Module Five
Introduction:

The study of forces resulting from the impact of fluid jets and when fluids are diverted
round pipe bends involves the application of Newton’s second law in the form of F
= m.a. The forces are determined by calculating the change of momentum of the flowing
fluids. In nature these forces manifest themselves in the form of wind forces, and the
impact forces of the sea on the harbour walls. The operation of hydro-kinetic machines
such as turbines depends on forces developed through changing the momentum of

flowing fluids.

Jet of Liquid

Pioe carrving liauid under pressure Pipe carrying liquid

l/ under pressure

A nozzle is a tube of reducing cross section. As the water under pressure in the pipe passes
through the nozzle, the area of cross section of flow decreases leading to increase in velocity and

decreases in pressure. The jet of liquid comes out to the atmosphere.

Fig. 4.1 Impact of Jet on Stationary Flat Plate



Net force experienced by fluid along x-direction.

m
SF=_(V-U)

X

X

X

1.Fx=m(Vx_Ux)

2.Fy=m (Vy-Uy)

Where m is the mass flow rate m = pQ

V = Final velocity of fluid along the direction.

U = Initial velocity of fluid along the direction.

Table 4.1 Capability of Momentum and Energy Equations

Momentum Equation

Energy Equation

Applicable

To any fluid flow

To steady flow where energ
changes are zero or known

Information required

e Velocity distribution at
one end of control
volume

e Control distribution at the
other end.

e Velocity and pressure at
one point on the stream
line with independent
knowledge of energy
changes

e Pressure variation or
velocity variation along
stream line

Solution gives

Average final velocity of
stream or total force

Velocity variation or
pressure variation along
stream lime

Solution will not give

Actual velocity distribution
or pressure distribution

Tangential forces due to
friction

Best application

When energy changes are
unknown and only overall
knowledge of flow is
required. Eg: Total force,
Mean velocity

When energy changes are

known and detailed
information of flow is
required.

Eg: Velocity and Pressure
distribution.




The force exerted by the fluid on the solid body touching the control volume is opposite to
force, R, is given by A= _FR
4.3 Direct impact of a jet on a stationary flat plate (U=0):

To compute the impact of field jet on stationary flat plate held normal to the jet.

AY

Fig. 4.3 Direct impact of a jet on a Stationary flat plate (U=0):

V — Velocity of jet striking the plate a — Area of cross section of jet.

s m=paV

Force exerted by plate on fluid jet along x — direction = Fx = m [Vx - Ux]

Force exerted by the jet on the plate along x — direction will be equal and opposite to that of

force exerted by plate on the jet.

.. Force exerted by jet on plate along x — direction = Fx = m (Ux - Vx)

Fx=pav [V -0]
2

Fx =pav



Work done by the jet W.D = Force x Velocity of plate

=Forcex 0

4.4 Oblique impact of a jet on a stationary flat plate (U=0):

To compute the impact of jet on a stationary flat plate held inclined to the direction of jet.

NORMAL TO PLATE

Fig. 4.4 Oblique impact of a jet on a stationary flat plate (U=0)



Force exerted by jet on vane along normal direction.

1.Fn=m [Un—Vn]

Fn=paV [(VsinB) — O]

Fn= paV2 sin0]

Fn

¥

(90 - 0) Fx

Fx = Fncos (90 - 0)
Fx= [paV2 sinB] sind

E = ‘12.29|

Fy =Fn sin (90 - 6)

Fy= [paV2 sin0] cose|

Fy= paV2 sinBcosO

Work done by the jet on vane = Force x Velocity of vane

=Forcex 0



WD. =0

4.5 Direct impact on a moving plate (U = U)

To compute the impact of jet on a moving flat plate held normal to the jet.

(V-1U)

Fig. 4.5 Direct impact on a moving plate

V = Velocity of jet striking the plate

U = Velocity of vane along the direction of vane.

Adopting the concept of relative velocity, the system can be considered to be a stationary

plate, the jet striking the vane with a relative velocity (V — U).

e m=pQ

pa(V- U) Fx = pa(V - U)?

Work done by the jet on plate = Force x Velocity of plate

WD. =pa(V-U)?xU



Direct impact of a jet on a series of a jet on a series of flat vanes on a wheel

To compute the impact of jet on a moving flat plate held inclined to the direction of jet.

(V-U)

V = Velocity of jet
U = Velocity of plate along the direction of jet.

Adopting the concept of relative velocity, the above case can be considered to be fixed vane with a

jet velocity of (V —U).
~.Fn=pa (V- U)?sind
Fx=pa (V- U)2 sin0
Fy=pa (V- U)2 sinBcosO
Work done by the jet on vane plate along x — direction

= Fx x Velocity of plate along x — direction
=pa(V- U)2 sin?0 U

4.6 Conditions for maximum hydraulic efficiency for a jet impinging on a series of flat vanes on a

wheel:



To derive expressions for the force exerted, work done and efficiency of impact of jet on a series of flat

vanes mounted radially on the periphery of a circular wheel.

Let us consider flat vanes mounted radially on the periphery of a circular wheel. V is the velocity

of jet and ‘U’ is the velocity of vane. The impact of jet on vanes will be continuous since vanes

occupy one after another continuously.

F«=paV[(V-U)-0]
Fx=paV (V-U)
Work done/s or Power = F,- U

Power = paV (V-U) U

Efficiency = n= CI)/_/FI:
0 paV(V-U)U
2 (pav)v?

2



2(V-U)uU

V2
Condition for maximum efficiency:
n= &(VU -u?)
For maximum efficiency
S0
3_3:0 -2 (v-2v)
~u=Y
2

.. Efficiency is maximum when the vane velocity is 50% of velocity of jet.

{v-73
2)2

Nmax = V2

_1 =50%
2

4.8 Impact of a jet on a hinged flat plate: A vertical flat plate is hinged at its top. A jet of water
strikes at the centre of the plate. Due to the impact of jet, the plate attains equilibrium at an

angle ‘0" with the plate. To determine the inclination in terms of velocity of flow, density of

liquid, weight and area of the plate

Let. p — Mass density of fluid, a — area of cross section of jet V — Velocity of jet, W —
Weight of the plate




Fn INITIAL

T A

ZMHinge =(0=- FnX AB +Wx CA sin6= 0

X
2.
- paV~sin (90 -0)- +W-xsinf=0
cosf
2 .
paV” =W sind
SinB=paV3/W

4.9 Solved Problems:

Q.1A jet of water of 22.5 cm diameter impinges normally on a flat plate moving at 0.6 m/s in the
same direction as the jet. If the discharge is 0.14 m3/s, find the force and the work done per second

on the plate.

Solution

Density of water, p =1000 kg/m3

Area of jet, A =1*(0.225)%/4 m?



=0.0398 m?
velocity of jet, v =Q/A

=0.014/0.0398 m/s

=3.52m/s
plate moving, u =0.6 m/s
Fz =0
F3 =0 (free jet)
F1 = pA(v - u)’cos®

=1000*0.0398*(3.52-0.6)* N

=339N (force on jet, <)
Force on the plate, R = -F1=-339 N (->)
Work done on plate /sec=F * u=339 * 0.6 Nm/s or J/s or W

= 204 W

Q.2In an undershot waterwheel the cross-sectional area of the stream striking the series of radial
flat vanes of the wheel is 0.1 m? and the velocity v of the stream is 6 m/s. The velocity ‘U’ of the

vanes is 3 m/s. Calculate the force ‘F’ exerted on the series of vanes by the stream.

Solution:

A=0.1m? v =6m/s u=3m/s

Since there are a series of vanes on the wheel, the average length of the jet from the nozzle to
the point of impact remains constant and all the water from the nozzle strikes one or other of

the vanes. Assuming that the diameter of wheel is large so that impact is approximately



normal,

Mass of water striking vanes/sec = pxAxvV
Initial velocity of water =V
=6m/s
Final velocity of water = velocity of vanes
=u=3m/s
change of velocity on impact =(v—u)=(6-3)=3m/s
F2 =F;3
Force of water on vanes, F = pxAxvx(v-u)
Density of water, p = 1000 kg/m?
Area of jet, A =0.1m?2
F =1000*0.1*6*(6-3) N
= 1800 N
=1.8 kN

Q.3 A jet of water 50 mm diameter strikes a flat plate held normal to the direction of jet. Estimate the

force exerted and work done by the jet if.

a. The plate is stationary
b. The plate is moving with a velocity of 1 m/s away from the jet along the line of jet.
c. When the plate is moving with a velocity of 1 m/s towards the jet along the same line.

The discharge through the nozzle is 76 Ips.

Solution:
d=50mm=50x103m
a="x(50x103)24

a=1.9635 x 103 m?



Q=aVv
76 x 102 =1.9635x 103 x V

V=38.70m/s

Case a) When the plate is stationary
Fx = paV?
Fx = 1000 x (1.9635 x 10®) x (38.70)?

Fx=2940.71 N

Work done/s = Fyx U

Work done/s = F,x 0

Work done/s =0

Case b) V=38.70 m/s (=)
U=1m/s (=)
Fx = pa (V - U)?
2

Fx = 1000 x 1.9635 x 10~ x (38.7 - 1)

Fx=2790 TN

Work done/s = Fx x U
Work done/s =2790.7 x 1

Work done/s =2790.7 Nm/s or J/s or W

Case ¢) V=38.70 m/s (=)



U=1m/s (€)
_ 2
Fx=pa(V-U)
Fx = 1000 x 1.9635 x 107 x (38.7 + 1)°

Fx =3094.65 N

Work done/s = Fx x U
Work done/s = 3094.65 x 1

Work done/s = 3094.65 Nm/s

Q.4 A jet of water 50 mm diameter exerts a force of 3 kN on a flat vane held perpendicular to the direction of

jet. Find the mass flow rate.

Solution:
d=50mm=50x103m
a="x(50x10%)%4

a=1.9635x 10°m’

Fx = pxaxV?
3000 = 1000 x 1.9635 x 103 x V?

V =39.09 m/s

m = pxQ
m = paV
m = 1000 x 1.9635 x 10 x 39.09

m =76.75 kg/s

Q.5 Ajet of data 75 mm diameter has a velocity of 30 m/s. It strikes a flat plate inclined at 45° to the axis of jet.



Find the force on the plate when.

I The plate is stationary
The plate is moving with a velocity of 15 m/s along and away from the jet.

Also find power and efficiency in case (b)

Solution:
3 I 3.2
d=75x10"m a= _x(75x107)
4
_ _ 302
V=30m/s 2a=4.418x10 " m
0 =45°

Case a) When the plate is stationary (U = 0)
Fx = px a x V2x 5in%0

=1000 x 4.418 x 10x 30%x Sin® 45° =1988 N
Case b) When the plate is moving (U = 15m/s)

V=30m/s ()

U=15m/s ()

Fx = pa (V - U)* sin’0

Fx = 1000 x 4.418 x 10~x (30 - 15)? sin’45°

Fx=497.03 N

Output power = Work done/s
Output power = Fx x U
Output power =497.03 x 15

Output power = 7455.38 W



Input Power = Kinetic Energy of jet per second = % xmxV? = % X (px axV )><V 2
Input Power = Kinetic Energy of jet per second = % X (1000 x4.418x1073 ><30)>< 302

Input Power = 59643 W

Output <100 — 7455 .38 _125%

Effciency of the System 'n'=
y Y g Input 59643



Q.6 A 75 mm diameter jet having a velocity of 12 m/s impinges a smooth flat plate, the normal of which
is inclined at 60° to the axis of jet. Find the impact of jet on the plate at right angles to the plate when
the plate is stationery.

What will be the impact if the plate moves with a velocity of 6 m/s (a) in the direction of jet (b)
Away from it. What will be the force if the plate moves towards the plate?

A
&
<

Solution

d=75x10"m

a=Tx(75 x107)4

a=4.418x 10"m>

When the plate is stationery (U = 0)
- 2
Fn=paV~ sin6
Fn= 1000 x (4.418 x 10) 12% 5in30°

Fn=318.10 N

When the plate is moving away from the jet (U = 6m/s)

Fn = pa (V - U) sin®



n=1000 x 4.418 x 107 (12 - 6)* sin30°

Fn=79.52 N

When the plate is moving towards the jet (U =-6m/s)
Fon=pa(V+ U)2 sin0
Fn= 1000 x 4.418 x 10 (12 + 6)° sin30°

Fn=715.72 N

Q. 7Asquare plate weighing 140 N has an edge of 300 mm. The thickness of the plate is uniform.
It is hung so that it can swing freely about the upper horizontal edge. A horizontal jet of 20
mm diameter having 15 m/s velocity impinges on the plate. The centre line of jet is 200 mm
below. The centre line of jet is 200 mm below the upper edge of plate. Find what force must

be applied at the lower edge of plate in order to keep it vertical.

Hir_lge

\ 4

200

A

Fx 300



300

0.2 m l

h 4

0.3m

W=140 N
Fn



2
Area of jet azfxtﬂj =3.1416x10"*
4 \1000

V =15m/s
ZMHinge = 0
Fxx02+Px03=0
pxaxVx 02=Px0.3

1000 x 314.16 x 10°x 0.2x 15°=Px 0.3

P=47.124 N
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PART-B

UNIT-5: IMPACT OF JET ON CURVED VANES

Introduction

Force exerted by a jet on a fixed curved vane
Force exerted by a jet on a moving curved vane
Introduction to concept of velocity triangles
Impact of jet on series of curved vanes

Problems



5.1 Introduction:
Hydraulic machinery makes use of the “force’ of a liquid. The liquid impinges on a series of
blades or vanes connected to the periphery of a wheel, thus driving the wheel. The vanes are

usually curved for greater effect as illustrated later.

When a flat plate is used, the momentum normal to the plate is destroyed. It is more effective
to change the direction of the momentum. It can be arranged for the jet to impinge
tangentially on a curved vane, so that no momentum is destroyed and the jet is merely

deflected. The efficiency of energy conversion increases considerably.

In the following case, the forces parallel to and perpendicular to the dotted line will be

calculated. The blade velocity is stationary.

5.2 Force exerted by a Jet on a Fixed Curved Vane (U= 0):
Let the inlet velocity of the jet is V1 and it enters the curved blade with an angle oo and

the jet leaves with an outlet velocity V, and outlet angle ‘B’

o
v Inlet

Outlet

B

AV,
Force on jet = px Q x change of velocity of jet =px Q xAU
= px Q x(final velocity of jet - initial velocity of jet)

Force on vane = - Force on jet



= px Q x(Initial velocity of jet - final velocity of jet)

Rx =p x Q x (vicosa - v,cosP) Eg....5.1

Ry  =pxQx(visina-vysinp) Eq....5.2

Force exerted by a jet of water on an asymmetrical curved vane whenthe jet strikes

tangentially at one of the tips:




B2

U B1
P //,
Vi
Vi
Vit

al B1 INLET VELOCITY TRIANGLE

U

VWI

Fx=m [UX ‘VX]

Fx = paVr1 [(Vwi—U) = («(Vw2 + U))]

Fx=paVye1 [Vw1 + Vw2]

Vw2




Fx = paVrl [(le - U) - (-

(U - VWZ))]
Fx= PaVrl [Vwi— Vw2l

S Fx=paVr1 [Vw1 £V w2]

Work done/s =Fxx U

Work done/s = paVy1 [Vw1 £V w2] U

Work done for unit mass flow rate = [Vw1 £V w2] U

U

Work done for unit weight flow rate = [Vuw1 £V wz]/g_

Example - Force of jet impinging normally on a fixed plate

Q.1A jet of water impinges a curved plate with a velocity of 20 m/s making an angle of 20° with
the direction of motion of vane at inlet and leaves at 130° to the direction of motion at outlet. The

vane is moving with a velocity of 10 m/s. Compute.

1.Vane angles, so that water enters and leaves without shock.

2. Work done/s
e Solution: v

-




1=20° O\

- €

Vi
Vr



Vi=20m/s

U1 =U2=10m/s

Assuming number loss Vr1 = V2

Vw1 =20 cos 20 = 18.79 m/s
Vf1 =20 sin 20 = 6.84 m/s

\Y
fl
tan B1 =
(Vui-v)
6.84
tan B1 =
(18.79-10)

tan B = 37.88°

sinpr= !
v
rl

6.84
sin 37.88= ——

v

rl

Vr1 =11.14 m/s

Vr2 = Vrl =11.14 m/s

\%
r2 U

sin130  sin (180 —130 —B2)



sin (150 - B2) = 1(MII.M

sin (50 - B2) = 0.6877

B2 = 6.55°

Work done per unit mass flow rate

=(Vw1 +Vw2) U
=[18.79 + (Vracosp2 - U)]
= [18.79 + 11.14 cos 6.55 - 10] 10

= 198.57 W/kg



Example - Force of jet impinging normally on a fixed plate

Q.2 Find the forces on the blade parallel to and perpendicular to the water jet at the inlet.

The jet is 50 mm diameter.

30 m/

30°\

30 m/s

Solution:

Density of water, p =1000 kg/m?
Area of jet, A =1t*(0.05)%/4 m?

=1.96*10° m?

velocity of jet, v =30m/s

m =pxAxy

=1000*1.96*103*30 kg/s

=58.9 kg/s

Force on jet parallel to jet at inlet
=m x (30 cos30° - 30) (<)
=58.9*30*%(1 - cos30°) N (=)

=236.8 N (>)

Force on jet perpendicular to jet at inlet

=m x (30sin30° - 0) (V)



=58.9*30*0.5N ({ )

=883.5N (V)

Forces on the blade are 236.8 N (&) and 883.5 N (1)

Q.3. A jet of water of 100 mm diameter impinges normally on a fixed plate with a velocity of 30

m/s. Find the force exerted on the plate.
Solution:

The cross sectional area of the jet,
T 7 m ] fu - —_ 2
n=—xid = I % (.12 = 7.854 x 107% m?

Force exerted by the jet on the plane.

waV?  0.81 x (7.854 x 107%) x 30%

F= KN
q 9.81

CF=T0TKN

5.3 Force exerted by a Jet on a Moving Curved Vane:

Consider a jet of water entering and leaving a moving curved vane as shown in Fig. 5.1V =

Velocity of the jet (AC), while entering the vane,

B v, =Velocity of the jet (EG), while leaving the vane,

B v, v; = Velocity of the vane (AB, FG)

B = Angle with the direction of motion of the vane, at which the jet enters the
vane,

m A Angle with the direction of motion of the vane, at which the jet leaves the

vane,

B v, = Relative velocity of the jet and the vane (BC) at entrance (it is the vertical

difference between V and v)



B Vv, = Relative velocity of the jet and the vane (EF) at exit (it is the vertical

difference between v; and v;)

}' _.-"f/7 Inlst triangle
A5 e g
B

Jat /4— v —>]

-y _

Fig. 5.1 Jet impinging on a moving curved vane

B f!= Angle, which V. makes with the direction of motion of the vane at inlet (known as vane angle at

inlet),

B ©= Angle, which Vi, makes with the direction of motion of the vane at outlet (known as vane angle
at outlet),

B v, = Horizontal component of V (AD, equal to V" ©0s ). It is a component parallel to the direction
of motion of the vane (known as velocity of whirl at inlet),

BV, =Horizontal component of V; (HG, equal to Vicos ). Itis acomponent parallel to the direction
of motion of the vane (known as velocity of whirl at outlet),

B V;=Vertical component of V (DC, equal to V" =111 ¢¥). It is a component at right angles to the direction
of motion of the vane (known as velocity of flow at inlet),

B Vi = Vertical component of Vi (EH, equal to W "‘"i“-”'). It is a component at right angles to the
direction of motion of the vane (known as velocity of flow at outlet),

B 3 =Cross sectional area of the jet.

As the jet of water enters and leaves the vanes tangentially, therefore shape of the vanes will be such that

V: and V.1 will be along with tangents to the vanes at inlet and outlet.

The relations between the inlet and outlet triangles (until and unless given) are:



(i) v=vl, and
(ii) Vr=Vrl

We know that the force of jet, in the direction of motion of the vane,
F= mass of water flowing per sec. X change of velocity of whirl

F= waV/g(Vw+Vw1) if /<90

F= waV/g(Vw-vw1) if 790

F= waV/g(Vw+Vw1) if 11=90

Example - Force of jet impinging on a moving plate

Q.4 A jet of water of 50 mm diameter, moving with a velocity of 26 m/s is impinging normally on a plate.
Determine the pressure on the plat, when (a) it is fixed and (b) it is moving with a velocity of 10 m/s in the

direction of the jet.

Solution

Given,

B d=50mm=0.05m
B v=26m/s

B v=10m/s

a) Pressure on the plate when it is fixed (U = 0)

The cross sectional area of the jet,

a=2xd =" %0052 =1.964 x 1073 m?2
1 1

Pressure on the plate,

]

waV?  9.81 x (1.964 x 107°) x (26)
g 9.81

Plz

P =133 KN

b) Pressure on the plate when it is moving (U = 10m/s)



The pressure on the plate when it is moving,

po vVl ey

g
_9.81 x (1.964 x 107%) x (26 — 10)?
; 9.81

= F

S =0.503 KN

5.4 Introduction to concept of Velocity Triangles:

Velocity triangle helps us in determining the flow geometry at the entry and exit of a blade. A minimum
number of data are required to draw a velocity triangle at a point on blade. Some component of velocity
varies at different point on the blade due to changes in the direction of flow. Hence an infinite number of
velocity triangles are possible for a given blade. In order to describe the flow using only two velocity

triangles we define mean values of velocity and their direction. Velocity triangle of any turbo machine has

three components as shown:

VELOCITY — TRIANGLES IN TURBINES

Y2 Vwe SYMBOL DESCRIPTION
G F V, - VELOCITY OF JET AT OUTLET
Vv BV Vf2 u, - VELOCITY OF PLATE (VANE) OUTLET
r2 2 Va2 - VELOCITY OF WHIRL AT OUTLET
Vgo- RELATIVE VELOCITY OF JET & PLATE
E Vs, - VELOCITY OF FLOW AT OUTLET
a- Angle between direction of jet &
motion of plate — Guide blade angle
6- Angle made by ‘V,,’with direction
of motion of the vane at inlet
> u
B- Angle between ‘V,’ & direction of
motion of the vane at outlet
¢- Angle made by ‘V,,’'with direction
of motion of the vane at outlet SYMBOL DESCRIPTION
V, V, - VELOCITY OF JET AT INLET
u, - VELOCITY OF PLATE (VANE) INLET
ri Vi Vi1 - VELOCITY OF WHIRL AT INLET
o 0 Vg1 - RELATIVE VELOCITY OF JET & PLATE
A u, |C D Vi - VELOCITY OF FLOW




Fig 5.2 A Typical Velocity Trainable

These velocities are related by the triangle law of vector addition: -V=U+V,

This relatively simple equation is used frequently while drawing the velocity diagram.
Thevelocity diagram for the forward, backward face blades shown are drawn using this law.
The angle ais the angle made by the absolute velocity with the axial direction and angle B is

the angle made by blade with respect to axial direction.

Concept of Relative Velocity & Velocity Triangle:

The key idea in turbo machinery is concept of relative velocity. Suppose you are standing on
this rotating turbo machine. The velocity of fluid you experience while moving with it is called
as relative velocity. If fluid is having an absolute velocity V, and the blade is moving with a

velocity U, then relative velocity experienced by you will be as follows.

W=v-U

For a stationary device in order to have smooth operation, flow should be tangential to the
blade. Similarly in a moving device relative velocity should be tangential to blade profile.
With knowledge of direction of relative velocity and the vectorial representation of relative
velocity, these 3 velocities could be drawn as shown below. This is known as a velocity

triangle.

Fig. 5.3 Velocity triangle in a Turbo machine

Similar velocity triangle can be made on inlet of turbo machine. The beauty of turbo
machinery is that using relatively simple analysis of inlet and outlet velocities you can predict

performance of any turbo machine.

To develop turbo machinery fundamentals consider fluid flow through channel


https://lh5.googleusercontent.com/-j7oQuo7PB08/Uh7mKQgtF8I/AAAAAAAACuM/IZDTwzcNsvc/s1600/eqn4.jpg

shown below. The inlet velocity, V1 gets changed to outlet velocity V2. Velocity of fluid can

be split into tangential and radial components. This is shown in following figure

Fig. 5.4 Velocities at inlet and outlet can be split into tangential and Radial

Components

To make the fluid flow there should be external torque acting on it. This torque can be
derived from Newton’s 2™ law of motion, which acts as fundamental equation of turbo
machinery. The torque is given by following equation, which is also called as Euler turbo

machine equation.

Torque = m(r Vg, — 13 Vgy)

...Eq.5.3

5.5 Impact of jet on series of Curved Vanes:


https://lh4.googleusercontent.com/-HQq8sTHcARE/Uh7mFtQXF5I/AAAAAAAACt8/gfWhGHkPbaY/s1600/eqn1.jpg

Work done by water striking the vanes of a reaction turbine

2 R2
D
1 U2
2
2
R1
Ui
oD N
Ur - U1: Ro
60
nD:N
UZ _ U2: R(D

Angular Momentum Principle:

Torque = Rate of change of angular momentum



V1
V2

Vwi

Vw2

V2

al

T=(PQ) [Vwi R1-Vw2 R2

DN

U;- Tangential velocity of wheel at inlet =

D,N

U,- Tangential velocity of wheel at inlet =

- Absolute velocity of fluid at inlet

- Absolute velocity of fluid at outlet
- Tangential component of absolute velocity at inlet — velocity of wheel
at inlet = Vicosal.

- Tangential component of absolute velocity at outlet — velocity of wheel

at outlet = V2cosa.

- Absolute velocity of flow at inlet
- Absolute velocity of flow at outlet
- Relative velocity at inlet

- Relative velocity at outlet

- Guide angle or guide vane angle at inlet



B1
B2



r momentum equation

Ov
a
n
¢ T=m [Vys1 Ri—=(-Vs2 R2)]
a
n
g
1 T=m[Vua Ri+VizR]
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Q.5 A jet of water having a velocity of 35 m/s strikes a series of radial curved vanes mounted on
a wheel. The wheel has 200 rpm. The jet makes 20° with the tangent to wheel at inlet and leaves

the wheel with a velocity of 5 m/s at 130° to tangent to the wheel at outlet. The diameters of



wheel are 1 m and 0.5 m. Find

Vane angles at inlet and outlet for radially outward flow turbine.
Work done

Efficiency of the system

Solution

\VAl - 35m/s

N - 200 rpm

al - 20°

B2 - 180-130=50°

V2 - 5m/s

D1 - 1m

D2 - 0.5m
Ul=ntD1 N/60
Ul nx1x 200/60
Ul=10.47m/s
u2 nD2N /60
u2 7x 0.5 x 200/60

U2=5.236 m/s

Vw1l =V1cosal

Vw1 =35 cos 20

Vwl=32.89 m/s

Vfl=V1sinal

Vfl=11.97 m/s






tan B1 =
(le—Ul )
11.97
tan B1 =
(32.89-10.47)
B1=28.10°

V2 =5 sin 50

V2 =3.83 m/s

Vw2 =15 cos 50

Vw2 =3.214 m/s

\Y

2
tan B2 =
Uz +Vw2
3.83
tan B2 =
5.236 +3.214



tan By = 24.38°

Work done per unit mass flow rate = [Vw1 U1 + Vw2 U2]
Work done per unit mass flow rate = [32.89 x 10.47 + 3.214 x 5.236] Work done per

unit mass flow rate = 362.13 W/kg

Z[le Ui+ V2 U 2]
Efficiency =n =

V2

2[32.89 x10.47 + 3.214 x 5.236]
Efficiency =n =

35°
Efficiency =n = 0.5896 or 58.96 %

5.6 Solved Problems-
Q.6. Show that the force exerted by a jet on a hemispherical stationery vane is twice the force exerted

by the same jet on flat stationery normal vane.

4

(DERIVE)

Fx= paV2




(DERIVE)
Fx = paV2 (1 + cosO)

= paV2 (1 + cosO)

= 2paV?
Fxo=2paV?
F_X1 paV2
Fx2 = 2Fx1

Q. 7. A jet of water of diameter 50 mm strikes a stationary, symmetrical curved plate with a velocity

of 40 m/s. Find the force extended by the jet at the centre of plate alongits axis if the jet is deflected



through 120° at the outlet of the curved plate.

Solution:

d=50x10"m

a="x(50x107)24

a=1.963 x 10~ m?

V=40 m/s

0 =60°

Fx = paV2 (1+ cosB)



Fx = 1000 x 1.963 x 10 x 407 (1 + cos60)

Fx=4711-2 N

Q. 8. A jet of water strikes a stationery curved plate tangentially at one end at an angle of 30°. The jet of
75 mm diameter has a velocity of 30 m/s. The jet leaves atthe other end at angle of 20°to the horizontal.

Determine the magnitude of force exerted along ‘x’ and ‘y’ directions.

Solution:




30° (

30 m/s
d=50x10"m

1= Ex(75x107 )4

a=4.418x 10" m>

Fx=m [UX - VX]
Fx=paV [30 cos 30 — (-30 cos 20)]
Fx = 1000 x 4.418 x 10™ x 30 (30 cos 30 + 30co0s20)

Fx=7179.90 N

Q.9 A jet of water of diameter 75 mm strikes a curved plate at its centre with a velocity

of 25 m/s. The curved plate is moving with a velocity of 10 m/s along the direction of

jet. If the jet gets deflected through 165° in the smooth vane, compute.

a Force exerted by the jet.
b Power of jet.
¢ Efficiency of jet.

d=75mm=75x 10'3111



a="x(75x107)%

a=4.418 x 10~ m?

Solution:

V=25m/s

U=10m/s

Fx=pa (V- U)2 (1 + cosB)
Fx = 1000 x 4.418 x 107 [25 - 10]* x (1 + cos 15)

Fx=1954.23 N

Power of jet = Work done/s



Power of jet = Fyx U
Power of jet =1954.23 x 10

Power of jet =19542.3 W

1
Kinetic energy of jet/s= —mV 2

2

|
3 2
Kinetic energy of jet/s = —[1000 x 4.418 x10° x 25]25
2

Kinetic energy of jet/s = 34515.63 W

1 =Output/ In put

n=19542.3

34515.63

n=56.4%



PART -B

UNIT-6: PELTON WHEEL

6.1 Introduction to Turbines

6.2 Classification of Turbines

6.3 Pelton wheel- components

6.4 Working Principle

6.5 Velocity triangles, Maximum power and Efficiency
6.6 Working proportions

6.7 Solved Example

6.1 Introduction to Turbines:

The word turbine was coined in 1828 by Claude Burdin (1788-1873) to describe the
subject of an 1826 engineering competition for a water power source. It comes from
Latin turbo, turbinis, meaning a "whirling" or a "vortex," and by extension a child's top

or a spindle

Definition: The device which converts hydraulic energy into mechanical energy or vice
versa is known as Hydraulic Machines. The hydraulic machines which convert hydraulic
energy into mechanical energy are known as Turbines and that convert mechanical energy

into hydraulic energy is known as Pumps.

Hydro electricity is a reliable form of renewable energy. Water turbines are highly
efficient and easily controlled to provide power as and when it is needed. A hydraulic

turbine is a prime mover (a machine which uses the raw energy of a substance and



converts into mechanical energy) that uses the energy of flowing water and converts it
into the mechanical energy (in the form of rotating of the runner). This mechanical energy
is used in running an electric generator which is directly coupled to the shaft of the
hydraulic turbine; from this electric generator, we get electric power which can be
transmitted over long distances by means of transmission lines and transmission towers.
The hydraulic turbines are also known as “Water turbines” since the fluid medium used

in them is water.

First hydroelectric station was probably started in America in 1882 and thereafter
development took place very rapidly. In India, the first major hydroelectric development
of 4.5 MW-capacity named as Sivanasamudram scheme in Mysore was commissioned in

1902.

Hydro (Water) Power is a conventional renewable source of energy which is clean, free

from pollution and generally has a good environmental effect.

The disadvantage of energy from water is that it is strictly limited, and widely distributed
in small amounts that are difficult to exploit. Only where a lot of water is gathered in a

large river, or where descent is rapid, is it possible to take economic advantage.
The following factors are major obstacles in the utilization of hydropower resources.

(i) Large investments.
(ii) Long gestation period, and
(iii) Increased cost of power transmission.
Turbines can be divided into two basic types. These are Impulse Turbines andReaction

Turbines.

6.2 Classification of Turbines:

The hydraulic turbines are classified as follows:

(a) According to the head and quantity of water available.
(b) According to the name of the originator

(c) According to the action of water on moving blades

(d) According to the direction of flow of water in the runner.
(e) According to the disposition of thee turbine shaft

(f) According to the specific speed N.

6.2.1. According to the head and quantity of water available:



(i) Impulse turbine ..... requires high head and small quantity of flow
(ii) Reaction, turbine ... requires low head and high rate of flow
Actually there are two types of reaction turbines, one for medium head and medium flow and the

other for low head and large flow.

Turbine Type of Direction Specific
Head Discharge
Name Type Energy of flow Speed
High Low
Head > Tangential
Pelton
Low 5 Single jet
Impulse | Kinetic
250m to to runner
Wheel
35Multiple jet
1000m
Medium Radial flow Medium
Francis
60 m to 60 to 300
Medium Mixed
Flow
Turbine
150 m
Reaction | Kinetic +
Turbine | Pressure Low High
Kaplan
High Axial Flow 300 to 1000
<30m
Turbine
6.2.2. According to the name of the originator:
(i) Pelton turbine - Named after Allen Pelton of California (USA). It is an impulse type

of turbine and is used for high head and low discharge.




(ii) Francis turbine - named after James Bichens Francis. It is a reaction type of turbine
from medium high to medium low heads and medium small to medium large
quantities of water.

(iii) Kaplan turbine - named after Dr.Victor Kaplan. It is a reaction type of turbine for

low heads and large quantities of flow.

6.2.3. According to action of water on the moving blades:

» |Impulse Turbine-Pelton Turbine

Turbine —¥

— Francis Turbine

— Reaction Turbine |
Kaplan and

Propeller Turbines

6.2.4. According to direction of flow of water in the runner

(i) Tangential flow turbines ( Pelton turbine)

(ii) Radial flow turbine ( no more used)

(iii) Axial flow turbine ( Kaplan turbine)

(iv) Mixed (radial and axial) flow turbine (Francis turbine).

In tangential flow turbine of Pelton type the water strikes the runner tangential to the path of

rotation.

In axial flow turbine water flows parallel to the axis of the turbine shaft. Kaplan turbine is an axial

flow turbine. In Kaplan turbine the runner blades are adjustable and can be rotated about pivots



fixed to the boss of runner. If the runner blades of the axial flow turbines are fixed, these are called

“Propeller turbines”

In mixed flow turbines the water enters the blades radially and comes out axially, parallel to the

turbine shaft. Modern Francis turbines have mixed flow runners.

6.2.5 According to the disposition of the turbine shaft :
Turbine shaft may be either vertical or horizontal. In modern practice, Pelton turbines usually have

horizontal shafts whereas the rest, especially the large units, have vertical shafts.

6.2.6 According to specific speed:

The specific speed of a turbine is defined as the speed of a geometrically similar turbine that
would develop 1 KW under 1 m head. All geometrically similar turbines (irrespective of the size)

will have the same specific speeds when operating under the same head.

NVP

H5/4

Specific speed, N =

Where N = the normal working speed (rpm)
P = power output (Kw) of the turbine, and
H = the net or effective head in meters.

Turbines with low specific speeds work under high head and low discharge conditions, while high

specific speed turbines work under low head and high discharge conditions.

He H‘ )

- )
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I Pelton Turbine

Fig. 6.1 General Lay-out of a Hydro-electric Plant

It consists of the following:
1. A Dam constructed across a river or a channel to store water. The reservoir is also known as Headrace.

2. Pipes of large diameter called Penstocks which carry water under pressure from storage reservoir to the

turbines. These pipes are usually made of steel or reinforced concrete.

3. Turbines having different types of vanes or buckets or blades mounted on a wheel

called runner.

4. Tailrace which is channel carrying water away from the turbine after the water has

worked on the turbines. The water surface in the tailrace is also referred to as tailrace.

Table 6.1 gives the comparison between the impulse and reaction turbines with regard to

their operation and application.

Table - 6.1: Comparison between impulse and Reaction Turbines

SL
Aspects Impulse Turbine Reaction turbine
No.




1 Conversion of
fluid energy

The available fluid energy
is converted into K.E by a

The energy of the fluid is partly
transformed in to K.E before it (fluid)

nozzle. enters the runner of the turbine.
2 Changes in The pressure remains | After entering the runner with an
pressure and same (atmospheric) | excess pressure, water undergoes

velocity

throughout the action of
water on the runner

changes both in velocity and pressure
while passing through the runner.

3 Admittance of

water over the

wheel

Water may be allowed to
enter a part or whole of
the wheel circumference.

Water is admitted the

circumference of the wheel

over

4 Water-tight
causing

Required

Not necessary

5 Extent to which
the water fills the
wheel/turbine

The wheel/turbine does
not run full and air has a
free access to the buckets.

Water completely fills all the passages
between the blades and while flowing
between inlet and outlet sections

does work on the blades.

6 Installation of Unit | Always installed above the | Unit may be installed above or below
tail race. No draft tube is | the tail race-use of a draft tube is
used. made

7 Relative velocity | Either remaining constant | Due to continuous drop in pressure

of water or reduces slightly due to | during flow through the blade, the
friction. relative velocity increases.

8 Flow regulation e By means of a needle | # By means of a guide — vane

valve fitted into the
nozzle.

e Impossible without less

assembly.
e Always accompanied by loss

6.3 Pelton wheel — components:

The Pelton wheel is an impulse turbine which is among the most efficient types of

water turbines. It was invented by Lester Allan Pelton in the 1870s. Pelton wheel

is a high head turbine. It is used with heads of more than 300 m. A head is the

distance by which the water falls before it strikes the turbine blades the flow of

water is tangential to the runner. So it is a tangential flow impulse turbine. A

Pelton’s runner consists of a single wheel mounted on a horizontal shaft. Waterfalls

towards the turbine through a pipe called penstock and flows through a nozzle. The

high speed jet of water coming out from the nozzle hits the buckets (vanes) on the

wheel and causes the wheel to rotate producing torque and power. The Pelton wheel



http://en.wikipedia.org/wiki/Water_turbines
http://en.wikipedia.org/wiki/Lester_Allan_Pelton

extracts energy from the impulse momentum of moving water as opposed to its

weight like traditional overshot water wheel

Penstock

| ¥ Tail race

Fig. 6.2 Components of Pelton Wheel Turbine

The major parts of Pelton turbine identified in figure 6.2 are penstock, nozzle, spear
valve, runner, buckets and casing. Penstock carries water from reservoir’ to nozzle. The
convergent nozzle is covert pressure energy of the incoming water into kinetic energy.
Spear valve regulate the quantity of water striking the runner buckets. The spear valve is
operated by a wheel in small machines or automatically by a governor in bigger machines.
The high velocity water jet issuing out of the nozzle impinges on center of the double semi
ellipsoidal shape bucket fixed evenly on the periphery of the runner. The jet of water
impinges on the splitter, which divides the jet into two equal portions, each of which after
flowing round the smooth inner surface of the bucket deflected through an angle of 160°
to 170°. The advantage of double split bucket is that the axial thrust is equal and opposite,
neutralize each other, and hence the bearings supporting the main shaft is not subjected
any axial thrust. Further at the lower tip of the bucket a notch is cut which prevents the jet
striking the preceding bucket and it also avoids the deflection of water towards the center
of the runner. The impulsive force of the jet causes the wheel to rotate. The casing of Pelton
turbine has no hydraulic function to perform. It prevents splashing of water and lead to tail

race, support the main shaft and also safe guard against accidents.

The main components of a Pelton turbine are:


http://en.wikipedia.org/wiki/File:Peltonturbine-1.jpg

e Nozzle and flow regulating arrangement:

Water is brought to the hydroelectric plant site through large penstocks at the

end of which there will be a nozzle, which converts

the pressure energy completely into Penstock
Kinetic energy. This will convert the Nozzle
liqguid flow into a high -speed jet,

which strikes the buckets or

vanes mounted on the runner,

Wheel which in turn rotates the

runner of the turbine.

The amount of water striking the vanes is controlled by the forward and backward motion of
the spear. As the water is flowing in the annular area between the annular area between the
nozzle opening and the spear, the flow gets reduced as the spear moves forward and vice -

versa.

o  Runner with buckets:

Runner is a circular disk mounted on a shaft on the periphery ofwhich a number of
buckets are fixed equally spaced as shown in Fig . The buckets are made of cast -iron cast
-steel, bronze or stainless steel depending upon the head at the inlet of the turbine. The

water jet strikes the bucket on the splitter of the bucket and gets deflected through (&) 160

2170 °.

e Casing:

It is made of cast - iron or fabricated steel plates. The main function of the casing is to prevent

splashing of water and to discharge the water into tailrace.

e Breaking jet:

Even after the amount of water striking the buckets is completely y stopped, the runner goes
on rotating for a very long time due to inertia. To stop the runner in a short time, a small nozzle
is provided which directs the jet of water on the back of bucket with which the rotation of the

runner is reversed. This jet i s called as breaking jet.



Applications of Pelton Wheel:The Pelton wheels are the preferred turbine for hydro-
power, when the available water source has relatively high hydraulic head at low flow
rates. Pelton wheels are made in all sizes. There exist multi-ton Pelton wheels mounted
on vertical oil pad bearings in hydroelectric plants. The largest units can be up to 200
megawatts. The smallest Pelton wheels are only a few inches across, and can be used to
tap power from mountain streams having flows of a few gallons per minute. Some of these
systems utilize household plumbing fixtures for water delivery. These small units are
recommended for use with thirty meters or more of head, in order to generate significant
power levels. Depending on water flow and design, Pelton wheels operate best with heads

from 15 meters to 1,800 meters, although there is no theoretical limit.

Thus, more power can be extracted from a water source with high-pressure and low-
flow than from a source with low-pressure and high-flow, even though the two flows
theoretically contain the same power. Also a comparable amount of pipe material is
required for each of the two sources, one requiring a long thin pipe, and the other a
short wide pipe.

6.4 Working Principle of Pelton Turbine:High speed water jets emerging from the
nozzles (obtained by expanding high pressure water to the atmospheric pressure in the
nozzle) strike a series of spoon-shaped buckets mounted around the edge of the Pelton
wheel. High pressure water can be obtained from any water body situated at some height

or streams of water flowing down the hills.

—

Fig. 6.3 Working of Pelton Wheel Turbine

As water flows into the bucket, the direction of the water velocity changes to follow
the contour of the bucket. These jets flow along the inner curve of the bucket and leave

it in the direction opposite to that of incoming jet. When the water-jet contacts the



bucket, the water exerts pressure on the bucket and the water is decelerated as it does

a "u-turn” and flows out the other side of the bucket at low velocity.

The change in momentum (direction as well as speed) of water jet produces an impulse
on the blades of the wheel of Pelton Turbine. This "impulse"” does work on the turbine

and generates the torque and rotation in the shaft of Pelton Turbine.

To obtain the optimum output from the Pelton Turbine the impulse received by the
blades should be maximum. For that, change in momentum of the water jet should be
maximum possible. This is obtained when the water jet is deflected in the direction
opposite to which it strikes the buckets and with the same speed relative to the buckets.

For maximum power and efficiency, the turbine system is designed such that the water-
jet velocity is twice the velocity of the bucket. A very small percentage of the water's
original kinetic energy will still remain in the water. However, this allows the bucket
to be emptied at the same rate at which it is filled, thus allowing the water flow to

continue uninterrupted.

Often two buckets are mounted side-by-side, thus splitting the water jet in half. The
high speed water jets emerging from the nozzles strike the buckets at splitters, placed

at the middle of the buckets, from where jets are divided into two equal streams.

This balances the side-load forces on the wheel, and helps to ensure smooth, efficient

momentum transfer of the fluid jet to the turbine wheel.

Because water and most liquids are nearly incompressible, almost all of the available
energy is extracted in the first stage of the hydraulic turbine. Therefore, Pelton wheels

have only one turbine stage, unlike gas turbines that operate with compressible fluid.



Vane

Water jet

Deflection
Angleof jet

Fig. 6.4 3- D Picture of a jet striking the splitter and getting split in to two parts

6.5 Velocity triangles, Maximum power and Efficiency:

A typical velocity triangle for a Pelton wheel bucket is shown in Fig. 6.5. From the impulse -
momentum theorem, the force with which the jet strikes the bucket along the direction of vane

is given by,

F . = rate of change of momentum of the jet along the direction of vanemotion

F .= (Mass of water / second) x change in velocity along the x-direction

Uuz VWz
Vr‘z sz
N
\\
— —— —> N
s . TN B —
% —) .
Deflection
angle
uj Vi
u

Vi=V



Vin=0

Fig. 6.5 Velocity Triangles for the jet striking the Pelton Wheel Bucket

Fx = paVi[ Vin—(-Vu2)]
Fx = paVi[ Vir+V2]

Work done per second b y the jet on the vane is given b y the product of Force exerted on the

vane and the distance moved b y the vane in one second

W.D./Sec=Fyxu =paViX[Vi1+Vua]Xu

Input to the jet per second = Kinetic energy of the jet per second

1
. paer3
2

Efficiency of the jet = Output | second = Work done | second

Input / second Input / second

paVy [VW1+VW2]Xu

From inlet velocity triangle, Vw 1 = V1



Assuming no shock and ignoring frictional losses through the vane, we have
Vi 1=Vyr2=(VI-ul)

In case of Pelton wheel, the inlet and outlet are located at the same radial distance from the

centre of runner and hence uJ=u2=u

From outlet velocity triangle, we have Vi 2= V¢ 2 Cos ¢- u2= (V1 —u) Cos ¢-u

Fi=p aV1[Vi+(V1-u )Cosg-u]
Fi=p aV1(V1-u )[1+Cosg]

Substituting these values in the above equation for efficiency, we have

7=2u [ V1+( V]—u)cos¢—u]
Vi

n =2T:[(V1—u +H(Vi—u )cosg] V4
zzuz(Vl—u ) 1+cosg]

7

The above equation gives the efficiency of the jet striking the vane in case of Pelton wheel.To
obtain the maximum efficiency for a given jet velocity and vane angle, from maxima -minima, we

have

- dﬂz 2 [1+cos¢]

du V2



Vi-2u=20

When the bucket speed is maintained at half the velocity of the jet, the efficiency of a Pelton wheel will be

maximum Substituting we get,

Nmax=|T +cosg] /2

From the above it can be seen that more the value of cos¢, more will be the efficiency. Form

maximum efficiency, the value of cos¢ should be 1 and the value of ¢ should be 0 0. This

condition makes the jet to completely deviate by 180 0 and this, forces the jet striking the bucket
to strike the successive bucket on the back of it acting like a breaking jet. Hence to avoid this

situation, at least a small angle of ¢ =5 0 should be provided.

6.6 Working proportions (Pelton wheel design):
1. Power from the turbine shaft (P)

P =(7.QH)n,

2. Theoretical velocity of jet

V,, =K,+/2gH
Coeffcientof Velocity(K,) =0.97 t0 0.99

3. The total discharge through the Pelton wheel must be equal to the discharge through the
T
number of jets (n): anzdz\/

4. Speed Ratio (Ku) or Peripheral Velocity: Represents the ratio of peripheral (linear) velocity of

jet bucket at their mean diameter to the theoretical velocity



K :L; Normally speed ratio has average value 0.45to 0.47

Y J2gH

5. Mean Diameter of the Pelton Wheel ‘D’ measured up to the centers of the buckets

u= % The meandiameter(D) is also known as Pitch Diameter

6. The jet ratio is defined as the ratio of diameters of Runner and jet diameter

m= g ; The jet ratio(m) lies betweenlland 15

7. Number of jets in a Pelton wheel: Normally one but to increase the power generation more

number of nozzles are provided maximum up to 4

8. Working Proportions: The working proportions of the turbine buckets are generally in terms of

jet diameter ‘d’
Axial Width B = 3d to 4d: Radial Length A = 2d to 3d : Depth C=0.8d to 1.2d

9. Number of Buckets (Z): The number of buckets on the periphery is decided mainly on the two

principles:

* The No. of buckets should be as few as possible so that there is little loss due to friction
* The jet of water must be fully utilised so that no water from the jet goes waste i.e. no
water escapes without striking the buckets

10. The No. of desirable Number of Buckets (Z) is calculated by two relations

(i) Z=0.5m+15
(ii) Z =5.4/m

6.7 Solved Example:

Q.1 The head at the base of the nozzle of a Pelton wheel is 640 m. The outlet vane angle of the



bucket is 15 ©. The relative velocity y at the outlet is reduced by 15% due to friction along the

vanes. If the discharge at outlet is without whirl find the ratio of bucket speed to the jet speed. If
the jet diameter is 100 mm while the wheel diameter is 1. 2 m, find the speed of the turbine in rpm,

the force exerted by the jet on the wheel, the Power developed and the hydraulic efficiency. Take

Cy=0.97.

Solution:

H=640m;¢=15%V1=0.85V;2; Vyw2=0;d=100mm; D=1.2 m;
Cv=0.9Ky="%N=0%Fx="%P=%n="

We know that the absolute velocity of jet is given by

V=Cy.(2 g H"'=0.97(2x10 x640)*°=109.74 m/s



u2 Vw2=0

«— —«— —> R
\L P e
b
Deflection angle
uj
u
Vi=Vwi
V=0
Let the bucket speed be u

Relative velocity at inlet =V j=Vi-u=109 .74 - u

Relative velocity at outlet =V 2=(1-0. 15)V3 1 =0.85(109 . 74 - u ) But V-
2cosg=u=> 0.85(109 .74 -u )cosl5

Hence u =49 . 48 m/s
7D N
But u=— and hence 60
60u  60x49.48

N= = =787.5 rpm (Ans)
7D mx1.2




u 49 .48
Jetratio=m = = =0.45

v 109.74

T
Weight of water supplied =y Q = 10x1000x—x0. 12x109.74°=8.62kN/s
4
Force exerted = Fx =paly (le—Vw2)

But Vw1 = V] and Vi 2 =0 and hence

T
F =1000x—x0.12(109.74)> = 9458 kN

X

Work done/second = Fyxu = 94. 58 x 49. 48 = 4679. 82 kN/s

Kinetic Energy/second = _1 paV3 = i %1000 ><LZ-><O.12 x109.74%= 5189.85 kN/s
1
2 2 4
Work done/s 4679.82
hydraulic Efficiency = % = = x100 =90.17%

Kinetic Energy/s 5189.85

Q. 2 A Pelton wheel turbine is having a mean runner diameter of 1. 0 m and is running at 1000

rpm. The net head is 100 m. If the side clearance is 20° and discharge is 0.1 m3 /s, find the power
available at the nozzle and hydraulic efficiency of the Turbine

Solution:

D=1.0m; N=1000 rpm; H =100 m; 200; =0.1 m3/s; WD/s =? and np="?
p n

Assume C,= 0. 98

We know that the velocity of the jet is given by

V =C,J20H =0.98v/2x9.81x100 = 44.3m/s
\

The absolute velocity of the vane is given by,



DN x1x1000
u= = =52.36 m/s

60 60

This situation is impracticable (V<u) and hence the data has to be modified. Clearly state the

assumption as follows:

Assume H =700 m

Absolute velocity of the jet is given by

v =Co.l2 g H=098 /2 x10 x700 =115.96 m/s

52.36 Vw2
!

Vr2 Vi




Deflection angle

52.36 Vr]

u
Vi=115.96

V=0

Power available at the nozzle is the given b y work done per second WD/second P = yQ

H=pg Q H=1000 x 10x0. 1x700 =700 kW
Hydraulic Efficiency is given b y

2 2 x52.36
n = (V-u)[1+cosg]= " (115.96 -52.36) (1 +cos 20) = 96.07%

Wyl 115.96%

1

Q.3 A Pelton wheel has a mean bucket speed of 10 m/s with a jet of water flowing at the rate of
700 lps under a head of 30 m. 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 the

coefficient of nozzle as 0.98.

Solution:

u=10m/s; 0=0.7 m3/s;¢= 180 - 160=200; H=30m; Cv=0.98;

WD/s =? and 77,= ? Assume g = 10m/s 2

V=Cv\/2 g H=0.98 /2 %10 x30 =24 m/s



10 Vw2

— —— —> S
AL ;.M e o S R
b
Deflection angle
10
u
Vi=24

V=0

Vil =V]i-u=24-10=14m/s

Assuming no shock and frictional losses we have V- 1=V 2= 14 m/s
Vw2 =Vy2 Cos g-u=14xCos 20-10=3. 16 m/s

We know that the Work done b y the jet on the vane is given by

WD/s =paVi[Vi+Vua  Ju=pQu[Vu1 +Via]as O = aVi

=1000 x0.7 x10 [24 +3.16]=190.12 kN -m/s (Ans)



1 1 1
IP/s=KE/s = _ pal® =_ pOV>= _x1000 x0.7 x24*°=201.6 kN -m/s

1 1

Hydraulic Efficiency = Output/ Input = 190.12/201. 6 = 94. 305%

It can also be directly calculated by the derived equation,

2 2x10
n = (V-u)[1+cosg]= 7 (24 -10)[1 +cos 20]= 94.29% (Ans)
W 242

1

Q.4 A Pelton wheel has to develop 13230 kW under a net head of 800 m while running at a speed

of 600 rpm. If the coefficient of Jet Cv = 0. 97, speed Ratio ¢ =0.46 and the ratio of jet Diameter
(d) to wheel Diameter (D) = 1/16

1) Pitch circle diameter (D)

i1) The diameter of jet (d)

iii) The quantity of water supplied to the wheel (Q)
iv) The number of Jets required(n)

Assume overall efficiency as 85%.

Solution:

P = 13239 kW; H =800 m; N = 600 rpm; C = 0.97;¢= 0.46 (Speed ratio), .= 85 %

d/D=1/16;10=0.85,D=?d=?n=?
_ 2 _ 3
Assume g =10 m/s ~ and p= 1000 kg/m

We know that the overall efficiency is given by

Output P 13239 x10°
o = _ - =0.85
Input yOH 10 x1000 xOx 800

Hence 9 =1.947m 3 /s (Ans)



Absolute velocity of jet is given b 'y

V=Cy 2gH =097 2x10x800 =122.696m/s

Absolute velocity of vane is given by

u=¢p 2gH =0.462x10x800 =58.186 m/s

The absolute velocity of vane is also given by

7D N
u= and hence
o J
60
60 u 60x58.186
D= \/ = \/ =1.85 m (Ans)
TN x600
1.85
d= —— =115. 625 mm (Ans)
16
) . 29 z 2 3
Discharge per jet = q= d“xV= x0.115625° x122.696 =1.288 m" /s
4 4
0 1947
No . of jets = n= —=——=2 (Ans)
g 1.288

Q.5 Design a Pelton wheel for a head of 80m and speed of 300 RPM. The Pelton wheel develops
110 kW. Take co - efficient of velocity y= 0. 98, speed ratio= 0.48 and overall efficiency = 80%.

Solution:

H=80m; N=300rpm; P=110kW; Cy =0.98, K 4=0. 48;170 = 0.80

Assume g =10 m/s 2 and p= 1000 kg/m 3
We know that the overall efficiency is given by

Output P 110 x10°

=0.8




Input yOH 10 x1000 xOx80
Hence O = 0. 171875 m 3 /s

Absolute velocity of jet is given by

V =Cyn ]2 H=0.98 /210 x86=39.2 s

Absolute velocity of vane is given by u =¢ /2gH =0.48+/2x10x80
U=19.2m/s

The absolute velocity of vane is also given by,

7D N
u= and hence
60
60u 60x19.2
D= = =1.22m (Ans)
7N  wx300

Single jet Pelton turbine is assumed

The diameter of jet is given by the discharge continuity equation for Q = 0.171875m?/s

Q:O.171875:%xd2><v :%xd2x39.2

Hence d = 74. 72 mm
The design parameters are
Single jet
Pitch Diameter = 1. 22 m
Jet diameter = 74. 72 mm

D 1.22



Jet Ratio = m= —_= =16.33

d 0.07472

No. of Buckets = 0. 5x m + 15=23.165=24

Q.6 It is desired to generate 1000 kW of power and survey reveals that 450m of static head and a
minimum flow of 0.3m3/s are available. Comment whether the task can be accomplished by

installing a Pelton wheel run at 1000 rpm and having an overall efficiency of 80%. Design the

Pelton wheel assuming suitable data for coefficient of velocity and coefficient of flow.

Solution:

P = 1000 kW; H = 450 m; Q=0.3m"/s; N=1000 rpm; 7= 0. 8
Assume Cy=0. 98; Ky = 0.45; p=1000 kg/m > ; g = 10 m/s

Output P 1000 x10°

Mo = = = =0.74=74%
Input yOQH 10x1000 x0.3 x450

For the given conditions of P, O and H, it is not possible to achieve the desired efficiency of 80%.

To decide whether the task can be accomplished by a Pelton turbine computes the specific speed

NP

N. =Y
S H%

Where, ‘N’ is the speed of runner, ‘P’ is the power developed in ‘kW’ and ‘H’ is the head available

in ‘m’ at the inlet.

—

1000~ 1000
Ne= ——— =15.25<35

(450)/%3

Hence the installation of single jet Pelton wheel is justified.



Absolute velocity of jet is given by,

V=Cy.|2gH=0.98 </2 x46-x456—92.97 m/s
\

Absolute velocity of vane is given by u =¢ /2gH =0.48+/2 x10 x 450 =45.54 m/s

\ \

The absolute velocity of vane is also given by

7D N
U= and hence
60
60u 60x19.2
D= = =1.22m (Ans)
7N =300

Single jet Pelton turbine is assumed

T T
The diameter of jet is given by the discharge continuity equationQ=""d 20V ==xd ?x92.97=0.3

4 4

Hence d = 64.1 mm

The design parameters are
Single jet

Pitch Diameter = 1. 22 m
Jet diameter = 64.1 mm

D 1.22
Jet Ratio = m= = =19.03

d 0.0641

No. of Buckets = 0.5x m + 15 = 0.5% 19.03+5 = 24.5=25 buckets



Q.7 A double jet Pelton wheel develops 895 MKW with an overall efficiency of 82% under a head
of 60m. The speed ratio= 0.46, jet ratio ‘m’= 12 and the nozzle coefficient = C,= 0. 97. Find the

jet diameter, wheel diameter and wheel speed in RPM

Solution:

No.ofjets=n=2; P=895kW; 1o =0. 82; H=60 m; K, = 0. 46; m = 12;

Cy=0.97,D=d=?N=?

We know that the absolute velocity of jet is given by

V=Cy 2gH =097 2x10x60 =33.6m/s

The absolute velocity of vane is given by

u=Ky 2gH =046 2x10x60 =15.93 m/s

Overall efficiency is given by

P P 895 x10°
n = \/_ and hence’ 0= - =1.819m* /s
o VOH ynH 10 x10°x0.82 x60
0 1819
Discharge per jet = g=—=——"=09095m 3 s
n 2

From discharge continuity y equation, discharge per jet is also given by

zd? zd?

q= V= x33.6 = 0.9095
4 4
d=0.186 m

The jet ratio m=12=



Hence D=2.232 m

D N 60u  60x15.93
Also u=— and hence N= = =136 rpm

60 D x2.232

Note: Design a Pelton wheel: Width of bucket = 5d and depth of bucket is 1.2 d

Q.8 The following data is related to a Pelton wheel:

Head at the base of the nozzle = 80m; Diameter of the jet = 100 mm; Discharge of the nozzle = 0.

3m 3/s; Power at the shaft =206 kW; Power absorbed in mechanical resistance = 4. 5kW. Determine

(1) Power lost in the nozzle and (ii) Power lost due to hydraulic resistance in the runner.

Solution:

H=80m;d=0. Im; a =%7rd2= 0.007854 mz;Q= 0.3 m3/s; SP = 206kW; Power absorbed in

mechanical resistance = 4.5 kW.
From discharge continuity equation, we have, Q = a x V= 0.007854 x V' =0.3

V'=38.197 m/s
Power at the base of the nozzle = pg O H

= 1000 x 10 x 0.3 x 80 = 240 kWPower corresponding to

the kinetic energy of the jet = Y2pa V3= 218.85 kW
(i) Power at the base of the nozzle = Power of the jet + Power lost in the nozzle
Power lost in the nozzle = (240 — 218.85) = 21.15 kW (Ans)

(i1)) Power at the base of the nozzle = Power at the shaft + Power lost in the

(Nozzle + runner + due to mechanical resistance)

Power lost in the runner =240 — (206 + 21.15 + 4.5) = 5.35 kKW (Ans)



Q.9 The water available for a Pelton wheel is 4rn3/ s and the total head from reservoir to the nozzle

is 250 m. The turbine has two runners with two jets per runner. All the four jets have the same
diameters. The pipeline is 3000 m long and the efficiency if power transmission through the
pipeline and the nozzle is 91%. The efficiency of each runner is 90%. The velocity coefficient of
each nozzle is 0.975 and coefficient of friction ‘4f” for the pipe is 0.0045. Determine: (i) The
power developed by the turbine; (ii) The diameter of the jet and (iii) The diameter of the pipeline.

Solution: Given : Q=4 m3/s; Hg=250 m; No. of jets = n =2 x 2 = 4; Length of pipe = /= 3000
m;Efficiency of the pipeline and the nozzle = 0.91 and Efficiency of the runner =

nh =0.9; Cy =0.975; 4= 0.0045

Efficiency of power transmission through pipelines and nozzle
Hly 250 -ly
n= =091 =
H
g 250

Hence iy =22.5m

Net head on the turbine = H = Hg—hf=227.5m
Velocity of jet = V1=Cv_/2 gH:O.GS’S\/2 x10 x227:5=6577 m/s
\
(i) Power at inlet of the turbine = WP = Kinetic energy/second = Y2pa V3

WP = ¥ix 4 x 65.772= 8651.39 kW

Power developed by turbine Power developed by turbine

]7 = = = 0.9

WP 8651.39

Hence power developed by turbine = 0.9 x 8651.39 = 7786.25 kW (Ans)

Total discharge 4.0
(i) Discharge per jet = g= =__ =10 m’ /s

No. of jets 4

T T
But g="d’xV =1.0 =—d*x65.77



Diameter of jet = d = 0.14 m (Ans)

(iii) If D is the diameter of the pipeline, then the head loss through the pipe is given by = A7

AFLV?  fLOP

hf= 2gD = 3D’ (From Q=aV)

00045 x3000 x42

hy = 3D’ =225
Hence D = 0.956 m (Ans)

Q.10 The three jet Pelton wheel is required to generate 10,000 kW under a net head of 400 m.
The blade at outlet is 15° and the reduction in the relative velocity while passing over the blade

is 5%. If the overall efficiency of the wheel is 80%, Cv=0.98 and the speed ratio = 0.46, then find:
(i) the diameter of the jet, (ii) total flow (iii) the force exerted by a jet on the buckets (iv) The

speed of the runner.

Solution:

No of jets = 3; Total Power P = 10,000 kW; Net head H =400 m; Blade angle = ¢= 150; Vr2=0.95

Vri; Overall efficiency = 70 = 0.8; Cv = 0.98; Speed ratio = Ku = 0.45; Frequency = f'= 50 Hz/s.

P 10,000 x10°
We know that 77,= =0.8=
pgOH 1000 x10 x0x400

0=3.125 m3/s (Ans)

0 3.125
Discharge through one nozzle = ¢g= _ = =1.042 m> /s

n 3
Velocity of the jet = }1 = Cvv2 gH =0.98 \2 x10 x400 =87.65 m> /s

But g=1.042=(r/4)d*xV1=(n/4)d*  x 87.65

d =123 mm (Ans)



Velocity of the Vane = u=K J 2 =046 5 2x10x400 = 4114 m® /s

Vri = (Vi—u1) =87.65-41.14 = 46.51 m/s Vr2 = 0.95 Vri=0.95 x 46.51 = 44.18 m/s

Vwi= Vi=87.65m/s

Vw2= Vr2cos¢—u2= 44.18 cos 15-41.14 = 1.53 m/s

Force exerted by the jet onthe bucketsFx = pg (Vwi+V.2)

Fx = 1000 x 1.042 (87.65+1.53) = 92.926 kN (Ans)

D
Jetratio= m= __ =10 (Assumed)
d
D=123m
zD N
u=
60
60u  60x41.14
Hence N= = =638.8 rpm (Ans)

D x1.23

Force exerted by the jet onthe bucketsFx = pg (VYwi+V.»)

" = 1000 x 1.042 (87.65+1.53) = 92.926 kN (Ans)

D
Jetratio= m= __ =10 (Assumed)
d
D=123m
DN
u=
60

60u  60x41.14
Hence N= = =638.8 rpm (Ans)




D x1.23



UNIT-7: KAPLAN TURBINES

7.1 Introduction

7.2 Components

7.3 Working and Velocity triangles

7.4 Properties of the Turbine, Discharge of the Turbines, Number of Blades
7.5 Draft Tube: Types, efficiency of a Draft tube

7.6 Introduction to Cavitation in Turbines

7.7 Problems

7.1 Introduction:

In Francis turbines as the specific speed (Ns) increases (more due to increased discharge
‘Q’) the shape of the runner changes so that the flow tends towards axial direction. This trend
when continued, the runner becomes purely axial flow type.There are many locations where
large flows are available at low head. In such a case the specific speed increases to a higher value.

In such situations Kaplan Turbine (axial flow turbines) are gainfully employed.

A sectional view of a kaplan turbines in shown in figure 14.8.1. These turbines are suited for head
in the range 5 — 80 m and specific speeds in the range 350 to 900. The water from supply pipes
enters the spiral casing as in the case of Francis turbine. Guide blades direct the water into the

chamber above the blades at the proper direction. The speed governor in this case acts on the



guide blades and rotates them as per load requirements. The flow rate is changed without any
change in head. The water directed by the guide blades enters the runner which has much fewer
blades (3 to 10) than the Francis turbine. The blades are also rotated by the governor to change
the inlet blade angle as per the flow direction from the guide blades, so that entry is without
shock. As the head is low, many times the draft tube may have to be elbow type. The important
dimensions are the diameter and the boss diameter which will vary with the chosen speed. At

lower specific speeds the boss diameter may be higher.

The popular axial flow turbines are the Kaplan turbine and propeller turbine. In propeller
turbine the blades are fixed. In the Kaplan turbines the blades are mounted in the boss in
bearings and the blades are rotated according to the flow conditions by a servomechanism

maintaining constant speed. In this way a constant efficiency is achieved in these turbines.

Guide blades
7,

Volute casing

/. Y /‘Bl"xi‘
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\
[ Rotor blace

Deaft tube [ﬂﬂ
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Fig. 7.1 Sectional view of Kaplan Turbine

7.1.1 Reaction Turbines

Reaction turbines are those turbines which operate under hydraulic pressure energy and part of
kinetic energy. In this case, the water reacts with the vanes as it moves through the vanes and
transfers its pressure energy to the vanes so that the vanes move in turn rotating the runner on

which they are mounted. The main types of reaction turbines are

Radially outward flow reaction turbine: This reaction turbine consist a cylindrical disc mounted
on a shaft and provided with vanes around the perimeter. At inlet the water flows into the wheel
at the centre and then glides through radially provided fixed guide vanes and then flows over the

moving vanes. The function of the guide vanes is to direct or guide the water into the moving



vanes in the correct direction and also regulate the amount of water striking the vanes. The water
as it flows along the moving vanes will exert a thrust and hence a torque on the wheel thereby
rotating the wheel. The water leaves the moving vanes at the outer edge. The wheel is enclosed

by a water-tight casing. The water is then taken to draft tube.

Radially inward flow reaction turbine: The constitutional details of this turbine are similar to the
outward flow turbine but for the fact that the guide vanes surround the moving vanes. This is
preferred to the outward flow turbine as this turbine does not develop racing. The centrifugal
force on the inward moving body of water decreases the relative velocity and thus the speed of

the turbine can be controlled easily.

Moving
bl vanes
[anes |

Guide ring

Fig. 7.2 Inward Radial Flow Reaction Turbine



Mixed flow reaction turbine: This is a turbine wherein it is similar to inward flow reaction turbine
except that when it leaves the moving vane, the direction of water is turned from radial at entry
to axial at outlet. The rest of the parts and functioning is same as that of the inward flow reaction

turbines.

Axial flow reaction turbine: This is a reaction turbine in which the water flows parallel to the axis
of rotation. The shaft of the turbine may be either vertical or horizontal. The lower end of the
shaft is made larger to form the boss or the hub. A number of vanes are fixed to the boss. When
the vanes are composite with the boss the turbine is called propeller turbine. When the vanes

are adjustable the turbine is called a Kaplan turbine.

7.2 Components:
The main component parts of a Kaplan Turbine (reaction turbine) are:
(1) Casing, (2) Guide vanes (3) Runner with vanes (4) Draft tube

Casing: This is a tube of decreasing cross -sectional area with the axis of the tube being of
geometric shape of volute or a spiral. The water first fills the casing and then enters the guide
vanes from all sides radially inwards. The decreasing cross -sectional area helps the velocity of
the entering water from all sides being kept equal. The geometric shape helps the entering water

avoiding or preventing the creation of eddies.

Guide vane or Wicket Gates: They guide flow smoothly from penstock pipe to the turbine runner

without causing much disturbance or turbulence during the entry of water

Runner with vanes: The runner is mounted on a shaft and the blades are fixed on the runner at
equal distances. The vanes are so shaped that the water reacting with the m will pass through

them thereby passing their pressure energy to make it rotate the runner.

Draft tube: This is a divergent tube fixed at the end of the outlet of the turbine and the other end
is submerged under the water level in the tail race. The water after working on the turbine,
transfers the pressure energy there by losing all its pressure and falling below atmospheric
pressure. The draft tube accepts this water at the upper end and increases its pressure as the
water flows through the tube and increases more than atmospheric pressure before it reaches

the tailrace.
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Fig.7.3 Components of Kaplan Turbine

7.3 Working and Velocity Triangles:
WORKING OF A KAPLAN TURBINE

The reaction turbine developed by Victor Kaplan (1815-1892) is an improved version of the older
propeller turbine. It is particularly suitable for generating hydropower in locations where large
guantities of water are available under a relatively low head. Consequently the specific speed of
these turbines is high, viz., 300 to 1000. The Kaplan turbine is provided with a spiral casing, guide
vane assembly and a draft tube. The blades of a Kaplan turbine, three to eight in number are
pivoted around the central hub or boss, thus permitting adjustment of their orientation for
changes in load and head. This arrangement is generally carried out by the governor which also
moves the guide vane suitably. For this reason, while a fixed blade propeller turbine gives the
best performance under the design loadconditions, a Kaplan turbine gives a consistently high
efficiency over a larger range of heads, discharges and loads. The facility for adjustment of blade
angles ensures shock-less flow even under non-design conditions of operation. Water entering

radially from the spiral casing is imparted a substantial whirl component by the wicket gates.



Subsequently, the curvature of the housing makes the flow

Cre el o
O
sffSprm | T
Casng -
6 3
‘; o . .
ST Sy
a Q o w‘;“
A
TWL
_i—

ntfenk
Fig. 7.4 Kaplan Turbine

become axial to some extent and finally then relative flow as it enters the runner, is tangential to
the leading edge of the blade as shown in Fig 7.4The energy transfer from fluid to runner
depends essentially on the extent to which the blade is capable of extinguishing the whirl
component of fluid. In most Kaplan runners as in Francis runners, water leaves the wheel axially
with almost zero whirl or tangential component. The velocity triangles shown in Fig 7.5 at the
inlet and outlet tips of the runner vane at mid radius, i.e., midway between boss periphery and

runner periphery

Velocity Triangles: The number of blades in a Kaplan Turbine depends on the head available and

varies from 3 to 10 for heads from 5 to 70 m. As the peripheral speed varies along the radius

blade inlet angle should also vary with the radius. Hence twisted type or Airfoil blade section has
to be used. The speed ratio is calculated on the basis of the tip speed as ¢ = u/ 2gH and varies
from 1.5 to 2.4. The flow ratio lies in the range 0.35 to 0.75. Typical velocity diagrams at the tip
and at the hub are shown in Figure 14.8.2. The diagram is in the axial and tangential plane instead

of radial and tangential plane as in the other turbines.



Fig. 7.2 Typical velocity diagrams for Kaplan Turbine

Work done = u;Vy, (Taken at the mean diameter)

u,Vu
nh =#x 100

gH
All other relations defined for other turbines hold for this type also. The flow velocity remains
constant with radius. As the hydraulic efficiency is constant all along the length of the blades,

u1V.,1 = Constant along the length of the blades or V1 decreases with radius.

Kaplan turbine has flat characteristics for variation of efficiency with load. Thus the
part load efficiency is higher in this case. In the case of propeller turbine the part load efficiency

suffers as the blade angle at these loads are such that entry is with shock.

KAPLAN TURBINE - SUMMARY

1. Peripheral velocities at inlet and outlet are same and given by,

_ 7D,N
60

u =u,

Where, ‘D,’ is the outer diameter of the runner

2. Flow velocities at inlet and outlet are same. i.e. V¢; = Vf2
. . b4
3. Area of flow at inlet is same as area of flow at outlet Q = Z(Dg - Ds)

Where,'Dy’is the diameter of the boss



Comparison between Reaction and Impulse Turbines

i

SN

Reaction turbine

Impulse turbine

Only a fraction of the available
hydraulic energy 1s converted into
kinetic energy before the flmd enters
the runner.

All the available hydraulic energy 1s
converted mto kinetic energy by a nozzle
and 1t 1s the jet so produced which strikes
the runner blades.

b

Both pressure and velocity change as
the fluid passes through the runner.
Pressure at inlet 1s much higher than at
the outlet.

It 15 the velocity of jet which changes, the
pressure throughout remaining
atmospheric.

means of a gmde-vane assembly. Other
component parts are scroll casing, stay
nng, runner and the draft tube

3 | The runner must be enclosed withina | Water-tight casing 1s not necessary.
watertight casing (scroll casing). Casing has no hydraulic function to
perform. It only serves to prevent
splashing and guide water to the tail race
4. | Water 15 admitted over the entire Water 15 admutted only in the form of jets.
circumference of the runner . There may be one or more jets striking
equal number of buckets simultaneously.
5. | Water completely fills at the passages | The turbine does not run full and air has a
between the blades and while flowing | free access to the buckets
between inlet and outlet sections does
work on the blades
6. | The turbine 1s connected to the tail race | The turbine 15 always mstalled above the
through a draft tube which iz a tail race and there is no draft tube used
gradually expanding passage. It may be
installed above or below the tail race
7. | The flow regulation 1s carried out by Flow regulation 1s done by means of a

needle valve fitted into the nozzle.

7.4 Properties of the Turbine Discharge of the Turbines, Number of Blades:

Derivation of the efficiency of a reaction turbine
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Fig. 7.3

Let,
R 7= Radius of wheel at inlet of the vane

R 2= Radius of wheel at outlet of the vane

@ = Angular speed of the wheel

Tangential speed of the vane at inlet = 1y

= wR]



Tangential speed of the vane at outlet = u2 = wR?

The velocity triangles at inlet and outlet are drawn as shown in Fig .

o and P are the angles between the absolute velocities of jet and vane at inlet and outlet respectively

@ and ¢ are vane angles at inlet and outlet respectively

The mass of water striking a series of vanes per second = pa V'

where a is the area of jet or flow and V7 is the velocity of flow at inlet . The momentum of water

striking a series of vanes per second at inlet is given by the product of mass of water striking per

second and the component of velocity of flow at inlet

= pa V] x Vw] (Vw] is the velocity component of flow at inlet along tangential direction)

Similarly momentum of water striking a series of vanes per second at outlet is given b y

= pa V] x (=Vw2) (Vw2 is the velocity component of flow at outlet along tangential direction and

— because the velocity component is acting in the opposite direction)

Now angular momentum per second at inlet is given by the product of momentum of water at inlet

and its radial distance = pa V] x Vi | X R]

And angular momentum per second at inlet is givenby = —pa V] x Vyy 2 x

R2

Torque exerted by water on the wheel is given by impulse momentum theorem as the rate of

change of angular momentum

T=paVixVwiIxR]——paVIxVw2xR?2

T=paViVwl RI+Vw2R2)

Work done per second on the wheel = Torque x Angular velocity = Tx @



WD/s=pa V] (Vw1 R+ Vw2 R2xw

=paV] (Vwi Rixaot Vw2 R 2xw)

Asuir = wR] and u2 = @R), we can simplify the above equation as

WD/s = pa Vi(Vw [ul+Vw 2u2)



In the above case, always the velocity of whirl at outlet is given by both magnitude and direction

as Vw2=(Vr2Cos ¢-u2)

If the discharge is radial at outlet, then V3, 2 =0 and hence the equation reduces to

WD/s=paul x V] xVw |
g 3
KE/s =% x pxa x V]
Efficiency of the reaction turbine is given b y

Workdone/second pal ( Vi M1+Vw2u2)
77 = =

Kinetic Energy/second | pary’
2

2 (Vw1u1+szuz) /

77:

Note: The value of the velocity of whirl at outlet is to be substituted as

Vw2 = Vr2 Cos ¢— u 2) along with its sign.

Summary
uj
(i) Speed ratio=  ___ where H is the Head on turbine
JZ gH
V
(ii) Flow ratio= _where Vr1 is the velocit y of flow at inlet

2gH

- Discharge flowing through the reaction turbine is given by

Q=rDIB| Vfi=xD2 B2 Vf2

Where D} and D) are the diameters of runner at inlet and exit



B] and B are the widths of runner at inlet and exit

V1 and Vf2 are the Velocity of flow at inlet and exit

If the thickness (¢ ) of the vane is to be considered, then the area through which flow takes place is

given by ( zD;—nt ) where n is the number of vanes mounted on the runner

Discharge (Q) flowing through the Kaplan turbine is given by

Q=D [nt)BXVf]=(nD2-nt)B2 xVf2

(iv)The head ( H') on the turbine is given by H= +

Where pj is the pressure at inlet

(v) Work done per second on the runner =pa V j(Vwj u Vw2 u 2)= pQ ( Vwjuj£Vwou2 )

zD) N
o) u=
60
Dy N
(vii) up =
60

Work done per second

(viii)  Work done per unit weight =

Weight of water striking per second
p O (V¥ w ) 1
= :_(leulinz u 2)

pOg g

If the discharge at the exit is radial, then /w2 =0 and hence

1
Work done per unit weight = _(V u )

wl 1

g

(ix)  Hydraulic efficiency = RP. = pQ(uthinu) = 1 (Mauthuw)



w.P. pgOH gH

If the discharge at the exit is radial, then /w2 =0 and hence

1

Hydraulic efficiency = — (Vi)
gH

7.5 Draft Tube: Types, efficiency of a Draft Tube:

7.5.1 Draft Tubes: The water after working on the turbine, imparts its energy to the vanes and runner,
thereby reducing its pressure less than that of atmospheric pressure (Vacuum). As the water flows
from higher pressure to lower pressure, it cannot come out of the turbine and hence a divergent tube
is connected to the end of the turbine. A Draft tube is a divergent tube one end of which is connected
to the outletof the turbine and other end is immersed well below the tailrace (Water level). The
major function of the draft tube is to increase the pressure from the inlet to outlet of the draft tube
(Pressure at draft tube inlet—ve, Pressure at draft tube outlet = Atmospheric or zero). The other
function is to safely discharge the water that has worked on the turbine to tailrace. Generally draft
tube is made of concrete material and it forms an integral part amongst the component of a

reaction turbine and serves followingpurpose;

(i) Itallows the turbine to install over the floor level (ii) It recovers the available kinetic energy at

the exit of the runner

Fig. 7.4 Draft Tube
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Efficeincy of a Draft tube
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3 Net gain in Pr essure Head ~ U 29
M Velocity Head at Entrance of Draft Tube vi
29

7.5.2 Types of draft tube:Depending on the shape and alignment, draft tubes are classified as
follows:

e Elbow
e Moody’s spreading draft tube
e Elbow type with a rectangular opening (commonly used).

e Conical




Vertical divergent draft tube Moody draft tube or hydra cone  Elbow draft tube

Fig. 7.6

Vertical divergent draft tubeThe draft tube has the shape of a frustum of a cone. This is generall y
provided for low specific speed. The cone angle is not to exceed 8. For greater value of the cone
angle it is seen that the flowing body of water may not touch the sides of the draft tube (Leaving

the boundary). This will lead to the eddy formation bringing down the efficiency of the draft tube.

Moody'’s draft tube or hydraulic one:This is a bell mouthed draft tube or aconical tube with a solid

conical central core the whirl of discharged water is very much reduced in this arrangement.
Elbow draft tube: This draft tube affords to discharge the waterhorizontally to the tail race.

Elbow draft tube with circular inlet and rectangular outlet:This is afurther improvement of the
simple elbow draft tube. In all the types mentioned above, the outlet of the draft tube should be

situated below the tail water level.



7.6 Introduction to Cavitation in Turbines:

Cavitation occurs when a high-velocity, flow of water (or any other fluid) suffers an abrupt change

in direction or velocity. This change in direction or velocity in flowingwater causes a zone of low

pressure to occur at the surface of thepipe or open channel that isimmediately downstream from
the direction or velocity change. This low pressure zonemay allow pockets (or cavities) of vapor to

form.

When leaving the low pressure zone, these pockets of vapor collapse. The collapse of
these vapors causes a localized high-energy impact on the pipe material or impeller or runner. This
localized high-energy impact leads to erosion of material, vibration and noise in the Turbo-

machinery.

Cavitation is not desirable for several reasons. First, it causes noise (as the
cavitationbubbles collapse when they migrate into regions of higher pressure). Second, it can lead
toinefficiencies and reduction of heat transfer in pumps and turbines (turbo machines). Finally,the
collapse of these cavitation bubbles causes pitting and corrosion of blades and othersurfaces
nearby. The left figure below shows a cavitating propeller in a water tunnel, and theright figure

shows cavitation damage on a blade.

ROTATION

COLLAPSING BUBBLES

<~ VAPOR BUBBLES

Fig. 7.7 Cavitation Bubble and Damaged Impeller of a Pump
Prevention of Cavitation: The effects of cavitation can be reduced by,

(i) Setting the turbine near the tail race level

(ii) Making the runner blades/impeller using superior materials (stainless steel, Nickel
steel) and also with highly polished surface finish

(iii) Spraying thin layers of erosion resistance metals or special paints where cavitation is

most likely to occur (places of high velocity).



7.7 Problems

Q.1 A Kaplan turbine working under a head of 25 m develops 16,000 kW shaft power. The outer
diameter of the runner is 4 m and hub diameter is 2 m. The guide blade angle is 357 The hydraulic
and overall efficiency are 90% and 85% respectively. If the velocity of whirl is zero at outlet,

determine runner vane angles at inlet and outlet and speed of turbine.

Solution: Given: H=25m; P=16,000kW; Dp=2m; D o =4 m;a=35/n,=0.9;

70=0.85; V2 =0;0 =?¢=2N=?
P 16000 x10°
no =——;0.85 =
pgOH 1000 x10 xOx25
0=75.29 m’/s

/4 T
0= (D02 —Db2 )>< V= (42—22)>< Vn =75.29
4 4

Vir=17.99 m/s

From inlet velocity triangle,

4
f1
tano= [
V
wl
7.99
V__
V= =11.41m/s
tan 35

From Hydraulic efficiency

V ou
wl 1
77 = e—
h
gH
11.41xu;
0.9=

10x25



u=19.72 m/s

V
1 7.99

tan 0= = =0.9614

up =Vw1  19.72 -11.41

6= 43. 88 (Ans)

For Kaplan turbine, u7 =u2=19.72m/sand Vf 1= Vf2="7.99 m/s
From outlet velocity triangle

Vv
12 7.99
tang= = =0.4052

u219.72

¢=22. 06 (Ans)

Do N x4 xN
ul=uy = = =19.72 m/s
60 60

N=94.16 rpm (Ans)

u?




Vi

Vwi

Vi

Vi

A

A 4



Q.2 A Kaplan turbine works under a head of 22 m and runs at 150 rpm. The diameters of the runner
and the boss are 4.5 m and 12 m respectively. The flow ratio is 0.43. The inlet vane angle at the
extreme edge of the runner is 16319’. If the turbine discharges radially at outlet, determine the
discharge, the hydraulic efficiency, the guide blade angle at the extreme edge of the runner and the

outlet vane angle at the extreme edge of the manner.

Solution:

H=22m; N=1501pm; D o = 4. 5 m;Dp=2 m;0=16319"; Vo2=0;
V

f1
_ =043
Va=Vi=Vi0=1 h:?;az?;¢=?;2gH \/

u2

Vi

A



Vi



N 7x45xN
60

w=u2=35.34=

N=150 RPM

V=043 .. 2x10x22 = 9.02 m/s

4
_f1
tan(180 —6)=

(11 =Vw1)

tan(180 —163°19')= =0.2997

(35.34 V1 )

VwI=5.24 m/s

Hydraulic efficiency is given by

u
w1 5.24 x35.34
n = = =84.17%

gH 10 x22

V
19,02
tan o= — = —— =1.72
w524

a=159. 85°(Ans)
Vi, 9.02

tan g= — =
up  35.34

=0.2552

¢ =14. 32 (Ans)



Q.3 A Kaplan turbine is to be designed to develop 7,350 kW. The net available head is 5.5 m.

Assume that the speed ratio as 0. 68. The overall efficiency as 60%. The diameter of the boss is

%rd of the diameter of the runner. Find the diameter of the runner, its speed and its specific speed.

Solution:

P=7350kW, H=5.5m

Vv
1
=068
2¢H and hence
u
1
=2.09
\é gH and hence
\/ P
no= ;0.6 =

V n=0.68 2x10x5.5=7.13 m/s

u1=2.2 2x10k5.5=23.07 m/s

7350 x103/

1000 x10 x0x5.5



0=222.72ms

2

( A
7 i [ Do |
0=" (Doz-Dbz)XV.ﬂ3_| D2 — — [x7.13 =222.72
| | | |
4 4\ L 3])

D o0 =6. 69 m (Ans)

N 7x6.69x N

u=23.07 =
60
N =65. 86 rpm (Ans)
N \FP 65.86 7350
Ns= — = = =670.37 rpm (Ans)
H* 5.5%
# &

Q4. The following data refers to the runner of a Kaplan Turbine which yields 8850 kW at the
turbine shaft: Net available head 5.5m, speed ratio 2.1, flow ratio 0.67 and overall efficiency 85%.
Presuming that hub diameter of the wheel is 0.35 times the outside diameter. Calculate the

runner diameter and its rotational speed.

Solution: Given: P = 8850 kW = 8850 x 1000 W, H =5.5m, C, = 2.1, ¢ = 0.67, o= 85% = 0.85



Hub Diameter _ D, _ 0.35
Outer Diameter D,

Peripheral VelocityU =C,/2gH =2.1x/2x9.81x5.5 =21.81m/s

Flow VelocityV; = @+/2gH =0.67 x4/2x9.81x5.5 =6.96m/s

Power available at the shaft P = yuxQxHxn,
8850x1000 = 9810 x Ox5.5 x 0.85
Flow rate Q = 193 m3/s

The discharge (Q) through a Kaplan Turbine is given by,

Q= %(DO2 - Dj)x flow Velocity

Q= %(Df ~(0.35D, ) JxV,

Q=193= %(Df ~(0.35D, ' )x6.96

Outside Diameter D, = 6.343 m

60xU 60x21.81

= =65.7RPM ,N=66 N
zxD, 7x6.343

Runner Speed N =

Q.5 For a Kaplan turbine with a runner diameter 4m, the discharge is 60m3/s and the hydraulic

and mechanical efficiencies are stated to be 90% and 94% respectively. The diameter of boss is



one third times the runner diameter and the speed ratio is 2.0. Assuming the discharge is free
and there is no swirl at outlet, calculate the net available head on the turbine, the power

developed and specific speed

Solution: Given: Q= 60m3/s, C,= 2.0,no= 90% = 0.90, Nm= 94%= 0.94,0uter Diameter D, = 4m

Hub Diameter D, 1

Outer Diameter D, 3

The discharge (Q) through a Kaplan Turbine is given by,

V =5.44m/s

Let ‘H’ represent the net available head on the Kaplan Turbine. Then

V2
_£:Hg =n,xH
V2
H--2 =0.9H
29

2

01H =2 ...Eq.Q)
29

In the absence of swirl at outlet V, = Vi, = 5.44m/s, substituting the value of V, in Eq(1)

2
0.1H _Vy - Eq.())
29
2
0.1H = S44
2x9.81
H =15.1m

Power available at the shaft P =y,x Q x H x 1o
Where Overall Efficiency no=1nxNm = 0.9x0.94 = 0.846

P =9810x60x15.1 x 0.846, P = 7519.1 kW



Peripheral VelocityU = ﬂ%&)N = ﬂxgox N =C,+/20H =2.0x+2x9.81x15.1

.. Runner Speed N = 164.36 = 165 RPM

NP, 16547519.1

= — 458 RPM
H 7 15.17%

Specific Speed N =

Ns = 458 RPM

Q.6 A Kaplan turbine developing 3250kW under a head of 6m has a draft tube with inlet diameter
2.8m and is placed 1.5 m above the tail water. If the vacuum gauge connected to inlet of draft
tube reads 5m of water, determine the efficiency of turbine. Assume the draft tube efficiency as

76% and the atmospheric pressure is 10.3m of water
Solution: Given Inlet pressure (at Draft tube) = 5m, Vacuum or (10.3-5.0) =5.3m abs, D; = 2.8m

Atmospheric pressure=10.3m of water, Hs= 1.5m above tail water level,Ndrat =76% =0.76,H= 6m

)
Spiral casin %

)

| —

P
<«

Atm V2 Hs

Tail Race Pr.¢¢ y2

Level
V3 Yy

Energy at Exit of the Runner or Entry of draft Tube = Energy at the exit of the draft tube

P Pam _((\/5 —V;)_HfJ

Yu Yu 2xg

Neglecting friction loss H¢in the draft tube H¢= 0



LS R 7 75 | PPN (/i 75,
Yo Yo -\ o2xg )0 2% g

2xQ

(va)]:s.sm

The Efficiency of draft tube is given by:

2 -v2)i2g

ndraft - V22 /29

0.76 = 23—5
Vv, 129

V, =9.51Im/s

Discharge through Turbine Q = %x (2.8)* x9.51=58.558m>/s

Power available at the turbine Shaft,
P= Yw X QxHx No
3250 x 1000 = 9810 x 58.558 x 6 x M,

Mo = 0.943 = 94.3%

Q.7. A Kaplan turbine develops 2250kW under a net head of 5.5m and with overall efficiency
87%. The draft tube has a diameter of 2.8m at its inlet and has an efficiency of 78%. In order to
avoid cavitation, the pressure head at the entry to the draft tube must not drop more than 4.5m
below atmosphere. Calculate the maximum height at which the runner may be set above the tail

race level

Solution: Given P =2250kW, H =5.5m, 10= 87% = 0.87, Ndrait =78% = 0.78, D1 = 2.8m

patm B p2 — 45m
Vw

Power available at the turbine Shaft, P =y, x Q xH x 1,

2250 x 1000 = 9810 x Q x 5.5 x 0.87



Flow rate Q = 47.93m3/s

From continuity equation V; =

O
B
N
©
w

>

2% g

&:M_HS _((\/22 _V32)_HfJ

Yw Yw

(M_Hfjﬂ.s_m
2% g

Draft Tube Efficiency is given by,

_ [6/22 _Vsz)/29 -H f]

Norare = V22 /29
_ 45-H,
- 7.79%2/2g

H, =2.1m

Maximum height (Hs) at which the Runner may be set above the tail race level = 2.1m
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8.0 Introduction:

Pumps have many uses in water and wastewater plants. There are many types of pumps for a
variety of uses. Some of these may be river pumps, chemical feeder pumps, high service or pumps
that pump water to the distribution system, booster pumps in stations in the system, lagoon
pumps for wash-water disposal, and lab sample pumps, just to name a few. Mainly all water
pumps may be classified into two general categories; centrifugal pumps and displacement

pumps.
A centrifugal pump is also known as a Rotodynamic pump or dynamic pressure pump. It

work on the principle of centrifugal force. In this type of pump the liquid is subjected towhirling
motion by the rotating impeller which is made of a number of backward curvedvanes. The liquid
enters this impeller at its center or the eye and gets discharged into thecasing enclosing the outer

edge of the impeller. The rise in the pressure head at anypoint/outlet of the impeller is

2
u
Proportional to the square of the tangential velocity of theliquid at that point (i.e.& 2— ). Hence

at the outlet of the impeller where the radius ismore the rise In pressure head will be more and
the liquid will be discharged at the outletwith a high pressure head. Due to this high pressure
head, the liquid can be lifted to ahigher level. Generally centrifugal pumps are made of the radial
flow type only. Butthere are also axial flow or propeller pumps which are particularly adopted for

low heads.

In this type of pump, the fluid is fed to the center of the rotating impeller (eye of the
impeller) and is thrown outward by centrifugal action. As a result of high speed of rotation
the liquid acquires a high kinetic energy and the pressure difference between the suction

and delivery sides arises from the conversion of kinetic energy into pressure energy.

The impeller consists of a series of curved vanes so shaped that the flow within the pump
is as smooth as possible. The greater the number of vanes on the impeller, the greater is
the control over the direction of motion of liquid and hence smaller is the losses due to

turbulence and circulation between the vanes.



The liquid enters the casing of the pump, normally in an axial direction, and is picked up
by the vanes of the impeller. In the simple type of centrifugal pump, the liquid discharges
into a volute, a chamber of gradually increasing cross-section with a tangential outlet

Components of Centrifugal Pump:

(i) Impeller (ii) Casing (iii) Suction Pipe (iv) delivery Pipe

It consists of a suction pipe (Fig.8.1) an impeller, a casing and a delivery pipe. The suction pipe
dips deep in the fluid to be pumped and is fitted with a strainer and foot valve at the inlet. The
strainer keeps out solid impurities from entering the pump system and the foot valve allows flow
of fluid only in one direction. It closes automatically if fluid tries to flow back to the sump. Suction
pipe is connected to the casing at the centre of the impeller which is known as eye. Impeller is
mounted on a shaft, one end of which comes out of the casing where itis connected to the driving
unit. Fluid collected all around the periphery of the impeller is led to the delivery pipe by means
of an air-tight casing which is spiral shaped of increasing area of cross-section in the direction of
flow. This converts kinetic energy of fluid into pressure energy and directs whole

Discharge level

Overhead tank
Delivery pipe
LN
Delivery valve
Delivery flange

Suction flange ’ S'= sha criven by
efectric motor or oil engine

il il Centre line of
the pump

Eye of the impeller

Foot valve

Stralner




B, > 90" (forward blades)
Ic}:al B, = 90° (radial blades)
B, <90° (backward blades|
0 Classification of Pump Based on Fig. 8.1 Centrifugal
Pump Type of Blade

ofthe fluid into the delivery pipe. A control valve is fitted in the delivery pipe to regulate flow. A
priming funnel and an air hole are provided at the top of the casing. Priming funnel and an air
for pouring in the liquid at the time of starting and air hole is opened to allow the air inside to
escape during priming.Foot valve with strainer the foot valve is a non-return valve which permits
the flow ofthe liquid from the sump towards the pump. In other words the foot valve opens only
inthe upward direction.The strainer is a mesh surrounding the valve; it prevents the entry of

debris and silt intothe pump.
Advantages of centrifugal pumps:-

a) Itsinitial cost is low

b) Efficiency is high

c) Discharge is uniform and continuous

d) Installation and maintenance is easy

e) It can run at high speeds, without the risk of separation of flow Classification of

centrifugal pumps

8.2 Centrifugal pumps may be classified into the following types:

- According to Entry of Liquid into Pump:

CENTRIFUGAL PUMPS

. 4

RADIAL FLOW | MIXED FLOW | AXIAL FLOW
Radial Flow-A centrifugal pump in which the pressure is developed wholly by centrifugal force




Mixed Flow - a centrifugal pump in which the pressure is developed partly by centrifugal force
and partly by the lift of the vanes of the impeller on the —

|IQUId 1 Impeller Hub plate

=]
Eye @
i <
Inflow
=]

Blade

Axial Flow - a centrifugal pump in which the pressure is
developed by the propelling or lifting action of the vanes of

the impeller on the liquid

Casing, housing,
or volute

- According to casing design

(a) (b)

a) Volute pump b) diffuser or turbine pump

- According to number of impellers

a) Single stage pump b) multistage or multi impeller pump
- According to number of entrances to the impeller:

a) Single suction pump

b) Double suction pump

- According to disposition of shaft " Type of impeller @

(@) Open impeller, (5) enclosed or shrouded i1
a) Vertical shaft pump

b) Horizontal shaft pum
-According to liquid handled

a) Semi open impeller: Semi-open impeller has a plate only on back side. The design is adopted
to industrial pump problems which required a rugged pump to handle liquids containing fibrous
material such as paper pulp, sugar molasses and sewage water etc. in open impeller, no shroud
or plate is provided on either side i.e., the vanes are open on both sides. Such pumps are used

where the pump has a very rough duty to perform i.e. to handle abrasive liquids etc.

b) Closed and Open impeller pump: Closed, and open impellers in the closed impellers the vanes
are covered with side plates (shrouds) on both sides. The back shroud is mounted into shaft and
front shroud is coupled to the former by the vanes. The arrangement provides a smooth passage
for the liquid; wear is reduced to minimum. This ensures full capacity operation with high

efficiency for a prolonged running period.

- According to specific speed



a) Low specific speed or radial flow impeller pump
b) Shrouded impeller
c) Medium specific speed or mixed flow impeller pump

c) High specific speed or axial flow type or propeller pump

Ns = NvQ rpm
SN Pumps =
H
Centrifugal pump _
1 Slow — Fast speed 12-95
2 Mixed flow pump 95-210
Axial flow pump a
3 Propeller pump 172-320

CENTRIFUGAL

- According to head (H)

* Low head if H<15m

* Medium head if 15<H<40m

¢ High head if H>40m

Centrifugal pumps are made in a wide range of materials, and in many cases the impeller
and casing are covered with resistant material. Thus stainless steel, nickel, rubber,

polypropylene, stoneware, and carbon are all used.

8.3 Priming, methods of Priming:

Priming is the process of filling of suction pipe, impeller casing and delivery pipe upto delivery
valve by the liquid from outside source before starting the pump is known as priming.The air is

removed and that portion is filled with the liquid to be pumped.

If priming is not done the pump cannot deliver the liquid due to the fact that the head generated
by the Impeller will be in terms of meters of air which will be very small (because specific weight

of air is very much smaller than that of water).



Priming of a centrifugal pump can be done by any one of the following methods:
i) Priming with suction/vacuum pump.

ii) Priming with a jet pump.

iii) Priming with separator.

iv) Automatic or self priming: A "self-priming" centrifugal pump overcomes the problem of air
binding by mixing air with water to create a fluid with pumping properties much like those of
regular water. The pump then gets rid of the air and moves water only, just like a standard

centrifugal pump.
8.4 Heads and Efficiencies:

Suction head (hs): it is the vertical distance between the liquid level in the sump and the centre

line of the pump. It is expressed as meters.

Delivery head (hd): It is the vertical distance between the centre line of the pump and the liquid

level in the overhead tank or the supply point. It is expressed in meters.

Static head (Hs): It is the vertical difference between the liquid levels In the overhead tank and

the sump, when the pump is not working. It is expressed as meters. Therefore, Hs= (hs + hd)

Friction head (hf): It is the sum of the head loss due to the friction in the suction and delivery

flv?
29D

pipes. The friction loss in both the pipes is calculated using the Darcy’s equation, h; =

Total head (H): Total external Head ‘H’ against which the pump has to work.It is the sum of the

2
static head H, friction head (hf) and the velocity head in the delivery pipei. Where, V4 =

V 2
Velocity in the delivery pipe.  H = [hs +h, +h; + 2_dJ
g .. Eq. 8.1

Manometric head (Hn): Manometric head refers to the difference between the total energy at
inlet to and at exit from the pump. This head is slightly less than the head generated by the

impeller due to some losses in the pump

2 2
H. :(H +\£—5—\2/—dJ
g g Eq. 8.2



Net positive suction head (NPSH): NPSH represents suction head at the impeller eye; it

-5 hm+ydgmg Df)ivery tank Leve,_l,__r
4
hy
(D) Pd
H

W

R )

I I

- Foot valve
Terminolgy of centrufugal pump
represents the head required to make the fluid flow from suction pipe to impeller avoiding

cavitation phenomenon during operation of the pump.

EFFICIENCIES OF A CENTRIFUGAL PUMP:

Manometric efficiency -The ratio of the manometric head to the head imported by the impeller

to the water is known as manometric efficiency. Mathematically, it is written as

Measured Head H H gH
nmanometric = . = = = Eq.8.3
Theoretical Head H (Vuz x uzJ V,, XU,
g

Mechanical efficiency—Mechanical losses in a pump represent the degradation of energy due to
mechanical friction in packing, glands and bearings etc. “it is defined as the ratio of the energy

transferred to water by the rotor to the mechanical energy delivered at the shaft coupling”.



Rotor or Im peller power 7, (Q+q)H.
ol = = L Where H; — Ideal Head generated by pump
7Imechancal Shaft POWQr Shaft pOWGr

Tmechanical FANges between 95% to 98%

Volumetric efficiency—Let Q denote the actual discharge at the pump outlet and. q represent

the internal leakage then the total or theoretical volume flowing through the impeller is (Q + q).

‘Volumetric efficiency is defined as the ratio of actual to theoretical discharge’.

Q
Q+q

n, = With medium and large size pump units’ 1, — ranges from 0.96-0.98
Hydraulic efficiency—Hydraulic losses due to fluid separation and energy consumed by friction
in the flow."Hydraulic efficiency is defined as the ratio of actual head to the theoretical or ideal

head’.n, 4 = Hi

Overall Efficiency -The ratio of power output of the pump to the power output to the pump is

known as overall efficiencyno = Npxnm

Applying Bernoulli's equation at (0) and (1) (Fig.8.2)

VP
0=LL 4 2Lt b+ by,

w | 2g e

Therefore the reading of the pressure gauge at the suction

flange is: © T
P (Vf ) hy
— = —| —+h,+ hy,
w 2g : @ ® l
Apply Bernoulli's equation at (2) and (3) + > - > +—
P2 ]'}_’ ]_,:fﬂ' T ¥y LF)

= 5 =+ ||r|lnl + .lrf_lrnl h,

w29 2g
i O
s

Therefore the pressure gauge reading at the delivery flange

is:

p Vi |

— = +hg + hpg — =
tw 29 =9 Fig. 8.2



http://www.codecogs.com/users/23287/centrifugal-pumps-004.png

Thus the reading of the pressure gauge across the pump flanges equals:

P2 — M . N U o
- = ["r'ln’+"r'l;.-,] T+ [fﬂr;g"‘H“’]ﬂ— _
w : : 2g 29

P, — Py

—=———=(Actual lift) +(Friction head lost in pipe) + (Difference of velocity head across
w

pump) + (the velocity head at discharge)
8.5 Equation for Work Done and Velocity Triangles:

Work done by the centrifugal pump on water: The work is done by the impeller on the water.

The inlet and out let velocity diagrams is shown in Fig. 8.3

Vr; Ve

AT

Flow Direction

Subscript:

X‘ Ve 1-inlet

Fig. 8.3 Velocity Triangles at Inlet and Outlet

Let

N = Speed of the impeller in RPM

D1 = Diameter of Impeller at inlet

U = Tangential Velocity of impeller at inlet = 6



D, = Diameter of impeller at outlet

U, = Tangential Velocity of impeller at inlet = ‘Z‘)

Vi = Absolute velocity of water at inlet

W, = Relative velocity of water at inlet

o1 = Angle made by absolute velocity (V1) at inlet with the direction of motion of vane

0 = Angle made by relative velocity (Vi) at inlet with the direction of motion of vane, and

V2, Viz, B and ¢ are the corresponding values at outlet

As the water enters the impeller radially which means the absolute velocity of water at inlet is

in the radial direction and hence angle a=90°and Vw1 =0

A centrifugal pump is the reverse of a radially inward flow reaction turbine. The Work done by

the water on the runner per second per unit weight of the water striking per second is given by
] 1
equation W.D. = =[V,,u, =V, ,U,|
g
Therefore work done by the impeller on the water per second per unit weight of water striking

per second = - [Work Done in case of Turbine]

1 1 1
W.D. = _{a (leul —Vi,U, )} = {5 (szuz _leul):| = E(szuz)

(V,, =0 Here)

1
Theoretical Head or Euler Head Hi= {— (szu2 —leul) ....Eq.8.4
g

) W
Work done by impeller on water per second W.D. = —(szuz) ....Eq.8.5
g

W = Weight of water=p xgx Q
Q = Area x Velocity = txD;xB1xVs; = txD;xByxV,
Where, B: and B; are width of impeller at inlet and outlet

Vi1 and Vi, are the velocities of flow at inlet and outlet



Velocity Triangles: To construct a velocity triangle:

(a) Draw U tangent to the rotor (b) Draw W tangent to the blade surface (c)Draw V

Centrifugal Pump:

W, ; Ve

Flow Direction

U
2 Subscript:
S‘ Ver 1-inlet
Velocity Triangle:
radial
_

circumferential

u: circumferential speed of impeller (U =rw)



W: velocity tangent to blade surface

V: absolute velocity (\7 U +W )
Ve radial component of V

Vo: circumferential component of V
B: Blade angle

Euler Turbo machine Equation:

e Shaft torque: Tyt = ,OQ(rzvgz - rlvel)

e Brake horsepower: bhp= pQU,V,, —~UV,,)

e Euler’s equation is valid for both pump and turbine
e bhpis the power required to drive shaft of pump (bhp> 0)

or the power required to deliver to shaft of turbine (bhp< 0)

8.5 Minimum starting speed (centrifugal Pump):

When a centrifugal pump is started, Will start delivering liquid only if the pressure rise in the
impeller is more than or equal to the manometric head (Hmano). In other words, there will be
no flow of liquid until the speed of the pump is such that the required centrifugal head caused

by the centrifugal force or rotating water when the impeller is rotating, but there is no flow i.e
. Uy Uy
flow will commence only if Toq >H,

us —u/
For minimum speed, we must have ———= = H m ---Eq. 8.6
2

. _9H,
But from equation Nano =
ViU
V,,u
Hm = ﬂmano x W; 2

Substituting the value of ‘Hy’ in equation, Eq. 8.6




Since U, =%and U, =%

Substituting the values of U; and U,

(ﬂDZN )2 _(ﬂDlN jz
60 60 VioUs

= 77 mano x

29 g
2 2
ﬂNDz _ﬂNDl :nmano wizﬂ
120 120 60

_ 120 X nman ><VWZ X D2
m #(D? - DZ)

N

Minimum speed for starting a Centrifugal Pump:

120 %7,y XV, x D, Eq...8.7

N #(D? - DZ)

8.7 Multistage Centrifugal Pumps (Pumps in Series and Pumps in parallel)

8.7.1 PUMP IN SERIES - MULTI - STAGE PUMPS:

The head produced by a centrifugal pump depends on the rim speed of the impeller. To increase
the rim speed, either rotative speed or the diameter of the impeller or both must be increased.
Increasing either of these has the effect of increasing the stress in the impeller material. For this
reason it is usually not possible to produce very high head with one impeller. Normally a pump
with a single impeller can be used to deliver the required discharge against a maximum head
of about 100 m.But if the liquid is required to be delivered against a still larger head then it can
be done by using two or more pumps in series. The pumps in series may be used in boiler
feeding system to satisfy high head demand, in multi stations interposed in the water mains, etc.

The higher heads may also be produced by using multistage pumps.

A multi-stage pump consists of two or more identical impellers mounted on the same shaft, and
enclosed in the same casing. All the impellers are connected passages to the inlet of the next

impeller and so on, till the discharge from the last impeller passes into the delivery pipe. The



impellers are surrounded by guide vanes which are generally provided within the connecting
passages, and are meant for the recuperation of the velocity energy of the liquid leaving the
impeller into pressure energy. According to the number of impellers fitted in the casing a multi-

stage pump is designated as two stage, three-stage, etc. Fig. 8.4 shows a three-stage centrifugal

pump.
DELIVERY

THIRD
STAGE

Fig.8.4 Three- stage centrifugal pump
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Fig.8.5 Variations of velocity and pressure head in a three — stage pump



Figure 8.5 indicates the variations of the velocity and the pressure head of the liquid as it passes
through the pump.As the liquid passes through each impeller the absolute velocity of the velocity

decreases again to V,; but the pressure head continuously increases.

If H1 and H; are the pressure head gained by the liquid in each impeller and the surrounding guide
vanes respectively, then the pressure head impressed on the liquid at each stage is Hn= (H1+H,).
Now, if there are n impellers then sine at each stage the pressure head will be raised by the same

amount, the total head H developed by this multi-stage pump will be,

H=n (Hm) = n (H1 + Ha+Hs3+H3) Eq.(8.8)

The head loss will be added for individual stage of the pumps

_ f1L1V12 n f, I—2\/22 n flL3V32
" 2g9d, 2gd, 2gd,
Eq.(8.9)

...(For Series pump arrangemert)

Since the same liquid flows through each impeller, the discharge of a multi-stage pump is same

as the discharge passing through each impeller of the series.

The number of stages to be adopted depends on the limitations of speed of the driving
motor and also upon the discharge and the total head. If these factors are known, the head per
stage can be fixed on the basis of the fact that specific speed Ns per impeller should not be less

than about 700, with a provisional maximum limit of head per stage of 160m.



Pumps 1n Series

/Head curve Hl\ - 2H0 -2 1Q~
T > Efficiency cuve
Hy
K i

Qx> — Qs

(@ Single-pump operation (d) Two purnps in series

Pumps in Paralle]
System curve 7

%
. H,, =H,~4

Head

Sl

Twa pumps

One purnp in parallel

Volume flow rate

Figure 8.6 Operation of pumps in series and parallel

8.7.2PUMPS IN PARALLEL:

The multi-stage pumps or the pumps in series as described earlier are employed for delivering a
relatively large head, and then it may not be possible for a single pump to deliver the required
discharge. To deliver a high dischargetwo or more pumps are used in parallel to lift the liquid
from a common sump and deliver it to a common collecting pipe through which it is carried to
the required height (Fig.8.7). Since in this case each of the pumps delivers the liquid against the
same head, the arrangement is known as pumps in parallel.If Q;, Q;, Qs................Qnare the
discharging capacities of n pumps arranged in parallel then the total discharged delivered by

these pumps will be. In such cases the head loss equation is same



_ 1:1 L1V12 _ fz |-2V22 _ 1:1 L3V32
2gd, 2gd, 29d,

f ...(For Parallel pump arrangemert) Eq.(8.10)

Q = (Q1+ Q2+ Q3 ............. + Qn) Eq(811)

If the discharging capacity of each of the ‘n’ pumps is same (i.e. Q;=Q,=Qs), equal to Q then the

total discharge delivered by these pumps will be

Q=nQy Eq.(8.12)

COLLECTYING PIPE

- ™

--—->(o..e,il

DELIVERY PIPE

Fig. 8.7 Two Centrifugal pumps arranged in parallel

8.8 Characteristic Curves for a Single stage Centrifugal Pumps:

Characteristics curves of centrifugal pump are defined as those curves which are plotted from the
results of a number of tests on the centrifugal pump. These curves are necessary to predict the
beahaviour and performance of the pump when the pump is working under flow rate, head

and speed. The following characteristics curves are important for Centrifugal Pumps:



8.8.1 Main Characteristics Curve: Variation of Head, Power and Discharge with respect to

Q
D°N

8.8.2 Operating Characteristics Curves: If the speed is kept constant, the variation of

speed (Fig. 8.8) =Constant Eq.(8.11)

manometric head, power and efficiency with respect to discharge gives the operating
characteristics (Fig. 8.9)
8.8.3 Constant Efficiency Curves: For obtaining constant efficiency curves (muschel curves) for
a pump, the head versus discharge curves and efficiency versus discharge curves for different
speed are used. The points of equal efficiency are plotted and are also called Iso-efficiency curves

(Fig. 8.9)
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System Characteristics and Pump Selection:There is also a uniquerelationship between theactual

pump head gainedby the fluid and flowrate,which is governed by thepump design (fig.8.10)
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8.9 Problems:



Q.1. A centrifugal pump running at 800 Rpm is working against a total head of 20.2 m.
the external diameter of the impeller is 480mm and outlet width 60mm. If the valve
angle at outlet is 40 and manometric efficiency is 70% determine?

a) Absolute velocity of water leaving
b) Flow velocity at outlet

¢) Angle made by the absolute velocity at outlet with the direction of motion at outlet.

d) Rate of flow through the pump.

D) N mx0.48x800

Soln: velocity of valve at outlet u; = 60 60 =20.1m/s
manometric efficiencyn = gHm ,0.70=9.81x20.2, Vw =14.08m /s
" Vwauy Vwy x20.1 ?

From the outlet velocity triangle tan ¢= V.
Uy — VW2

-V = tan 40° x(20.1 —14.08) = 5.05m / s
4

Absolute velocity of water leaving the valve 2 is given by
V= If" +/w" =05 +14.08" =14.96m /s
2 2 2

Angle made by the absolute velocity at outlet with the direction of motion is given by

tan f=J2 =305 _03586  -.p=19.7"
Vi, 14.08

Rate of flow through the pump Q =7D, B,Vf; =mx0.48x0.06x5.05 = 0.457m’ / s

Q2. A centrifugal pump impeller having external and internal diameter 480mm and
240mm respectively is running at 100 Rpm. The rate of flow through the pump is 0.0576
m3/s and velocity of flow is constant and equal to 2.4m/s. the diameter of the section and
delivery pipes are 180mm and 120mm respectively and section and delivery heads are
6.2m(abs) and 30.2m(abs) of water respectively. If the power required to drive the pump
is 23.3KW and the outlet vane angle is 45 determine

(a) inlet vane angle (b) Overall efficiency (¢) manometric efficiency of the pump

Soln: tangential velocity or impeller velocity at inlet
_ DN m0.24x1000
U = 60 " 60 =12.56m /s

From the inlet velocity triangle tan ¢= Vh 241 0.191

231 12.56
~.0=10.8" (inlet vane angle)



yOHm  9.81x0.05xHm
Overall efficiency np = P = 233 ~.np =0.02387Hm (1)

but, Hn=1| 7, + £~ IT'—_|—| z +ﬂ_'1’_l_ ||
n- r l____l?, R 1_-_,‘:".
40 4x0.0567
where, Vy =V = 7dy = m0.12" =5.01m/s
d

40  4x0.0567
where, Vy =V =md, = m0.18° =223m/s

letZy =Z, i.e pump inlet and outlet are at same level.
p
= hy = 6.2m(abs) %:hd =30.2m(abs)

i

3 1) Gl A . 22
:pr.a'.|_| -

1
2+ }=25.03m
2x0 81 ||

[.
[\

o Hm -

02+

no, overall efficiency of pump= 0.02387x25.03=0.597=59.7%

D) N mx0.48x1000

Velocity of the impeller at outlet U= = =2513m /s
60 60
140) 2.4
From the outlet velocity triangle tan ¢= , tan 450= ,
ur—Vwy 25.13 —Vwy

Vwp=22.73m / s

gHm 9.81x25.03

n =
Manometric efficiency mane = =0.43=43%
Vwoup  22.73x25.13

Q.3. It is required to deliver 0.048m’/s of water to a height of 24m through a 150mm diameter and
120m long pipe by a centrifugal pump. If the overall Efficiency of the pump is 75% and co efficient
of friction f=0.01 for the pipe line. Find the power required to drive the pump.

40  4x0.048

Soln: velocity of water pipe Vs =Va=V= md? = m0.15%> =2.7m/s



Overall efficiency 7=  yOHm 0.75= 9.81x0.048x27.37 , P=17.2KW

P P



Q4. The following data relate to a centrifugal pump. Diameter of the impeller at inlet &
outlet =180mm and 360mm respectively. Width of impeller at inlet and outlet=144mm
and 72mm respectively. The rate of flow through the pump=17.28Ips. Speed of the
impeller = 1500 Rpm. Vane angle at outlet=45 water enters the impeller radially at inlet

neglecting losses through the impeller. Find the pressure rise in the impeller.

. . 0 0.01728
Soln: velocity of flow at inlet Vfj = =
DB m0.18x0.0144
: 0 0.01728
Velocity of flow at outlet Vf, = =2.12m/s

Dy By mx0.36x0.0072

Dy N mx0.36x1500
60 60

Tangential velocity of impeller at outlet u; = =2827m/s

Pressure rise in the impeller is given by the equation = 1 {Vf]2 +u22 —Vf22 Ccos ec2¢}
2g
- 1 <{2.122 +28.27% -2.12% x cos ec’ 45 }
2x9.81

Q.5 A centrifugal pump delivers water at the rate of 1800 lpm, to a height of 20m,
Through a 0.1m, dia, 80m. long pipe. Find the power required to drive the pump, if the
overall efficiency is 65%, and Darcy’s friction factor = 0.02.

Soln. Discharge Q=1800 lpm=0.03 cumecs.

Delivery head hd =20m

Dia of delivery pipe dd=0.1m

Length of delivery pipe [; =80m
Overall efficiency 79 = 0.65 f=0.02

V 2
Total head H =hg +hg +h¢g +h¢g + z_d
g

So this prob A; =0 hg = 0 (details are not given)
-H =hd —|—hfd + V_d2

29
[ 8x0.02x80x0.03 2 (4x0.03) 1 )

H=1920+ ‘>=32.65m
| 9.81xmx0.1°  ‘lmx0.12) 9.81x2
L J
Output of the pump= nQOH = 9.81x0.03x32.65 = 9.6kW

0.18 =mx0.1xD5 x2
Output of the pump

But 11 effici =
utoverall ethietency 7o power require to drive the pump

Power required to drive the pump = 9.6/0.65=14.8kw



Q6. A centrifugal pump is required to deliver 280 Itrs of water per second against a head
of 16m, when running at 800rpm. If the blades of the impeller are radial at inlet and
velocity of flow is constant and equal to 2m/sec, find the proportions of the pump.

Assume overall efficiency as 80% and ratio of breadth to diameter at outlet as 0.1

Soln: the inlet and outlet velocity triangles will be as shown

From continuity equation Q =7z D; B, Vf,

=Dy =0.67m (diameter of the impeller at outlet)

By =0.1x0.67=0.067m = 6.7cm (Width of the impeller at outlet).

n = &Hm 9.81x16
mano VWZ”Z 08 = VW2u2
_ ) _ D) N m0.67 x800
Vwoupy =196.2 (i) but uy = 60 = 60 =28.1m /s
From eq (i) Yw; x2.81 =196.2 or Vwy =6.99m /s

vh o[ 2 ]

From the outlet velocity triangle tan ¢= =0.0947

uy —Vwr  128.1-6.99

Sg= 5.41° (Blade angle at outlet) tan #= Vh =_2 =0.286 .'.ﬁ:160
Yw,  6.99

Q7. The following data refer to a centrifugal pump static head = 40m, suction height
5m, dia of suction and delivery pipes = 0.1m, loss of head in suction pipe = 2m, loss of
head in delivery pipe = 8m, impeller dia at outlet =0.4m, impeller breadth at outlet
25mm.blades occupy 10% of the outlet area, speed 1200rpm. Exit angle of blade = 1500
with the tangent, Manometric efficiency = 80%, overall efficiency = 70%. Find the
power required driving the pump and what pressures will be indicated by the gauges

mounted on the suction and delivery sides.

Soln: Outlet vane angle .. =180 —150 = 30"
Delivery head hy = (H ;—hs )= (40-5)=35m

Head on the pump H=40+2+8=50m

From the outlet velocity triangle tan ¢ = JV—fz 1
LMZ —VW2 J
D .
where, uy = z 2N: 20.4x1200 =25.13m/s

60 60
n = gHm 9.81x50

Also from the equation a0 Pwouy Vwy =25.13x0.8 =24.4m / s




DN mx0.4x1200

soln:u = 60 = 60 =25.13m /s
u DN m0.8x1200
2 = 60 = 60 =50.26m/s

: o V;
From the inlet velocity triangle tan& = fl_ul

~Vfi =Vf =25.13tan 20" =9.15m /s

From the outlet velocity triangle tan®=V{2/(u2-vw2)=9.15/(50.26-Vy,,)
or, Vw2=34.41m/s

Work done/sec=1/g(Vw2 X up) =34.41%50.26/9.81=176.3kn-m/s/kn

Q10. The impeller of a centrifugal pump runs at 90 Rpm and has vanes inclined at 120 to the
direction of motion at exit. If the manometric head is 20m and manometric efficiency is 75%
Vane angles at inlet. Take the velocity of flow as 2.5m/s, throughout and the diameter of the

impeller at exits as twice that at inlet.

Soln: From the definition of manometric efficiency 74,0 = gHm / Vw,U,

Pl o220 o616 (i
Wty =75 =26160)
Vi 2.5
From the outlet velocity triangle (U—Vw, ) =tan 60° = tan 60° =1.44 Vi, = (up —1.44)
but D, N
Substituting the value VYw,, (u; —1.44)u, =261.6=169m/s U, = 60
60x16.9 3.50m /
2 =""xo0 = 9mls
16.
further u :ﬁ:—9:8.45m/s
2 2
From the inlet velocity triangle tan 6= -Igl— _ 25 0.2959
1 845

. 0=16.48" (Inlet Vane Angle)



Q.11 A centrifugal pump working in a dock, pumps 1565 litres per second against a mean lift of 6.1m
when the impeller rotates at 200 rpm. The impeller diameter rotates at 200 rpm. The impeller
diameter is 122cm and the area of outlet periphery is 6450cm?2. If the vanes are set back at an angle
of 26 ° at the outlet, find (i) Hydraulic efficiency (ii) Power required to drive the pump. If the ratio

of external to internal diameter is 2, find the minimum speed to start pumping.
Solution: Peripheral or tangential velocity of Impeller at outlet;

DN 7x1.22x200
60

=12.77m/s

U,

=—————=243m/s

Flow VelocityV,, = 6450 <10
X

Q _1565x107°
A

Whirl component V2 = uz — VpCotPs
Vo= 12.77-2.43Cot26° = 7.79m/s

V,,xU, 12.77x7.29
g 9.81

=10.14m

Euler Head H; =

(i) Neglecting the effect of slip, the ideal head H; equals the Euler head

Actual Head 6.1
Ideal Head  10.14

Hydraulic Efficiency = =0.601=60.1%

(ii) Power required to drive the pump,
P = y»QH=9810x1.565%6.1
P =93651W=93.65kW

(iii) Minimum speed for centrifugal pump to commence is given by,
2 2
u u
21 =-H, Given D, =2D3; u; =2 uy
29
2u, )’ —u?
—( ) - =6.1m
29

u = /%“61 —6.316m/s;u, = 2u, =12.63m /s

u,x60 12.63x60
7xD, wx122

=197.75=198RPM

Minimum rotational speed N =

Nmin = 198 RPM

Q.14 A 4-stage centrifugal pump supplying water is to be designed for a total lift of 120m when running

at 1450 rpm; its discharge under these conditions is 0.24m?3/s. The vanes are set back at an angle of



30° with the tangent to the wheel at outlet, and the impeller is surrounded by guide vanes. The water
enters the vane passages in a radial direction, the velocity of flow through the impeller is 0.3 of the
outlet peripheral velocity and the losses in the amount to one-third of the velocity head at discharge
from the impeller. Find the diameter and width of impeller at outlet. The manometric efficiency and

the angle of the guide vanes

Solution: The useful head per stage of centrifugal pump H = % =30m

A V)
Actual head per stage Hi=H + losses = 30 + — x —% =30 + —>
3 29 69

VZ
Hi=30 + —2..Eq.1
69

The actual head equals the energy transfer per unit weight; referred to as Euler head (H;)

V., xu
H, = —42—2 Substituting in Eq.1
g
V., xu V)
H, =—42—"2=30+ % . Eq.2
g 69

Now given Vi, = 0.3 u;

V2 = uz — ViCotP,

V= Uz-0.3xu, Cot30° = 0.48u,
V22 = sz +Vu22

Now

V; =(0.3u,)? +(0.48u,)* = 0.32u;

Substituting values of V, and Vy; in Eq.2 we get,

2

V,, XU, 30+ V_z Eq.2

g 69
0.48u, xu, 0.32u; Eq2

g 69
On solving u, = 26.26 m/s
Since U, = 722\ ; 26,2 = 7 x D2 x1450
60 60

D, =0.346m = 34.6cm



Discharge Q = mxD2xb2xV{f2
0.24=11x0.346xb,x(0.3x26.26)

b,= 0.028m = 2.8cm

V 2
Actual head per stage = H;=30 + 6—2 ..Eq.1
g9

2 2
Hoz 30+ 0:92%Y; _ o 0iSEX20:260 8 s e
6x9.81 6x9.81
e 30
.. Manometric efficiency Nmano= ——— = 0.889 =88.9%
33.75
Vv
Now tana, = —% = 0:3xU; 4 625
2 0.48xu,

a2 =tan’}(0.625) = 32

Q.15 The internal and external diameters of the impeller of a centrifugal pump are respectively
200mm and 400mm. The pump is running at 1000rpm. The vane angles of the impeller a inlet and
outlet are 20° and 30°. Water enters rapidly and velocity of flow is constant. Determine the work

done by the impeller per unit weight of water.
Soln: internal diameter of the impeller=D;= 200mm
External diameter of the impeller=D,= 400mm
Angle atinlet 6 = 20°

Angle atinlet ¢ =30°

Water enters radially a=90° and V,,1=0

Velocity of flow V= Vg

Tangential velocity of the impeller at inlet and outlet are

X D, x N; _ 7x0.4x1000
60

u, =10.46 m/s

Vi, _ Va
U, 10.46

From inlet velocity triangle, tanB= tan20° =



V= 10.46 tanB =10.46 tan20°= 3.80 m/s

From outlet velocity triangle,

_nxD,xN, 7x0.4x1000
60 60

U, =20.93 m/s

U.=20.93

VfZ
(U 2 _sz)
3.8
(20.93-V,,)

tang =

tan30 =

Vw2=14.348 m/s

The work done by the impeller per kg of water per seconds (W)




