and 15 cm respectively. If the average velocity in the 30 cm diameter pipe is 2.5 m/s, find the
discharge in this pipe. Also determine the velocity in 15 cm pipe if the average velocity in 20 cm
diameter pipe is 2 m/s.

Solution. Given :

Vi=25m/sec
—
Dy = 30cm

www.giet.ac.in



Problem:2(Cont...) 4T
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D, =30cm =0.30m
A=EDp2= % x .3%= 0.07068 m’

4
V=25 m/s
Vi=2.5m/sec
D,=20cm =0.20 m D,;=30cm
_(2) —x4 0.0314 m?, ®
V, = 2 m/s

Dy;=15cm =0.15m
T 2 T 2
= (.15) =7 x 0.225 = 0.01767 m

www.giet.ac.in



Problem:2(Cont...) 4T

INSTITUTIONS

ANDHRA PRADESH, INDIA

) @0"«\

(if) Velocity in pipe of dia. 15 cm or V,
Let Q,, O, and Q, are discharges in pipe 1, 2 and 3 respectively.
Then according to continuity equation

Q=0+ 0,

o0
Find (i) Discharge in pipe 1 or Q, ®\}%
Vg

Vy=25m/sec
.—,
D= 30cm

(i) The discharge Q, in pipe 1 is given by

Q,=A,V, = 0.07068 x 2.5 m*/s = 0.1767 m’/s. Ans.
(i) Value of V,
Q, = A,V, = 0.0314 x 2.0 = 0.0628 m’/s

www.giet.ac.in
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Substituting the values of Q, and @, in equation
0.1767 = 0.0628 + Q,
o Q5 = 0.1767 — 0.0628 = 0.1139 m’/s
But Q;=A;x V3=0.01767 x V; or 0.1139 = 0.01767 x V,

Vy= 0.1139 _ 6.44 m/s. Ans.
0.01767

www.giet.ac.in



Problem:3 GHET

INSTITUTIONS

ANDHRA PRADESH, INDIA

; Water flows through a pipe AB 1.2 m diameter at 3 m/s and then passes through a
pipe BC 1.5 m diameter. At C, the pipe branches. Branch CD is 0.8 m in diameter and carries one-
third of the flow in AB. The flow velocity in branch CE is 2.5 m/s. Find the volume rate of flow in
AB, the velocity in BC, the velocity in CD and the diameter of CE.

Solution. Given :

Diameter of pipe AB, D,z;=12m g_%‘“ D
Velocity of flow through AB, V, p= 3.0 m/s A B

Dia. of pipe BC, Dg-=15m ] ?

Dia. of branched pipe CD, D ,=0.8 m 12m 15m

Velocity of flow in pipe CE, V= 2.5 m/s e ‘

Let the flow rate in pipe AB = Q m’/s Vpg= 3m/sec

Velocity of flow in pipe BC = Vg~ m/s

Velocity of flow in pipe CD = V., m/s Vo= 25 m/sec

www.giet.ac.in
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Then flow rate through CD = Q/3
20 IR
and flow rate through CE=0Q0-0/3= 3 1.2+m tjm
' !
VAB 3 m/sec

b
Vce; 2.5 m/sec

(1) Now volume flow rate through AB = Q = VAB; Area of AB
=30 X 1 (D) =30 % = (1 2)* = 3,393 m’/s. Ans.

www.giet.ac.in



Problem:3(Cont...)

(1) Applying continuity equation to pipe AB and pipe BC,
Vg X Area of pipe AB = Vp X Area of pipe BC

@ﬂfl‘ET
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n T
4 4
T
or 3.0 x (1.2)* = Ve x (1.5)° [Divide by ﬂ
2
or Ve =% - 1.92 mks. Ans.
- ' A "

12m
'
Vyg= 3 m/sec

www.giet.ac.in




Problem:3(Cont...) T

(iii) The flow rate through pipe INSTITUTIONS

CD=Q|=§_3?;93—1HI s

Q, = Vp X Area of pipe CD KE (1‘5’[:{:@)2

1131 = Vg x% x 0.8% = 0.5026 Vg,

1131
VC'D = = 2.25 m/s. Ans.
0.5026 /
: 12m ) 1.5fm /Q' ;

www.giet.ac.in



Problem:3(Cont...) GHET

(iv) Flow rate through CE, INSTITUTIONS
0,=0-0,=3393-1.131 = 2.262 m’/s

n
Q; = Vg X Area of pipe CE = Vg (Dep)’

or 2263 =125 xg % (D)
2263 x 4
or D,y = |— =4/1.152 = 1.0735 m
t \/ 25X

Diameter of pipe CE = 1.0735 m. Ans.

Ne
& 2.5 m/sec

C

www.giet.ac.in
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volume of fluid

L Volume flow rate: Q= :
time

L Matter cannot be created or destroyed - (it is simply changed in to a different form of
matter)
L By continuity equation: For steady flow there is no increase in the mass within the

control volume(i.e., Mass entering per unit time = Mass leaving per unit time)

www.giet.ac.in
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Assumptions of Bernoulli’s éa
equ ation NSTITUTIONS

i. The fluidis ideal, i.e., viscosity is zero
ii. The flow is steady

iii. The flow is incompressible

iv. The flow is irrotational

www.giet.ac.in



Bernoulli’s Equation from Euler'gggy
Equation

» Bernoulli’s equation is obtained by integrating the Euler’s equation of

motion( %p +gdz + vdv =0)

f%p + [ gdz + [ vdv = constant

» In above equation ‘g’ is constant and if flow is incompressible then

p is also constant

%fdp +g [ dz + [ vdv = constant
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Bernoulli’s Equation from Euler'jgy,
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Equatlon(Cont...) AAAAAAAAAAAAAAAAAA

p

, +g Z + — = constant
p 2

— +Z + — = constant
Py 29

p | v

— 4+ — + Z = constant
P9 29

Above equation is known as Bernoull’s equation
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Bernoulli’s Equation from Euler .
E%U ation (CO nt... ) NSTITUTIONS
Wheére,

% - Pressure energy per unit weight of fluid or pressure head

2

:—g —Kinetic energy per unit weight or kinetic head

Z- Potential energy per unit weight or potential head
» Total head = Pressure head + Kinetic head + Potential head  or
» Total energy per unit weight = Pressure energy per unit weight + Kinetic

energy per unit weig
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Water is flowing through a pipe of 5 cm diameter under a pressure of 29.43 N/em?

(gauge) and with mean velocity of 2.0 m/s. Find the total head or total energy per unit weight of the
water at a cross-section, which is 5 m above the datum line.

Solution. Given :

Diameter of pipe =5cm=0.5m

Pressure, p = 29.43 N/cm? = 29.43 x 10* N/m?
Velocity, v=2.0m/s

Datum head, z=5m

Total head = pressure head + kinetic head + datum head
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4
Pressure head _ b DBXI0 30 m p for water = 1000 22 ke
pg 1000 x9.81 m®
.. p? 2x?2
Kinetic head = = = 0.204 m
2¢g 2x98l1

2
Total head =L, ;— +2=30+0.204 + 5 = 35.204 m. Ans.

Pg g
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A pipe, through which water is flowing, is having diameters, 20 cm and 10 cm at the
cross-sections | and 2 respectively. The velocity of water at section 1 is given 4.0 m/s. Find the velocity

head at sections I and 2 and also rate of discharge.

Solution. Given :

D,=20cm=02m @ @
Area, A = % D2= ; (2)?=0.0314m> T—0u
D;=20cm D, =10cm
V,=4.0 m/s | V4 = 40 m/sec ?
D,=0.1m et |

A, = % (.1)2 = .00785 m?
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(i) Velocity head at section 1 @ ?
2
W _40x40 615 m. Ans. ﬂm%:mm
2g  2x9381 W

(if) Velocity head at section 2 = foZg
To find V,, apply continuity equation at 1 and 2

AV, {]314
A 00785

2
Velocity head at section 2 = Y2 160 169 = 83.047 m. Ans.

2¢  2x981
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(111) Rate of discharge =AYV, o A,
= 00314 x 4.0 = 0.1256 m’s
= 125.6 litres/s. Ans. (~+ 1m’ = 1000 litres)
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Problem:3

The water is flowing through a
pipe having diameters 20 cm and 10 cm at sections 1

and 2 respectively. The rate of flow through pipe
is 35 litres/s. The section 1 is 6 m above datum and
section 2 is 4 m above datum. If the pressure at sec-

tion 1 is 39.24 N/em?, find the intensity of pressure
at section 2.

&os”,shlm‘q%‘
INSTITUTIONS

ANDHRA PRADESH, INDIA

b,
7\39. 5
/V/C/h 2
O
6m

j DATUM LINE
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Solution. Given :

20cm = 0.2 m

At section 1, D,
A, = % (.2)% = .0314 m>

p, = 39.24 N/cm?
= 39.24 x 10* N/m?
<Ly = 6.0 m
At section 2, D, =0.10 m

DATUM LINE

A, = % (0.1)%> = .00785 m?

2,'2=4m
pP>=7?
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Rate of flow, 0 = 35 lit/s = 33 035m¥s
1000
Now Q=A,V,=A,V,
V, = ¢ _ 035 114 mss
A, 0314
and V, = Q = 035 = 4.456 m/s
A, 00785

Applying Bernoulli’s equation at sections 1 and 2, we get
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4 2 2
3024x10° (LI o py (4456)
1000 X 9.81 2 x 981 1000 X 9.81 2x9.81
or 40 + 0.063 + 6.0 = 22— + 1.012 + 4.0
9810
or 46.063 = 22 4+ 5.012
9810
P2 _ 46.063 - 5.012 = 41.051
9810
p, =41.051 x 9810 N/m?

41051 % 9810

e N/cm? = 40.27 N/em?. Ans.
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The water is flowing through a taper pipe of length 100 m having diameters 600 mm
at the upper end and 300 mm at the lower end, at the rate of 50 litres/s. The pipe has a slope of I in 30.
Find the pressure at the lower end if the pressure at the higher level is 19.62 Niem?.

Solution. Given :

Length of pipe, L=100m
Dia. at the upper end, D, =600 mm = 0.6 m
Area, A= r 012 =r X (.6)°
4 4
= (.2827 m*
p; = pressure at upper end
= 19.62 N/em®
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= 19.62 x 10* N/m’ S
\)
Dia. at lower end, D, = 300 mm = 0.3 m 08
. _ T L 2 _
.. Area, Ay=—D,"=— (.3)"=0.07068 m ,  DATUM LINE
4 4 RGP K

Q = rate of flow = 50 litres/s = L 0.05 m*/s
1000

Let the datum line passes through the centre of the lower end.
Then 2,=0

As slope is 1 in 30 means 7, = % x 100 = g m
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Also we know 0=A,V =4V,
| = ¢ w = ().1768 m/sec = 0.177 m/s
A 2827
and V,= 0 _ 0> = 0.7074 m/sec = 0.707 m/s
A, ~ 07068

Applying Bernoulli’s equation at sections (1) and (2), we get

2
ﬂ-|-V—1+z L3 +V—+z

pg 2 pg 2
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1962x10* 1777 10 p, .07’
+— = +

or + +0
1000x981 2x981 3 pg 2x981
or 20 +0.001596 + 3.334 = 22 4 0.0254
pg
or 23335 - 0.0254 = — 2
1000 x 9.81

or p, =233 x 9810 N/m* = 228573 N/m* = 22.857 N/em’. Ans.
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1 Bernoulli’s equation is obtained by integrating the Euler’s equation of motion

f%p + [ gdz + [ vdv = constant

2
v L] L]
Q“E +2 4 z=constant is known as Bernoull’s equation

P9 29
U Total head ( total energy per unit weight) = Pressure head(Pressure energy per

unit weight of fluid ) + Kinetic head(Kinetic energy per unit weight )+Potential

head(Potential energy per unit weight )
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» The Bernoulli’s equation was derived on the assumption that fluid is inviscid (
non-viscous) and therefore frictionless

> But all the real fluids are viscous and hence offer resistance to flow

P1 2 b2 2
Pyl g = +2 4 z,+h
P9 29 1 P9 29 2 L

Where h; is loss of energy between point 1 and 2
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A pipe of diameter 400 mm carries water at a velocity of 25 m/s. The pressures at the
points A and B are given as 29.43 N/em?* and 22.563 Niem® respectively while the datum head at A and
B are 28 m and 30 m. Find the loss of head between A and B.

Solution. Given :

y
Dia. of pipe, D =400 mm = 0.4 m &Qoff"‘“%@d“
Velocity, V=125m/s 00" ) 'ﬁ'ﬁi
, ” a0
At point A, pa = 29.43 N/em? = 29.43 x 10" N/m’ & 9@ .2

ZA=281'I"1
vy =v=25m/s

a’

Pa
Total energy at A, E, = "
pg 2g i DATUM,LINE
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2

2043x10% 257
= + + 28
1000 x9.81 2x9.81

=30 +31.85 + 28 =89.85 m

¥ DATUMLINE

At point B, pp = 22.563 Njem” = 22.563 x 10* N/’
Zz=30m
Vp=v=1v,=25m/s
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z
. Total energy at B, Ep= P! +L2y Ip

pg 28
2563x10°  25°

= + +30=23+3185+30=284.85m
1000981 2x981

. Loss of energy =k, - Ep=189.85-84.85= 5.0 m. Ans.
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» 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 is equal to the change in
momentum of flow per unit time in that direction

» The force acting on a fluid mass ‘m’ is given by the Newton’s second law of motion

F=mXa
» Where “a” is the acceleration acting in the same direction as force F

_dv

But a= P
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The Momentum Equation(Cont...) EgH
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F=m E
d i H H . .
= (:;v) { mis constant and can be taken inside the differential }
_d(mv)
F=—a (1)

» Equation 1 is known as the momentum principle

» Equation 1 can be written as F.dt = d(mv) ----- (2)

» Equation 2 is known as the impulse- momentum equation and states that the impulse
of a force F acting on a fluid of mass m in a short interval of time dt is equal to the

change of momentum d(mv) in the direction of force
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Force Exerted by a Flowing Fluid on a @Eﬁ
Pipe Ben d LTI

» The impulse- momentum equation(2) is used to determine the resultant force exerted
by a flowing fluid on a pipe bend

b o2
. @ = i \F,
Q | %
/ ¥6)
p.A, 0 pP2A,COS 6 s

¥
Y
M
O
Y

(a) (b)
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Force Exerted by a Flowing Fluid on a @Eﬁ
Pipe Bend(Cont...) ___ e

» Consider two sections (1) and (2) as shown in

the fig

Let V/;= velocity of flow at section(1)

p1= pressure intensity at section (1)

A= area of cross- section of pipe at section (1)
(b)

and

V5, po , A, = corresponding values of velocity,

pressure and area at section(2

www.giet.ac.in
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> Let F, and F, be the components of the forces exerted by the flowing fluid
on the bend in x and y — directions respectively

» Then the force exerted by the bend on the fluid in the directions of x and y
will be equal to F;, and F,, butin the opposite directions

» Net force acting on fluid in the direction of x = Rate of change of momentum

in X —=direction
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p141 - P2 A, cosB - F, = ( mass per sec) ( change of velocity)

=p(Q( Final velocity in the direction of x

— Initial velocity in the direction of x)
P141 - P24z cosB - F, = pQ(V; cosb - V)
E. =pQ(V; -V, cosB) + p;A;- p,A, cosO

Similarly the momentum equation in y-direction gives

0- pp4; sinb - B, = pQ(V; sinb -0)

E, = pQ( =V, sinB ) -p,A, sinb
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Force Exerted by a Flowing Fluid on a @E‘:ﬁ
Pipe Bend(Cont...) nerToNs

» Now the resultant force(Fy) acting on the bend

=\/Fx2 + F,*
» And the angle made by the resultant force with horizontal direction is given

by

F.
tan0 ==

X

www.giet.ac.in
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A 45° reducing bend is connected in a pipe line, the diameters at the inlet and outlet
ﬂfrhe bend being 600 mm and 300 mm respecrwe!y Find the force exerted by water on the bend if the
intensity of pressure at inlet to bend is 8.829 N/cm® and rate of flow of water is 600 litres/s.

Solution. Given :

Angle of bend, 0 = 45°
Dia. at inlet, D, = 600 mm = 0.6 m
y[ 2 L0 2
Area, A =— D/ = — (.6)
ks Sy (.6)
= 0.2827 m?
Dia. at outlet, D, = 300 mm = 0.30 m

Fig. 6.19

. Area, Ay % (.3)% = 0.07068 m>
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Pressure at inlet, p, = 8.829 N/cm? = 8.829 x 10* N/m?
_ o 3
Q = 600 lit/s = 0.6 m/s E.= pQ(V;- Vy cosb) + pyA;- pyA, cosh
Q0 06 . :
V, = A T 2807 2.122 m/s F, = pQ( =V, sinB)-p,A, sinf
0 0.6

) = = = 8.488 m/s.
A, 07068

Applying Bernoulli’s equation at sections (1) and (2), we get

1

2
pg Zg pg 23
But =2
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p Vo _p Y 88xI0t 2028 p 8488’
o8 28 pg 28 1000x981 2x981  pg | 298

9 +.2295 = p,lpg + 3.672

P2 292295 - 3672 = 5.5575 m of water
pg

Py = 5.5575 x 1000 x 9.81 N/m? = 5.45 x 10* N/m’
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Forces on the bend in x- and y-directions are given by equations (6.18) and (6.20) as
F.=pQ[V,-V,cos 6] + pjA| - p,A, cos 6
= 1000 x 0.6 [2.122 - 8.488 cos 45°]
+8.829 x 10* x 2827 - 5.45 x 10* x .07068 x cos 45°
= - 2327.9 + 24959.6 - 2720.3 = 24959.6 - 5048.2
= 199114 N

and Fy=pQ [- Vysin 8] - pA, sin 6
= 1000 X 0. [- 8.488 sin 45°] - 545 x 10° x 07068 x sin 45°
=- 36011 - 27211 =- 63222 N
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-ve sign means F, is acting in the downward direction

_ _ / 2 2
.. Resultant force, Fp=4F +;‘*jP

= J(199114)? +( -63222)’

= 20890.9 N. Ans.

The angle made by resultant force with x-axis is given by
equation (6.22) or

F,=19911.4 N

F, = 6322.2 N

—
~F-

63222
T 199114

0=tan"' 3175 = 17° 36". Ans.

F,
tan 0 = —
F,

www.giet.ac.in
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[ All the real fluids are viscous and hence offer resistance to flow

2 2
P1 , V1 P2 ., V2
—=4+——+ 2= =+—=+ zZp+h
Pg 29 1 Pg 29 2 L

O F.dt = d(mv) is Known as impulse- momentum equation

L The force exerted by the bend on the fluid in the directions of x and y will be
E. =pQ(Vy -V, cosB) + p;A{- p, A, cosO
E, = pQ( -V, sinB) -p,A, sinb
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Reynold’s Experiment GHET

» The Type of flow ( laminar or LA ALNE
Turbulent) is determined by the /DYE P——
_DYE
Reynold’s number( R, = % . = =
» 0. Reynold conducted an experiment | F======= VA\LY E
in 1883 - ,
. v/ -
— X Al 0
» The water from the tank was } \
WATER 85885 \FILAMENT OF
allowed to flow through the glass DYE
tube . Reynold apparatus.
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» Velocity of flow was varied by the regulating valve D3I o

» A liquid dye having same specific weight as water was introduced into

the glass tube

» Itis observed that DYE
/ FILANENT

i) When the velocity of flow was low , /

then dye filament is straight line and

parallel to the glass tube. This type of

flow is called "Laminar Flow” (a) Laminarﬂow

www.giet.ac.in
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ii) With the increase of velocity of flow , the dye filament was no longer a

straight-line and it becomes wavy in nature. This is called “ Transition “

WAVY
/ FILAMENT

e e e s

(b) Transition
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iii) With further increase of velocity of flow, the fluid particles of the dye

moving in random fashion. This type of flow is called “Turbulent Flow”

» For laminar flow the loss of
DIFFUSED
pressure head is proportional to / FILAMENT
the velocity ; _,:"“:;{?:':':
! P e — =
» For turbulent flow loss of pressure w:l;_-_:-i-;-;:-;-;-;-;-

head is proportional to the square

(c) Turbulent flow

of velocity
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» The viscous action which causes loss of energy in the pipe flow is called

the frictional loss
> The frictional resistance for turbulent flow is:

i)  Proportional to V™, where n varies from 1.5 to 2.0
ii) Proportional to the density of fluid

iii) Proportional to the area of surface in cantact

iv) Independent of pressure

v) Dependent on the nature of the surface in contact
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Let 1-1 and 2-2 are two sections of pipe

Let p;= pressure intensity at section 1-1 (P @
V.= velocity of flow at section 1-1 b T:T ""‘:
g v o 1
L=length of the pipe between section — _T . i
| (I
1-1 and 2-2 —
. . A 5
d= diameter of pipe W ¢

Uniform horizontal pipe.

f'= frictional resistance per unit wetted

area per unit velocity

www.giet.ac.in
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hf= lOSS Of head due to friCtion AAAAAAAAAAAAA . INDIA

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

1% V,2
&+L+21:p_2+i+22+hf
pgd 29 pgd 29
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If pipe is horizontal then, z; =2,

If diameter of pipe is same at 1-1 and 2-2 ,then V; =V,

Pi_P2yp

pg pg 7
he=PL_Pz____________ 1
T~ pg  pg (1)

»But hs is the head lost due to friction and hence intensity of pressure will

be reduced in the direction of flow by frictional resistance
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» Now frictional resistance = frictional resistance per unit wetted area per

unit velocity X wetted area X velocity?

» Wetted area = mdL @ ®

> Velocity =V=V; =1/, N
F, = f'X ndL X V? T

» Perimeter = P =rtd
Uniform horizontal pipe.

F,=f'XPXLXV?
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» The forces acting on the fluid between section 1-1 and 2-2 are:

i) Pressure force at section 1-1 =p; XA

0
Where A = Area of pipe (P ______ e
! F :
ii) Pressure force at section 2-2 =p,X A L _1._‘_14_92_ i
R
iii) Frictional force F; ;.4'|
Resolving all forces in the horizontal direction, then g 0
p, X A—p,X A — F, = 0 Uniform horizontal pipe.
1 2 1=
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(p1 —p2)XA=F
> ButF, = f'X PXLXV?

—p,) A= f'X PXL X V2

f'XPXLXV?
(p1 — P2)= y
» But fromeq(1) hf— — — z—;
p1 — P2=hy pg

www.giet.ac.in
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hf pg— A AAAAAAAAAAAAA , INDIA
/ 2
B = [XPXLXV
! pgA

he =X ZXLX V2
pg" A

But P = wetted perimeter = wd, A = Area = %dz

_fl, md 2
he = LXZEXLXV

pg d
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By = Lx EXL X V2
pg" d

! 2
hf _f X4LV
pg d

» Putting %= g, where f is known as co-efficient of friction
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» Equation (2) is known as "Darcy-Weisbach equation”. This equation is

commonly used for finding loss of head due to friction in pipes

» Sometimes equation(2) is written as

_ fLV?
f = axzg

> Then “f “is known as friction factor

www.giet.ac.in
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Friction in Terms of Shear Stress #

» Force acting on a fluid between section 1-1 and 2-2 is given by

(p1 — p2)XA—F; =0

(p; — p2)X A= F,= force due to

shear stress 7

= shear stress X surface area

=toX1d X L

Uniform horizontal pipe.
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Expression for Co-efficient of Frictiqna
in Terms of Shear Stress(Cont...) e

(p1 —p2) T d*=ToXmd X L

d
(p1 — p2) 2 Yo L

4'7:0 L

(p1 —p2) = R (1)

_Db1 _ P2 _ 4fLv?
But hf_p_g _p_g and hf = ax2g
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Expression for Co-efficient of FrictiqQns
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in Terms of Shear Stress(Cont...) e
pg  dxzg

4f Lv?
P1—P2= szg X pg------(1I)

4Ty L
From eq(1), (p1 — p2) =—,

substituting (p; — p,) in eq(II)

41y L 4fLVv?

d ax2g

www.giet.ac.in



Expression for Co-efficient of Frictiqna
in Terms of Shear Stress(Cont...) e

4t L 4fLv?

d ax2g
_ oV’
To=f >

_ 2
f=2

f — Coefficient of friction

www.giet.ac.in
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> The shear stress in viscous flow is given by Newton’s law of viscosity as
du
Ty = U——
v dy

Where t,, = shear stress due to viscosity

» Similarly to the expression for viscous shear, for turbulent flow
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Shear Stress in Turbulent
Flow(Cont...)

Where t; = shear stress due to turbulence
n = eddy visosity

U =average velocity at a distance y from boundary

% is known as Kinetic eddy viscosity( €) i.e

o |3

o,
GIET
INSTITUTIONS
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» If the shear stress due to viscous flow is also considered, then total shear

stress becomes as:

r o g
—Ildy ndy
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0 Laminar or Turbulent flow is determined by the Reynolds experiment
O Darcy-Weisbach equation is commonly used for finding loss of head due to friction in

pipes

U Coefficient of friction is given by the equaiton f = p%

. . du
O Turbulent shear stress is given by the expression 7, = n d—;

du @

(O Total shear stress is given by the expression T = o +1 2
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Loss of Energy in Pipes GHET

ANDEAA PRADLS R
» When a fluid is flowing through a pipe, the fluid experiences some

resistance, due to which some of energy of fluid is lost

» This loss of energy is classified as follows:
Energy Losses

Major Energy
Losses

Minor Energy
Losses
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» This is due to friction and it is calculated by the following formulae:
a) Darcy-Weisbach Formula

b) Chezy’s Formula

www.giet.ac.in



Major Energy Losses(Cont...) @Eﬁ

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

a) Darcy-Weisbach Formula:

The loss of head (or energy) in pipes due to friction is calculated from Darcy-

Weisbach equation as:

_4fLv?
;= dX2g

Where hf= loss of head due to friction

f= co-efficient of friction which is a function of Reynolds number
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f:? for R,< 2000(viscous flow)

f=2'017/z for R, varying from 4000 to 10°

L= Length of pipe
V= mean velocity of flow

d= diameter of pipe
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b) Chezy’s formula for loss of head due to friction in pipes:

Another expression for loss of head due to friction is given as:

Where hf= loss of head due to friction
P = wetted perimeter of pipe

A= area of cross- section of pipe
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L= length of the pipe
V= mean velocity of flow

Area of flow

» Now the ratio of % (= ) is called hydraulic mean depth or

Perimeter(wetted)

hydraulic radius and is denoted by m

Hydraulic mean depth, m = A_ 2% _ 4
P d 4
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o A P 1, :
Substituting S =mor-=—in equation(1)

by =LxLx VX2
pg

2_ ) 1
VZ=he X 22X mX;
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Major Energy Losses(Cont...) < el

. nETiTIons
V= \/ P2 XmX L

hf .
Let ’f’ C, T =1

» Where C is a constant known as Chezy’s constant and i is loss of head per

unit length of pipe
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» Equation (2) is known as Chezy’s formula

» Thus the loss of head due to friction in pipe from Chezy’s formula can be
obtained if the velocity of flow through pipe and also the value of C is

known

» The value of m for pipe is always equal to d /4
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Find the head lost due to friction in a pipe of diameter 300 mm and length 50 m,
through which water is flowing at a velocity of 3 m/s using (i) Darcy formula, (ii) Chezy’s formula for
which C = 60.

Take v for water = 0.01 stoke.

Solution. Given :

Dia. of pipe, d =300 mm = 0.30 m
Length of pipe, L=50m

Velocity of flow, V=3m/s

Chezy’s constant, C=60

Kinematic viscosity, v= 0.01 stoke = 0.01 cm?/s

= 0.01 x 10* m?s.
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(i) Darcy Formula is given

4. f.L.V?
1= dx2g

where ‘f ' = co-efficient of friction is a function of Reynolds number, R,

Vxd 3.0x0.30
*= v T 01x10*

. Value of f= 007 _ 007 _ 10256

Re”4 (9 % 105)1!4

But R, is given by R =9 x 10°
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_ 4x.00256 x 50 x 37

. Head lost, hf—
0.3 x2.0x9.81

(if) Chezy’s Formula. Using equation

V=Cqmi
0.30

where C = 60, m = i=— = 0.075 m
4 4

o,
GIET
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= .7828 m. Ans.
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3} 1
3=60 J075%i ori=|—]| x—— = 0.0333
POLt [60) 075

h h
But [ = _fz_f
L 50

h
Equating the two values of i, we have é =.0333

hf= 50 x .0333 = 1.665 m. Ans.
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~ Find the diameter of a pipe of length 2000 m when the rate of flow of water through
the pipe is 200 litres/s and the head lost due to friction is 4 m. Take the value of C = 50 in Chezy’s
formulae.

Solution. Given :
Length of pipe, L =2000 m

Discharge, Q = 200 litre/s = 0.2 m’/s
Head lost due to friction, /,=4m

Value of Chezy’s constant, C = 50

Let the diameter of pipe = d
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_ Discharge

o,
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0 02 02x4

Velocity of flow,

Hydraulic mean depth,

Loss of head per unit length, i =

Edz_ﬁdz nd’
4

=.002
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Chezy’s formula is given by equation as V=C vmi
Substituting the values of V, m, i and C, we get

02” = 50 J—x 002 or 1/—x 002 = 224 _ 0050
ntd“ X 50 d
4% 0000259

2
00509 _ 0000259 5 _ 4x. = 0.0518
y y 002

Squaring both sides, % x.002 =

= 3/0.0518=(.0518)"” = 0.553 m = 553 mm. Ans.
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[ Loss of energy in pipe flow is divided into major and minor energy losses
(] Major energy losses is due to friction only and it is given by the Darcy-

Weisbach Formula and Chezy’s Formula

O Darcy- Weisbach formula for loss of head due to friction in pipes is given

4fLV?
dX2g

by hf -
U Chezy’s formula for loss of head due to friction in pipes is given by V= C

vmi
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» The loss of energy due to change of velocity of the flowing fluid in

magnitude or direction is called minor energy losses

» The minor loss of energy (or head) includes the following cases:
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» In case of long pipe the minor energy losses are small compared to major

energy losses and they can be neglected without serious error

» But in case of a short pipe, these losses are comparable with the major

losses
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Loss of Head due to Sudden @EE

Enlargement(h,) WSTITYTIONS
» Consider a liquid flowing

through a pipe which has () @

sudden enlargement as shown i ‘%‘)‘) i

in the fig V, DA, | DA, v,

> b . — . —_—

» Consider two sections 1-1 and : 5

2-2 Dbefore and after the !

enlargement
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Enlargement(Cont...) wszoTions
@ ®
» Let p,=pressure intensity at section 1-1 I
v P4A | P, Vv,
V;=velocity of flow at section1-1 | ——— - "
09D |
A= area of pipe at section 1-1 @ @

p,, V4 and A,= corresponding values at section 2-2

» Due to sudden change of diameter of the pipe from D; to D,, the liquid

flowing from the smaller pipe is not able to follow the abrupt change of

the boundary
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Loss of Head due to Sudden @Eﬁ
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turbulent eddies
» The flow separates from the

boundary and turbulent eddies @ @
are formed : ‘%f)‘) |
» The loss of head (or energy) Vi PyA; | :

takes place due to the formation

of these eddies
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> Let p’'= pressure intensity of the liquid

eddies on the area(A4,- 4;)

h.= loss of head due to sudden

enlargement

» Applying Bernoulli’'s equation at

section 1-1 and 2-2
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Loss of Head due to Sudden

S
IEN
Enlargement(Cont...) HSTITYTIONS
2
P By Zy =—= + — + Z, +loss of head due to sudden enlargement
Pg 29 Pg

But z; = z, as pipe is horizontal
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Loss of Head due to Sudden Eion
Enlargement(Cont...) HSTITYTIONS
» Considering the control volume of liquid between sections 1-1 and 2-2

» The force acting on the liquid in the control volume in the direction of

flow is given by: 0 @

Fe = p1A1+ 0’ (A2 — A1) — P24, 2

But experimentally it is found that p'= p; '

F, = p1A1+ p1(A; — A1) — poA;

www.giet.ac.in



Loss of Head due to Sudden @Eﬁ
Enlargement(Cont...) HSTITYTIONS
F = p14; — p24;

Fe = (p1 —p2)A;

Momentum of liquid/sec at section 1-1 = mass flow rate X velocity

=p A, V;XV,
=p A V,?

Similarly, Momentum of liquid/sec at section 2-2 = p 4,V,*

www.giet.ac.in



Loss of Head due to Sudden 5
Enlargement(Cont...)

AAAAAAAAAAAAA L INDIA

Change of Momentum of liquid/sec = p 4,V,* — p A,V;*

But from continuity equation, A;V; = A,V,

_ A1p
A = v
Change of Momentum of liquid/sec = p 4,V,* — p A‘Z/VZ V,*
1

=P Az(sz - V1V2)
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Now net force acting on the control volume in the direction of flow must be

equal to the rate of change of momentum
(p1 — p2)A2=p Az(sz - V1V2)

(p1 — p2) _
P

2 A

(p1— p2) _ Vo2-ViV,
Pg g

Dividing by g on both sides,
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V.2 =V, V. V.2 1,2
he=2 12+(1_2)

g 29 29

VPV -2V,
— T

_ (V1-V3)?
2g

Loss of head due to sudden enlargement h, =
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Find the loss of head when a pipe of diameter 200 mm is suddenly enlarged to a
diameter of 400 mm. The rate of flow of water through the pipe is 250 litres/s.

Solution. Given :
Dia. of smaller pipe, D= 200 mm = 0.20 m

~. Area, A, = % D= % (2)%=0.03141 m?
Dia. of large pipe, D, =400 mm = 0.4 m

-, Area, A, = g x (0.4)% = 0.12564 m’
Discharge, Q = 250 litres/s = 0.25 m*/s
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Velocity, V, = f = 0{;?21 = 7.96 m/s
{ -

Velocity, V,= f = 12‘224 = 1.99 m/s
s s

Loss of head due to enlargement is given by equation
(i-v,)" (796 -199)°
2 2

= 1.816 m of water. Ans.
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At a sudden enlargement of a water main from 240 mm to 480 mm diameter, the
hydraulic gradient rises by 10 mm. Estimate the rate of flow.

Solution. Given:

Dia. of smaller pipe, D, =240 mm =0.24 m

. Area, A, = r D, = r (.24)°
4 4

Dia. of large pipe, D, =480 mm = 0.48 m

.. Area, A, = % (0.48)2
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Rise of hydraulic gradient*, i.e., | z, + 22 | [ L4z | = 10mm= -2 =L
02 ) \pg 1000 100

Let the rate of flow = Q
Applying Bernoulli’s equation to both sections, i.e., smaller pipe section, and large pipe section.
2 2

V.
Lk + LN +z, = L3 +—2 4+ Z, + Head loss due to enlargement
Pg 28 pg 28
But head loss due to enlargement,
2
(%-v)
[ 2g
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From continuity equation, we have AV, = A,V,

n_2

— D5 XV, 2 2

V:AEV2 _4 ’ = D, xV:(ﬁ] XV,=2*%xV,=4V

A T D, 27\ 24 2 2T
it

Substituting this value -
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Now substituting the value of #, and V| in equation

2
4V, 2 )
P +( 2) g =224 2 2+—9V2
pg 28 pPg  2g 4
2 2 2
. 16V, Vi 9V, =[pg +Z:}-[ﬂ+iﬁ]
2¢ 28 28 \pg pg
But hydraulic gradient rise = [p—2+z }_ [ﬂ+ 31] =1
P8 pg 100

@ﬂfl‘ET
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16V, VS 9V 1 6Vy 1

v,= 22981 _ 1808 = 0.181 mis
6 x 100

Discharge, 0=A,xV,

- ; DXV, = g (48)° x 181 = 0.03275 m’ls

= 32.75 litres/s. Ans.
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The rate of flow of water through a horizontal pipe is 0.25 m’/s. The diameter of the
pipe which is 200 mm is suddenly enlarged to 400 mm. The pressure intensity in the smaller pipe is
11.772 N/em®. Determine :

(1) loss of head due to sudden enlargement, (it) pressure intensity in the large pipe,
(iif) power lost due to enlargement.

Solution. Given :

Discharge, 0 =025m’/s
Dia. of smaller pipe, D, =200 mm = 0.20 m
Area, A, = % (2)% = 0.03141 m>

www.giet.ac.in



Problem:3(Cont...) L

INSTITUTIONS
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.. Area, A, = % (0.4) = 0.12566 m*

Pressure in smaller pipe, p,= 11.772 N/em? = 11.772 x 10* N/m?

Now velocity, V, = Q = 025 = 7.96 m/s
A, 03141

Velocity, = 0 _ 025 = 1.99 m/s
A, 12566
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(i) Loss of head due to sudden enlargement,

(Vi-V)" (796 -199)°
2¢ 2x9.8l1

h, =

4

= 1.816 m. Ans.

(if) Let the pressure intensity in large pipe = p,.
Then applying Bernoulli’s equation before and after the sudden enlargement,

2 2
V
LI NP N S h,
pg 28 pg 28
But 1152 (Given horizontal pipe)
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i po_n VW

2
noh =p2+V2+hfnr =14 .y
pg 28 pg 2g pg P8 28 28

11.??2><10“Jr 796> ) 1.992 )
1000x9.81 2x981 2x981

= 12.0 + 3.229 - 0.2018 - 1.8160
= 15.229 - 2.0178 = 13.21 m of water
py=13.21 x pg = 13.21 x 1000 x 9.81 N/m’
= 13.21 x 1000 x 9.81 x 10™* N/cm? = 12.96 N/cm>. Ans.

(711) Power lost due to sudden enlargement,

p-P8-Q-h _ 1000x9.81x025x1816
1000 1000

1.8316

= 4.453 kW. Ans.

www.giet.ac.in



Summary @Eﬁ
KET

INSTITUTIONS

NDHRA PRADRSH, INDIA

O The loss of energy due to change of velocity of the flowing fluid in magnitude or
direction is called minor energy losses

O For long pipe the minor energy losses neglected

O For short pipe, minor losses are comparable with the major losses

0 Due to sudden change of pipe diameter from smaller to larger diameter, the
smaller pipe is not able to follow the abrupt change of the boundary , thus
turbulent eddies are formed

0 The loss of head (or energy) takes place due to the formation of eddies
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Loss of H.ead due to Sudden @EE
Contraction INSTITUTIONS

» Consider a liquid flowing in a pipe

which has a sudden contraction in

@
area as shown in the fig :
: © @
» As liquid flows from large pipe to : ! ,

: F'1i1’_i W P A,
smaller pipe, the area of flow goes on| ——— T T
decreasing and becomes minimum at @
section C-C
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Loss of Head due to Sudden @EE
Contraction(Cont...) STITYTIONS
> The section C-C is called Vena-contracta

> After section C-C, a sudden enlargement of the area takes place

» The loss of head due to sudden contraction is actually due to sudden

enlargement form Vena-contracta to smaller pipe

&)
Let A, = Area of flow at section C-C ; © @
V. = Velocity of flow at section C-C B TE—— == e
: © @
A, = Area of flow at section 2-2 D
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Loss of H.ead due to Sudden e
Contraction(Cont...) STITSTIONS
IV, = Velocity of flow at section 2-2
h. = Loss of head due to sudden contraction

Now h.= actual loss of head due to sudden enlargement from section C-C to

section 2-2 and given as:

Vq— Vz)z}

{But we know Loss of head due to sudden enlargement h, = 29
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Loss of Head due to Sudden

s
IEN
Contraction(Cont.. ) STITYTIONS
V.2
_ We—V3)
Cc Zg
vV, 2
V) (G- 1)]
A ve  1°
=2 Ly~ 1] ()
. . V. Ay
From continuity equation, AV, =A,V, = L=
2 c
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Loss of Head due to Sudden

s,

_ (&l
Contraction(Cont...) STITYTIONS
Ve 1
va %,

Ve _ 1 A
V_Z = C_c Let /Az =C

o Ve :
Substituting V—C in equation (1)
2

o= fre-1] - -]
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Loss of Head due to Sudden
Contraction(Cont...)

_rir g1
he = 29 [Cc 1]
1 2
Let k= [C_c — 1]
Loss of head due to sudden contraction h, = ig k

If the value of C;= 062, k= [ — 1] =0.375

&os”,shlm‘%
INSTITUTIONS
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Loss of Head due to Sudden
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Contraction(Cont...) STITYTIONS
V,?
hc=z k
2%
hc=03755

www.giet.ac.in



Problem:1 @Eﬁ

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

A horizontal pipe of diameter 500 mm is suddenly contracted to a diameter
of 250 mm. The pressure intensities in the large and smaller pipe is given as 13.734 N/em* and
11.772 Niem? respectively. Find the loss of head due to contraction if C, = 0.62. Also determine the
rate of flow of water.

Solution. Given :
Dia. of large pipe, D, =500 mm = 0.5 m

Area, A = g (0.5)* = 0.1963 m”
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Dia. of smaller pipe, D, =250 mm = 0.25 m
- Area, A, = g (:25)% = 0.04908 m?

Pressure in large pipe, p, = 13.734 N/ecm?® = 13.734 x 10* N/m?
Pressure in smaller pipe, p, = 11.772 N/cm?® = 11.772 x 10* N/m*
C.=0.62

2 2 2 2
Head lost due to contraction = V—z i— 1.0 = V) { L - 1_0} = 0.375 V_Z
2g | C. 2¢ [0.62

From continuity equation, we have AV, = A,V,
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.2
—D; XV z 2
A,V 22 (D 0.25 V
or V, = 22 _ 4 =| =2 xvzz[—J Vz:—2
A EDZ D, 0.50 4
1
4
Applying Bemoulli’s equation before and after contraction,
2 2
r b 47 =82 + 22 +2,+h,
P 2¢ pg 28
But 21 =2
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But h,=0375 —and V, = —

Substituting these values in the above equation, we get

4 (v, 14) 4 2 2

13734 x10° (V2 /4)" _ 11772x10° Vi oo Vs

9.81x 1000 28 1000 x9.81 = 2g 28
2 2
or 14.0 + a 12.0 + 1.375 Y2
6x2g 28
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2 2 2
or 4-12=1375 2 LY a5 te
28 16 2g 2g
or 2.0=13125 x = Vs or V,= \/2'0 x2x98] =5.467 m/s.
28 1.3125
2 2
(1) Loss of head due to contraction, h, = 0.375 4 = 0375 x(5:467) = 0.571 m. Ans.

28 2 x9.81

(if) Rate of flow of water, Q = A,V, = 0.04908 x 5.467 = 0.2683 m’/s = 268.3 lit/s. Ans.
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U The loss of head due to sudden contraction is actually due to sudden
enlargement form Vena-contracta to smaller pipe

U Loss of head due to sudden contraction is given by the expression as

V,2

he =54
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Loss of Head at the Entrance of Pipe @Eﬁ
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» This is 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 sharp entrance, this loss is slightly more than a rounded or bell

mounted entrance
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Re ant
(em’ d)
K; =08
Slightly

TIo
K=

(flow leaving a tank)

www.giet.ac.in




Loss of Head at the Entrance of @EE
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» In practice the value of loss of head at the entrance with sharp cornered

%
29

is taken as 0.5
» Where V = velocity of liquid in pipe

2
Thus, loss of head at the entrance of pipe h; = 0.5 %
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» This head loss due to the velocity of liquid at the outlet of pipe which is

dissipated either in the form of a free jet( if outlet of the pipe is free) or it

is lost in the tank or reservoir

2
» This loss is equal to Z—g , where V= velocity of liquid at the outlet of pipe

2

Thus, loss of head at the exit of pipe h, = %
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(flow entering a tank)

K.=1.0 K.=1.0
(2)®
e e
(1) ——— — o e &
b)
K, = 1.0 K.=1.0
L e A —
— =T e At
’—’_’\F_’/‘ /—”_VV—
T /\\//—\.,

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

www.giet.ac.in




Loss of Head at the Exit of Pipe(Cont.. )@ﬂ

IIIIIIIIIIII

AAAAAAAAAAAAAAAAAA




Loss of Head due to an Obstruction in @Eﬁ
a Pipe
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» Here loss of head (or energy) takes place due to reduction of area of the

cross section of the pipe where the obstruction present

» There is sudden enlargement of

the area of the flow beyond the

obstruction v —--%--—j _________

» Due to this loss of head takes

place
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a Pipe(Cont...) weTTYTIONS

Let a = Maximum area of obstruction

A= Area of pipe, V= Velocity of liquid in pipe v —'—%-—ﬁ

(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 2-2 becomes uniform and equal to the velocity, V in the pipe
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Los.s of Head due to an Obstruction in @Eﬁ
a Pipe(Cont...) weTTYTIONS

» This is similar to the flow of liquid through sudden enlargement
» Let V. =Velocity of liquid at vena- contracta

» Thus loss of head due to an obstruction =loss of head due to enlargement

from vena-contracta to section 2-2

(V1—Vz)2}

{Loss of head due to sudden enlargement h, = 29
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Los.s of Head due to an Obstruction in @Eﬁ
a Pipe(Cont...) weTTYTIONS

» From continuity equation, a. X V. = AXV ------------ (2)

» Let C.= coefficient of contractin

. =area at vena contracta _ a
¢ A—a A—a
a.=C.X(A—a)

Substituting a. in equatin(2)

C.X(A — a)V, = AXV

www.giet.ac.in
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v AV
“C.(A-a)

Substituting V. in equation (1)
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2
Loss of head due to an obstruction = - ( 4__ 1)2
29 CC(A—a)

www.giet.ac.in



Problem:1 @Eﬁ

INSTITUTIONS

AAAAAAAAAAAAA , INDIA

Water is flowing through a horizontal pipe of diameter 200 mm at a velocity of
3 m/s. A circular solid plate of diameter 150 mm is placed in the pipe to obstruct the flow. Find the loss
of head due to obstruction in the pipe if C, = 0.62.

Solution. Given :

Dia. of pipe, D =200 mm = 0.20 m

Velocity, V=3.0m/s

Area of pipe, A= % D’ = % (0.2)>=0.03141 m?
Dia. of obstruction, d=150mm=0.15m

. Area of obstruction, a= g (.15)* =0.01767 m*
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C. = 0.62

AAAAAAAAAAAAA L INDIA

The head lost due to obstruction is given by equation - - as

2 2
| % A
= — 1.0
23 C.:' (A - H)

3x3 03141 ol
2x981|0.62[.03141-.01767]

9
2 X981

[3.687 — 1.0]° = 3.311 m. Ans.
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O The Loss of Head at the Entrance of Pipe is similar to the loss of head due to
sudden contraction

2
U Loss of head at the entrance of pipeis h; = 0.5 I;L

[ Loss of head at the exit of pipeis h, ==

. y2
[ Loss of head due to an obstruction = —(

)2

Ce (A a)
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Loss of Head due to Bend in Pipe @Eﬁ
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which the separation of flow from the boundary and also formation of

eddies takes place

2
Loss of head in pipe due to bend is: hy, = kzig

Where V= velocity of flow, k= co-efficient of bend

The value of k depends on (i) Angle of bend (ii) Radius of curvature of bend

(iii) Diameter of pipe
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Loss of Head In Various Pipe Fittings @Eﬁ

ANDEAA PRADLS R
» The loss of head in various pipe fittings such as valves, couplings etc,, is
kv?
equal to —
2g

Where V= velocity of flow

k= co-efficient of pipe fitting
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) Determine the rate of flow of water through a pipe of diameter 20 cm and length
50 m when one end of the pipe is connected to a tank and other end of the pipe is open to the
atmosphere. The pipe is horizontal and the height of water in the tank is 4 m above the centre of the

pipe. Consider all minor losses and take f = .009 in the formula h, = ‘. j; ;<Lz:gV2 :
Solution. Dia. of pipe, d=20cm =020 m

Length of pipe, L=50m

Height of water, H=4m

Co-efficient of friction, f=.009

Let the velocity of water in pipe =V m/s.
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Problem:1(Cont...)

Applying Bernoulli’s equation at the top of the water
surface in the tank and at the outlet of pipe, we have
[Taking point 1 on the top and point 2 at the outlet of

pipel].

&@»s"%
INSTITUTIONS

AAAAAAAAAAAAAAAAAA

2 WATER SURFACE

P L +7 ‘U2+V—+z + all losses e

pg 2 | pg 28

. — — — — — — — — — —
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Problem:1(Cont...)

Considering datum line passing through the centre of pipe

2

U+0+4-U=0+V—2+0+(h,-+hf)
28
Vz | warer suReace |
40=—2 + h; + hf B
28 —_—T
But the velocity in pipe = V, V=V, 4{
V2 ' o i PR e
28 =50 N
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INSTITUTIONS

AAAAAAAAAAAAA L INDIA

Problem:1(Cont...) E

_4.f.L.V?

From equation  h;=0.5 — ! hy
dX2g

Substituting these values, we have
V205V 4L f. L.V
+ .

4. =
20 2g dx2g
V2 . &
= —|10+05+ 4x 009 x50 =— [1.0+ 0.5+ 9.0]
2g 0.2 2g
2
=105 x —
28
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V= \F X2X98L 734 misec
10.5
Rate of flow, 0=AXxXV= ; x (0.2)* x 2.734 = 0.08589 m"/s

= 85.89 litres/s. Ans.
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A horizontal pipe line 40 m long is connected to a water tank at one end and
discharges freely into the atmosphere at the other end. For the first 25 m of its length from the tank,
the pipe is 150 mm diameter and its diameter is suddenly enlarged to 300 mm. The height of water
level in the tank is 8 m above the centre of the pipe. Considering all losses of head which occur,
determine the rate of flow. Take f = .01 for both sections of the pipe.

Solution. Given :
Total length of pipe, L=40m
Length of 1st pipe, L =25m

Dia. of 1st pipe, d; =150 mm=0.15m
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Length of 2nd pipe, L,=40-25=15m  rewe e
Dia. of 2nd pipe, d, =300 mm = 0.3 m
Height of water, H=8m

Co-efficient of friction, f=0.01

Applying Bernoulli’s theorem to the free surface of water in the tank and outlet of pipe as shown in
F1g.  and taking reference linc passing through the centre of pipe.
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WATER SURFAC

8m
|
} ..... N R Vi
L,=25m |
Lo=15m
d,= 2
1=0.15m d=03m
VE
0+0+8=224+22 40+ all losses
pg 2g
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V;
i 8B0=0+ =+ hi+hg +h+h Wi
2 M (i)
2
where A, = loss of head at entrance = 0.5 ZL
8
4% FXL XV
hf = head lost due to friction in pipe 1 = f XL XV,
| d X2g
2
(Vi -V)
h, = loss head due to sudden enlargement = >
8
4% fXL, XV,
hf = Head lost due to friction in pipe 2 = fXLyXV;
2 dyx2g
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But from continuity equation, we have

AV, = AV,
T 2
—d, XV 2 2
A 277 [ d 0.3
V, = 2V2=4 —| %2 XV2=[—J )(V2=4V2

4

Substituting the value of V| in different head losses, we have

05V 05X (4‘/2)2 8V,

h; >
g 2g 2g
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4% 0.01x25% (4V;)°
h, =
J 015%x2x%g
2 2
_ 4x.01x25x%x16 « Vs = 106.67 Vi
0.15 28 28
2 2
P /0 4 I A5 1Y 1
i 28 28 28
2 2 2
- 4xO0IXISX VY _ 4x01x15 Vi . V)
: 0.3x2g 0.3 2g 2g
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Substituting the values of these losses in equation (i), we get

2 2
8.0=—2+ + 106.67 v +W2
28 2 28 28 2g

V—[1+8+10667+9+2]- 126.67 —
2g 28

V2=J8.0><2><g =J8.0><2x9.81= 30T = 1113 s

126.67 126.67
. Rate of flow, 0 = A, x V, = % (03)% x 1.113 = 0.07867 m¥/s = 78.67 litres/s. Ans.
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2
O The Loss of head in pipe due to bend is: hy, = kng

2

L The loss of head in various pipe fittings is: kng
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» Itis defined as the line which gives the sum of pressure head (%) and

datum head(z) of a flowing fluid in a pipe with respect to some reference

line which is obtained by joining the top of all vertical ordinates, showing

the pressure head (%) of a flowing fluid in a pipe from the centre of the

pipe
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piezometer
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Hydraulic gradient piezometer
line(HGL)

Piezometric head at section 1

=P,/w+ Z,

Piezomtric head at section 2

=Py/w+ Z,

PZL joins P,/w+ Z,

with P, /w + Z, as shown in
fig.
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Total Energy Line(T.E.L) GHET

ANDPRA PRADESH DA
» Itis defined as the line which gives the sum of pressure head, datum head
and kinetic head of a flowing fluid in a pipe with respect to some

reference line
or

» It is defined as the line which is obtained by joining the tops of all vertical
ordinates showing the sum of pressure head and kinetic head from the

centre of the pipe
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picezometer
e
V12/24 £
—HGr
P,/ e ;V22/Zg
1 \ le(l)
\ 7 : 7
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piezometer ANDHRA PRADESH, INDIA
Total energy line(TEL) /
TE
Total energy at section 1 Vf/ZgI L
P,/® y? aich
\\
Total energy at section 2 v1 \ i
= P,/o+ V,22g +Z, .
\
= 2 . =
TEL joins P,/o+ V,*/2g +Z, with 24 >\2\
P,/+ V,%/2g +Z,as shown in fig. %
%
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Determine the rate of flow of water through a pipe of diameter 20 cm and length
50 m when one end of the pipe is connected to a tank and other end of the pipe is open to the
atmosphere. The pipe is horizontal and the height of water in the tank is 4 m above the centre of the

4.f.L.V?
dx2g |
For the problem -~ draw the Hydraulic Gradient Line (H.G.L.) and Total
Energy Line (TEL).

pipe. Consider all minor losses and take f = .009 in the formula h; =

www.giet.ac.in
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Problem:1(Cont...)

Solution. Dia. of pipe, d=20cm=020m
Length of pipe, L=50m

Height of water, H=4m

Co-efficient of friction, f=.009 WATER SURFACE

= —— — — — — — ]

Let the velocity of water in pipe =V m/s. s

Applying Bernoulli’s equation at the top of the water 4m
surface In the tank and at the outlet of pipe, we have | | |
[Taking point 1 on the top and point 2 at the outlet of
pipe]. ’
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T WATER SURFACE

2 2 &
" P2 Y, Z, + all losses 4[
pg 28 pg 28 | —Eemeee e

Considering datum line passing through the centre of pipe

2
[}+0+4.0={]+V—2+0+(h,-+hf)
28

2
4.{]=V—2+h,~+hf
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But the velocity in pipe = V, V=V,
2
28
Vv 2
From equation h;=0.5 — h_4.f*L.V

28 U7 ax2g
Substituting these values, we have

V2+0.5V2+4.f.L.V2

4.0 =
20 g dx2g
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2

1%
=——@ﬂ+05+
28

2

V
=— [1.0+ 0.5+ 9.0]
2¢

4X.009 X 50]

V2
=105 x —
28

J4x2x9£]
10.5

Rate of flow, Q0=AxV= ; x (0.2)* X 2.734 = 0.08589 m"/s

= 2.734 m/sec

= 85.89 litres/s. Ans.
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h; = Head lost at entrance of pipe

V: _05x2734°
28 2 x9.81

=0.5 =0.19m

and hf= Head loss due to friction

CAXFXLXVE 4%0009% 50 % (2.734)
dx2g 0.2x2x981

=3.428 m.
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(a) Total Energy Line (T.E.L.). Consider three points, A, B and C on the free surface of water in
the tank, at the inlet of the pipe and at the outlet of the pipe respectively as showninFig. ~ Let us
find total energy at these points, taking the centre of pipe as reference line.

A' D—Lhi=0.19
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1. Total energy atA=£+V—+z=O+0+4.O=4m

P %
2. Total energy at B="Total energy atA - h.=4.0-0.19=38Im
& :
3, Total energy at C = &+V— 17204 — +0=& =038 m.

g 2 g 2x94
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Hence total energy line will coincide with free surface of water in the tank. At the inlet of the pipe,
it will decrease by h; (= 0.19 m) from free surface and at outlet of pipe total energy is 0.38 m. Hence
in Fig. 1

N DY
(i) Point D represents total energy at A J( '
(1) Point £, whete DE = h, represents total energy at nlet of the pipe
(1) Point F, where CF = .38 represents total encrgy at outlet of pipe.

Join D'to £ and £ to F. Then DEF represents the total energy line.
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(b) Hydraulic Gradient Line (H.G.L.), H.G.L. gives the sum of (p/w + ) with reference to the
)

datum-line. Hence hydraulic gradient line is obtained by subtracting ” from total energy line. At
8
2 2

outlet of the pipe, total energy = s By subtracting P from total energy at this point, we shall get
§ 8
point C, which lies on the centre line of pipe. From C, draw a line CG parallel to EF. Then (G

represents the hydraulic gradient line.

&@»s"%
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Problem:2 GhET

A horizontal pipe line 40 m long is connected to a water tank at one end and
discharges freely into the atmosphere at the other end. For the first 25 m of its length from the tank,
the pipe is 150 mm diameter and its diameter is suddenly enlarged to 300 mm. The height of water
level in the tank is 8 m above the centre of the pipe. Considering all losses of head which occur,
determine the rate of flow. Take f = .01 for both sections of the pipe.

For the problem . - draw the hydraulic gradient and total energy line.

Solution. Given :

Total length of pipe, L=40m

Length of 1st pipe, L,=25m

d, =150 mm = 0.15m

Dia. of 1st pipe,

www.giet.ac.in
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Length of 2nd pipe, L,=40-25=15m
Dia. of 2nd pipe, d, =300 mm = 0.3 m
Height of water, H=8m

Co-efficient of friction, f=0.01

Applying Bemoull's theorem o the free Surface of water in the tank and outlet of pipe as shown In
F1g.  and taking reference inc passing through the centre of pipe.
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WATER SURFAC

8m
|
J_._ — ——————— Vi
L,=25m Lo
d4=0.15m E;gfsmm
P2 sz
0+0+ 8= + + 0 + all losses
pg 28
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Problem:2( Cont.z..)

V.
i 8.0=04—=+hi+ hy +h,+ hy
Zg ! 2
2
where h; = loss of head at entrance = (.5 2
8
4% fXL XV
hf = head lost due to friction in pipe 1 = XL XV,
| d, X2g
2
(Vi -V,)
m=MHmmmmmwMMHM@mmu__;__
8
4% f XL, X Vy
hf = Head lost due to friction in pipe 2 = fXLyX V,
2 dyx2g

&oﬂ}ts"%
INSTITUTIONS
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W S5
am
V
L S ——_
| |-1:25m |-=15m =
— d:tim !
B0 m
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But from continuity equation, we have

AV, = AV,
T 2
—d, XV 2 2
A 277 [ d 0.3
V, = 2V2=4 —| %2 XV2=[—J )(V2=4V2

4

Substituting the value of V| in different head losses, we have

05V 05X (4‘/2)2 8V,

h; >
g 2g 2g
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4% 0.01x25% (4V;)°
h, =
J 015%x2x%g
2 2
_ 4x.01x25x%x16 « Vs = 106.67 Vi
0.15 28 28
2 2
P /0 4 I A5 1Y 1
i 28 28 28
2 2 2
- 4xO0IXISX VY _ 4x01x15 Vi . V)
: 0.3x2g 0.3 2g 2g
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Substituting the values of these losses in equation (i), we get

2 2
8.0=—2+ + 106.67 v +W2
28 2 28 28 2g

V—[1+8+10667+9+2]- 126.67 —
2g 28

V2=J8.0><2><g =J8.0><2x9.81= 30T = 1113 s

126.67 126.67
. Rate of flow, 0 = A, x V, = % (03)% x 1.113 = 0.07867 m¥/s = 78.67 litres/s. Ans.
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Total Energy Line ~ LNOiRAPRADESH. NDA
(i) Point A lies on free surface of water.

(ii) Take AB=h,=0.5m.
(iii) From B, draw a horizontal line. Take BL equal to the length of pipe, i.e., L,. From L draw a

vertical line downward.
i) Cudelne LC=1, =673, e il L
) Jointhe i Bt . Fom e o CD vty dovowad cqalto B, 20366m. | L e I
N o l f
(i) Erom D, draw DM horizontal and from point F which i Lying on the centre of the pipe, draw & gl h, 94 ' Q—Q i
fertalne i the upward direcion,meeting at M. Fom M, ke  istance ME= By =0.128 J D 0'126
2 e ——
. e e A e gy M
Join DE, o LL . ;
d 5m 3> W
d,=0.3m

Then line ABCDE represents the totel energy lne.
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o

V, = 4V,
Hydraulic Gradient Line (H.G.L.) ___:::::__:__:j:‘_g LSm l% )
2 TP
(i) From B, take BG = V, /g = L L. e s
2x981 om e, !C_ghezases
(if) Draw the line GH parallel o the line BC. | VD“\‘E* .
(iii) From F, draw a line FIparallel to the line ED.| Tt Mt
(iv) Join the point H and [. L 4:03m

Then the line GHIF represents the hydraulic gradient line (H.G.L.).
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O Hydraulic Gradient Line is sum of pressure head (%) and datum head(z)

[ Total Energy Line is sum of pressure head, datum head and kinetic head
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Flow through Pipes |n. series or Flow @Eﬁ
through Compound Pipes wsrTeTions

» Pipes in series or compound pipes are defined as the pipe of different

lengths and different diameters connected end to end( in series) to form a

pipe line as shown in fig ’ A

» Let L, L,, L3 =length of

pipes 1,2 and 3 respectively

d{, d,, d; = diamter of pipes

1,2 and 3 respectively

www.giet.ac.in
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Flow through Pipes |n. series or Flow en
through Compound Pipes(Cont...) srTaTons
V1, Vo, V3 =velocity of flow through pipes 1,2 and 3 respectively

f1, [2, f3 = coefficient of frictions for pipes 1,2 and 3 respectively

H= difference of water level in the two tanks

The discharge passing through each pipe is same

Q= A,V; = AV, = A3V;




: : : oy
Flow through Pipes |n. series or Flow en
through Compound Pipes(Cont...) srTaTons
» The difference in liquid surface levels is equal to sum of the total head

loss in the pipes

_ Vi2 | 4f1L4V4° Vo2 | Af,LaVa° | (Va-V3)2 | Af3LlaVs® | Vi?
H= 0.5 Zg+ d.X2g + 0.5 2g+ 1,X2g + 29 + d:X2g +Zg

» If the minor losses are neglected, then the equation becomes as

A

2 2 2
_ 4f,L1V4 4f,1,V, 4f313V3
d1X2g dzng d3X2g




Flow through Pipes in series or Flow @E‘:ﬁ
through Compound Pipes(Cont...) wsreTons

» lIf the coefficient of friction is same for all pipes, i.e f1=f, = f3=f

_AfLv P ALyt AfLsvst
~ di1X2g d,X2g dsX2g

_4r L1V12 n Lsz2

H=
2g | dq dy d3

www.giet.ac.in
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. The difference in water surface levels in two tanks, which are connected by three
pipes in series of lengths 300 m, 170 m and 210 m and of diameters 300 mm, 200 mm and 400 mm
respectively, is 12 m. Determine the rate of flow of water if co-efficient of friction are .005, .0052 and
0048 respectively, considering : (i) minor losses also (ii) neglecting minor losses.

Solution. Given :
Difference of water level, H=12m

Length of pipe 1, L, =300 m and dia., d; = 300 mm= 0.3 m
Length of pipe 2, L, =170 m and dia., d, = 200 mm = 0.2 m
Length of pipe 3, Ly=210 m and dia., dy = 400 mm = 0.4 m
Also, f1 = .005, f, = .0052 and f; = .0048

www.giet.ac.in
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(i) Considering Minor Losses. Let V|, V, and V; are the velocities in the 1st, 2nd and 3rd pipe

respectively.
From continuity, we have A,V, =A,V, = A,V

—a’z 2 2
AV 1 d .
=11 4 V, = 1%:[0—23] xV, =225V,

Vz -_ _2
A n dzz d,

2 -

N
|
|

AV, d} :
_AVY _ 4 V_(S_i] V,=0.5625V,

www.giet.ac.in
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Problem:1(Cont...) E

Now using equation

2
_ 0.5 V12 + 4f1L|1|"'12 + 0.5 sz + 4f2L2V22 + (Vl _ VS) + 4f3L5V32 + "/32
2g d X2g 2g d, X2g 2g d,X2g 2g

H

2
05V | 4x.005x300x Y 05X (225V)
28 0.3x2g 28

Substituting V, and V5, 12.0 =

0000 170 5 V) (22SVi- SV 4x 0048x210x(3625V,)" (5625 V)
| 02x2¢ 2g 0.4 x2g 2

www.giet.ac.in
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2
or 12.0 = ‘2"_1 [0.5 + 20.0 + 2.53 + 89.505 + 2.847 + 3.189 + 0.316]

g
2

W [118.887]
28

12 x2x9.81

.=\/ X2X98L _ 1 407 mis
118.887

Rate of flow, Q = Area X Velocity = A, X V|
- ; (d)? XV, = ; (.:3)? X 1.407 = 0.09945 m%/s

= 99.45 litres/s. Ans.

www.giet.ac.in
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(i1) Neglecting Minor Losses. Using equation

ANLVE | ALV, | ARLYS
d x2g d,x2g dyX2g

H =

o 12.0= V> | 4x.005x 300 , 4x.0052x170 x (2.25)° , 4X.0048 %210 (.5625)°
v’ v
= — [20.0 + 89.505 + 3.189] = X 112.694
28 28

www.giet.ac.in
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v, = ‘/2 % 9.81x12.0

= 1.445 m/
112.694 s

Discharge, 0=V, X A, = 1.445 X ; (.3) = 0.1021 m’/s = 102.1 litres/s. Ans.

www.giet.ac.in
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» Consider a main pipe which divides into two or more branches as
shown in fig and again join together at downstream to form a single
pipe, then the branch pipes are said to be connected in parallel

» The discharge through the main pipe is increased by connecting pipes in
parallel BRANCH PIPE 2

www.giet.ac.in



Flow through Parallel Pipes(Cont...ﬁEﬁ

» The rate of flow in main pipe is equal to the sum of rate of flow through
branch pipes

Q=01 +0;
» The loss of head for each branch pipe is same
Loss of head for branch pipe 1= Loss of head for branch pipe 2
2 2
4f1L1Ve™ _ 4f2LaV;

» Iff1=12
LiVy° _ L,V,*

www.giet.ac.in
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A main pipe divides into two parallel pipes which again forms one pipe as shown in
Fig. - . The length and diameter for the first parallel pipe are 2000 m and 1.0 m respectively, while
the length and diameter of 2nd parallel pipe are 2000 m and 0.8 m. Find the rate of flow in each

parallel pipe, if total flow in the main is 3.0 m’/s. The co-efficient of friction for each parallel pipe is
same and equal to .005.

BRANCH PIPE 2
L2 ,d2 ,V2

www.giet.ac.in
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Solution. Given :

Length of pipe 1, L, =2000 m
Dia. of pipe 1, d=10m
Length of pipe 2, L, =2000 m
Dia. of pipe 2, d,=0.8m
Total flow, 0 =3.0m’/s
fi == =.005
Let Q, = discharge in pipe 1

Q, = discharge in pipe 2

From equatmn - Q =0,+0,=3.0

TrTr =

www.giet.ac.in
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Using equation .

Af,LV: _Af,L,V,

d x2g d, xX2g

4 %.005%2000 xV,  4x.005x 2000 x V,

1.0 x 2 x9.81 0.8 x2 x9.81
2 2 2
or LA/ N
1.0 08 0.8
'" J08 894

www.giet.ac.in
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T2 too. Y [ Vz}
Now =—d XV, == (1)yx —=— Y =L
¢ g o 4() 894 ' 894
T ) I
and =—d,”xV,= Y xV, = —><64><V
QZ 4 2 2 4() 2= 4 2

Substituting the value of Q, and Q, in equation Q = Q, + Q,= 3.0

T x + 5 x.64V,=3.0 or 0.8785 V, + 0.5026 V, = 3.0
20804 "3
3.0
V2[8?85+ 5026]—30 or V—T—ZI'? m/s.

www.giet.ac.in
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V. V.
Substituting this value in equation Vi = —58 = BTE-*-l
V, _ 217
V= : = 2.427 m/s
894 0.894
T2 T . 3
Hence Q= " d"xV, = 2 X 17 % 2.427 = 1.906 m”/s. Ans.

Q,= Q- 0, =3.0-1906 = 1.094 m*/s. Ans.

www.giet.ac.in
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U The discharge passing through each pipe is same in case of pipes in series
is Q= AV, = A,V, = A3V; and coefficient of friction is same for all pipes

U The difference in liquid surface levels in case of pipes in series is

2 2 2
H= 05 Vi? n 4f1L1V4 105 V2 n 4f,1,V, n (Vo—-V3)?  4f3L3V3 n V3?
" 2g di1X2g 29 d,X2g 29 d;X2g 29

U The rate of flow in main pipe in case of parallel pipes is Q = Q; + Q, and

loss of head for each branch pipe is same

www.giet.ac.in
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» Bernoulli's equation is applied in all problems of incompressible fluid

flow where energy considerations are involved

» We shall consider its
application to  the
following measuring

devices like:

Venturimeter

Orifice meter

Pitot-tube

www.giet.ac.in



o,
Venturimeter GHET

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» Itis used for measuring the rate of flow of a fluid flowing through a pipe
» It consist of (i) A short converging part (ii) Throat and (iii) Diverging

part

Expression for rate of flow through venturimeter

» Consider a venturimeter fitted in a horizontal pipe through which a fluid

is flowing(say water)

www.giet.ac.in



Venturimeter(Cont...)

» Letd; = diameter at inlet or at section (1)

p, = pressure at section(1)
v; = velocity of fluid at section(1)
a = area at section(l)% d?

d,, p,, V5, a, are corresponding values at

section (2)

&os”,shlm"q‘
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v v

|~ =

!

INLET

HROAT
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» Applying Bernoulli’s equation at section(1) and (2)

K Vo2
ﬁ_|_ L+leﬁ+ L-l—Zz
Py 2g Py 29

As pipe is horizontal, hence z; = z,

(% (%
D1 + 1 _ D2 4+ 2
pg 29 pg 29
p1-p2 _V2' 1
pg 29 29

www.giet.ac.in
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2 2
P1-D2 __ V2 V1

PY 29 29

> But plp_gpz = h= difference of pressure heads at section 1 and 2

» Now applying continuity equation at sections 1 and 2

az vy

a1 V1 = Ay Uy, Vv = @

www.giet.ac.in
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az Uy
V4 =

1 a;

2 U12
» Substituting v, in equation( h= 22 29 29 T (1))
(aZ v2)2
v
h=—=~%- — —
29 29
h= VLZ . a22]= vy° [a1 —a22]
29 a?l 29 a,?

www.giet.ac.in
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2 2 2
h= LY [a1 —ap ]

- 29 a2

www.giet.ac.in
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Discharge Q=a,v,

a
Qa2 oV 29t

Q=755 f2gh—mee (2)

» Equation (2) gives discharge under ideal conditions and is called,

theoretical discharge
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» Actual discharge will be less than theoretical discharge

a,a
Q=Cq4 \/ﬁ\/ 2gh

» Where C; = coefficient of venturimeter and its value less than 1

www.giet.ac.in
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Value of ‘h’ given by differential U-tube manometer

Case I: Differential manometer contains a liquid which is heavier than the

liquid flowing through the pipe
Let S;, = Sp. gravity of the heavier liquid
S, = Sp. gravity of the liquid flowing through pipe

x = Difference of the heavier liquid column in U-tube

www.giet.ac.in



Venturimeter(Cont...) %
h=x E—: - ] NsTITUTIONS

Case II: If the differential manometer contains a liquid which is lighter than

the liquid flowing through the pipe, the value of h is given by
S1
h=x[1 - T
Where S;= Sp. gravity of lighter liquid in U-tube

S, = Sp. gravity of the liquid flowing through pipe

x= Difference of lighter liquid column in U-tube

www.giet.ac.in
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Case III. Inclined venturimeter with differential manometer: Let the

differential manometer contains heavier liquid ,then h is given by

h= (pg+Z1) (p2+zz)=xli,—:—1]

Case IV: For inclined venturimeter in which differential manometer

contains a liquid which is lighter than the liquid flowing through the pipe

h= (pg-l_Zl) (p;+zz)=x[1—§—;

www.giet.ac.in
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A horizontal venturimeter with inlet and throat diameters 30 cm and 15 ¢cm respec-
fively is used to measure the flow of water. The reading of differential manometer connected to the
inlet and the throat is 20 cm of mercury. Determine the rate of flow. Take C, = 0.98.

Solution. Given :
Dia. at inlet, d, =30 cm

Area at inlet, a, = ; d12 = % (30)* = 706.85 cm”
Dia. at throat, d, =15 cm

a, == x 152 = 176.7 cm?
4
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Reading of differential manometer = x = 20 cm of mercury.
Difference of pressure head is given by -

or h=x {S—h— 1}
So
where §, = Sp. gravity of mercury = 13.6, S, = Sp. gravity of water = 1
=20 [BT6 - 1} =20x12.6 cm = 252.0 cm of water.

The discharge through venturimeter is given by eqn. .

ad
Q=Cd 21 2 > )(ﬂZgh

a, —a,

www.giet.ac.in
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= 0.98 x 1 08XNT0T . 5x981x252

J(706.85)> — (176.7)°

8606759336  _ 86067593.36
\/499636 9-312229 6844

125756

= 125756 cm’/s =

lit/s = 125.756 lit/s. Ans.

&os”,shlm%
INSTITUTIONS
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A horizontal venturimeter with inlet diameter 20 cm and throat diameter 10 cm is
used to measure the flow of water. The pressure at inlet is 17.658 N/em* and the vacuum pressure at
the throat is 30 cm of mercury. Find the discharge of water through venturimeter. Take C, = 0.98.

Solution. Given :
Dia. at inlet, d, =20 cm

a, = % X (20)? = 314.16 cm?
Dia. at throat, d, =10 cm

a,= L x 10° = 78.74 cm?
4
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= 17.658 N/em? = 17.658 x 10* N/m?

17658 x10*
p for water = 1000 —% kg and . PL= 658 x10° _ 18 m of water
m’ " pg . 981x1000
Lo 30 c¢cm of mercury
Pg
= - 0.30 m of mercury = — 0.30 X 13.6 = - 4.08 m of water
_ , _._ P P2 _
Differential head =h=—-—"==18-(-4.08)

P8 P8
=18 + 4.08 = 22.08 m of water = 2208 cm of water
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The discharge Q is given by equation

a,a,

2 2
a —d,

Q0=C, X J2gh

=098 x a2 10X 7854 X /2 X981 % 2208

J(314.16)* - (78.74)’
5032883721

x 165555 cm>/s = 165.555 lit/s. Ans.
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O Bernoulli’s equation is applied in all problems of incompressible fluid flow where
energy considerations are involved

O Venturimeter is used for measuring the rate of flow of a fluid flowing through a

pipe
__ a1a;
O Theoretical discharge for venturimeter is : Q= —m,/Zgh
O Actual discharge will be less than theoretical discharge: Q=C; ——— L ) gh

Jai2—a,?
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» Itis used for measuring the rate of flow of a fluid through a pipe
» Itis acheaper device as compared to venturimeter
» It also works on the same principle as that of venturimeter

» It consists of a flat circular plate which has a circular sharp edged hole

called orifice, which is concentric with the pipe

» The orifice diameter is generally 0.5 times the diameter of the pipe, it

may vary from 0.4 to 0.8 times the pipe diameter
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Orifice Meter or Orifice Plate(Cont...) GHET

» A differential manometer is connected
at section (1), which is at a distance of
about 1.5 to 2.0 times the pipe
diameter upstream from the orifice

plate

» At section (2) which is at distance of
about half the diameter of the orifice on

the downstream side from orifice plate

INSTITUTIONS
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PPE ORIFICE METER
0% [/®

- / ’
DIRECTION OF FLOW( — 0
/
/

|
|
I/
—_— Lis
-
sl
®

O©.|

1 {}«DIFFERENTIAL MANOMETER
X
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> Letp,; = pressure at section (1)

v; = velocity at section (1)

a, = area of pipe at section (1)

p,, Uy, A, are corresponding values at section (2)

Applying Bernoulli's equation at section (1) and (2), we get

2 2
v v
ﬁ_|_ L_|_Zl=&_|_ L+ZZ
pPg 2g pPg 29
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|NST|TUT|ON5
v, 2 py 2
( +Zl) (pz +Zz)=i—L
Pyg [ 29 29

But (p + Zl) ( ; + Zz) = h = Differential head
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» Now section (2) is at the vena- contracta and a, represents area at vena —

contracta and a is the area of orifice, then

a
C. ==
Ao
C.= Coefficient of contraction
a, = ag Ce

By continuity equation

A1V1 = AV,

www.giet.ac.in
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az aO CC !QPI\I‘Dsl-i.RrAIF.’I;,l;'D.IE-Sll-ﬂl\'Igli
V41 =—Vy = %)
a4 a4
Substituting v, in equation (v, = \/ 2gh + vy 2--------- (1))

ag C 2
Uy = Zgh+( (C)l Cv2>
1

2
a
v,2 = 2gh + (a_0> C.2v,2
1
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(%) —2gh+(a ) CC %)
1
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The discharge Q = v,a, = v,a,C,

Q — aOCC@ ____________ (2)
Jl_(gl_ol) c.2

The above expression is simplified by using
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2  lnsmrumions
a
a4
C

Cq = C;
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Substituting this value of C, in equation (Q = ————------------ (2))
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0 = Cqapaqi+/2gh
Va2 — ag?
» Where C;= Co - efficient of discharge for orifice meter

» The co-efficient of discharge for orifice meter is much smaller than that
for a venturimeter
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An orifice meter with orifice diameter 10 cm is inserted in a pipe of 20 cm diameter.
The pressure gauges fitted upstream and downstream of the orifice meter gives readings of
19.62 N/em® and 9.81 Nfem® respectively. Co-efficient of discharge for the orifice meter is given as
0.6. Find the discharge of water through pipe.

Solution. Given :

Dia. of orifice, do= 10 cm

Area, ay = % (10)* = 78.54 cm?
Dia. of pipe, d;, = 20 cm

Area, a; = ; (2'[})2 = 314.16 cm?
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p, = 19.62 N/em® = 19.62 x 10* N/m”

p, _ 1962 x10*

= = 20 m of water
pg 1000 x9.81

Py _ 981x10°

= = 10 m of water
pg 1000 x 9.81

Similarly

h= P _ P _ 20.0 — 10.0 = 10 m of water = 1000 cm of water
Pg P8

C,=0.6
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The discharge, Q is given by equation. oo oo

and
Q=C, 2“ 1 - X [2gh

a, =4y

= 0.6 x —OII0 V2 X 981x 1000

J(314.16)2 —(78.54)*

_ 2073683809
304

= 68213.28 cm’/s = 68.21 litres/s. Ans.
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An orifice meter with orifice diameter 15 cm is inserted in a pipe of 30 cm diameter.
The pressure difference measured by a mercury oil differential manometer on the two sides of the
orifice meter gives a reading of 50 cm of mercury. Find the rate of flow of oil of sp. gr. 0.9 when the co-
efficient of discharge of the orifice meter = 0.64.

Solution. Given :

Dia. of orifice, dy =15 cm

Area, ay = g (15)% = 176.7 cm?
Dia. of pipe, d; =30 cm

Area, a, = E (30)* = 706.85 cm’
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Sp. gr. of oil, S,=0.9 AR AL
Reading of diff. manometer, x = 50 c¢cm of mercury

_ _ S 13.6 .
Differential head, h=x S— -1]=50 W — 1| cm of oil

o

= 50 x 14.11 = 705.5 cm of oil
C,=0.64

The rate of the flow, Q is given by equation -

0=C,. ———x2gh

a, —dy

www.giet.ac.in



Problem:2(Cont...) GHET

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

= 0.64 X 176.7x 70685 _, V2 X981 % 705.5

J(706.85)* — (176.7)*

_94046317.78
- 684.4

= 137414.25 cm’/s = 137.414 litres/s. Ans.
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O Orifice meter also works on the same principle as that of venturimeter

Q The discharge Q = aOCC“Zgzh

Cqaopai/2gh

O The co-efficient of discharge for orifice meter is much smaller than that for a

O The discharge can also be expressed as Q =

venturimeter

www.giet.ac.in
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» Itis used for measuring the velocity of flow at any point in a pipe or a

channel

» Itis based on the principle that, if the velocity of flow at a point becomes
zero, the pressure there is increased due to the conversion of the Kinetic

energy into pressure energy

» Pitot -tube consists of a glass tube, bent at right angles

www.giet.ac.in



Pitot- tube (Cont...) L

INSTITUTIONS

ANDHRA PRADESH, INDIA

> The lower end, which is bent through 90° is

directed in the upstream direction
] T
» The liquid rises up in the tube due to the 1 h
conversion of kinetic energy into pressureenergy | —————————————"—— % h__!___?__._
» The velocity is determined by measuring the rise H

» Point (2) is just as the inlet of the pitottube @ | = ----------------

> Point (1) is far away from thetube | _ ammRL LIRS
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» Let p; =intensity of pressure at point (1)

v, =velocity of flow at point (1) _:h_

pz = pressure a t point ( 2) "-:—:—:—:—:—:—:—:—:—:—:—:—:—:—:-:;-:—:-ﬁ:—'_—.
v, =velocity of flow at point (2), which is zero — '_j__f__f___“_f___‘_________________________i___

h=rise of liquid in the tube above the free surface e

Applying Bernoulli’s equation at section (1) and (2), we get

2
v v
By 24 =224 2 4y
pPg 29 pPg 29
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Butz; =z andv, =0

PL =pressure head at (1)=H
Py

z—; =pressure head at (2)=h +H

2

2
Substituting these values in 22 + 2 4+ z, =22 4 2 1 7 we get
pg 29 pg 29
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» This is theoretical velocity. Actual velocity is given by

(V1) ace= Cyy/2gh

» (, =Co-efficient of pitot —tube

» Velocity at any point v = C,+/2gh
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Velocity of flow in a pipe by pitot-tube:

» For finding the velocity at any point in a

pipe by pitot-tube, the following i

. PIEZOMETER ! PITOT-TUBE
arrangements are adopted: TUBE h /

1

1) Pitot- tube along with a vertical e g e

piezometer tube

www.giet.ac.in
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Pitot- tube (Cont...)

2) Pitot- tube connected with 3) Pitot- tube and vertical piezometer

piezometer tube tube connected with a differential U-

tube manometer

s — — — — —
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4) Pitot- static tube, which consist of two circular concentric tubes one inside

and other with some annular space in between

» The outlet of these two tubes are connected to
the differential manometer where the difference
of pressure head ‘h’ is measured by knowing the }_x
difference of the levels of the manometer liquid [
5 ———||[F====
sayx.Thenh=x[S—g—1] >— )| — ———
0 __________
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A pitot-static tube placed in the centre of a 300 mm pipe line has one orifice pointing
upstream and other perpendicular to it. The mean velocity in the pipe is 0.80 of the central velocity.
Find the discharge through the pipe if the pressure difference between the two orifices is
60 mm of water. Take the co-efficient of pitot tube as C, = 0.98.

Solution. Given :

Dia. of pipe, d = 300 mm = 0.30 m

Diff. of pressure head, h = 60 mm of water = .06 m of water
C,=0.98

Mean velocity, V =0.80 x Central velocity
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Central velocity is given by equation . .-

=C, J2gh =0.98 X .JZ X 9.81x.06 = 1.063 m/s

V =0.80 x 1.063 = 0.8504 m/s
Discharge, Q = Area of pipe X V

= gdz xV = ; (.30)* x 0.8504 = 0.06 m’/s. Ans.

www.giet.ac.in



Problem:2 @Eﬁ

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

| Find the velocity of the 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 100 mm.

Take co-efficient of pitot-tube 0.98 and sp. gr. of oil = 0.8.

Solution. Given :

Diff. of mercury level, x=100 mm = 0.1 m
Sp. gr. of oil, S,=0.8
Sp. gr. of mercury, S, =13.6

C,=0.98
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* S, 13.6 ,
Diff. of pressure head, h=x|—=1|=.1|—=1| =1.6 mof ail
S 0.8
Velocity of flow =C, +2gh =098 J2x9.81x 1.6 = 5.49 m/s. Ans.
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O Pitot -tube is used for measuring the velocity of flow at any point in a pipe or a

channel

O Theoretical velocity: v, = /2gh

O Actual velocity: (v1)gce= Cyr/ 290
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» The total energy at the end

of the pipe consists ofp

pressure energy and Kinetic| }——— }
enerey || ==
DIA=D BASE OF
» By fitting the nozzle at the y NOZZLE
end of the pipe, the pressure —— = ——--V—-—-—H-—-—-—-—- >V
energy is converted into | /PIPE NOZZLE
kinetic energy < I ————
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» Thus nozzles are used, where higher velocities of flow are required

» Let D= diameter of the pipe, L= length of the pipe |

DIA=D BASE OF
A= area of the pipe=% D? , V=velocity of flow in pipe / NOZZLE

————— T

[ PIPE NOZZLE

H= total head at the inlet of the pipe,

- L >

d= diameter of nozzle at outlet, v= velocity of flow at outlet of nozzle,

a= area of the nozzle at outlet=§ d?, f =co-efficient of friction for pipe
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4fLV?
2gXD

» Loss of head due to friction in pipe, hy =

» Head available at the end of the pipe or at the base of nozzle

= Head at inlet of pipe —head lost due to friction

4fLV2)

=H —hy= (H ~ 2gXD

» Neglecting minor losses and also assuming losses in the nozzle negligible
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LLosses

2
> But total head at outlet of nozzle = kinetic head =§—g

» From continuity equation in the pipe and outlet of nozzle

AV=ay, V=22
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2 2
» Substituting V in equation H= AR L — (1)
29 2gD

_v ML (2)2
H= 29 t ZgDX A

v?  4fLa?v?

H= -

29 2gDA
_v? 4fLa2)

H= 29 (1 t oAz
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2gH

AfLa?
\11+ DAZ

Discharge through nozzle=a v
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The head of water at the inlet of a pipe 2000 m long and 500 mm diameter is
60 m. A nozzle of diameter 100 mm at its outlet is fitted to the pipe. Find the velocity of water at the
outlet of the nozzle if f = .01 for the pipe.

Solution. Given :
Head of water at inlet of pipe, H = 60 m

Length of pipe, L= 2000 m

Dia. of pipe, D =500 mm = 0.50 m
Dia. of nozzle at outlet, d=100 mm=0.1m
Co-efficient of friction, f=.01
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The velocity at outlet of nozzle is given by equation - as
. ZgH ~ 2x9.81x60
LA (m ’
\ D A 1+4>(.(}l}<2000 4
0.5 T p?
\ 4
- 2 %981 %60 _ =30.61 m/s. Ans.
4 x.01x 2000 0.1x.1
1+ X
0.5 (0.5 X.5
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O By fitting the nozzle at the end of the pipe, the total energy is converted into

kinetic energy

O Discharge through nozzle: = a
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Introduction to Boundary Layer Flow E

» When a real fluid flows past a solid body or a solid wall

» The fluid particles adhere to the boundary and condition of no slip

OCCUrs

» This means that the velocity of
fluid close to the boundary will be

same as that of the boundary
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ey BOUNDARY
—> LAYER

SOLID BODY

Flow ower solid body.
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» If the boundary is stationary, the
U
. . . il BOUNDARY
velocity of fluid at the boundary will « LAYER
, U —
be zero =
—_— -
Y
» Farther away from the boundary, the | —
—_—
velocity will be higher and as a result | —
—
. . . . . _.’
of this variation of velocity i.e the SOLID BODY
: . du_ . .
velocity gradient ﬁ will exist Flow over solid body.
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Flow(Cont...) STITSTIONS

» The velocity of fluid increases from

U
zero velocity on the stationary — BOLLA’\‘(EQRY

boundary to free-stream velocity
(U) of the fluid in the direction .

normal to the boundary —

SOLID BODY

Flow over solid body.
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» This variation of velocity from zero to free-stream velocity in the direction

normal to the boundary takes place in a narrow region in the vicinity of

solid boundary

Y, BOUNDARY
» This narrow region of the fluid is called | — — /YR

e

3t - -

boundary layer —

» The theory dealing with boundary layer flows is | —

_ \ SOLID BODY

called boundary layer theory

Flow over solid body.
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Flow(Cont...) STITSTIONS
» According to boundary layer theory, the flow of fluid may be divided into

two regions
(1) A very thin layer of the fluid, called the boundary layer, in the immediate
neighbourhood of the solid boundary, in this region Z—; exists and hence

the fluid exerts a shear stress on the wall in the direction of motion

du

The value of shear stressis givenby t = u o
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(2) The velocity outside the boundary layer is constant and equal to free-

stream velocity. As there is no variation of velocity in this region , the

. . du
velocity gradient — becomes zero 'Y, BOUNDARY
dy > LAYER

SOLID BODY

- -

Flow owver solid body.
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> Consider a fluid flow over a smooth thin

plate which is flat and placed parallel to

TURBULENT BOUNDARY
LAYER

the direction of free stream of fluid LAMINAR BOUNDARY

LAMINAR

/ SUBLAYER

_______ D

» A velocity gradient is set up in the fluid | —

near the surface of the plate —

» This velocity gradient develops shear TG LR

ZONE

TURBULENT
ZONE

resistance, which retards the fluid motion Ll

Flow over a plate.
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» Thus the fluid with a uniform free stream
velocity(U) is retarded in the vicinity of the
solid surface of the plate and boundary
layer region begins at the sharp leading
edge

» In the downstream the leading edge, the
boundary layer region increases because

the retarded fluid is further retarded
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TURBULENT BOUNDARY
LAYER

LAMINAR BOUNDARY
- LAYER

LAMINAR

/ SUBLAYER

N —— D

LEADING
EDGE  LAMINAR
ZONE

TURBULENT
ZONE

TRANSITION
ZONE

Flow over a plate.
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Laminar Boundary Layer(Cont...)

» This is also referred as growth of boundary

layer

» Near the leading edge of the surface of the
plate, where the thickness is small, the flow
in the boundary layer is laminar , so this

layer of fluid is said to be laminar boundary

layer(AE)

&@»s"%
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LAMINAR BOUNDARY
LAYER

LEADING
EDGE LAMINAR

ZONE

TRANSITION
ZONE

}\

TURBULENT BOUNDARY
LAYER

/ SUBLAYER

TURBULENT
ZONE

www.giet.ac.in



Laminar Boundary Layer(Cont...) o

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

» The distance of B from leading edge ( Laminar zone =AB) is obtained

from Reynold number( (R,), = %) = 5X 10° for the plate

TURBULENT BOUNDARY
LAYER

Where x= Distance from leading edge LAMINAR BOUNDARY
LAYER G

LAMINAR

/SUBLAYER

U= Free- stream velocity of fluid

v =Kinematic viscosity of fluid

LEADING
EDGE LAMINAR
ZONE

TURBULENT
ZONE

TRANSITION
ZONE
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» If length of the plate is more than the distance x((R,), = % ) = 5X 10%),

the thickness of boundary layer will go on increasing in the downstream

direction

» Then laminar boundary layer becomes unstable and motion of fluid
within it, is disturbed and irregular which leads to a transition from

laminar to turbulent boundary layer
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Turbulent Boundary Layer(Cont...)

» This short length which the boundary
layer flow changes from laminar to

turbulent is called transition zone( BC)

» Further downstream the transition zone,
the boundary layer is turbulent and

continues to grow in thickness

» This layer of boundary is called turbulent

boundary layer(FG)

&03» Shlm"q‘

=]
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LAMINAR BOUNDARY
LAYER

LEADING
EDGE LAMINAR

ZONE

TURBULENT BOUNDARY
LAYER

)/\G
k
LAMINAR

/ SUBLAYER

T

TURBULENT
ZONE

TRANSITION
ZONE
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» It is adjacent to the solid surface of
TURBULENT BOUNDARY
LAYER

the plate

LAMINAR BOUNDARY
LAYER

» The velocity variation is influenced

LAMINAR

/SUBLAYER

—————— D

only by viscous effects

LEADING
EDGE LAMINAR
ZONE

TURBULENT
ZONE

TRANSITION
ZONE

www.giet.ac.in



Laminar Sub-layer(Cont...) CHET

INSTITUTIONS

ANDHRA PRADESH, INDIA

» Velocity distribution would be parabolic curve , but in view of the very
small thickness we will assume velocity variation is linear and velocity

gradient can be considered constant

» So, shear stress would be constant and equal to the boundary shear stress

ou u : L ou u
To=HU\5- = U= For linear variation ,— = -
Wy=0 ¥ oy vy
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O If the boundary is stationary, the velocity of fluid at the boundary will be zero

O The velocity of fluid increases from zero velocity on the stationary boundary to
free-stream velocity (U) of the fluid in the direction normal to the boundary

O The theory dealing with boundary layer flows is called boundary layer theory

O Near the leading edge the thickness is small, the flow in the boundary layer is

laminar, so this layer of fluid is said to be laminar boundary layer

U For Laminar sub-layer 7, = ,ug
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the point, where the velocity of the fluid is approximately equal to 0.99

times the free stream velocity(U) of the fluid
» 014m =Thickness of laminar boundary layer
» Oy =Thickness of turbulent boundary layer

» &' =Thickness of laminar sub-layer
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» It is the distance measured perpendicular to the boundary of the solid
body, by which the boundary should be displaced to compensate for the

reduction in flow rate on account of boundary layer formation
Or

» The distance perpendicular to the boundary, by which the free-stream is

displaced due to the formation of boundary layer
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Displacement Thickness(6™)(Cont...) E

edge
» Velocity of the fluid at B is

Z€ero

» At C, which is lies on the

boundary layer is U

» Thus velocity varies from zero

atBtoU

INSTITUTIONS

BOUNDARY
(1) LAYER

y /«<—VELOCITY
DISTRIBUTION

fe—x —> PLATE

Displacement thickness.
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> Distance BC =6

» Atsection 1-1, consider an elemental strip

» Let y=distance of elemental strip from the plate

dy = thickness of the elemental strip

u= velocity of fluid at the elemental strip|

b= width of plate

Then area of elemental strip, dA=bX dy

INSTITUTIONS
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dy

Displacement thickness.

BOUNDARY

(1) LAYER
C
u_ «——VELOCITY
DISTRIBUTION

PLATE
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Mass of fluid per second flowing through elemental strip
= pX Velocity X Area of elemental strip
= puX dA = pubdy------- (1)
» If there had been no plate, then the fluid would have been flowing with a
constant velocity equal to free-stream velocity(U) at the section 1-1

Then mass of fluid per second flowing through elemental strip = p X Velocity

X Area=p XU X b X dy------ (2)
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place, there will be a reduction in mass flowing per second through the

elemental strip
The reduction in mass/sec flowing through elemental strip = mass/sec given
by equation(2) — mass/sec given by equation(1)
= pUbdy — p ubdy
= pb(U-u)dy
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» Total reduction in mass of fluid/sec flowing through BC due to plate

= f06 pb(U —u)dy

» lIf fluid is incompressible i.e p = constant

= pb [ (U — w)dy--------(3)
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Displacement Thickness(d™)(Cont...) K5l
» Let the plate is displaced by a distance §* and velocity of flow-for-the

distance 6™ is equal to the free —stream velocity(i.e U)

» Loss of the mass of the fluid/sec flowing through the distance 6 =

pX Velocity X Area
=pXUX (6"Xb)------- (4)

Equating equation (3) and (4) {pb fOS(U —u)dy-------- (3)}

pb fOS(U —w)dy=pU &b
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[P —-wdy=1U s

1 o)
) :Efo (U —u)dy

U is constant, therefore

* 6 (U-u)dy
) =f0 .

« é
0" = fo (1 _%)dy
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solid body, by which the boundary should be displaced to compensate for
the reduction in momentum of the flowing fluid on account of boundary

layer formulation
From equation (1) {puX dA = pubdy——---——- (1)}

Momentum of fluid flowing through elemental strip per second= Mass flow

rate X Velocity = pubdyXu
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Momentum of fluid in the absence of boundary layer = pubdyXU
Loss of momentum through elemental strip = pubdyXU- pubdyXu

= pb u(U- u)dy

Total loss of momentum /sec though BC= f: pbu(U-u)dy ------ (5)

» Let 8 =distance by which plate is displace when the fluid is flowing with a

constant velocity U
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Momentum Thickness(6)(Cont...) LEM
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> Loss of momentum/sec of fluid flowing through distance 8 with a velocity

U =Mass of fluid through 6 X Velocity
= (pXarea X velocity) X Velocity
= (pX6XbX U)X U {Area = 0Xb}

» Equating equation (5) and (6)

p8bU? = [ pb u(U- u)dy
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» If the fluid is assumed incompressible flow
p8bU? = pb f06 u(U- u)dy

oU? = f05 u(U- u)dy

0 =L [Puu-wdy = [PUEUY

)
= Jp 5 (1-3 )dy
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» Defined as the distance measured perpendicular to the boundary of the
solid body, by which the boundary should be displaced to compensate for
the reduction in Kkinetic energy of the flowing fluid on account of

boundary layer formation

» We know that mass of fluid per second flowing through elemental strip

(m)=pubdy

> Kinetic energy of this fluid =%m X velocity? = %pubdy X u?
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» Kinetic energy of this fluid in the absence of boundary layer

= %(pubdy)U ?
> Loss of K.E through elemental strip= % (pubdy)U? — % pubdy X u?
= %pub(U2 —u?)dy

> Total loss of K.E of fluid passing through BC= f ,oub(U2 —u?)dy

www.giet.ac.in



Energy Thickness(6™*)(Cont...) E

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» If the fluid is incompressible

1 o)
= —pbj u(U? —u?)dy
27 Jg

» Let 6™ = distance by which the plate is displaced to compensate for the

reduction in K.E

» Loss of K.E through 8" of fluid flowing with velocity U=

1 .
~ mass X velocity?
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= i (p X areaX veolocity )Xvelocity*
=—(p X bX&" XU )XU? {Area = bX5**}

=—pb & U3

» Equating the two losses of K.E , we get

Xk 6
~pb & U3 =—pb [ u(U? - u?)dy
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5 U3 = [P u(U? — u)dy
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O Boundary Layer Thickness is distance from solid body in the y- direction to the
point, where the velocity of the fluid is approximately equal to 0.99 times the free

stream velocity(U) of the fluid

[ Displacement Thickness( 6*) is expressed as f:(l — %)dy

0 Momentum Thickness(0) is expressed as fo‘s% (1—% )dy

O Energy Thickness(6**) is expressed as = f (1 — —) dy
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Find the displacement thickness, the momentum thickness and energy thickness for

the velocity distribution in the boundary layer given by %= %, where u is the velocity at a distance y

from the plate and u = U at y = 8, where § = boundary layer thickness. Also calculate the value of §*/9.

Solution. Given :

Velocity distribution

r.2
U o
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(1) Displacement thickness 0* is given by equation (13.2),

g (1 (T

www.giet.ac.in



Problem:1(Cont...) <1

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

(if) Momentum thickness, 0 is given by equation

5
0= l1-—|d
ol

Substituting the value of “4_)
U 98

_ 51[_1J _ff(y ¥
e'jna =3 dy‘.[a {a 57 |

2 3P 2 3
_|y 0" ¥ 6 O 30- 28_§ .
28 3% 2 3 6 6
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Problem:1(Cont...) L

INSTITUTIONS
(iii) Energy thickness 6** is given by equation , as

i FAA P P Ly
"l (578 Y728 487 T2 a8

)
= = AHS.
4

b | o
h‘

= 3. Ans.

D>
R

(iv) X

N o

RS
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Find the displacement thickness, the momentum thickness and energy thickness for

2
the velocity distribution in the boundary layer given by % =2 [%] - %J :

Solution. Given :

2
Velocity distribution % ) [l] _ [l)
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Problem:2(Cont...)

(i) Displacement thickness &* is given by equation

Substituting the value of

@ﬂfl‘ET
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o u
* — _ L
8 ‘[D [1 U] dy

e 2
l) , we have
\ O

{2)-) o

L pA )b

52

=5-2 4+ % _5-5+2-=

o

&’ o

Ww| O

382 3
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Problem:2(Cont...) L

(ii) Momentum thickness 6, is given by equation
el GG
0= —<l—-—rdy= — == ||l-|=——-=||d
ou{UyLaaz 5 52/ 7

32y yg[ 2y yﬂ
[-E] -2

J“S 2y 4y’ 2y ¥ 2y }dy

- o
8|2y Sy 4y’ y* 2y* 5y 4yt y°
J * D=1%% 352 Tag 567,

_I:E_583 +§_ 85 :|=5_ﬁ+8_§
“Le 38 & 58 3 5
156 —2586 + 156 -386 300-285 20

- = = . Ans.
15 15 15
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Problem:2(Cont...) GHET
(iii) Energy thickness 8** is given by equation - O R
bl | (2 yﬁ] P yzr
s¥ = | 21| dy= nCARr A | B T et SR A
: Lu{l T L[a )\ 5w )
5 (9 2 v 4y
S [RE
0\d o - o
= 0 E_ﬁ}(l_ﬁ_i i]dy
his & ¢ & &
* 2}' 8}'3 2}'5 8}’4 yz 4}’4 yﬁ 4}'5)
=5\ TS 65"'54'52"'54"'55-55 dy
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_ Pl y'o8y 12yt 6y
_j|ia 82_83+84_85+8_6dy

. 5
) Py- y Y 6 ]
2§ 38 48 58t 680 78°)

A R N 8
R i L _a 542
I ST
—25_§ 25 §=—2106 350 +2528 + 156
3 7 105

i —2458+2678 2
105 105

Ans.
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Drag Force on a Flat Plate due to @EE
Bounda ry Layer LATEL

» In fluid dynamics, drag ( fluid resistance, another OUTER EDGE OF
BOUNDARY LAYER

type of friction or fluid friction) is a force acting

opposite to the relative motion of any object R

moving with respect to a surrounding fluid EU
» The drag force on the plate can be determined if E

the velocity profile near the plate is known X Ly — f—)
> Consider a small length Ax of the plate at a ol ()

Drag force on a plate due to boundary layer,

distance of x from the leading edge
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Drag Force on a Flat Plate due to

Boundary Layer (Cont...)

» The shear stress 7y, = u ( dy) 5
y= 0 y=0

near the plate at y=0
» Then drag force or shear force on a small distance Ax
AFp = shear stress X area
= 7o XAxXDb
{Taking width of plate = b}

Where AF,, = drag force on distance Ax

d : L s
, Where (du) is the velocity distribution

&@»s"%
INSTITUTIONS

AAAAAAAAAAAAAAAAAA

LI

OUTER EDGE OF
BOUNDARY LAYER

BOUNDARY LAYER

A
dv
A B /]

o b

(3)

Drag force on a plate due o bowndary layer
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Drag Force on a Flat Plate due to @Eﬁ

Boundary Layer (Cont...) HSTITYTIONS
> The drag force must also be equal to OUTER EDGE OF
BOUNDARY LAYER
the rate of change of momentum over }F
the distance Ax C
» Let ABCD is the control volume of the D
fluid over the distance Ax dy i u

» The edge DC represents the outer edge y I

of the boundary layer - \X ———>
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Drag Force on a Flat Plate due to @EE

Boundary Layer (Cont...)

» Let u= velocity at any point within the boundary

layer
b= width of plate

The mass flow rate entering through the side AD

=f0(S pX velocity X area of strip of thickness dy

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

OUTER EDGE OF
BOUNDARY LAYER
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Drag Force on a Flat Plate due to @EE
Boundary Layer (Cont...) HSTITYTIONS

s o
_ fo pX uXbX dy = jO pubdy OUTER EDGE OF
BOUNDARY LAYER

{Area of strip = bX dy} ER

Mass flow rate leaving the side BC= mass flow rate

through AD + aa_x (mass flow rate through AD)X Ax dy _{

6 0 6
= j pubdy + — U pubdy] XAx
0 0x | Jo
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Drag Force on a Flat Plate due to @Eﬁ
Boundary Layer (Cont...) HSTITYTIONS

» From continuity equation for a steady incompressible fluid flow

» Mass flow rate entering AD+ Mass flow rate entering DC = Mass flow rate

leaving BC
OUTER EDGE OF
» Mass flow rate entering DC = Mass flow rate BOUNDARY LAYER
ER
through BC — Mass flow rate through AD =

6 0 ) )
= J pubdy + — U pubdy] XAx — j pubdy
0 0x [ Jo 0
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Drag Force on a Flat Plate due to @EE
Boundary Layer (Cont...) HSTITYTIONS

) 0 ) 6
= f pubdy + — [f pubdy] XAx — j pubdy
0 0x | Jo 0

0 6
=— XA
P [ jo pubdy] X

» The fluid is entering through side DC with a uniform velocity U

» Now let us calculate momentum flux through control volume
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Drag Force on a Flat Plate due to @Eﬁ

Boundary Layer (Cont...) STITUTIONS
Momentum flux entering through AD ggﬁﬁﬁfgf EA?(ER
ER
= fo(s momentum flux through strip of thickness dy C
D
= f06 mass flow rate through strip X velocity dy %1 u
y -« To

5 5 &

=J, (oubdy)X u = |, pu®bdy = AX -

Momentum flux leaving the side BC =f06(p ubdy)u + aa_x —foa(pubdy)u] XAx
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Drag Force on a Flat Plate due to @Eﬁ

Boundary Layer (Cont...) HSTITYTIONS
o 0 o
= j puzbdy+—U puzbdy] XAx
0 dx [Jg
Momentum flux entering the side DC = mass flow rate through DC X velocity

{Velocity = U and it is a constant value}

OUTER EDGE OF
BOUNDARY LAYER

0 o)
=— XAxX R
o Uo pubdy] xXU

0 1)
= ox Uo puUbdy] XAx
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Drag Force on a Flat Plate due to @Eﬁ
Boundary Layer (Cont...) HSTITYTIONS

» Rate of change of momentum of the control volume= Momentum flux

through BC- Momentum flux through AD — Momentum flux through DC

) 0 ) 9 0 4
= f puzbdy+—[f puzbdy]XAx—f puzbdy——U puUbdy]XAx
0 0x [Jo 0 ox | Jo

a[r° a[r°
= — 2hdy | XAx — — J XA
P Uo pu bdy] X 6x[ i puUbdy] X
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Drag Force on a Flat Plate due to

i,
L=
Boundary Layer (Cont...) wsreTons

0 o) o)
= — U pu’bdy — f puUbdy] Ax
ox | J, 0

{For incompressible fluid p = constant}
=3 pbj (u? —uU)dy]Ax

= pb:—x [f05(u2 — uU)dy]Ax ——————— (1)
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Drag Force on a Flat Plate due to @EE
Boundary Layer (Cont...) HSTITYTIONS

» Now the rate of change of momentum on the control volume ABCD must be
equal to the total force on the control volume in the same direction

according to the momentum principle

d . .
» But for a flat plate 22 = 0, which means there is no OUTER EDGE OF
ox BOUNDARY LAYER

external pressure force on the control volume I C

D_ 7
> Also the force on the side DC is negligible as the velocity is|y, * ‘

constant and velocity gradient is zero approximately
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Drag Force on a Flat Plate due to
Boundary Layer (Cont...)

» The only external force acting on the control volume is the
shear force acting on the side AB in the direction from B to A
AFp = 19X AxXDb
The external force in the direction of rate of change of

momentum= —17X Ax X b-----(2)

» According to momentum principle, equating equation (1)

and (2)

o,
GIET
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

OUTER EDGE OF
BOUNDARY LAYER
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Drag Force on a Flat Plate due to

i,
L=
Boundary Layer (Cont...) wsreTons

9 [ 8
—7oX AxXb = pba[fo (u? — uU)dy]Ax
9 [ 8
—To=Pa[f0 (u? —UU)dYI

To = —p:—x [fo‘s(u2 = uU)dy] = p% [fo‘s(uU = uz)dy]

—paxU UZ(—— )dy]
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Drag Force on a Flat Plate due to

i,
L=
Boundary Layer (Cont...) wsreTons

=puza_j0 —(1——)dy]

To __" 62 _u
= v -y ]

pU?2 ~ ox
» Equation (3) is known as Von Karman momentum integral equation for

boundary layer Flows
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Drag Force on a Flat Plate due to @Eﬁ
Boundary Layer (Cont...) HSTITYTIONS

» Von Karman momentum integral equation is applied to
(1) Laminar boundary layers

(2) Transition boundary layers

(3) Turbulent boundary layer flows

» The drag force on a small distance Ax of the plate is obtained as AFp, = t7yAxb

» Then the total drag on the plate of length L on one side is

Fp = [AFp = fOL Tobdx {ChangelAx = dx}
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L The drag force on the plate can be determined if the velocity profile near the

plate is known

00
0x

d Von Karman momentum integral equation is given by pT;Z =
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Boundary Layer Separation @Eﬁ
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» When a solid body is immersed in flowing fluid, along the length of the

solid body, the thickness of the boundary layer increases

» The fluid layer adjacent to the solid surface has to do work against surface

friction at the expense of its Kinetic energy

» This loss of the Kinetic energy is recovered from the immediate fluid layer
in contact with the layer adjacent to solid surface through momentum

exchange process
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Boundary Layer Separation(Cont...) RET
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» Thus the velocity of the layer goes on decreasing

» Along the length of the solid body, at a certain point a stage may come
when the boundary layer may not be able to keep sticking to the solid
body

» In other words, the boundary layer will be separated from the surface

www.giet.ac.in



0\9#““‘“'&%
ir

[Gal‘;EE

INSTITUTIONS

AAAAAAAAAAAAA . INDIA

Boundary Layer Separation(Cont...)

» This phenomenon is called the

boundary layer separation

» The point on the body at which
the boundary layer is on the verge
of separation from the surface is

called point of separation
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Effect of Pressure Gradient on GhET

Boundary Layer Separation TR
BOUNDARY o
] LAYER >
» The effect of pressure gradient =
dp
(—) on boundary layer
dx C g
B . N
separation can be explained by R
A SEPARATING
considering the flow over a STREAM LINE
/PRESSURE /
curved surface ABCSD ey e
%%<0 'pmin %>0
B C S

© Effect of pressure gradient on boundary layer separation.
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Effect of Pressure Gradient on

Boundary Layer Separation(Cont...)

» In the region ABC of the curved
surface, the area of flow
decreases and hence velocity

Increases

» This means flow gets accelerated

in this region

\@BUTION
\_>

BOUNDARY
LAYER

PRESSURE

@:ﬁﬁET
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'YVYY

SEPARATING
STREAM LINE

© Effect of pressure gradient on boundary layer separation.
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Effect of Pressure Gradient on GhET

Boundary Layer Separation(Cont...) ‘e

» The pressure decreases in the

direction of the flow and hence
. dp . .
pressure gradient . is negative
in this region
dp .
» As long as = < 0, the entire

boundary layer moves forward

BOUNDARY
LAYER

'YVYY

L
S O
8 *
D \
A SEPARATING
STREAM LINE
PRESSURE
¥ ‘ dp
ax <0  Prin | gx >0
B C s

© Effect of pressure gradient on boundary layer separation.
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Effect of Pressure Gradient on e

B d L S t' c t INSTITUTIONS
oun ary ayer epara ion{Cont...) e DNE
BOUNDARY o
] o LAYER >~
» The pressure is minimum at the o
point C
C
> Along the region CSD of the 4 SIS -
N
curved surface, the area of flow A SEPARATING
STREAM LINE
increases and hence velocity of _PRESSURE e
w&aunm
flow along the direction of fluid ap : . T
dx jctmin dx
decreases B & B
-+ Effect of pressure gradient on boundary layer separation.
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Effect of Pressure Gradient on @Eﬁ
Boundary Layer Separation(Cont...) ‘e

» Due to decrease of velocity, the pressure increases in the direction of flow

dp

. . dp
— is positiveor— > 0
dx p dx

and hence
» As the kinetic energy of the layer is used to overcome the frictional
resistance of the surface

» Combined effect of positive pressure gradient and surface resistance

reduce the momentum of the fluid
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Effect of Pressure Gradient on @Eﬁ
Boundary Layer Separation(Cont...) ‘e

» A stage may come where momentum of the fluid is unable to overcome

the surface resistance and the boundary layer starts separating from the

surface at the point S o
» Downstream the point S, the flow is taking place

in reverse direction and the velocity gradient
becomes negative G

~ DiSTRIBUTION il
» Thus the positive pressure gradient helps in ~

S <0 Pmin T >0
B C
* Effect of pressure gradient on boundary layer separation.

separating the boundary layer
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Location of Separation Point @Eﬁ

INSTITUTIONS

. . . . L. au AAAAAAAAAAAAA , INDIA
» The separation point S is determined from the condition {E} =
y=0

1. If {a_u} < 0, then the flow has separated
ady y=0

2. If {—} = 0, then the flow is on the verge of separated
dy y=0

3. If {Z—;} > 0, then the flow will not separate or flow will remain
y=0

attached with the surface
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Methods of Preventing the Separation @Eﬁ
of Boundary Layer

1.
2.

Suction of the slow moving fluid by a suction slot
Supplying additional energy from a blower
Providing a bypass in the slotted wing

Rotating boundary in the direction of flow

INSTITUTIONS
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Methods of Preventing the Separation ﬁéﬁ
of Boundary Layer (Cont...) TN
5. Providing small divergence in a diffuser

6. Providing guide-blades in a bend

7. Providing a trip-wire ring in the laminar region for the flow over a

sphere
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Summary @%ﬂ
KET
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0 When a solid body is immersed in flowing fluid, along the length of the solid body,
the thickness of the boundary layer increases

O The point on the body at which the boundary layer is on the verge of separation
from the surface is called point of separation

O The boundary layer separation point S is determined from the condition

G5, =0
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Circulation on submerged Bodies Eg@R

» Circulation is defined as the flow along a closed curve
» Mathematically, the circulation is obtained if the product of the velocity
component along the curve at any point and the length of the small

element containing that point is integrated around the curve

» Let E is any point on the closed
curve and ‘dS’ is a small length of the

closed curve containing point E

INSTITUTIONS
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CLOSED
CURVE, C

Circulation.
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Circulation on submerged g
Bodies Cont . LANTREL

> LetO, = gle made by'the tangent at E with the direction of flow

ug, = Component of free stream velocity along the tangent at E and is given

as=U cos6, e Ko
FLOW ﬂ ||

» By definition, circulation along the closed curve is —
Sl

[= % velocity component along curve X Length of element

CLOSED
CURVE, C

/

= ¢ U cos 0,X dS, where $=Integral for the complete closed curve
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Force Exerted by a Flowing Fluid e

ona Stationary BOdy aTITUTIONS
» Consider a body held stationary in a real fluid

» The fluid will exert a force on the stationary body

» The total force (Fy) exerted by the fluid on L F
the body is perpendicular to the surface of | —

the body o

> The total force can be resolved into two | —.

STATIONARY

components, one in direction of motion and BODY

other perpendicular to direction of motion - Force on a stationary body.
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Force Exerted by a Flowing Fluid en
on a Stationary Body(Cont...) narTiTions

Drag:

» The component of the total force(Fg) in the direction of motion is called
‘drag’. This component is denoted by Fj,

Lift:

» The component of the total force(Fz) in the direction perpendicular to

the direction of motion is known as ‘lift’ —

» This is denoted by F}, —=

STATIONARY
BODY

Force on a stationary body.
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Force Exerted by a Flowing Fluid en
on a Stationary Body(Cont...) narTiTions

» Lift force occurs only when the axis of the body is inclined to the
direction of fluid flow

» If the axis of the body is parallel to the direction of fluid flow lift force is
ZEero

» If the fluid is assumed ideal and the body is symmetrical such as a sphere

or cylinder, both the drag and lift will be zero

www.giet.ac.in



Expression for Drag and Lift

» Consider a small elemental area dA on the surface of the body

» The forces acting on the surface area
dA are:

1. Pressure force equal to pXdA, acting
perpendicular to the surface

2. Shear force equal to 7yX dA, acting
along the tangential direction to the

surface

&os”,shlm‘q%‘
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

Z STATIONARY

SOLID BODY

Drag and Iift.
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AAAAAAAAAAAAA L INDIA

» Let 8 =Angle made by pressure force with horizontal direction

(a) Drag Force(Fp) 3 Fo

The drag force on the elemental area= | —

Force due to pressure in the direction of | ——y " F
—_— D

fluid motion+ Force due to shear stress | —__,

in the direction of fluid motion . Z
= pdA cos6 + todA cos(90° — 6) FIATOE
= pdA cosO + tydA sinf Drag and lift
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Expression for Drag and Lift(Cont...ﬁEﬁ

AAAAAAAAAAAAAAAAAAA

= [pcosfdA + [ 1, sinf dA
> The term [ p cosf dA is called the pressure drag or form drag while the
term [ 7, sinf dA is called the friction drag or skin drag or shear drag
(b) Lift Force(F;)
» The lift force on elemental area= Force due to pressure in the direction

perpendicular to the direction of motion + Force due to shear stress in

the direction perpendicular to the direction of motion
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Expression for Drag and Llft(Cont...ﬁfﬁ

__pdA Slng _l_ TOdASln(goo ) AAAAAAAAAAAAAAAAAA
= -pdA sinf + tydAcos6
»> Negative sign is taken with pressure force as it is acting in the downward

direction while shear force is acting vertically up

Total lift, F;, = [ 1odAcosf — [ pdA sinf | N — Fr

= [19c0s0dA — [psinfdA | —="

l STATIONARY

SOLID BODY

Drag and lift.
www.giet.ac.in
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» The drag and lift for a body moving in a fluid of density p, at a uniform

velocity U are calculated mathematically as

UZ
FD — CDAp_

2

UZ
FL — CLAIOT

Where C,, = Co-efficient of drag, C; = Co-efficient of lift,
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A= Area of the body which is the projected area of the body perpendicular to

the direction of flow or largest projected area of the immersed body

» Then resultant force on the body, Fr = \/FDZ + F,*
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Problem:1 @Eﬁ

INSTITUTIONS

A flat plate 1.5 m x 1.5 m moves at 50 km/hour in stationary air of density 1.15 kg/m’. If
the co-efficients of drag and lift are 0.15 and 0.75 respectively, determine :
(i) The lift force, (ii) The drag force,
(iii) The resultant force, and
(iv) The power required to keep the plate in motion.

Solution. Given :

Area of the plate, A=15%1.5=225m"

Velocity of the plate, U = 50 km/hr = 50 % 1000 m/s = 13.89 m/s
60 x 60

Density of air p=1.15 kg/m>

Co-efficient of drag, Cp,=0.15

Co-efficient of lift, C,=0.75
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(i) Lift Force (F). Using equation

2 2
F,=CAX % S 075X 225 x 22 ><213.39 N = 187.20 N. Ans.

(if) Drag Force (Fp). Using equation

2 2
Fp=CpXxAX P{Zf =0.15 x2.25 x L15 X138 N = 37.44. N. Ans.

2
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(iii) Resultant Force (Fy). Using equation -

Fp=F2+F? =43744% +18720> N

= /1400 + 35025 = 190.85 N. Ans.

(iv) Power Required to keep the Plate in Motion
Force in the direction of motion X Velocity W

P =
1000
_ F, xU _ 37.425 x 13.89 KW = 0.519 kW. Ans.
1000 1000

www.giet.ac.in
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» When a cylinder is rotated in a uniform flow, a lift force is produced on
the cylinder
» This phenomenon of the lift force produced by a rotating cylinder in a

uniform flow is known as Magnus Effect

www.giet.ac.in
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[ Circulation is obtained if the product of the velocity component along the curve at

any point and the length of the small element containing that point is integrated
around the curve = ¢ U cos 6,X dS

U The component of the total force(Fg) in the direction of motion is called ‘drag’=
= [pcosfdA+ [ 1, sinf dA

U The component of the total force(Fp) in the direction perpendicular to the
direction of motion is known as ‘lift’ = [ tycos8dA — [ p sind dA

0 The phenomenon of the lift force produced by a rotating cylinder in a uniform

flow is known as Magnus Effect

www.giet.ac.in
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» The liquid comes out in the form of a jet from the outlet of a nozzle,
which is fitted to a pipe through which 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 from Newton’s second law of motion or from

impulse- momentum equation

www.giet.ac.in
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» Thus impact of jet means the force exerted by the jet on a plate which

may be stationary or moving. The cases of the impact of jet are

On a Stationary Plate, when On a Moving Plate, when

Plate is Vertical to the Jet Plate is Vertical to the Jet

Plate is Inclined to the Jet

Plate is Inclined to the Jet

Plate is Curved

Plate is Curved

www.giet.ac.in



Force Exerted by the jet on a E

Stationary Vertical Plate msnvTioNs
» Consider a jet of water coming v
out from the nozzle, strikes a flat s . T' /
vertical plate as shown in fig : _—— J | Z
» Let V=velocity of the jet, | ivé = %
S i ===
d= diameter of the jet ====2|! % PLATE
a= area of cross section of the jet | JET OF WATER W %
i
:E d2 \!/V
! Fig. ~ Force exerted by jet on vertical plate.
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Force Exerted by the jeton a

Statlonary Vertical Plate(Cont...)

» The jet 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 get
deflected through 90°

Hence the component of the velocity of
jet in the direction of jet, after striking

will be zero

S,
=0

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

PIPE

L

JET OF WATER

v
Fig.  Force exerted by jet on vertical plate.

ji

N

PLATE
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Force Exerted by the jet on a en
Stationary Vertical Plate(Cont...) uwumes

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

E, =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

= — Initial velocity — Final velocit
Time Y Y

www.giet.ac.in



Force Exerted by the jet on a en
Stationary Vertical Plate(Cont...) uwwumes

Mass
= T [Velocity of jet before striking — Velocity of jet after striking]
. . mass
= paV|V — 0] { o = paV}
E, = paV?

» If the force exerted on the jet is to be calculated then final velocity minus

initial velocity is taken

» If the force exerted by the jet on the plate is to be calculated then initial

velocity minus final velocity is taken
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Find the force exerted by a jet of water of diameter 75 mm on a stationary flat
plate, when the jet strikes the plate normally with velocity of 20 m/s.

Solution. Given :
Diameter of jet, d="75 mm = 0.075 m

Area, a= ; d* = ; (.075)% = .004417 m*

Velocity of jet, V=20 m/s.

www.giet.ac.in
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The force exerted by the jet of water on a stationary vertical plate is given by equation
F = paV* where p = 1000 kg/m’
F = 1000 x .004417 x 20> N = 1766.8 N. Ans.
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: 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 water at the centre nozzle is 100 m. Find the force exerted by
the jet of water on a fixed vertical plate. The co-efficient of velocity is given as 0.95.

Solution. Given :

Diameter of nozzle, d= 100 mm = 0.1 m
Head of water, H=100 m
Co-efficient of velocity, C,=0.95

Area of nozzle, a= ; (.1)* = .007854 m?
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Theoretical velocity of jet of water is given as

Vi = v28H = J2X9.81x100 = 44.294 m/s

From Flow through nozzles ,We know that actual velocity
2gH
Vot =V =v= afLaz
1+
Vi, =v = 2o =,/ 2gH
th =V = O g
\ D A?
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Actual velocity

But C, = : _
Theoretical velocity

Actual velocity of jet of water, V= C, X V,; = 0.95 X 44.294 = 42.08 m/s.

Force on a fixed vertical plate 1s given by equation
F = paV* = 1000 X .007854 x 42.08° (- In S.L units p for water = 1000 kg/m’)
= 13907.2 N = 13.9 kN. Ans.
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Force Exerted by the jet on a o
Stationary Inclined Flat Plate e

»> Letajet of water, coming out from the nozzle, strikes an inclined flat plate

as shown in fig

» Let V=Velocity of jet in the direction of x

» 0 =Angle between the jet and plate ===

» a= Area of cross -section of the jet

Mass of water per sec striking the plate=paV

Fig. Jet striking stationary inclined plate.
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Force Exerted by the jeton a
Stationary Inclined Flat Plate(Contusujze:

» Force exerted by the jet on the plate in the direction normal to the
plate(F,)

Ey

= 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|Vsin6 — 0]

PLATE
Jet striking stationary inclined plate.

E, = paV?sin@ Fi
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Force Exerted by the jeton a
Stationary Inclined Flat Plate(Contusujze:

» This force can be resolved into two components, one in the direction of

the jet and other perpendicular to the direction of flow
» FE. =component of F, in the direction of flow

= E, cos(90° — )
= FE, sinf

But F, = paV?sinf T =
= paV?sinO sin 0

— 2cin2
Fx - paV Sin 9 Jet striking stationary inclined plate.
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Force Exerted by the jeton a
Stationary Inclined Flat Plate(Contusujze:

» E, =component of F,, perpendicular to flow
E, = F,sin(90° — )
E, = F,cos 6
E, = pAV?sinf cos6

Jet striking stationary inclined plate.

Fig.
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A jet of water of diameter 75 mm moving with a velocity of 25 m/s strikes a fixed
plate in such a way that the angle between the jet and plate is 60°. Find the force exerted by the jet on
the plate (i) in the direction normal to the plate and (ii) in the direction of the jet.

Solution. Given :

Diameter of jet, d= 75 mm = 0.075 m

Area, a= E d* = % (.075)% = 0.004417 m?
Velocity of jet, V=25 m/s.

Angle between jet and plate 0 = 60°
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(1) The force exerted by the jet of water in the direction normal to the plate is given by equation
F, = paV* sin 6
= 1000 x .004417 x 25% x sin 60° = 2390.7 N. Ans.
(z1) The force in the direction of the jet is given by equation
F. = paV?® sin® 6
=1000 x .004417 x 25% x sin® 60° = 2070.4 N. Ans.
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O Impact of jet means the force exerted by the jet on a plate which may
stationary or moving

U The force exerted by the jet on the plate in the direction of jet for Stationary
Vertical Plate F, = paV?

U Force exerted by the jet on the plate in the direction normal to the
plate for stationary inclined plate F, = paV?sin8

U The component of E, in the direction of flow for stationary inclined plate F, =
paV?sin?0

O The component of F,, perpendicular to flow for stationary inclined plate F, =

pAVZSine COSH www.giet.ac.in
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Jet Strikes the Curved Plate at the @Eﬁ

Centre
» The jet after striking the plate,

comes out with the 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

INSTITUTIONS
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FIXED
CURVED

PLATE

Jet striking a fixed curved plate at centre.
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» The velocity at outlet of the plate can be resolved into two components

» One in the direction of jet and other perpendicular to the direction of the

jet
» Force exerted by the jet in the direction of jet

E, =mass per sec X [V, — Vo, ]

» Where V,, =Initial velocity in the direction

of jet=V

Jet sirtking a fixed curved plate at centre.
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Jet Strikes the Curved Plate at the g
Centre(Cont...) @ﬂ

AAAAAAAAAAAAA L INDIA

» V,,=Final velocity in the direction of jet=—Vcos6
E, = paV [V—=(—Vcos8)] = paV [V + VcosO]
E, = paV? [14cos0]

Similarly,

F, =mass per sec X [V;,, — V5, ]

Where V;,, =Initial velocity in the direction of y=0

V,,=Final velocity in the direction of y=Vsin68

Jet striking a fixed curved plate ai centre.
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Jet Strikes the Curved Plate at the

Centre(Cont...)

F, = paV [0—-Vsin6]

E, = —paV*sinf

» -ve sign means that force is acting in the
downward direction

» In this case the angle of deflection of the jet=
(180° — 9)

o,
GIET
INSTITUTIONS
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Jet striking a fixed curved plate ai centre.
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A jet of water of diameter 50 mm moving with a velocity of 40 m/s, strikes a curved
fixed symmetrical plate at the centre. Find the force exerted by the jet of water in the direction of the
jet, if the jet is deflected through an angle of 120° at the outlet of the curved plate.

Solution. Given : 4

Diameter of the jet, d=50 mm = 0.05 m ANGLE OF
DEFLECTION
Area, a= g (.05)* = 0.001963 m’
Velocity of jet, V=40 m/s
Angle of deflection = 120°
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From equation - the angle of deflection = 180° - 6
180° — 8 = 120° or 8 = 180° — 120° = 60°

Force exerted by the jet on the curved plate in the direction of the jet is given by equation
F_ = paV* [1 + cos 6]
= 1000 x .001963 x 40% x [1 + cos 60°] = 4711.15 N. Ans.
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Jet Strikes the Curved Plate at One end@fﬁﬁ
Tangentially when the plate is Symmetrical*

>

0=

tip of the curved plate

Jet strikes the curved fixed plate at one
end tangentially

Let the curved plate is symmetrical
about x axis

Let V= Velocity of jet of water

Angle made by jet with x axis at inlet

INSTITUTI

Jet striking curved fixed plate ar one end.
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Tangentially when the plate is Symmetrical®

» If the plate is smooth and loss of energy due to impact is zero

» Then the velocity of water at the outlet tip of the curved plate will be

equal toV
» The forces exerted by the jet of water in the
direction of x and y are
E, =(mass/sec)X [Vi, — Vo]
= paV [VcosO — (—VcosB)]
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= 2paV? cos@

E, = paV [V, — Vo]
E, = paV [Vsinf — Vsin6]=0

Jer striking curved fixed plate atr one end.
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» Angle made by the tangents drawn at the inlet and outlet tips of the plate
with x axis will be different

» Let 6 = angle made by tangent at inlet tip with x axis, ¢ =angle made by
tangent at outlet tip with x axis

» The two components of the velocity at inlet are

Vix =Vcos6 and V3, =Vsin6

» The two components of the velocity at outlet are

Vox = —Vcose and V,,, =Vsin ¢
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» The forces exerted by the jet of water in the directions of x and y are
E, = paV Vi, — Vo, ]= paV[VcosO — (—Vcosg )]

= paV[VcosO + Vcoso |

= paV?[cos8 + cosd ]

F, = paV[Vy, — Voy]= paV|Vsing — (Vsing )]

= paV?[sinf — sing ]
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A jet of water of diameter 75 mm moving with a velocity of 30 m/s, 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 by the jet on the plate in the horizontal and
vertical direction.

Solution. Given :

Diameter of the jet, d="75mm = 0.075 m
- Area, a= % (.075)% = .004417 m?
Velocity of jet, V =30 m/s
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Angle made by the jet at inlet tip with horizontal, 6 = 30°
Angle made by the jet at outlet tip with horizontal, ¢ = 20°

The force exerted by the jet of water in the direction of x 18 given by equation
direction of y by equation -

F, = paV” [cos O + cos ¢]

= 1000 x .004417 [cos 30° + cos 20°] x 30° = 7178.2 N. Ans.

F, = paV? [sin 6 - sin 0]
= 1000 % .004417 [sin 30° - sin 20°] X 30> = 628.13 N. Ans.

o,
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and in the
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O For the case Jet Strikes the Curved Plate at the Centre , F, = paV? [1+cosf] and
F, = —paV*sinf

O For the case Jet Strikes the Curved Plate at One end Tangentially when the plate is
Symmetrical, F, = paV [Vly — sz] and F, =0

O For the case Jet Strikes the Curved Plate at One end Tangentially when the plate is

Unsymmetrical F, = paV?[cos8 + cos¢ ] and E, = paV?[sinf — sing ]
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» Consider a jet of water striking a
vertical plate at the centre which is
hinged atO

» Due to force exerted by the jet on
the plate, the plate will swing E_

through some angle about the

hinge

- Force on a hinged plate.

www.giet.ac.in



Force exerted by a Jet on a Hinged @Eﬁ
Plate(Cont...)

Let x= distance of the centre jet from hinge O E

6 = angle of swing about hinge
W= weight of plate acting at C.G of the plate

» The point A on the plate will be at A" after the jet strikes the plate
» The distance 0A=0 A’ =x

> Let the weight of the plate is acting at A’
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Plate(Cont...)

AAAAAAAAAAAAAAAAAA

» When the plate is in equilibrium after the jet strikes the plate, the moment
of all the forces about the hinge must be zero
» Two forces are acting on the plate

1. Force due to jet of water , normal to the

plate

2.  Weight of the plate, W

- Force on a hinged plate.
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Force exerted by a Jet on a Hinged Fa
Plate(Cont...) STITYTIONS

1. Force due to jet of water, normal to the plate

E, = paV?sing’
Where 8’ =Angle between jet and plate=(90° — 9)
2. Weight of the plate, W

Moment of force F,, about hinge=F,, X OB
= paV?sin(90° — §)XOB §—F
= paV?cos 8XOB

[N
- Force on a binged plate.
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Force exerted by a Jet on a Hinged Fa
Plate(Cont...) STITYTIONS
= paV?cos 9XCOSQ

= paV?0A = paV?x

Moment of weight W about hinge=W X0A'sin 8
=W XxXsin 6

For equilibrium of the plate, E -
paV?Xx = WXxXsinf

| S ——

paV?

sin 6= _ Force on a hinged plate.
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S,
=0

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

A jet of water of 2.5 cm diameter, moving with a velocity of 10 m/s, strikes a
hinged square plate of weight 98.1 N at the centre of the plate. The plate is of uniform thickness. Find
the angle through which the plate will swing.

Solution. Given :

Diameter of jet, d=25cm=0.025m

Velocity of jet, V=10 m/s

Weight of plate, W=98.1N

Area of jet, a= ; = —>< (.025)* = .00049 m*
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Problem:1(Cont...) GHET
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AAAAAAAAAAAAA L INDIA

The angle through which the plate will swing is given by equation

paV’ 00049 x 10*

sin O = = 1000 x
08.1

= .499
0 = 29.96°. Ans.
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Problem:2 @EE

INSTITUTIONS

A jet of water of 30 mm diameter strikes a hinged square plate at its centre with a
velocity of 20 m/s. The plate is deflected through an angle of 20°. Find the weight of the plate.

If the plate is not allowed, to swing, what will be the force required at the lower edge of the plate
fo keep the plate in vertical position.

Solution. Given :

Diameter of the jet, d=30mm=3cm = 0.03 m
Area, a=2 2 = L(03)% = .0007068 m>
4 4
Velocity of jet, V =20 m/s

0= 20°

Angle of swing,
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Problem:2(Cont...)

pa‘/2
W

sin O =

0007068 x 20° _ 28272
14 |24

sin 20° = 1000 x

282.72

W= Sn20° - 826.6 N y

M‘%
LEN
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

@)

HINGE

>

If the plate is not allowed to swing, a force P will be applied at
the lower edge of the plate as shown in Fig. The weight of
the plate is acting vertically downward through the C.G. of the
plate.

L

[
T
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O HINGE

Problem:2(Cont...) U e

Let F = Force exerted by jet of water =~ i INSTITUTIONS

| ANDHRA PRADESH, INDIA
—— e h

h = Height of plate \h

= Distance of P from the hinge. it

| -

vP

h
The jet strikes at the centre of the plate and hence distance of the centre of the jet from hinge = 2

Taking moments* about the hinge, O, P X h = F X 5

2
P=F><h=£=pa‘/ ( szavz)
2xh 2 2
2
= 1000 X '00070628 X20" _ 141.36 N. Ans.
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Force on Flat Vertical Plate Moving in ChE

the Direction of Jet T
» Fig shows a jet of water striking a flat {VTtLi)I
vertical plate moving with a uniform J ///Z/ : :
velocity away from the jet [ —1: ﬂié___;u_ L

> LetV=velocity of the jet(absolute) | — ?:F: ET% ____ ) ‘: | .
a= area of cross section of the jet Wii:i g i . i
u= velocity of the flat plate e | .
{:2 g;?;i;g: far -:Egr;z'grl
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Force on Flat Vertical Plate Moving in ChE

the Direction of Jet(Cont...)

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
the velocity of the plate

» Hence relative velocity of the jet with respect to
plate= (V — u)

» Mass of water striking the plate per sec=pX Area of jet X

u]

Velocity with which jet strikes the plate= paX|[V —

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

(V-u)
Jet striking a flat vertical
moving plate.
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Force on Flat Vertical Plate Moving in @Eﬁ
the Direction of Jet(Cont...) TTions

» Force exerted by the jet on the moving plate in the direction of the jet
E, =Mass of water striking per sec X [ Initial velocity with which water
strikes- Final velocity]
Fe = paV-uw)[(V —u) - 0]
( Final velocity in the direction of jet is zero)

E, = pa(V —u)?
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Force on Flat Vertical Plate Moving in @Eﬁ
the Direction of Jet(Cont...) TTions

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

Work done per second by the jet on the plate= Force

Distance in the direction of force
Time

X
= FE.Xu
= pa(V —u)*Xu

www.giet.ac.in




Problem:3

&os”,shlm‘q%‘
INSTITUTIONS

A jet of water of diameter 10 cm strikes a flat plate normally with a velocity of
1 5 m/s. The plate is moving with a velocity of 6 m/s in the direction of the jet and away from the jet. Find:

(i) the force exerted by the jet on the plate
(if) work done by the jet on the plate per second.

Solution. Given :

Diameter of the jet, d=10cm = 0.1 m
Area, a=2 42 =2 (1)2 = 007854 m?
4 4
Velocity of jet, V=15 m/s

Velocity of the plate,
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(1) The force exerted by the jet on a moving flat vertical plate is given by equation
2
F.=pa(V-u)

= 1000 x .007854 x (15 — 6)> N = 636.17 N. Ans.

(i) Work done per second by the jet
=F,.Xu=636.17 x 6 = 3817.02 Nm/s. Ans.
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Summary @Eﬁ
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[ Due to force exerted by the jet on the plate, the plate will swing through
some angle about the hinge

1 Force due to jet of water on a Hinged Plate, normal to the plate F, =
paV?sinf’

[ Force exerted by the jet on Flat Vertical Plate Moving in the Direction of Jet
E, = pa(V —u)?

(d Work done per second by the jet on Flat Vertical Plate Moving in the

Direction of Jet = pa(V — u)?Xu
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Force on the Inclined Plate Moving in @Eﬁ
the Direction of the Jet wepTeTions

Let V= Absolute velocity of jet of water /4
u= velocity of the plate in the direction of I/I’,'r:,'
jet ,,’I /’/
a= cross sectional area of jet ;,—117— -

0 =angle between jet and plate

Relative velocity of jet of water=(V-u)

The velocity with which jet strikes=(V-u) Jet str iking an inclined
mowving plate.
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Force on the Inclined Plate Moving in ChE

the Direction of the Jet(Cont...)

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

Mass of water striking per second
= pXaX(V —u)

» If the plate is smooth and loss of

energy due to impact of the jet is
assumed to be zero
» The jet of water will leave the inclined

plate with a velocity =(V-u)

Jet striking an inclined
moving plate.
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Force on the Inclined Plate Moving in ChE

the Direction of the Jet(Cont.,.)

INSTITUTIONS
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The force exerted by the jet of water on the plate
in the direction normal to the plate
E,, =Mass striking per second X [ Initial velocity
in the normal direction with which jet strikes-
Final velocity]
E, = pa(V —w)|[(V —u)sind — 0]
E, = pa(V —u)?siné

Jet striking an inclined
moving plate.
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Force on the Inclined Plate Moving in ChE

the Direction of the Jet(Cont...)

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

» This normal force F, is resolved into F, and

F,

v in the direction of the jet and

perpendicular to the direction of the jet

respectively
E, = E,;sinf = pa(V — u)?sin6?
E, = Fyc056 = pa(V — u)?sin6 cos6

Jet striking an inclined
moving plate.
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Force on the Inclined Plate Moving in ﬁéﬁ
the Direction of the Jet(Cont...) TN

» Work done per second by the jet on the plate = E X Distance per second
in the direction of x
= F.Xu
= pa(V —u)?sin8?X u

= pa(V — u)?usinf?

www.giet.ac.in
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A 7.5 cm diameter jet having a velocity of 30 m/s 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 (ii) when the plate is moving with a velocity of 15 m/s and away from the jet.

Also determine the power and efficiency of the jet when the plate is moving.

Solution. Given :

Diameter of the jet, d=7.5cm=0.075 m

Area, a= % (.075)* = .004417 m*

Angle between the jet and plate 0 = 90° — 45° = 45°
Velocity of jet, V = 30 m/s.
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Problem:1(Cont...) GHET
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(i) When the plate is stationary, the normal force on the plate is given by equation -
F. = paV?sin 6 = 1000 x .004417 x 30*  sin 45° = 2810.96 N. Ans.

(1) When the plate is moving with a velocity 15 m/s and away from the jet, the normal force on the
plate 1s given by equation ,
F. =pa(V-u) sin where u = 15 m/s.
= 1000 x .004417 x (30 ~15)" x sin 45° = 702.74 N. Ans.

(111) The power and efficiency of the jet when plate is moving is obtained as

Work done per second by the jet
= Force in the direction of jet X Distance moved by the plate in the direction of jet/sec
= F X u, where F, = F, sin 6 = 702.74 X sin 45° = 4969 N
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&os”,shlm%
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Work done/sec = 496.9 x 15 = 7453.5 Nm/s

Power in kKW = Work done per second _ 7453.5 — 7453 kKW. Ans.

1000 1000

Output  Work done per second

Efficiency of the jet = — .
Input  Kinetic energy of the jet

7453.5 7453 5 7453.5
: (pa‘/) X V? —paV %x 1000 x.004417x 30°

=0.1249 = 0.125 = 12.5%. Ans.
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Force on the Curved Plate when the i
Plate is Moving in the direction of jet e

>

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 the jet as

shown in fig

Let V=absolute velocity of jet, a= area

of jet, u= velocity of the plate in the

direction of the jet

= Jet striking a curved moving

(V—u) (V —u)sin©

(V —u) cos 6 \
V

—_— o —

JET OF WATER/

- T el
MOVING CURVED
PLATE

plate.
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Force on the Curved Plate when the Plgigsi
Moving in the direction of jet(Cont....) INSTITUTIONS

» Relative velocity of the jet of

water or the velocity with which
jet strikes the curved plate=(V-u)

If plate is smooth and the loss of
energy due to impact of jet is zero
The velocity with which the jet
curved

will be leaving the

vane=(V-u)

= Jet striking a curved moving

(V—u) (V —u)sin©

(V —u) cos 6 \
V

—_— o —

JET OF WATER/

G
MOVING CURVED
PLATE

plate.
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Force on the Curved Plate when the Plgigsi

» Component of the velocity in the
direction of jet= —(V — u)cosf

» Component of the velocity in the
direction perpendicular to the

direction of the jet= (V — u)siné

= Jet striking a curved moving

(V—u) (V —u)sin©

(V —u) cos 6 \
V

—_— o —

JET OF WATER]

o
MOVING CURVED
PLATE

plate.
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Force on the Curved Plate when the Plgigsi
Moving in the direction of jet(Cont....) INSTITUTIONS

» Mass of the water striking the plate = pXaXvelocity with which jet

strikes the plate
= pa(V —u)
» Force exerted by the jet of water on the curved plate in the direction of
the jet (E,)
» [E, =Mass striking per sec X [ Initial velocity with which jet strikes the

plate in the direction of jet—Final velocity]

www.giet.ac.in




Force on the Curved Plate when the Plgigsi

Fe=paV -—w)[(V —u) = (=(V —ucost)]
E. =pa(V—-—uw)[(V—-u)+ (V—u)cosb]
E, = pa(V —u)? [1 + cos6]
» Work done by the jet on the plate per

second= E, X Distance travelled per second

in the direction of x= F,Xu
= pa(V —u)? [1 + cosf]Xu
= pa(V —u)? Xu[1 + cos6]

(V—u) (V —u)sin

x

JET OF WATER]
MOVING CURVED
PLATE

Jet striking a curved moving
plate.
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A jet of water of diameter 7.5 cm strikes a curved plate at its centre with a
velocity of 20 m/s. The curved plate is moving with a velocity of 8 m/s in the direction of the jet. The
jet is deflected through an angle of 165°. Assuming the plate smooth find :

(i) Force exerted on the plate in the direction of jet, (ii) Power of the jet, and (iii) Efficiency of the jet.

Solution. Given :

Diameter of the jet, d=75cm=0.075m
Area, a= % (.075)% = 0.004417

Velocity of the jet, V=20 m/s

Velocity of the plate, u=38 m/s
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Problem:2(Cont...) GHET

Angle of deflection of the jet, = 165° ..
Angle made by the relative velocity at the outlet of the plate, o
0= 180° — 165° = 15°.
(1) Force exerted by the jet on the plate in the direction of the jet is given by equation . -
= F, = pa(V - u)* (1 + cos )
= 1000 x .004417 x (20 - 8) [1 + cos 15°] = 1250.38 N. Ans.

(i) Work done by the jet on the plate per second
= F,xu=1250.38 x 8 = 10003.04 N m/s

Power of the jet - 1000304 _ 10 KW. Ans.

1000
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W .
(iii) Efficiency of the jet - Qutput __ Work done by jet/sec

Input ~ Kinetic energy of jet/sec

125038 x8 _ 125038 x 8
%(paV) x V2 % x 1000 x .004417x V°

- 125033 x8 = 0.564 = 56.4%. Ans

% x 1000 % .004417 % 20°
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Summary @Eﬁ
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Q The E, for Inclined Plate Moving in the Direction of the Jet, E, = pa(V — u)?sinf

O The F, and E, for Inclined Plate Moving in the Direction of the Jet, F, = F,;sinf =
pa(V —u)?sing?,F, = F,cosd = pa(V — u)?sinf cosé

O Work done per second by the jet on the plate for Inclined Plate Moving in the
Direction of the Jet = pa(V — u)?usin8?

O Work done and Force exerted by the jet of water on the Curved Plate when the

Plate is Moving in the direction of jet on the curved plate in the direction of the jet

pa(V —u)? Xu[l + cos8] and E, = pa(V —u)? [1 + cos8]
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Force Exerted by a Jet of Water on an _z
Unsymmetrical Moving Curved Plate when::
Jet Strikes Tangentially at one of the t|ps

» As the jet strikes tangentially, the loss
of energy due to impact of jet will be
Zero

» The velocity with which jet of water
strikes is equal to the relative velocity

of the jet with respect to the plate

LEN

- Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAA L INDIA

» Also as the plate is moving in different direction of the jet, the relative

velocity at inlet will be equal to the vector difference of the velocity of jet

and velocity of the plate at inlet
Let V; =Velocity of the jet atinlet

u, =Velocity of the plate(vane) at inlet

V-, =Relative velocity of jet and plate at inlet

- Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

a =Angle between the direction of the

jet and direction of motion of the plate,
also called guide blade angle

6 = Angle made by the relative
velocity( V;-,) with the direction of

motion at inlet also called vane angle at

inlet

- Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)

Vv, and Vf1 =The components of the velocity of

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

the jet V;, in the direction of motion and
perpendicular to the direction of motion of the
vane respectively

Ww, =It is also known as velocity of whirl at

inlet

Vfl =1t is also known as Velocity of flow at inlet - Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)
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IV, = Velocity of the jet, leaving the vane or
velocity of jet at outlet of the vane

u, =Velocity of the vane at outlet

V., = Relative velocity of the jet with
respect to the vane at outlet

f =Angle made by the velocity V, with the

direction of motion of the vane at outlet - Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an s
ical Movi ST
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)
¢ =Angle made by the relative velocity .,

INSTITUTIONS
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with the direction of motion of the vane at

outlet and also called vane angle at outlet

W, and sz = Components of the velocity V5,

in the direction of motion of vane and

perpendicular to the direction of motion of t_uﬁ;c‘
Vi >|

vane at outlet - Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P
- - (e

Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)

Ww, = It is also called the velocity of

whirl at outlet
Ve = Velocity of flow at outlet
2

» The triangles ABD and EGH are
called the velocity triangles at inlet

and outlet

- Jet striking a moving curved vane at one of the tips

INSTITUTIONS
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Force Exerted by a Jet of Water on an P
Unsymmetrical Moving Curved Plate when Jet @Eﬁ
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAA L INDIA

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

» Nextdraw a line AC= u, in magnitude
» Join C to B, CB represents the relative

velocity of the jet at inlet

www.giet.ac.in



Force Exerted by a Jet of Water on an P
Unsymmetrical Moving Curved Plate when Jet @Eﬁ
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAA L INDIA

» If the loss of energy at inlet due to impact is zero, then CB must be in the
tangential direction to the vane at inlet

> From B draw a vertical line BD in the

direction to meet the horizontal line AC

produced at D

» Then BD= Represents the velocity of

flow at inlet=Vf
1

www.giet.ac.in



Force Exerted by a Jet of Water on an s
ical Movi g
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)
AD= Represents the velocity of whirl at inlet =V}, ,

< BCD =Vane angle atinlet=6 A g
Uy —>
Velocity Triangle at Outlte /gft V-

» The water will be gliding over the surface of the vane with a relative

velocity equal to V., and will come out of the vane with a relative velocity

Vr

» The relative velocity at outlet 1, |78

2 1
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)
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» The relative velocity at outlet should be in tangential direction to the vane

at outlet

L"'Uz—FJVW‘/ |<_
5 F\B |-

of the vane at outlet and cut EG= 1., v N2
rz

> From G, draw a line GF in the E

» Draw EG in the tangential direction |5

f2

- S

00"

%

K2
%

%

www.giet.ac.in
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAA L INDIA

» Join EF represents the absolute velocity of the jet at outlet in magnitude

and direction

VvV -—
> From E draw a vertical line EH to G -t 5 — Yw, IH

meet the line GF produced at H
» If the vane is smooth and is having

velocity in the direction of motion at

inlet and outlet equal

www.giet.ac.in



Force Exerted by a Jet of Water on an P
Unsymmetrical Moving Curved Plate when Jet @Eﬁ
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAA L INDIA

» U, = U, = u= Velocity of vane in the direction of motion

> V.=V

1= Yrp

» Now mass of water striking vane per sec= pa V.,

Where a=area of jet of water, V}.. =Relative velocity at inlet

r1
» Force exerted by the jet in the direction of motion

E, =Mass of water striking per sec X [ Initial velocity with which jet strikes in

the direction of motion- Final Velocity of jet in the direction of motion]

www.giet.ac.in



Force Exerted by a Jet of Water on an
Unsymmetrical Moving Curved Plate when Jet
Strikes Tangentially at one of the tips(Cont...)

» But initial velocity with which jet strikes
the vane = 1.,
» The component of this velocity in the

direction of motion=1V,

€080 = (W, —uq)

» Similarly , the component of the relative
velocity at outlet in the direction of

motion= _VTZ COSd) — —[uz + VWZ]

o,
GIET
INSTITUTIONS
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- Jet striking a moving curved vane at one of the tips
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet

Strikes Tangentially at one of the tips(Cont...)

» E, =Mass of water striking per sec X [ Initial velocity with which jet

INSTITUTIONS
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strikes in the direction of motion- Final Velocity of jet in the direction of

motion]
Fe = pa Ve X[(Viry —u1) = {=[uz + Wy, 1}
Fy = pa Vrl[ Wwy—us +uz + sz]

But U = uyp

vV V VYV V

Fy = pa Vrl[ Wyt sz]
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Force Exerted by a Jet of Water on an P

- - g
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

AAAAAAAAAAAAAAAAAA

» If § is an obtuse angle, then E, = pa Vrl[ V= Vol
» Thus in general, F; is writtenas F, = pa V.. [ V. + Wy, ]

» Work done per second on the vane by the jet=Force X Distance per

second in the direction of force S

=F Xu=paV | Vy,+Vy,]Xu

1
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Force Exerted by a Jet of Water on an
Unsymmetrical Moving Curved Plate when Jet
Strikes Tangentially at one of the tips(Cont...)
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» Work done/sec per unit mass of fluid striking per second

pa Ve, [V, + Wy, IXu

~ Mass of fluid striking/s

_paVe [V
pa Vy
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

» Work done per second per unit weight of fluid striking per second

pa Ve, [V, £ Wy,I1Xu

N Weight of fluid striking/s
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Force Exerted by a Jet of Water on an P

- - (e
Unsymmetrical Moving Curved Plate when Jet <& -
Strikes Tangentially at one of the tips(Cont...)

Efficiency of Jet

Output Work done per second on the vane

7= Input  Initial K. E per second of the jet

~ pa V[V, & Uy, IXu
= 1
Emvl

2
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Force Exerted by a Jet of Water on an
Unsymmetrical Moving Curved Plate when Jet
Strikes Tangentially at one of the tips(Cont...)

Where m= mass of the fluid per second in the jet=paV;

IV, =initial velocity of jet

wit WZ]Xu

1
5 (PaV1)V1

pa Ve [V, +
n:

&OS}LSMM‘%
INSTITUTIONS

AAAAAAAAAAAAAAAAAA
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Problem:1 @EE

INSTITUTIONS
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A jet of water having a velocity of 20 m/s strikes a curved vane, which is moving
with a velocity of 10 m/s. The jet makes an angle of 20° with the direction of motion of vane at inlet
and leaves at an angle of 130° to the direction of motion of vane an outlet. Calculate :

(i) Vane angles, so that the water enters and leaves the vane without shock.
(ii) Work done per second per unit weight of water striking (or work done per unit weight of water
striking) the vane per second.

Solution. Given :

Velocity of jet, V, =20 m/s

Velocity of vane, u, = 10 m/s

Angle made by jet at inlet, with direction of motion of vane,
o = 20°
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Problem:1(Cont...)

Angle made by the leaving jet, with the direction of motion

= 130°
S B =180° - 130° = 50°
In this problem, up =y =10 m/s
V=V,

(i) Vane Angle means angle made by the relative
velocities at inlet and outlet, i.e., 8 and 9.

in AABD, we have tan 6 = E

CD

S,
=0

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

" DIRECTION
OF MOTION
OF VANE
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Problem:1(Cont...) i
thrﬁ: Vfl = Vl Sil’l oL = 20 % Sill 200 — 6.84 men = INSTITUTIONS

V,, =V, cos o=20x cos 20° = 18.794 m/s.

u, = 10 m/s

tan 0 = 054 =.7778 or B = 37.875°
18.794 — 10

0 = 37° 52.5°. Ans.

v 6.84

From, AABC, =L = = . =11.14
rom C sin O = V or Vr. <m0 sin37.875
V V = 11.14 m/s.
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Problem:1(Cont...) GHET
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From, AEFG, applying sine rule, we have

Vrz _ HZ
sin (180°—B)  sin (B 9)
LSS N 1L S o509
sinf sin|[B- 0] sin 50°  sin [50° - ¢
sin (50° - 0 ) = D TISI‘ZS 0 - 0.6876 = sin 43.44°

50°-0=4344° or ¢ =50°-43.44° = 6.56°
0 = 6° 33.6. Ans.
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Problem:1(Cont...) GHET

AAAAAAAAAAAAA L INDIA

(if) Work done per second per unit weight of the water striking the vane per second is given by
equation

1
==V, +V,, IxuNm/N (+ ve sign is taken as P is an acute angle)
8

where V, =18.794 mis, V,, = GH - GF =V, cos ¢ - u, = 11.14 X cos 6.56° - 10 = 1.067 m/s

U =u =u,=10ms
Work done per unit weight of water

1
= ﬁ [18.794 + 1.067] X 10 Nm/N = 20.24 Nm/N. Ans.




Problem:2 @EE
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A jet of water having a velocity of 40 m/s strikes a curved vane, which is moving
with a velocity of 20 m/s. 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 outlet. Draw the velocity triangles
at inlet and outlet and determine the vane angles at inlet and outlet so that the water enters and leaves
the vane without shock.

Solution. Given :

Velocity of jet, V, =40 m/s
Velocity of vane, u, = 20 m/s
Angle made by jet at inlet, o = 30°
Angle made by leaving jet = 90°
B = 180° — 90° = 90°
For this problem, we have
U, = u, = u = 20 m/s
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Problem:2(Cont...)

Vane angles at inlet and outlet are 6 and ¢ respectively.
From ABCD, we have

V
tan9=BD— 5D !

CD  AD-AC V, — 1

where  V, =V, sin o= 40 X sin 30° = 20 m/s

V, =V, cos 0= 40 X cos 30° = 34.64 m/s
Uy =20 m/s
20 20

U6 -20 1464
0=153.79° or 53° 474 Ans.

tan 0 = 1.366 = tan 53.79°

o,
GIET
INSTITUTIONS

AAAAAAAAAAAAA L INDIA
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Problem:2(Cont...) 4
Also from ABCD,

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

v V. 20
sin@= - or V. = _f‘ = — o
V. ' sin®  sin 53.79
V, =24.78
But V, =V, =24.78
HE 20 0
Hence, from AEFG, cos ¢ = = = 0.8071 = cos 36.18
V. 2478

"~

&= 36.18° or 36° 10.8". Ans.
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Summary @Eﬁ
KET

U Velocity of the plate(vane) at inlet and outlet are equal, u; = u, INSTITUTIONS

O Relative velocity at inlet and outlet are equal, V., =V,
U Force exerted by the jet in the direction of motion, F, = pa V.. [ V,,,+ W, ]

O Work done/sec per unit mass of fluid striking per second = [V, ,+},,]Xu
Nm/kg

0 Work done per second per unit weight of fluid striking per

second=— [}, + V},,]Xu Nm/N

Q|r

pa V[ Vi, + Viw, | XU
1
~(pavy)V,?

U Efficiency of Jetn =
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Force Exerted by a Jet of Water on a

Series of Vanes

>

The force exerted by a jet of water on
a single moving plate( which may be
flat or curved) is not practically
feasible

In actual practice, a large number of
plates are mounted on the
circumference of a wheel at a fixed

distance apart

&@»s"%
INSTITUTIONS
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PLATES

/ ~a

JET OF WATER
Jet striking a series of vanes.
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ForFe Exerted by a Jet of Water on a @Eﬁ
Series of Vanes(Cont...) TSN
» The jet strikes a plate and due to the force exerted by the jet on the plate,

the wheel starts moving and the 2"¢ plate mounted on the wheel appears

before the jet, which again exerts the force on the 219 plate

Let V=Velocity of jet

d= Diameter of jet

. . T
a= Cross sectional area of jet= " d?

u= Velocity of vane i S

Jet striking a series of vanes.

www.giet.ac.in




Force Exerted by a Jet of Water on a @EE

Series of Vanes(Cont...) ETTTIoNS

» In this case the mass of water coming out from the nozzle per second is
always in contact with the plates, when all the plates are considered

» Hence mass of water per second striking the series of plates= paV

» The jet strikes the plate with a velocity= (V — u)

» After striking, the jet moves tangential to the plate and hence the velocity
component in the direction of motion of plate is equal to zero

» The force exerted by the jet in the direction of motion of plate

E, =Mass per second [Initial velocity—Final velocit
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Force Exerted by a Jet of Water on a @Eﬁ
Series of Vanes(Cont...) ETTTIoNS
F, = paV[(V —u) — 0]

E, = paV|V —u]

» Work done by the jet on the series of plates per second=Force X Distance

per second in the direction of force
= F, Xu = paV|V — u]Xu

» Kinetic energy of the jet per second

1 1 1
= EmV2 =3 (paV)V? = EpaV3

www.giet.ac.in



Force Exerted by a Jet of Water on a E

INSTITUTIONS

Series of Vanes(Cont...) @ umeomm s

Work done per second __ paV[V-u]Xu _ 2ul[V-u]
Kinetic energy per second %paV3 V2

Efficiency, n =

Condition for Maximum Efficiency

dan

=0

du
d [2u[V-u]] _
du[ V2 ]_0
2V — 2X2u

yz =0
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Force Exerted by a Jet of Water on a E

Series of Vanes(Cont...) wsrTions
2V—-—4u=0
v 2
2
U = %or V=2u n= 2u[;/2—u]}

2ul2u — u]

Nmax = (2u)2

2uXu 1
= = = =0.5 or 500
77max 2uX2U 2 /b
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Force Exerted on a Series of Radial @Eﬁ

Curved Vanes

» For a radial curved vane, the radius of
the vane at inlet and outlet is different
and hence the tangential velocities of
the radial vane at inlet and outlet will
not be equal

» Consider a series of radial curved

vanes mounted on a wheel

INSTITUTIONS

ANDHRA PRADESH, INDIA

1Y
TANGENT AT B

PSS— 1.__.>.|C

- V.

P

wq

Series of radial curved vanes mounted on a wheel.
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Force Exerted on a Series of Radial @Eﬁ
Curved Vanes(Cont...) HSTITYTIONS

» The jet of water strikes the vanes
» The wheel starts rotating at constant angular speed

Let R; =Radius of wheel at inlet of the vane

R, =Radius of wheel at the outlet of the vane

w =Angular speed of the wheel

Then, u; = wR; andu, = wR,
» The mass of water striking per second for a series of vanes=Mass of

water coming out from nozzle per second = paV;
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Force Exerted on a Series of Radial @Eﬁ
Curved Vanes(Cont...) msTITyTIONS
Where a= area of jet, V; = velocity of jet

» Momentum of water Striking the vanes in the

tangential direction per sec at inlet=Mass of

water per second X Component of V; in the

tangential direction = paV; XV,

» Component of V; in tangential direction

Vicosa =1,
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Force Exerted on a Series of Radial g
Curved Vanes(Cont...) @ﬂ

> Similarly, momentum of water at outlet per -
sec= paV;X Component of I, in the tangential
direction
= paV;X (—=V,cosp)
= —paVi XV, {Vycosp = VWz}
» Angular momentum per second at

inlet=Momentum at inlet X Radius at inlet

— paV]_XVW X Rl
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Force Exerted on a Series of Radial

e
IET
Cu rved Vanes( Cont...z sTiTuTIoNS

» Angular momentum per second at outlet=Momentum at outlet X Radius

at outlet
— —paV1XVW2X RZ
» Torque exerted by the water on the wheel, T=Rate of change of angular

momentum

=[ Initial angular momentum per second —Final angular momentum per

second]

— paVlXleX Rl - _paV]_XVW XRZ - paV1 [VW Rl + VW Rz]
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Force Exerted on a Series of Radial @Eﬁ
Curved Vanes(Cont...) EITATNS
Work done per second on the wheel =Torque X Angular velocity= TXw
= paV1 [le XR1 + VWZRZ] Xw
= paVy [V, XRiXw + Vy Ry Xw]
» Butu; = wR; and u, = wR,
= paVy[Vy, us + Vy,uz]
» If the angle B is an obtuse angle, then work done per second will be

= paVy[Vy, ug — Wy, uz]
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Force Exerted on a Series of Radial @Eﬁ
Curved Vanes(Cont...) HSTITYTIONS

» The general expression for the work done per second on the wheel
= paVy [V, ui W, us; ]
> If the discharge is radial at outlet, then § = 90° and work done becomes
= paVi[Vy; u]

Efficiency of the Radial Curved Vane

_ Work done per second
7= Kinetic energy per second
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Force Exerted on a Series of Radial Fa
Curved Vanes(Cont...) srorions
Work done per second paV1 [V, U1V, us]
T Kinetic energy per second 1 (maSS) XV, 2
2 \ sec 1

paVl [VW]_ uliVWZuZ] . 2 [VW1 uliVWZuZ]

2
% (paVy)XVv,? £

» If there is no loss of energy when water is flowing over the vanes, the work

done on the wheel per second is also =Change in K.E of the jet per second
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Force Exerted on a Series of Radial @Eﬁ
Curved Vanes(Cont...) msTITyTIONS

» Work done per second on the wheel =Change of K.E per second of the jet

=(Initial K.E per second—Final K.E per second) of the jet

1 1
— (Emvlz - EmV22>

- %Tn(Vlz - VZZ)

1
= EPaV1(V12 - sz)
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Force Exerted on a Series of Radial

<IE
Curved Vanes(Cont...) srorions

Work done per second on the wheel

» Hence efficienc =
¥ 1 Initial Kinetic energy per second of the jet

1
EPaV1(V12—V22)
1
E(PaV12)V12
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Problem:1 @Em
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ANDHRA PRADESH, INDIA

A jet of water having a velocity of 30 m/s strikes a series of radial curved vanes
mounted on a wheel which is rotating at 200 r.p.m. The jet makes an angle of 20° with the tangent to
the wheel at inlet and leaves the wheel with a velocity of 5 m/s at an angle of 130° to the tangent to
the wheel at outlet. Water is flowing from outward in a radial direction. The outer and inner radii of
the wheel are 0.5 m and 0.25 m respectively. Determine :

(i) Vane angles at inlet and outlet, (ii) Work done per unit weight of water, and

(iii) Efficiency of the wheel.

Solution. Given :

Velocity of jet, V, =30 m/s
Speed of wheel, N = 200 r.p.m.
Angular speed, w= 21N = 27 X 200 = 20.94 rad/s
60 60
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Problem:1(Cont...) GHET
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Angle of jet at inlet, o= 20°
Velocity of jet at outlet, V,=5m/s
Angle made by the jet at outlet with the tangent to wheel = 130°

Angle, B=180° - 130° = 50°
Outer radius, R =05m
Inner radius, R,=0.25m
Velocity Uy =0 XR, =2094x0.5=1047 m/s

And Uy = @ X Ry =20.94 x 0.25 = 5.235 m/s.
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Problem:1(Cont...)

@ﬂﬁﬂET

INSTITUTIONS
(i) Vane angles at inlet and outlet means the angle made by the relative velocities V, and V, , i.e.,
angle 0 and 0.

From AABD, V,, =V, cos 0= 30 X cos 20° = 28.19 m/s
V, =V, sin 0= 30 x sn 20° = 106 mis /\‘B ~ 0\
I, =
i el \
B=3007 or 3F 42, dns oo | wemie
L i
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Problem:1(Cont...)

From outlet velocity A, V

W

@ﬂfl‘ET

V, =V, xsin B =5 sin 50° = 3.83 m/s
Vi 383
n+V,  5235+3214

0= 24385 or 24°23.1'. Ans.

In AEFH, tan ¢ = = 0.453 = tan 24.385°

(i1) Work done per second by water is given by equation

= paV, [le u +V,, uz]
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(+ ve sign is taken as [ is acute angle :
', Work done* per second per unit weight of water striking per second

_ paVl[le i +V, uz] i palf’l[le u +V,, uz]

Weight of water/s paV, X g

:l V u+V u NmfN:L [28.19 x 10.47 + 3.214 x 5.235]
g wp wy, "2 9.81

1
= 981 [295.15 + 16.82] = 31.8 Nm/N. Ans.
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(117) Efficiency, 1 is given by equation - _

2|V, w4V, w) 2[2819 1047 +3214 X5235]
) V2 ) 30°

n

_ 2[295.15+16.82]
30 %30

= (0.6932 or 69.32%. Ans.
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Summary @%ﬂ
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U The force exerted by a jet of water on a single moving plate is not practically
feasible

2u[V—-u]
V2

U For Jet of Water on a Series of Vanes, n = and 1,5, = 50%/,

 For a radial curved vane, the radius of the vane at inlet and outlet is different and
hence the tangential velocities of the radial vane at inlet and outlet will not be

equal

[ For a Series of Radial Curved Vanes ,n =
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Introduction to Hydraulic Machines @EE
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» Hydraulic machines are those machines which convert either hydraulic
energy ( energy possessed by water) into mechanical energy( which is
further converted into electrical energy) or mechanical energy into
hydraulic energy

» The hydraulic machines, which convert the hydraulic energy into
mechanical energy, are called turbines , while the hydraulic machines
which convert the mechanical energy into hydraulic energy are called

pumps

www.giet.ac.in



Turbines @Eﬁ
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» Turbines are defined as the hydraulic machines which convert hydraulic
energy into mechanical energy

» This mechanical energy is used in running an electric generator which is
directly coupled to the shaft of the turbine

» Thus the mechanical energy is converted into electrical energy

» The electric power which is obtained from the hydraulic energy(energy

of water) is known as Hydroelectric Power
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Gross Head and Net Head

Gross Head(H )

» The difference between the head race level
and tail race level when no water is flowing

Net Head or Effective Head

» The head available at the inlet of the turbine

» When water is flowing from head race to the
turbine, a loss of head(hf) due to friction

between the water and penstocks occurs

@:ﬁﬁrﬁ
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GROSS HEAD
(Hy)

|

\ NOZZLE

TURBINE

Layout of a hydroelectric power plant.
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Gross Head and Net Head(Cont...) e

> Net head on turbine is H= H,; — hf

AfLV?
DX2g

> hy =

Where, V= Velocity of flow in penstock
L= Length of penstock

D= Diameter of penstock

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

HEADRACE 1))
=k

GROSS HEAD
(Hy)

|

4

Layout of a hydroelectric power plant.
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» The following are the important efficiencies of a turbine

Hydraulic Efficiency,ny

Mechanical Efficiency, n,,

Volumetric Efficiency, n,,

‘ Overall Efficiency, n,

www.giet.ac.in



Hydraulic Efficiency,ny, HEY
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Power delivered to runner R.P

M = Power supplied at inlet ~ W.P

» 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

R.P= Power delivered to runner (Runner Power)

W.P= Power supplied at inlet of the turbine(Water Power)= %kw
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Hydraulic Efficiency,n;(Cont...) 4rEm
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Where, W= Weight of water striking the vanes of the turbine per

second=pgXQ

pgXQ XH

WPp= ———kW
1000
Nh = Z [Viws 14w | X0 kW ... For Pelton Turbine
g 1000
g 1000
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_ Power at the shaft of the turbine(S.P or B.P)
~ Power delivered by water to the runner(R. P)

m

» Due to mechanical losses, the power available at the shaft of the turbine
is less than the power delivered to the runner of a turbine

Where, S.P= Shaft Power

B.P= Brake Power
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» The volume of the water striking the runner of a turbine is slightly less
than the volume of the water supplied to the turbine
» Some of the volume of the water is discharged to the tail race without

striking the runner of the turbine

_ Volume of water actually striking the runner
o = Volume of water supplied to the turbine
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Overall Efficiency,n, GHET
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_ Power available at the shaft of the turbine(Shaft Power)
~ Power supplied at the inlet of the turbine(Water Power)

No

S.P S.P R.P
Mo =77 b~

W.P W.PXR.P

S.P , R.P
Mo = 25X 75 = MTm&Nh
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Classification of Hydraulic e
Tu rbines(Cont...) S

» If at the inlet of the turbine, the energy available is only K.E , 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 K.E as well as pressure
energy, the turbine is known as Reaction Turbine

» As the water flows through the runner, the water is under pressure and

pressure energy goes on changing into K.E
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Classification of Hydraulic e
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» If the water flows along the tangent of the 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 outwards to inwards radially, the turbine is
known as Inward Radial Flow Turbine

» If the water flows radially from inwards to outwards, the turbine is

known as Outward Radial Flow Turbine
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Classification of Hydraulic @"‘E‘;ﬁ

Turbines(Cont...) i

» If the water flows through the runner along the direction parallel to the
axis of rotation of the runner, the turbine is called Axial Flow Turbine

» If the water flows through the runner in the radial direction but leaves in
the direction parallel to axis of rotation of the runner, the turbine is

called Mixed Flow Turbine
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0 Hydraulic machines are defined as those machines which convert either hydraulic
energy into mechanical energy or mechanical energy into hydraulic energy

U Turbines are defined as the hydraulic machines which convert hydraulic energy
into mechanical energy

O Gross Head is difference between the head race level and tail race level when no
water is flowing

J Net Head or Effective Head is the head available at the inlet of the turbine
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Pelton Wheel or Turbine @EE

The pelton turbine is a tangential flow impulse turbine INSTITUTIONS
The water strikes the bucket along the tangent of the runner

The energy available at the inlet of the turbine is only K.E

The pressure at the inlet and outlet of the turbine is atmospheric

This turbine is used for high heads \ PENSTOCK
NOZZLE

The water from the reservoir flows L \'\&\_

i

through the penstocks at the outlet of M
JET OF WATER

which a nozzle is fitted WHEE| SPEAR

v V V VY V V

Nozzle with a spear to regulate flow.
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Pelton Wheel or Turbine(Cont...) CHET
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» 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:
1. Nozzle and flow regulating arrangement(Spear)
2. Runner and buckets \ PERITOLE.

NOZZLE
3. Casing o K
@ =
JET OF WATER

WHEEFEI SPEAR

Breaking Jet

Nozzle with a spear to regulate flow.
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Pelton Wheel or Turbine(Cont...) CHET

Nozzle and flow regulating arrangement INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» 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

PENSTOCK
NOZZLE

» When spear is pushed forward into the M
JET OF WATER

nozzle the amount of water striking the ueg SPEAR

operated either by a hand wheel or

automatically in the axial direction

runner is reduced Nozzle with a spear to regulate flow.
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Pelton Wheel or Turbine(Cont...) CHET

Runner with Buckets INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» It consists of a circular disc on the periphery of which a number of

b B

buckets evenly spaced are fixed

» The shape of the buckets is of a double
hemispherical cup or bowl

» Each bucket is divided into two
symmetrical parts by a dividing wall which

is known as splitter

» The jet of water strikes on the splitter




Pelton Wheel or Turbine(Cont...) CHET

INSTITUTIONS
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Runner with Buckets:

» The splitter divides the jet into two
equal parts and the jet comes out at
the outer edge of the bucket : | ==

» The buckets are shaped in such a way 4
that the jet gets deflected through
160° to 170°

www.giet.ac.in



Pelton Wheel or Turbine(Cont...)

Casing:

» The function of the casing is to
prevent the splashing of the
water and to discharge water to
tail race

» It also acts as safeguard against

accidents

@ﬂﬁET

INSTITUTIONS
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A

PENSTOCK

—

1)
\_/‘/ |

W LT L2728

[

Fig. 18.4 Pelton turbine.
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Pelton Wheel or Turbine(Cont...) g
Breaking Jet: Pelton Turbine @
» When the nozz
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Ra

% the forward

direction, the a

> Butthe runner e

» To stop the n wvided which

directs the jet

» This jet of watce T=

\ '.youmhe.c%lm:’mekani
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Velocity Triangles and Work done for

P
>

elton 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

Let H= Net head acting on the Pelton

wheel= H, — hf

@ﬂf;ET

INSTITUTIONS

ANDHRA PRADESH, INDIA

(b)
Shape of

——— ————— T - —————

THIS IS
CONNECTED TO
RUNNER

SPLITTER

ANGLE OF
~_. DEFLECTION

~&TN

bucket.
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Velocity Triangles and Work done for @Eﬁ

Pelton Wheel(Cont...)

4fLV2

Where H, =Gross head and hf = Drxzg

D* =Dia. Of Penstock,
N= Speed of the wheel in r.p.m,
D= Diameter of the wheel ,

d= Diameter of the jet,

=Velocity of jet at inlet= ,/2gH

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

SIS SS SIS IS SIS,

Fig. 18.4 Pelton turbine.
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Velocity Triangles and Work done for @EE
Pelton Wheel(Cont...) sTITyTIONS

DN

> u=u =uU, = —
1 2 0

» The velocity triangle at inlet will be a straight line where

THIS IS
CONNECTED TO
RUNNER

V,~1=V1—u1=V1—u

Vv, =V, @ =0°and 6 = 0°

(b)
Shape of bucket.
www.giet.ac.in




Velocity Triangles and Work done for

S
Pelton Wheel(Cont...) areTions

» From the velocity triangle at outlet, we have

Vi =V, and W, = V., cos® — u,

()
» The force exerted by the jet of water in the

direction of motion is given

ANGLE OF

Fe = paVi[Vy, + Vi, ] .. DEFLECTION

» As the angle f is an acute angle, +ve sign

should be taken
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Velocity Triangles and Work done for
Pelton Wheel(Cont...)

» The mass of water striking is paV; and not pal;.,
a= Area ofjet=% d?
» Now work done by the jet on the runner per second
= F, Xu = paV; |V, + Vi, |Xu Nm/s
» Power given to the runner by the jet

_ pavy [Viw, + Vi, | Xu

kW
1000

o,
GIET
INSTITUTIONS

AAAAAAAAAAAAA L INDIA
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Velocity Triangles and Work done for

S
Pelton Wheel(Cont...) wsrimiToNs

» Work done/s per unit weight of water striking/s

~ paVyi|Viy, + Vi, | Xu
Weight of water striking/s

_ paVi|Vy, + Wy, | Xu
paViXg

1
= p Vi, + Vi, | Xu

» The energy supplied to the jet at inlet is in the form of K.E =% my?2

K.E of jet per second = Z (paVy)V;*
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Velocity Triangles and Work done for @EE
Pelton Wheel(Cont...) sTITyTIONS

Work done per second

Hydraulic Efficiency, n;, = K.E of jet per second

_paly Vi, + Vi, | Xu _ 2|V, + Vi, | Xu

1 2
7(paV1)V12 i
> Now VW =V1,Vr1=V1—u1=(V1—u)
V’rz — (Vl _ U)

Vw, = Vr,cos¢p —u, = V,cosp —u = (V; —u)cosgp —u

2
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Velocity Triangles and Work done for @EE
Pelton Wheel(Cont...) sTITyTIONS

> Substituting the values of 1,,, and Vj,,,, in eq™( Z[le;ZWZ]Xu)
1

2|Vy + (V; —u)cosp — u]Xu
Nh = V.2
1

2[Vi —u+ (V; —uw)cosp]Xu  2(V; —w)[1 + cosplu
V,? B V,?

The efficiency will be maximum for the given value of V; when

www.giet.ac.in



Velocity Triangles and Work done for ﬁéﬁ
Pelton Wheel(Cont...) areTions

d
@(Uh) =0

2u(V; —w)(1 + cosqb)
du [ Vy?

(1+ cosg) d
V,2 du

QuV; —2u?) =0

= (2uV; — 2u?) = 0 (“VC‘;S‘P + o)

1
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Velocity Triangles and Work done for @EE
Pelton Wheel(Cont...) areTions

2V, —4u =0, u—ﬁ

» Thus hydraulic efficiency of pelton wheel will be maximum when the

velocity of the wheel is half the velocity of the jet of the water at inlet

z(V1 —%)[1+cos¢]X%
Nhmax = V.2
1

2%[1"'(305(1)]% _ [1+cos¢]

nh,max — V12 >
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Points to be Remembered for Pelton @Eﬁ
Wheel NSTITUTIoNS
(i) The velocity of the jetatinletV; = C,/2gH

Where C,, =Co-efficient of velocity= 0.98 or 0.99, H= Net head on turbine

(ii) The velocity of wheel u= ¢\/297H

Where ¢ = Speed ratio=0.43 to 0.48
(iii) The angle of deflection of the jet through buckets is taken at 165° if no

angle of deflection is given
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Points to be Remembered for Pelton @EE
WhEE' INSTITUTIONS

(iv) The mean diameter of pitch diameter D of the pelton wheel is given by

nDN 60u
u = r D=—
60 TN

(v) Jet Ratio(m): Defined as the ratio of the pitch diameter(D) of the pelton
wheel to the diameter of the jet(d) , m= % (=12 for most cases)

(vi) Number of buckets on a runner Z=15+ % = 15+ 0.5m

(vii) Number of Jets: It is obtained by dividing the total rate of flow through

the turbine by the rate of flow of water through a single jet
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: - A Pelton wheel has a mean bucket speed of 10 metres per second with a jet of water
flowing at the rate of 700 litres/s under a head of 30 metres. The buckets deflect the jet through an
angle of 160°. Calculate the power given by water to the runner and the hydraulic efficiency of the
turbine. Assume co-efficient of velocity as 0.98.

Py -

Solution. Given :

Speed of bucket, u=u,=u,=10m/s
Discharge, QO = 700 litres/s = 0.7 m>/s, Head of water, H = 30 m
Angle of deflection = 160°
Angle, ¢ = 180° — 160° = 20°
Co-efficient of velocity, C, = 0.98.
The velocity of jet, V, = CPJ2g7H =0.98 JZ X 9.81x30 =23.77 m/s
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Problem:1(Cont...) GHET

Vo =Vi-u;=2377-10 NETIUTIONS
= 13.77 m/s
V,, =V, =23.77 m/s

From outlet velocity triangle,
V, =V, = 1377 mfs

V,, =V, c08 0 -1,

= 13.77 cos 20° - 10.0 = 2.94 m/s
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Problem:1(Cont...)

S,
=]
Work done by the jet per second on the runner is given by equation @

INSTITUTIONS
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=paV, [V, +V,. |xu
= 1000 x 0.7 x [23.77 + 2.94] x 10

= 186970 Nm/s (v aV,=Q=0.7 m3fs)
Power given to turbine = 1?3330 = 186.97 kW. Ans.

The hydraulic efficiency of the turbine is given by equation

L 2[V,, + Vi, X 2[23.77+2.94]x10
i W’ T 2377x23.77
= 0.9454 or 94.54%. Ans.

Ny
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Problem:2 @EE
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Problem 18.2 A Pelton wheel is to be designed for the following specifications :
Shaft power = 11,772 kW ; Head = 380 metres ; Speed = 750 r.p.m. ; Overall efficiency = 86% ; Jet
diameter is not to exceed one-sixth of the wheel diameter. Determine :
(i) The wheel diameter, (ii) The number of jets required, and
(iti) Diameter of the jet.
Take K, = 0.985 and K, = 0.45

Solution. Given :

Shaft power, S.P.=11,772 kW
Head , H =380 m
Speed, N =750 r.p.m.
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Overall efficiency, Mo = 86% or 0.86

Ratio of jet dia. to wheel dia. = i = %

Co-efficient of velocity, Kvl = (C,=10.985

Speed ratio, K, =0.45

Velocity of jet, V)= C,2gH = 0.985,/2 x9.81 X380 = 85.05 m/s
The velocity of wheel, U= = U

= Speed ratio X 4/2gH = 0.45 X 4/2x 9.81x380 = 38.85 m/s
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D

But u=TPN . 3585 DN
60

: D= 60 x 38.85 _ 60 x 38.85 — 0.989 m. Ans.
TXN Tt X 750

But i = l

D 6
Dia. of jet, d= é XD = [}96£ = 0.165 m. Ans.
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Discharge of one jet, q = Area of jet X Velocity of jet

- g d*xV, = ;(.165) x 85.05 m’/s = 1.818 m/s

_SP. 11TR2
~ W.P. pgXxQOxH
1000

86 = 11772 x 1000 where Q = Total discharge

1000 x9.81x 0 x 380

Now N,

www.giet.ac.in



Problem:2(Cont...) GHET

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

11772 x 1000

= =3.672 m°/s
1000 x9.81 x 380 x0.86

Total discharge, Q

Number of jets _ _ Totaldischarge ~_ O _ 3672 = 2 jets. Ans.

- Discharge of one jet - q 1.818

www.giet.ac.in
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» Design of pelton wheel means the following data is to be determined
Diameter of the jet(d)

Diameter of wheel(D)

Width of the buckets which is =5Xd

Depth of the buckets on the wheel=1.2Xd

R B O S

Number of buckets on the wheel

Size of buckets means the width and depth of the buckets
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A Pelton wheel is to be designed for a head of 60 m when running at 200 r.p.m. The
Pelton wheel develops 95.6475 kW shaft power. The velocity of the buckets = 0.45 times the velocity of
the jet, overall efficiency = 0.85 and co-efficient of the velocity is equal fo 0.98.

Solution. Given :

Head, H=60m

Speed N =200 r.p.m

Shaft power, S.P.=95.6475 kW
Velocity of bucket, u = 0.45 x Velocity of jet
Overall efficiency, n, = 0.85

Co-efficient of velocity, C,=098
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Design of Pelton wheel means to find diameter of jet (d), diameter of wheel (D), Width and depth of
buckets and number of buckets on the wheel.

(i) Velocity of jet, V= C, X 42gH =0.98 X /2 x9.81x 60 =33.62 m/s
Bucket velocity, u=u, =u,=045xV,=0.45x%x33.62=15.13 m/s
But U= %, where D = Diameter of wheel
15132 BXDx200 - o  OOXIN3 4. Ans.
60 T x 200
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(it) Diameter of the jet (d)
Overall efficiency N, = 0.85

_ S.P.95.6475 _ 95.6475x1000

But = = = v WP =
Mo W.P. (W.P.) pXgxQxH ( pgQH)
1000
956475 %1000
1000 x 9.81x Q x 60
95.6475 x 1000 95.6475 x 1000

=0.1912 m%/s.

n, 1000 x9.81x60  0.85x 1000 X 9.81 X 60
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Problem:3(Cont...) GHET

But the discharge, Q = Area of jet X Velocity of jet INSTITUTIONS

ANDHRA PRADESH, INDIA

0.1912 = %dﬁ XV, = Edﬁ x 33.62

4x0.1912
d= = 0.085 m = 85 mm. Ans.

T X 33.62
(iii) Size of buckets
Width of buckets =5Xd=5%x85=425mm
Depth of buckets =12 Xd=1.2 %85 =102 mm. Ans.
(iv) Number of buckets on the wheel is given by equation (18.17) as

D 1.44
Z=15+—=15+ = 15 + 8.5 = 23.5 say 24. Ans.
2d 2 x.085
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U The pelton turbine is a tangential flow impulse turbine
0 The main parts of the pelton turbine are: Nozzle and flow regulating

arrangement(Spear), Runner and buckets, Casing, Breaking Jet
L Now work done by the jet on the runner per second = paV; [le + VWZ]Xu Nm/s

pavy Vi, +Vi, | Xu
1000

kW

L Power given to the runner by the jet =

_ 2(i—uw)[1+cosplu
= /2

Q n,

__[1+cos@]

a nh,max - 2
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Introduction to Radial Flow Reaction @Eﬁ

Turbines INETITUTIONS

» Water flows in the radial direction

» Water may flow radially from outwards to inwards( i.e., towards the axis
of rotation) or from inwards to outwards

» If water flows from outwards to inwards through the runner, the turbine

is known as inward radial flow turbine

» If the water flows from inwards to outwards, the turbine is known as

outward radial flow turbine
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Turbines(Cont...) mmow s

> Reaction turbine means that the water at the inlet of the turbine

possesses K.E as well as pressure energy

» As the water flows through the runner, a part of pressure energy goes on

changing into K.E
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Main parts of the Radial Flow Reactiongz:
Turbine -

1.Casing

2.Guide Mechanism

3.Runner

' 4 .Draft tube




Main parts of the Radial Flow Reactio%

Turbine(Cont...)

1. Casing:

>

Casing and runner are always full of
water

Spiral in shape , area of cross section
goes on decreasing gradually

Casing completely surrounds the runner
of the turbine

Made of concrete, cast steel or plate steel

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

SPIRAL CASING WATER FROM
' RUNNER

PENSTOCK

- Main parts of a radial reaction turbines.
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Main parts of the Radial Flow Reactio%

Turbine(Cont...)

2. Guide Mechanism:

» Consists of a stationary circular wheel all
round the runner of the turbine

» The stationary guide vanes are fixed on
the guide mechanism

» The guide vanes allow the water to strike
the vanes fixed on the runner without

shock at inlet

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

- Main parts of a radial reaction turbines.

SPIRAL CASING WATER FROM
' RUNNER

PENSTOCK
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Main parts of the Radial Flow Reactio%
Turbine(Cont...) sTITUTIONS

3. Runner: WATER FROM
SPIRAL CIASING BT

RUNNER

> It is a circular wheel on which a series of

radial curved vanes are fixed

» The radial curved vanes are so shaped
that the water enters and leaves the
runner without shock

» Made of cast steel, cast iron or stainless

- Main parts of a radial reaction turbines.

steel
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Main parts of the Radial Flow Reactio%

Turbine(Cont...) STITUTIONS
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 cannot be directly discharged to the tail race

» A tube or pipe of gradually increasing area is used for discharging water
from the exit of the turbine to the tail race

» This tube of increasing area is called draft tube
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Inward Radial Flow Turbine @EE

» 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

» The water flows over the moving vanes
in the inward radial direction and is
discharged at the inner diameter of the

runner

INSTITUTIONS

A Zza—| 2 B 772,
Pl y s
7 B \
GUIDE D, GUIDE
VANES AR

MOVING VANES

GUIDE VANES

Inward radial flow turbine.
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» The work done per second on the runner by water is given by:
= paVy [Vw1u1in2u2]

= pQ[Viy,u1+Viy, us |

D1 XN .
10 , D; = Outer dia.

Where u;(Tangential velocity of wheel at inlet) =

of runner

D, XN

u,(Tangential velocity of wheel at outlet) = , D, =Inner dia. of

runner, N= Speed of the turbine in rp.m
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Inward Radial Flow Turbine(Cont...) Ei

» The work done per second per unit weight of water per second nstitutions

AAAAAAAAAAAAA L INDIA

Work done per second

N Weight of water striking per second

_ pQ[leuliVW2u2] _ 1
pQg g

» Eq(1) is known as Euler’s Equation or Fundamental Equation of
hydrodynamics machines
» Ineq(1) +ve sign is taken if angle S is an acute angle, -ve sign is taken if

angle ( is an obtuse angle

www.giet.ac.in



Inward Radial Flow Turbine(Cont...) Ei

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

y 1
striking/s become as= P Vw1

4
RP _ 10009[VW1u1iVW2u2] _ [Vw1u1in2u2]

wp WXH gH
1000

Hydraulic Efficiency,n, =

Where R.P= Runner power i.e power delivered by water to the runne

W.P= Water power

leul

If the discharge is radial at outlet, then V,,,, = 0, n,=

www.giet.ac.in
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Change of pressure energy inside the runner

Change of total energy inside the runner

(V12 = 1,2)

R=1-—
2gH,

Where H, =Change of total energy per unit weight inside the runner

1
H, = 5 [leulivwzuz]
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Degree of Reaction(Cont...) e

Value of R for Pelton Turbine and other Actual Reaction Turbines ™

AAAAAAAAAAAAA L INDIA

(i) For a Pelton turbine

u; =uzand V., =V,

1 _ (n*-12°) _
(i* - 12°%)

(ii) For an actual reaction turbine, the angle § = 90°, so that the loss of K.E

R = 1-1=0

at outlet is minimum (i.e., I/5 is minimum)

cota

Hence in outlet velocity triangle, 1}, = 0,R = 1 — 2(cota—cotd)
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Important Definitions for Reaction @“‘”{Eﬁ
Radial Flow Turbine

AAAAAAAAAAAAA L INDIA

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

turbines:

i) Speed Ratio: = —L_ u,; = Tangential velocity of wheel at inlet
J2gH

(ii) Flow Ratio: The ratio of the velocity of flow at inlet(V_) to the velocity
1

: . Vr _ .
given ,/2gH , Flow ration= Nerrk H=head on turbine
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Important Definitions for Reaction @EE

Radial Flow Turbine(Cont...) TN
(iii) Discharge of the turbine (Q) = 7D, B X Vf1 =nD,B,X sz

Where D; =Diameter of runner at inlet, By =Width of runner at inlet
Vf1 =Velocity of flow at inlet, D,, Bz,sz =Corresponding values at outlet

» If the thickness of vanes are taken into consideration, then area through
which flow takes place is given by (mD; — nXt)

Where n= number of vanes on runner and t= thickness of each vane

The discharge Q=(nD; — nXt)XB;X Vf1
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Important Definitions for Reaction @Eﬁ

Radial Flow Turbine(Cont...) wspITyTIONS
(iv) The Head(H) on the turbine; H = 2 + /-
pXg 29

(v) Radial Discharge: This means the angle made by absolute velocity

with the tangent on the wheel is(f =) 90° and the component of the whirl

velocity (V;,, =)is zero.

(vi) If there is no loss of energy when water flows through the vanes then we
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An inward flow reaction turbine has external and internal diameters as 1 m and
0.5 m respectively. The velocity of flow through the runner is constant and is equal to 1.5 m/s.
Determine :

(i) Discharge through the runner, and
(ii) Width of the turbine at outlet if the width of the turbine at inlet = 200 mm.

Solution. Given :

External diameter of turbine, D, =1m

Internal diameter of turbine, D,=0.5m

Velocity of flow at inlet and outlet, Vfl = sz = 1.5 m/s
Width of turbine at inlet, B, =200 mm = 0.20 m
Let the width at outlet =B,
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Problem:1(Cont...) GHET

Q=7nD,B; x V, =1 x1x0.20 X 1.5 = 0.9425 m*/s. Ans.  msrurions

AAAAAAAAAAAAA L INDIA

nD\B,Vy =1D,B,Vy or DB, = D,B, (v wV, =nv)

_DyxB _1x0.20
D, 05

B, = 0.40 m = 400 mm. Ans.
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Problem 18.15 An inward flow reaction turbine has external and internal diameters as 0.9 m and
0.45 m respectively. The turbine is running at 200 r.p.m. and width of turbine at inlet is 200 mm. The
velocity of flow through the runner is constant and is equal to 1.8 m/s. The guide blades make an angle
of 10° to the tangent of the wheel and the discharge at the outlet of the turbine is radial. Draw the inlet
and outlet velocity triangles and determine:
(i) The absolute velocity of water at inlet of runner,
(if) The velocity of whirl at inlet, (iii) The relative velocity at inlet,
(iv) The runner blade angles, (v) Width of the runner at outlet,
(vi) Mass of water flowing through the runner per second,
(vii) Head at the inlet of the turbine,
(viii) Power developed and hydraulic efficiency of the turbine.
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Problem:2(Cont...)

Solution. Given :
External Dia.,
Internal Dia.,
Speed,

Width at inlet,
Velocity of flow,

Guide blade angle,
Discharge at outlet

D,;=09m
D,=045m
N =200 r.p.m.
B, = ’200 mm = (0.2 m
Vi=V, =18 m/s
= 10“
= Radial

B=90°and V, =0

&@»s"%
INSTITUTIONS
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———— v —

RUNNER
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Tangential velocity of wheel at inlet and outlet

arc .
oo TN X OXA0 g 0
60 60
D 45%2
4y = TN XASXA 1 s,
60 60

(1) Absolute velocity of water at inlet of the runner i.e., V,
From inlet velocity triangle,

V,sin o=V,

Vﬁ 18
V,=— = — - = 10.365 m/s. Ans.
sino  sin 10
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(i1) Velocity of whirl at inlet, ie., V, IO O
Vy, =V, cos a.=10.365 x cos 10° = 10.207 m/s. Ans.

(iit) Relative velocity at inlet, i.e., Vr.
V. = \(V,,f +(V, —u) = 182 +(10.207 - 9.424)?
= /324 + 613 = 1.963 mJs. Ans.

(iv) The runner blade angles means the angle 0 and ¢

Vfl 1.8
Now tan O = = = 2.298
(Vi —1,)  (10207-9.424)

0 =tan"' 2.298 = 66.48° or 66° 29’. Ans.
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Problem:2(Cont...) %
From outlet velocity triangle, we have INSTITUTIONS
V
tan o=~ = 0 = tan 20.9°
U, 4712

0=209° or 20°54.4°. Ans.

(v) Width of runner at outlet, i.e., B,

From equation
nD\B,V, =1D,B,V, orD,B, = D,B, V=V sV, =V,
DB, . .
g, = 20 L 00X020 o k= 400 mm. Ams.
D, 0.45
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Problem:2(Cont...) -
(vi) Mass of water flowing through the runner per second. INSTITUTIONS
The discharge, Q=1DB,V, =1x09x0.20x 1.8 = 1.0178 ms.

Mass = p x 0= 1000 x 1.0178 kg/s = 1017.8 kg/s. Ans.

(vit) Head at the inlet of turbine, i.e., H.
Using equation

v, 1 1
H-—2==(V, u £V, uy))=—(V, uy) (*+ Here V, =0)
2g g 1 2 g | 2
2 2
H=1y L+ %o L 10207 x9.424 4 2 V=V, )
g 2g 981 2x9381 :

=9.805 + 0.165 = 9.97 m. Ans.
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Work done per second on runner

(viii) Power developed, i.e., P =

1000

_ PO [leul]

© 1000

= 1000 x 10178 11%'337 X424 _ 97 9 kW. Ans.

Hydraulic efficiency is given by equation (18.20B) as

Vo 10207 x9.424
= o o 10207X0928 _ 0634 - 98.34%. Ans.
gH  981x9.97
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O If water flows from outwards to inwards through the runner, the turbine is known
as outward radial flow turbine
O If the water flows from inwards to outwards, the turbine is known as outward

radial flow turbine

U The work done per second per unit weight of water per second= é [leul iVquZ]

U Hydraulic Efficiency, ;= [VW1u;i1:W2u2]
2_ 12

O Degree of ReactionR = 1 — (i)
2gHe
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Outward Radial Flow Reaction Turbme@%m

» Water from casing enters the stationary INSTITUTIONS

U.lde Wheel GUIDE WHEEL
g %&

» The guide wheel consists of guide vanes

I i D, |  RUNNER

which direct water to enter the runner which
is around the stationary guide wheel

» The water flows through the vanes of the
runner in the outward radial direction and is

discharged at the outer diameter of the

Outward radial flow turbine.

runner
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Outvyard Radial Flow Reaction @ﬁﬁﬁ
Turbine(Cont...)

> The inner diameter of the runner is inlet and

outlet diameter is the outlet

» In this case as inlet of the runner is at the
inner diameter of the runner, the tangential
velocity at inlet will be less than that of at
outleti.e

u, <u, asDy <D,

Outward radial flow turbine.
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INSTITUTIONS

An outward flow reaction turbine has internal and external diameters of the runner
as 0.6 m and 1.2 m respectively. The guide blade angle is 15° and velocity of flow through the runner
is constant and equal to 4 m/s. If the speed of the turbine is 200 r.p.m., head on the turbine is 10 m and
discharge at outlet is radial, determine :

(i) The runner vane angles at inlet and outlet,

(ii) Work done by the water on the runner per second per unit weight of water striking per second ,
(iii) Hydraulic efficiency, and
(iv)

The degree of reaction.
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Problem:1(Cont...)

Solution. Given :

Internal diameter,
External diameter,
Guide blade angle,

Velocity of flow,

Speed,
Head,
Discharge at outlet

D, =0.6m
D,=12m
o=15°
Vi =V, =4mls
N =200 r.p.m.
H=10m
= Radial

v, =0,V, =V,

INSTITUTIONS
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Problem:1(Cont...) Eﬁﬁﬁ

Tangential velocity of runner at inlet and outlet are : INSTITUTIONS
N X 0.6 X2
u, = TPV _ EX06X200 _ ¢ oe3 mis
60 60
4y = mD,N _ mx12x200 _ 12.566 m/s.
60 60
. o v,
From the inlet velocity triangle, tan o = V—l
v 4.0

IS
I
I

= = - =14.928 m/s.
tanot tan 15
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Problem:1(Cont...
(Cont... =Bn
(i) Runner Vane Angles at inlet and outlet are 6 and ¢ INETITYTIONS

Vv
h - 40 = 0.4627

V. —u, (14928 - 6.283)

L

0 =tan"' 4627 = 24.83 or 24° 49.8’. Ans.

tan 0 =

_ . sz 4.0
From outlet velocity triangle, tan ¢ = = =0.3183
u, 12.566

¢ = tan"' .3183 = 17.65° or 17° 39.4". Ans.
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(i) Work done by water per second per unit weight of water striking per second INSTITUTIONS
I
==V ( V, = 0)
8
1
= 931 X 14.928 X 6.283 = 9.561 Nm/N. Ans.
(1i1) Hydraulic efficiency is given by equation
le U 14928 X 6.283
Ny, = = = 0.9561 or 95.61%. Ans.

gH 9.81x 10
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(iv) Given : In this question, the velocity of flow is constant through the runner (i.e., Vf. = sz) and insTiTuTIONS

HRA PRADESH, INDIA

the discharge is radial at outlet (i.e., p = 90° or V,,, =0), the degree of reaction (R) is given by equation

cot o
2 (coto.— cotB)

Here o = 13.928° and 6 = 41.09° (calculated)
Substituting the value of ot and 6, we get

cot 13.928° 4.032

2 (cot 13.928° — cot 41.09°) 2 (4.032 - 1.146)

=1-0.698 =0.302 = 0.3. Ans.
For Francis turbine, the degree of reaction varies fromQOto 1 ie, 0 <R < 1.

www.giet.ac.in



T4
\(oe’L STANp,

Francis Turbine GHET

INSTITUTIONS
ANDHRA PRADESH, INDIA

» The inward flow reaction turbine having radial discharge at outlet is
known as Francis Turbine

» In the modern 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 modern 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

www.giet.ac.in



Francis Turbine(Cont...) GHET

INSTITUTIONS
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» The discharge is radial at outlet, the velocity of whirl at outlet( i.e 1},,)
will be zero

» Hence the work done by water on the runner per second will be
— pQ [leul]

» And work done per second per unit weight of water striking/s= é Vv U]
leul
gH

» Hydraulic efficiency will be given by, n;, =

www.giet.ac.in
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: . o L B
1. The ratio of width of the wheel to its diameter is given as n= D—l. The
1

value of n varies from 0.1 to 0.4

%
2. The flow ratio = \/Zq_lH and varies from 0.15 to 0.3
3. The speed ratio= \/Z;_H varies from 0.6 to 0.9

www.giet.ac.in
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Problem:2

A Francis turbine with an overall efficiency of 75% is required to produce

148.25 kW power. It is working under a head of 7.62 m. The peripheral velocity = 0.26 \/2gH and the

radial velocity of flow at inlet is 0.96+/28H . The wheel runs at 150 r.p.m. 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) Diameter of the wheel at inlet, and (iv) Width of the wheel at inlet.

Solution. Given :
Overall efficiency N, = 75% = 0.75
Power produced, S.P. = 148.25 kW
Head, H=7.62m

www.giet.ac.in
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Peripheral velocity, u, =0.26 J2gH =0.26 X \[2 X981x7.62 =3.179 m/s
Velocity of flow atinlet,  V, =0.96 NJ2gH =0.96 X JZ X981x7.62 =11.738 m/s.
Speed, N =150 r.p.m.

Hydraulic losses = 22% of available energy

Discharge at outlet = Radial

V,,=0and V, =V,
Hydraulic efficiency is given as

n, = Total head at inlet — Hydraulic loss
! Head at inlet

www.giet.ac.in
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Problem:2(Cont...) e
_H-22H _078H _ o
H
leul
Ny = gH
Vw ul
' =0.78
gH
V. = 078 x gx H
1 Hl
_078 x39i8719 X 7.62 _ 18.34 m/s. ': Uy —] Ve, _,|
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Problem:2(Cont...) GHET

(1) The guide blade angle, i.e., 0. From inlet velocity triangle, INSTITUTIONS
V
fan o = T — 11.738 — 0.64
V. 18.34

o = tan~' 0.64 = 32.619° or 32° 37’. Ans.

(i) The wheel vane angle at inlet, i.e., 0

o ums
V, —u, 1834 -3.179

0 = tan"' .774 = 37.74 or 37° 44.4’. Ans.

tan 9 =

www.giet.ac.in



Problem:2(Cont...) GRET
(iit) Diameter of wheel at inlet (D). LA ALl
Using the relation, U = N

60
D, = 60 X u, _ 60 x3.179 — 0.4047 m. Ans.

T X N nt x50
(iv) Width of the wheel at inlet (B,)

_S.P. 14825
flo W.P. W.D.
But wp = WH _PXgXQXH _ 1000 X 9.81 X Q X 7.62
1000 1000 1000
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Problem:2(Cont...) GHET

B 148.25 3 148.25 x 1000 INSTITUTIONS
Mo = T000x 98TX QX 762 1000 x 9.81 x O X 7.62
1000
0- 148.25 x 1000 _ 148.25 x 1000 5 644 ms

1000 x9.81 x7.62x1n, 1000 x9.81x7.62x0.75

Q=nD, xB, xV,

2.644 =1t x .4047 x B, x 11.738

2.644
B, = o4 = 0.177 m. Ans.

1t X.4047 x11.738

www.giet.ac.in
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Summary @ﬁEﬁ
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U For Outward Radial Flow Reaction Turbine , the water flows through the vanes of the
runner in the outward radial direction and is discharged at the outer diameter of
the runner

O For Outward Radial Flow Reaction Turbine , u; < u, as D; < D,

U The inward flow reaction turbine having radial discharge at outlet is known as

Francis Turbine

Vfl

J2gH

and varies from 0.15 to 0.3

U For Francis turbine, the flow ratio =

Uq

O For Francis turbine, the speed ratio= —= varies from 0.6 to 0.9
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Axial Flow Reaction Turbine
» Water flows parallel to the axis of the

S,
=0

INSTITUTIONS

rotation of the shaft, the turbine is
known as axial flow turbine

» If the head at the inlet of the turbine is
the sum of pressure energy and kinetic
energy and during the flow of water
through runner a part of pressure

energy is converted into K.E is known

as reaction turbine

Kaplan turbine runner.
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Axial Flow Reaction Turbine(Cont...) €

» The shaft of the turbine is vertical

» The lower end of the shaft is made larger
which is known as ‘hub’ or ‘boss’

» The vanes are fixed on the hub and hence
hub acts as a runner for axial flow reaction
turbine

» The following are the important type of
axial flow reaction turbines

1. Propeller Turbine 2. Kaplan Turbine

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

Kaplan turbine runner.
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Axial Flow Reaction Turbine(Cont...) €

» 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 a Kaplan Turbine

» Kaplan turbine is suitable where a large

quantity of water at low head is available

INSTITUTIONS

AAAAAAAAAAAAA L INDIA

Kaplan turbine runner.
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Axial Flow Reaction Turbine(Cont...) €

» The main parts of a Kaplan
turbine are:

1. Scroll casing

2. Guide vanes mechanism

3. Hub with vanes or runner of
the turbine

4. Draft tube

GUIDE VANES

INSTITUTIONS

ANDHRA PRADESH, INDIA

SHAFT
» SCROLL CASING

GUIDE +

T~ INLET OF RUNNER VANES
.~ OUTLET OF VANE
TAIL RAC

Main components of Kaplan turbine.
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Axial Flow Reaction Turbine(Cont...) €
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ANDHRA PRADESH,

> The water from penstock enters the scroll casing and then moves to the
guide vanes

> From the guide vanes, the water turns through 90° and flows axiall

through the runner
» The discharge through the runner is obtained as |-

_ (2 3
Q = (Do* — Dy’ )XVy
Where D, =Outer diameter of the runner

, Dpy=Diameter of hub ’Vf1 =Velocity of flow at inlet

www.giet.ac.in



Some Important Point for Propeller
(Kaplan Turbine)

1. The peripheral velocity at inlet and outlet are equal

TL’DO N

Up = Uy = — , wherer D, =Outer dia. of runner

2. Velocity of flow at inlet and outlet are equal
Vfl — sz

3. Area of flow at inlet=Area of flow at outlet

T
=2 (Do* = Dy?)

o,
GIET
INSTITUTIONS

AAAAAAAAAAAAA L INDIA
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T

INS

A Kaplan turbine working under a head of 20 m develops 11772 kW shaft power.
The outer diameter of the runner is 3.5 m and hub diameter is 1.75 m. The guide blade angle at the
extreme edge of the runner is 35°. The hydraulic and overall efficiencies of the turbines are 88% and
84% respectively. If the velocity of whirl is zero at outlet, determine :
(i) Runner vane angles at inlet and outlet at the extreme edge of the runner, and
(ii) Speed of the turbine.

Solution. Given :

Head, H=20m
Shaft power, SP.=11772 kW
Outer dia. of runner, D,=35m

Hub diameter,

www.giet.ac.in
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o,
GIET
INSTITUTIONS
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Guide blade angle, o = 35°
Hydraulic efficiency, N, = 88%
Overall efficiency, n, = 84%
Velocity of whirl at outlet = 0.
S.P.
Using the relation, =
l'lg € IC 1] T]() WP,
where W.P. = WP ngXQXH,we get
1000 1000
11772
0.34 = PXgXOXH

1000
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Problem:1(Cont...) GHET

_ 11772 x 1000 ANDRRA SRADESA DA
1000 X 9.81 X Q X 20
0= MTT2X100 _ _ 5y 4rg ms.
0.84 X 1000 X 9.81 x 20
Using equation Q= %(Dﬁ — Dj) XV

T Lt
71.428 = 35°-175)x V, = 7 (1225-3.0625) V,

=7.216 V;

71428

= = 9.9 m/s.
' 7.216
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V INSTITUTIONS
J:

2 ANDHRA PRADESH, INDIA

From inlet velocity triangle, tan o0 = —=

V
V, =——= 23 9—f=14.14mﬁ's

"~ tano tan35°

Using the relation for hydraulic efficiency,

V., u
=1 vV, =0
T]h SH ( W, )
28 = 14.14 X u,
9.81x20
0, = 0.88x9.81x20 — 1221 mls.
14.14
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() Runner vane angles at inlet and outlet at the extreme edge of the runner are given as :
Vf 9.9

tan 0 = = =5.13

V, —u  (1414-1221)
0 =tan"! 5.13 = 78.97° or 78° 58’. Ans.

For Kaplan turbine, Uy =uy=1221m/sand V, =V, =99 m/s
. _— _Ve_o99 _
. From outlet velocity triangle, tan ¢ = = =0.811

U, 1221

o = tan"".811 = 39.035° or 39° 2’. Ans.

www.giet.ac.in
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(ii) Speed of turbine is given by u, = u, = % AT
1291 = TX35XN
y = QOX1221 o6 63 rp.am. Ans.
1 X 3.50
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L Water flows parallel to the axis of the rotation of the shaft, the turbine is
known as axial flow turbine

L When the vanes are fixed to the hub and they are not adjustable, the
turbine is known as propeller turbine

U If the vanes on the hub are adjustable, the turbine is known as a Kaplan

Turbine

U The discharge through the runner is obtained as Q = %(DOZ — Db3)X Vf1

www.giet.ac.in
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Draft-Tube g
T
» The draft-tube is a pipe of gradually increasing area which connects the
outlet of the runner to the tail race
» Itis used for discharging water from the exit of the turbine to the tail race

» The draft tube

1. Discharges water

2. It permits a negative head to be established at the outlet of the runner

and thereby increase the net head on the turbine
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3. It converts a large proportion of the K.E rejected at the outlet of the
turbine into useful pressure energy. Without draft tube, K.E rejected at
the outlet of the turbine will go waste to the tail race

» Hence by using draft-tube, the net head on the turbine increases

» The turbine develops more power and also the efficiency of the turbine

increases

» 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
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» 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 turbine
fitted with a draft-tube

» Without a draft tube, the K.E rejected at the outlet of the runner will go

waste to the tail race

www.giet.ac.in
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Types of Draft-Tubes
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1. Conical 2. Simple g’ g;(;’:\y
Draft-Tubes Elbow Tubes P 8
Tubes

4.Elbow Draft-
Tubes with
Circular Inlet
and
Rectangular
Outlet
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(b) SIMPLE ELBOW (c) MOODY SPREADING
. TUBE TUBE

(d) DRAFT-TUBE WITH CIRCULAR
INLET AND RECTANGULAR OUTLET

Types of draft-tubes.
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Draft-Tube Theory

» Let Hg =Vertical height of draft tube
above the tail race

y= Distance of bottom of draft tube from tail

race

» Applying bernoulli’s equation to inlet
(section 1-1) and outlet(section 2-2) of
the draft tube

» Taking section 2-2 as the datum line

&os”,shlm‘q%‘
INSTITUTIONS

AAAAAAAAAAAAA L INDIA

TURBINE

/CASING

1
D, i @D
INLET OF

DRAFT-TUBE |
1

; TAIL
l RACE
! y

@ [J ., @
OUTLET OF
DRAFT-TUBE

Draft-tube theory.
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Draft-Tube Theory(Cont...)

VZ
g+—+(H +y) = 2+i+0+hf ......... (1)

p

» Where hy =loss of energy between section 1-1

and 2-2

But S—; =Atmospheric pressure +y
P9 PY

Substltutmg oo value in equation (1)

S,
=0

INSTITUTIONS

AAAAAAAAAAAAAAAAAA

INLET OF
DRAFT-TUBE

TURBINE

/ CASING

O,

H
L Y [
A i _———_——__-__I_—__—:_—_:_—T\_ "
T @ /(;UTLET OF @
DRAFT-TUBE
Draft-tube theory.
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Draft-Tube Theory(Cont...) @Eﬁ

2 2 LL AR R
p1 W Pa v, '
+—+H;+y)=—+y+—+h
pg 29 °°F g 2g 7
2 2
pr W Pa V>
f—— 4+ H ="24+2 4p
pg 29 ° pg 29 7
P1 _ Pa (Vlz sz )
=4 _ g — —2 —h
P9 pPg 29 29

www.giet.ac.in



Efficiency of Draft-Tube @EE
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Actual conversion of kinetic head into pressure head
Kinetic head at the inlet of draft tube

Na =

Let V; =Velocity of water at inlet of draft tube
I, =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 draft

V2 V2
tube= (L — L)
29 29

www.giet.ac.in



Efficiency of Draft-Tube(Cont...) E

INSTITUTIONS

: . : 17 |
> Actual conversion of kinetic head into pressure head = (i — i) — hy

it
29 2g9) 7

Na =

www.giet.ac.in



. e
Problem:1 .

AAAAAAAAAAAAAAAAAA

A water turbine has a velocity of 6 m/s at the entrance to the draft-rube and a
velocity of 1.2 m/s at the exit. For friction losses of 0.1 m and a tail water 5 m below the entrance to the
draft-tube, find the pressure head at the entrance.

SO".“IOI'I lecn | /INLET OF DRAFT-TUBE
Velocity at inlet, V,=6m/s O /O

Velocity at outlet, Vo=12mfs

Friction loss, hf= 0.I m

Vertical height between tail race and inlet of draft-tube = 5 m

Let y = Vertical height between tail race and outlet of 7
draft-tube. OUTLET OF DRAFT-TUBE
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Problem:1(Cont...)

S,
REN

Applying Bernoulli’s equation at the inlet and outlet INSTITUTIONS

AAAAAAAAAAAAAAAAAA

of draft-tube and taking reference line passing through
section (2-2), we get

2 2

p VY IZZ
pg+_+z pg+pg+zz+hf
where Z, =00 +y);V,=6m/s;V,=1.2m/s,
hfz 0.1
p

P _ - _ Pa
0g = Atmospheric pressure head + y = 0g +y
Z,=0
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Problem:1(Cont...) GHET

Substituting the values, we get INSTITUTIONS

AAAAAAAAAAAAA L INDIA

14 6° 14 1.2°
+ +(5+ = 4 + + +0+0.1
pg ¥ 2xo81 TOFY (PS y] 2 %981

P4 1835+5+y=2% 4 y+0.0734 +0.1
DR

Py _ Pa

og +6:835= 04+ 0.1734

If g—; (i.e., atmospheric pressure head) is taken zero, then we will get g—é as vacuum pressure head

at inlet of draft-tube.

But if g—; = 10.3 m of water, then we will get g—é as absolute pressure head at inlet of draft-tube.
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Problem:1(Cont...) g3
LEI
= (0 and substituting this value in equation g—é + 6.835 = pg —+0.1734
PL 4 6.835=0+0.1734
Pg
21— _6.835+0.1734 = — 6.6616 m. Ans.
P&

Negative sign means vacuum pressure head.
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Problem:2 @Eﬁ
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A conical draft-tube having inlet and outlet diameters 1 m and 1.5 m discharges
water at outlet with a velocity of 2.5 m/s. The total length of the draft-tube is 6 m and 1.20 m of the
length of draft-tube is immersed in water . If the atmospheric pressure head is 10.3 m of water and loss
of head due to friction in the draft-tube is equal to 0.2 X velocity head at outlet of the tube, find :

| (i) Pressure head at inlet, and(ii) Efficiency of the draft-fube]

Solution. Given :

Diameter at inlet, D,=10m
Diameter at outlet D,=15m
Velocity at outlet, V,=2.5m/s

Total length of tube, H +y=60m

www.giet.ac.in



Problem:2(Cont...)

S,
REN

Lﬂﬂgth of tube in water, y= 1.20 m INSTITUTIONS

AAAAAAAAAAAAAAAAAA

H,=6.0-120=480m

Atmospheric pressure head, Pa 103 m

P8
Loss of head due to friction, /.= 0.2 X Velocity head at outlet
=0.2 x = Vz
28

Discharge through tube, 0=4,V,= %D% X25= E (1.5)°x 2.5 = 44178 m’/s
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Problem:2(Cont...)

Q0 44178

Velocity at inlet, V,= = 5.625 m/s
A Zyp?
4
(i) Pressure head at inlet (p, ]
Pg
pl_paH[‘{lz_V;_h}
_ ; f
Pg P8 2g  2g
2 2 2
=10.3-4.8 - 202> 25 0.2 x Vs
2x981 2x9.81 2g

&os”,shlm‘%
INSTITUTIONS
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Problem:2(Cont...) GHET

0.2 X 2.52 INSTITUTIONS
103-48-(16126-318s - —| oo oA
[ 2x981 }

=10.3-4.8-(1.6126 - .3185 - .0637) = 5.5 -(1.2304) = 4.269
4.27 m (abs.) Ans.

I

(ii) Efficiency of Draft-tube (1)

0 2g 2g _2g 2¢ 2g
d V2 %
28 28
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Problem:2(Cont...)

&oﬂ}ts"%
INSTITUTIONS

2 2 ey N= A  ANDHRA PRADESH, INDIA
_w-12y :11.2[£] = 1- 12[ 25] = 1-0.237

VIE
= 0.763 or 76.3%. Ans.

Vi 5.625

www.giet.ac.in



Summary @%ﬂ
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INSTITUTIONS

ANDHRA PRADESH, INDIA

U The draft-tube is a pipe of gradually increasing area which connects the outlet of
the runner to the tail race
0 Without a draft tube, the K.E rejected at the outlet of the runner will go waste to

the tail race

va? v\ _,
29 249 f
V.2
29

U Efficiency of Draft-Tube ng =
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Unit Quantities GHET
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» In order to predict the behaviour 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
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Unit Quantities(Cont...)

The three important unit quantities
which must be studied under unit head

J

1. Unit speed

v,

2.Unit
discharged

3. Unit power

Eﬂfi’ET

INSTITUTIONS
ANDHRA PRADESH, INDIA

v,
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Unit Speed( N 3
p ( u) EM
» Defined as the speed of a turbine working under a unit head( i. e-tnder-a

head of 1 m)
» Let, N= Speed of a 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 the turbine

are related as uxV, where V o< VH

Then, ux VH

» Also tangential velocity(u) = , where D= Diameter of turbine
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Unit Speed( N,)(Cont...) GHET

» For a given turbine, the diameter (D) is constant <

AAAAAAAAAAAAA L INDIA

ux N or Noc uor N < vH
N= K;VH —————— —(1)
» Where Kj; is constant of proportionality
» If head on the turbine becomes unity, the speed becomes unit speed or
H=1, N=N,,
> But fromeq(1)N=K,VvH, N,=K~V1=N,=K,

> Substituting in equation (1) N= K;vH, N= NyVvH = N,, = %
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Unit Discharge( Q) CHET

INSTITUTIONS
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» Defined as the discharge passing through a turbine, which is working
under a unit head(i.e 1m)
» 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
Q=Area of flow X Velocity

» But for a turbine, area of flow is constant and velocity is proportional to

VH
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Unit Discharge( Q,,)(Cont...) €

Q OCVGlOCity 0.8 \/ﬁ INSTITUTIONS

AAAAAAAAAAAAA L INDIA

» Where K, is constant of proportionality
» If H=1, Q=Q,, substituting in eq(2)

Qu =KV1= Qy =K,
» Substituting in eq(2)

QzQu\/ﬁ
Q
Qu=\/_ﬁ
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Unit Power( P,) @EE

TITUTIONS

> Defined as the power developed by a turbine, working under a unyt- =%
head(i.e under a head or 1 m)
» Let H= Head of water on the turbine, P= Power developed by the turbine

under a head of H, Q= Discharge through turbine under a head H

Power developed P
— pXgXQXH
1000

» The overall efficiency (ny) =

Water power

pPXgXQXH

P= 10X 1000

Px QXH
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Unit Power( P, )(Cont...)
But Q « VH

P VHXH

P o H3/?

» Where K3 is constant of proportionality
> WhenH=1m, P=P, = P, = K;(1)*/? = P, = K;
» Substituting the K5 value in equation (3)

P

P=P,HY? = P, = —

o,
GIET
INSTITUTIONS
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Use of Unit Quantities(N,, Q,, P,)

&os”,shlm‘q%‘
INSTITUTIONS

AAAAAAAAAAAAAAAAAA

» 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
values of unit speed, unit discharge and unit power

» Let H{,H,.... are the heads under which a turbine works, Ny, N,.......
are the corresponding speeds, Q4,0Q>....... Are the discharge,

P, Ps....... are the power developed by the turbine

N P

> Butfrom equations Ny = =, Qu=17=, k=55
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Use of Unit Quantities(N,,, Q,,, @Eﬁ
P, )(Cont...) N, =N _ N2 NSTITUTIONS

- JHi  JH:
Q — Ql — QZ
Y JHL  JH?
P,y P,

P, =

H 3/ = H,3/?
Hence, if the speed, discharge and power developed by a turbine under a

head are known, then by using above relations the speed, discharge and

power developed by the same turbine under a different head can be obtained

eaSily www.giet.ac.in



Problem:1 @Em
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A turbine develops 9000 kW when running at 10 r.p.m. The head on the turbine is
30 m. If the head on the turbine is reduced to 18 m, determine the speed and power developed by the
furbine.

Solution. Given :

Power developed, P, =9000 kW
Speed, N, =100 r.p.m.
Head, H,=30m

Let for a head, H,=18m
Speed =N,

Power =P,
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Problem:1(Cont...)

&os”,shlm%
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1 —

JH, J_
_ NiJH, _ 10018 _ 100 x 42426
JH B0 54772

= 77.46 r.p.m. Ans.

b
HIBJ 2

b
HZSIZ

Also we have

312 312
p < PHL_S000XI8™ GBI0IT et ans

HY 30" 164.316
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Problem:2 @EE

INSTITUTIONS

A turbine is to operate under a head of 25 m at 200 r.p.m. The discharge is
9 cumec. If the efficiency is 90%, determine the performance of the turbine under a head of 20 mefres.

Solution. Given :

Head on turbine, H/ =25m

Speed, N, =200 r.p.m.
Discharge, 0,=9 m>/s
Overall efficiency, N, = 90% or 0.90.

Performance of the turbine under a head, A, = 20 m, means to find the speed, discharge and power
developed by the turbine when working under the head of 20 m.
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Problem:2(Cont...) i
ST
Let for the head, H,= 20 m, Speed = N,, discharge = (, and power = P, Mealmetdbi
. . P p
Using the relation, = = 1
: =W T pXgxQ XA,
1000
P, = N, XPXgxXQ XH, _ 0.90 x 1000 x9.81x9 x 25 — 1986.5 KW
1000 1000
_ N N
Using equation L - 2
.l Hl 'd HE
N, H, /20
N, = = 200 X ——= = 178.88 A
2 \/Fl X 'JE r.p.m. Ans.
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Problem:2(Cont...) g3
IEM
Also 0 _ &
JH ~ JH,
JH, 20 3
=0, X =9.0X .[— =8.05 m/s. Ans.
Com O V25
P P
And H§r2 = HE&
Py EL 32 312
S l[iJ = 1986.5 [EJ = 142142 kW. Ans.
H, H, 25
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Summary @gﬁ
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U The conditions of the turbine under unit head are such that the efficiency of the

turbine remains unaffected

O Unit Speed( N,) can be expressed as N, = iH
O Unit Discharge( Q,,) can be expressed as Q,, = \/%
O Unit Power( P,,) can be expressed as P, = #
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Characteristic Curves of Hydraulic @EE

Turbines INSTITUTIONS

» With the help of these curves , 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 a turbine are:

1. Speed(N) 2. Head(H) 3. Discharge(Q) 4. Power(P) 5. Overall

efficiency(n,) 6. Gate opening
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Characteristic Curves of Hydraulic @EE

Turbines(Cont...) ko

» The parameters speed(N), head(H) and discharge(Q) are independent
parameters

» Out of the three independent parameters, (N,H,Q) one of the parameter is
kept constant(say H) and the variation of the other four parameters w.r.t
any one of the remaining two independent variables (say N and Q) are
plotted and various curves are obtained

> These curves are called characteristic curves
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Characteristic Curves of Hydraulic @Eﬁ
Turbines(Cont...) pemiions
» The following are the important characteristic curves of a turbine

1. Main Characteristic curves or Constant Head Curves

2. Operating Characteristic Curves or Constant Speed Curves

3. Muschel Curves or Constant Efficiency Curves
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Main Characteristic Curves or Constan

IET
Head Curves INSTITUTIONS

Main characteristic 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 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(n,) for each value of the speed is calculated

» From these readings the values of unit speed(N,), unit power(P,) and

unit discharge(Q,,) are determined
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Main Characteristic Curves or Constan i

Head Curves(Cont...) msTITyTIONS
» Taking N, as abscissa, the

H= CONSTANT

uo\; LFULL GATE OPENING | H= CONSTANT
3/4 G.O. =
values of Q,, B, and n, are 2 E s FULL GO
o % G.O. o 3/4 G.O.
I.A% & ug.l
plotted as shown in fig 3 18 %G.0.
E »1/4 G.O. e 1/4 G.O.
o =
o
UNIT SPEED (N,) —> UNIT SPEED (N,) —»
H= CONSTANT

FULL G.O.
3/4 G.O.

[=]
T % G.O.

1/4 G.O.

UNIT SPEED (N,)—>

Main characteristic curves for a Pelton wheel.

www.giet.ac.in



Main Characteristic Curves or Constan i

Head Curves(Cont...) STITYTIONS
.

H= CONSTANT

» By changing the gate opening,
the values of Q,, P, and n, T

UNIT DISCHARGE (Q,)
oP\@
3 s
%\i\\a
OW\W\ 'O
00\’
—
UNIT DISCHARGE Q)

and N, are determined and

UNIT SPEED (N,) —» UNIT SPEED (N,) —=
taklng Nu dS absc1ssa, the (a) FOR KAPLAN TURBINE (b) FOR FRANCIS TURBINE
- H= CONSTANT
& |  H= CONSTANT
values of Q,, B, and ny are | < S
g FULL G.O.
T o 3/4G.O. = 0.75 G.O.
plotted e g o O 0.50 G.O.
5| /025 G.0. T 04580
UNIT SPEED (N,) —» UNIT SPEED (N,) —=

Main characteristic curves for reaction turbine.
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Operating Characteristic Curves or @Eﬁ

Constant Speed Curves pezios

» Plotted when the speed on the turbine is constant

» In case of turbines, the head is generally constant

» For operating characteristics N and H are constant and hence the
variation of power and efficiency w.r.t discharge Q are plotted

» The power curve for turbines shall not pass through the origin because
certain amount of discharge is needed to produce power to overcome

initial friction
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Operating Characteristic Curves or o
Constant Speed Curves(Cont...) mEh
» Hence the power and efficiency | £ H= CONST.
5 = N=CONST. p
. . Z ~ ®
curves will be slightly away from . g n.
the origin on the x-axis, as to E Q \‘
overcome initial friction certain T T
amount of discharge will be
required —l / e—__ . iscHarGE Q)
DISCHARGE FOR OVERCOMING FRICTION
Operating characteristic curves.
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Constant EffICIen.C.y Curves or Muschel @Eﬁ
Curves or Iso-Efficiency Curves ariTmons
>

These curves are obtained from the speed vs efficiency and speed vs
discharge curves for different gate openings

» For a given efficiency from the N,, vs ny curves, there are two speeds

» From the N, vs Q, curves, corresponding to two values of speeds there
are two values of discharge

» There are two values of discharge for a particular gate opening

» So, there are two values of speeds and two values of the discharge for a

given gate opening
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Constant Efficiency Curves or Muschel

If the efficiency is maximum there is
only one value

These two values of speed and two
values of discharge corresponding to
a particular gate opening are plotted
The procedure is repeated for
different gate openings and the

curves Q vs N are plotted

(b) — > SPEED(N)
FULL G.O. 0_75|
G.O.

0.50 G.

0.25 G.O. \

o\

—= SPEED (N)

Constant efficiency curve.

.2 A FULL G.O.

L— 0.50 G.O.
.~ 0.25 G.O.

ISO-EFFICIENCY CURVES

CONSTANT EFFICIENCY
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Constant Efficiency Curves or Muschel

» The points having the same efficiency are
joined

The curves having same efficiency are called
iso-efficiency curves

These curves are helpful for determining the
zone of constant efficiency and for predicating
the performance of the turbine at various

efficiencies

&03» SM%

=]

ISO-EFFICIENCY CURVES
(b) —> SPEED(N)

FULL G.O. g 75
G.O.

0.50 G.

0.25 G.O.

CONSTANT EFFICIENCY

/ LINE.

B

A

—> SPEED (N)

Constant efficiency curve.
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Constant Efficiency Curves or Muschel @Eﬁ

Curves or Iso-Efficiency Curves(Cont...) usmmen:

» For plotting the iso-efficiency curves, horizontal lines representing the
same efficiency are drawn on the 1, vs speed curves

» The points at which these lines cut the efficiency curves at various gate

openings are transferred to the corresponding Q vs speed curves

H— CONSTANT

> The points having the same efficiency are then| - i} :

joined by a smooth curves

> These smooth curves represents the iso-efficiency| | ||/ - conarpr erriciency

EEEEEEEE

curve
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Governing of Turbines @Eﬁ
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» Governing of a turbine is defined as the operating by which the speed of
the turbine is kept constant under all conditions of working

» It is done automatically by means of a governor, which regulates the rate
of flow through the turbines according to the changing load conditions on
the turbine

» The speed of the generator will be constant , when the speed of the

turbine( which is coupled to the generator) is constant
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Governing of Turbines(Cont...) CHET
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» When the load on the generator decreases, the speed of the generator
increases beyond the normal speed(constant speed)

» Then the speed of the turbine also increases beyond the normal speed

» If the turbine or the generator is to run at constant(normal) speed, the
rate of water to the turbine should be decreased till the speed becomes
normal

» This process by which the speed of the turbine is kept constant under

varying condition of load is called governing
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Governing of Pelton Turbine(Impulse @Eﬁ
Turbin E) LA

» Governing of pelton turbine is done by means of oil pressure governor,
which consists of the following parts:
1. Oil sump
2. Gear pump also called oil pump, which is driven by the power obtained
from turbine shaft
3. The Servomotor also called the relay cylinder

4. The control valve or the distribution valve or relay valve

www.giet.ac.in



Governing of Pelton Turbine(impulse @Eﬁ

Tu rblne)(Co nt...) TSNS
The centrifugal governor or pendulum which is driven by belt or gear
from the turbine shaft

6. Pipes connecting the oil sump with the control valve and control valve
with servomotor

7. The spearrod or needle
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Governing of Pelton Turbine(Impulse @Eﬁ
Turbine)(Cont...) wSTITUTIONS

> When the load on the generator SOVERNOR,
8
FLY - BALL
decreases, the speed of the e T BRI GE
- —_— . = / CONTROL VALVE
generator lncreases FULCRUM o /RELAY OR CONTROL VALVE
TO TURBINE s
. . MAIN SHAFT
» The centrifugal governor, which = ¥
! >
' d h bi ] oL P V2 PISTON ROD OF
is connected to the turbine main i
/ SPEAR
shaft, will be rotating at an _,% Z L
A ]
- : B
increased speed RELAY CYLINDER NOZZLE
SERVOMOTOR
Governing of Pelton turbine.
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Governing of Pelton Turbine(Impulse @EE

Turbine)(Cont...) peTTYTIONS
. . . CENTRIFUGAL
» Due to increase in the speed of the centrifugal GOVERVR
FLY - BALL
governor, the fly balls move upward due to - ST G
CONTROL VALVE
. . SLEEVE
the increased centrifugal force on them L rucrw ) SEAORCONROLIAE
TO TURBINE
MAIN SHAFT
» Due to the upward movement of the fly-balls, =—1 Wk
OIL PUMP —_|

PISTON ROD OF
RELAY CYLINDER

{ SPEAR
Ty

the fulcrum and piston rod of the control RELCYLNDER NOZZLE
SERVOMOTOR

va lve moves d Ownward Governing of Pelton turbine.
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the sleeve will also move upward

» As the sleeve move up, the lever turns about




Governing of Pelton Turbine(Impulse @EE

Tu rbine)(cont ) INSTITUTIONS
[ X N ANDHRA PRADESH, INDIA
: CENTRIFUGAL
» This closes the valve V; and opens the valve GOVERR
FLY - BALL
V1 as shown in ﬁg TR PISTON ROD OF
CONTROL VALVE
. . . SLEEVE
» The piston along with piston rod and spear ruchun | A ORCONTROLIALE
TO TURBINE
MAIN SHAFT
will move towards right = )|\ g

OLPUMP
i PISTON ROD OF
RELAY CYLINDER

{ SPEAR
Ty

flow of water to the turbine which RELCYLNDER NOZZLE
SERVOMOTOR

consequently reduce the speed of the turbine Gopemia oy el v
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» This will decrease the area of flow of water at

the outlet of nozzle, and reduce the rate of
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» When the speed of the turbine becomes normal, the fly-balls, sleeve, lever
and piston rod of control valve come to its normal position

» When the load on the generator increases, the speed of the generator and
hence of the decreases

» The speed of the centrifugal governor also decreases and hence
centrifugal force acting on the fly-balls also reduces

» This brings the fly-balls in the downward direction
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Governing of Pelton Turbine(Impulse e
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» This closes the valve I/, and opens the V;

» Piston move along with the piston rod and spear towards left, increasing
the area of flow of water at the outlet of the nozzle

» This will increase the rate of flow of water to the turbine and

consequently, the speed of the turbine will also increase, till the speed of

the turbine becomes normal

www.giet.ac.in



Summary @Eﬁ
KET

INSTITUTIONS

ANDHRA PRADESH, INDIA

U Characteristic curves are plotted from the results of the tests performed on the
turbine under different working conditions

U The following are the important characteristic curves of a turbine 1)Main
Characteristic curves or Constant Head Curves 2)Operating Characteristic Curves
or Constant Speed Curves 3)Muschel Curves or Constant Efficiency Curves

U Governing of a turbine is defined as the operating by which the speed of the

turbine is kept constant under all conditions of working
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Selection of Types of Turbine
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Selection of a suitable type of turbine is usually governed by

i) Head and Specific Speed ii) Part load Operation

www.giet.ac.in




Head and Specific Speed GHET
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» 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
| 300 or more Pelton wheel single or multiple Jet | 8.5 to 47

2 150-300 Pelton or Francis 30 to 85

3 60-150 Francis 85 to 188

4 Less than 60 Kaplan or Propeller 188 to 860
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» 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
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Part Load Operation

> As the load deviates from the normal
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working load, the efficiency would alsof "~~~ i
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> At part load the performance of Kaplan|& @& / .
ol .‘ ) ch(’\cm"ﬁ,« biwe Nes hoo

and pelton turbines is better in

£

comparison to that of Francis and

@Pe\\cw\w\\u\ Ng»12 ||
'@F*a*c}S'Tw\;mq NQ:'ﬁt'}

BPliciewe
g

Propeller turbines

0 Pty Tovkio s

> The variability of load will influence thef & &

choice of type of turbine
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> 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

» 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
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» Cavitation is defined as the phenomenon of formation of vapour bubbles of a
flowing liquid in a region, where the pressure of the liquid falls below its
vapour pressure and the sudden collapsing of these vapour bubbles in a
region of higher pressure

» When the vapour bubbles collapse, a very high pressure is created

» The metallic surfaces, above which these vapour bubbles collapse, is

subjected to these high pressures, which cause pitting action on the surface
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» Thus cavities are formed on the metallic surface and also considerable noise
and vibrations are produced

» 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
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» 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

» The special materials or coatings such as Aluminum-bronze and stainless

steel, which are cavitation resistant materials, should be used
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» The metallic surfaces are damaged and cavities are formed on the surfaces

» Due to sudden collapse of vapour bubbles, considerable noise and vibrations
are produced

» 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
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» Only reaction turbine and centrifugal pumps 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

» 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

» In order to determine whether cavitation will occur in any portion of a
reaction turbine, the critical value of Thoma"s cavitation factors sigma(o) is

calculated
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Hydraulic Machines Subjected to

Cavitation(Cont...)
Hy — H; _ (Hatm B Hv) — H;
H H

» Where H,, =Barometric pressure head in m of water,

o =

H,¢n =Atmospheric pressure head in m of water,
H,, =Vapour pressure head in m of water,

H = Net head on the turbine in m

o,
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Water Hammer

» When the valve is completely open, the water is flowing with a velocity, V in

the pipe

» If now the valve is suddenly closed, the momentum of the flowing water will

be destroyed and consequently a wave of high pressure will be set up

» This wave of high pressure will be
transmitted along the pipe with a velocity
equal to the velocity of sound wave and

may create noise called knocking
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walls of the pipe and hence it is known as water hammer
» The pressure rise due to water hammer depends up on:
Velocity of flow of water in pipe, The length of pipe, Time taken to close the
valve, Elastic properties of the material of the pipe, Gradual closure of valve

Sudden closure of valve considering pipe in rigid, Sudden closer of valve

considering pipe elastic
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[ Cavitations may be avoided by installing the turbine at a lower level with
respect to the tail race

1 At part load the performance of Kaplan and pelton turbines is better in
comparison to that of Francis and Propeller turbines

O In cavitation, formation of vapour bubbles of a flowing liquid in a region,
where the pressure of the liquid falls below its vapour pressure and the
sudden collapsing of these vapour bubbles in a region of higher pressure

O Only reaction turbine and centrifugal pumps are subjected to cavitation
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