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CHAPTER 1
INTRODUCTION AND CLASSIFICATION OF TURBOMACHINES
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ADIABATIC FLOW THROUGH NOZZLE
Let m1 is the mass entering the steady flow device at velocity V1  and pressure p1 and m2 is the mass leaving the steady flow device at outlet with a velocity of V2 and pressure p2.
According to steady flow energy equation
h1+V12/2 +z1g  +q   = h2 +V22/2 +z2g +w--------equ (2.1)
where suffix 1 indicates inlet and 2 indicates outlet. Since nozzle is an adiabatic device and it is an energy transformation device.
Q=0,w=0,neglecting potential energy
Equation (2.1) becomes
h1+V12/2 = h2 +V22/2
Since inlet entry condition of nozzle is stagnated; that is flow is adiabatically brought to zero  V1=0
h1 = h2 +V22/2
V2 = 
For gases V2 = 

COMPRESSIBLE FLOW AND BASIC RELATION
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CHAPTER 2 
CENTRIFUGAL PUMPS AND FANS



Classification and parts of centrifugal pump:


Rotodynamic Pumps


A roto dynamic pump is a device where mechanical energy is transferred from the rotor to the fluid by the principle of fluid motion through it. The energy of the fluid can be sensed from the pressure and velocity of the fluid at the delivery end of the pump. Therefore,it is essentially a turbine in reverse. Like turbines, pumps are classified according to the main direction of fluid path through them like (i) radial flow or centrifugal, (ii) axial flow and (iii)mixed flow types.


Centrifugal Pumps

The pumps employing centrifugal effects for increasing fluid pressure have been in use for
more than a century. The centrifugal pump, by its principle, is converse of the Francis
turbine. The flow is radically outward, and the hence the fluid gains in centrifugal head while
flowing through it. Because of certain inherent advantages, such as compactness, smooth and
uniform flow, low initial cost and high efficiency even at low heads, centrifugal pumps are
used in almost all pumping systems. However, before considering the operation of a pump in
detail, a general pumping system is discussed as follows.
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CHAPTER3
CENTRIFUGAL COMPRESSOR
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CHAPTER4
AXIAL FLOW PUMP
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CHAPTER 5 
Pump selection guidelines, cavitation, priming
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CHAPTER6
AXIAL FLOW COMPRESSOR
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CHAPTER7
GAS TURBINE
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VELOCITY TRIANGLE OF GAS TURBINE
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CHAPTER8
STEAM TURBINE
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CHAPTER9
HYDRAULIC TURBINE
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CLASSIFICATION OF TURBO MACHINES

1. Based on energy transfer

a)
b)
)

Energy is given by fluid to the rotor - Power generating turbo machine E.g. Turbines
Energy given by the rotor to the fluid — Power absorbing turbo machine
E.g. Pumps, blowers and compressors

2. Based on fluid flowing in turbo machine

caogse

o

Water
Air

Steam

Hot gases

Liquids like petrol etc.
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Example 1: A single stage Impulse turbine has a diameter of 1.5 m. and running at 3000
RPM. The nozzle angle is 20", Speed ratio is 0.45. Ratio of relative velocity at the outlet to
thatat inletis 0.9. The outlet angle of the blade is 3" less than inlet angle. Steam flow rate is
6 kg/s. Draw the velocity diagrams and find the following. (i) Velocity of whirl (ii) Axial
thrust (iii) Blade angles (iv) Power developed.

Solution : Given : D=1.5 m, th = 6 kg/s, N=3000RPM, o, = 20°, $=U/V,= 0.45,
C=V/V,=0.9, B, =B -3, To Find : AV,, F,, B, By, P.

Tangentialspeed ofrotor, U= ZDN = X L3300 — 35,6y

Velocity of steamatinlet, V =U/¢=235.6/0.45=523.6 m/s
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AV.
Scale 1: 50

30
Nt

Ve

V“L—U 2356 ——|
P Vi, J

From Graph : §;=35", V)= 3125 m/s.  (iii) Blade angles : B;=35", B, =32"

V,,=0.9x312.5=281.3 m/s.
B, =357-3°= 32°
(i) Velocity of Whirl : =(6x235.6 x 495)/1000
AV, =9.9 cm x50 = 495 m/s P =700 kW

(iv) Power developed:P= % UAV,
3
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(ii) Axial thrust : F, = ' x AV, (v) Stage efficiency : n =

g v,
AV¢=0.6 cm x 50 =30 m/s 2x235.6x X 100
- 2
F,=6x30=180N. (523.6)

n, = 85.1%
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fExample 2: Steam flows through the nozzle with a velocity ot 450 m/s at a direction which
isinclined atan angle of 16" to the wheel tangent. Steam comes out of the moving blades
with a velocity of 100 m/s in the direction of 110" with the direction of blade motion. The
blades are equiangular and the steam flow rate is10 kg/s. Find:(i) Power developed, (ii)The
power loss due to friction (iii)Axial thrust (iv) Blade efficiency and (v) Blade
coefficient.
Solution :Given:V, =450m/s, o = 16"V, = 100 m/s. ) =110".c,=70" B, =p,.

m =10kg/s. Find:P, P, F,,my, Cp.
Graph construction : For the selected scale, draw V, w.rt @ and V, wrt a, and
find the value of Vy; & Vi, To get B, and B,, produce Vi in backward direction &
draw the line from the apex 'A’ of inlet velocity triangle which cuts at Vi, produced
backwardatB.
Now measure Bjand B, and find out the tangential velocity of rotor.

AVy

Scale 1: 50

' Vi
‘A“
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From Graph: U=167m/s, V,;=293m/s,V,,=222 m/s

B,=B,=25",AV,=30.1 m/s, AV, = 466.8m/s.

_10x167x466.8 _

1000 = 780 kW

(i) Power developed, P= gmeAV
3

(ii) Powerloss to friction: P, = ™x Ah,
g

Ah, = Pressure Energy loss due tofriction n the rotor = 1/2¢, [V, V5 )]
(293%222.0%)

f 2x 1000

*. Powerloss, P= Ah{ =10x18.28 =182.8 kW

10x30.1
1

Ah_ = =18.28 kl/kg

(iii) Axial thrust,F = m Ay = =301N

ot
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2U AV, 2x167x466.8
v? 450°
v, m

R e oo 2 _
(v) Blade velocity coefficient: C v, 203 0.758

(iv) Rotor Efficiency : n,= =77%
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Example 3 : Dry saturated steam at 10 atmospheric pressure is supplied to single rotor
impulse wheel, the condenser pressure being 0.5 atmosphere with the nozzle efficiency of
0.94 and the nozzle angle at the rotor inlet is 18° to the wheel plane. The rotor blades which
moves with the speed of 450 m/s are equiangular. If the coefficient of velocity for the rotor
blades is 0.92, find (i) The specific power output (ii) The rotor efficiency (iii) The Stage
efficiency (iv) Axial thrust (v) The direction of exit stcam.

Solution : Given : p, = 10 atm ~ 10 bar, p, = 0.5 atm = 0.5 bar, 0,5, = 0.94, &, =18",
U =450 m/s, By= By, Cy= 0.92 =V, / V, .

foPume o[ Condenser|—
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From Mollier Chart: h=2780 ki’/kg, h, =2270 ki/kg

1 1
Isentropic enthalpy change, Ah =h,-h ,=2780-2270
1
Ah =510kJ/kg
Actual enthalpy change, Ah=h,-h,=V} /2. (asnegligible velocityatnozzle inlet)

.. Efficiency of the nozzle,
_  Actual enthalpy change /kg of steam nozzle
nozzle  sentropic enthalpy change /kg of steam in nozzle

0.94=(V} 2g,)/Ah'
2xg x0.94xAR = 2x1x0.94x510x10°

Velocity of steam entering the turbineis, V; =979.2m/s
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e AYy - >
Scale 1: 90

FromGraph: AV =24.12m/s o,= 88.5
AV, = 924.1m/s
(i) The specific power output (P)
P UAV, 450x924.1

Specific power output, W=—c w4159 KW/(kg/s)
. . W 2UAV, 2x450x924.1
(ii) Therotor efficiency : 1, = S5 st X 100
v, 2.V, (979.2)
=86.7 %

(i) Stage efficiency s 1, =1, X Mg~ 0867x094

14 %
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(iii) Stageefficiency: Mo =My X Mgy = 0.867x0.94
=814 %
1x24.12
1
F,=24.12 N/(kgls)
(v) Thedirection of exitsteami.c.,
a, = 88.5" in the direction of tangential speed of rotor.

(iv) Axial thrust:F, = g1 AV, =
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3. Based on direction of flow through the impeller or vanes or blades, with
reference to the axis of shaft rotation

Axial flow — Axial pump, compressor or turbine
Mixed flow — Mixed flow pump, Francis turbine
Radial flow — Centrifugal pump or compressor
Tangential flow — Pelton water turbine

ce

ce

4. Based on condition of fluid in turbo machine

a)  Impulse type (constant pressure) E.g Pelton water turbine
b)  Reaction type (variable pressure) E.g. Francis reaction turbine

5. Based on position of rotating shaft

a)  Horizontal shaft — Steam turbines
b)  Vertical shaft — Kaplan water turbines
©)  Inclined shaft — Modern bulb micro-hydel turbines
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7.0 Reaction Turbines :

The reaction turbine using now-a-days are of Impulse-Reaction turbines. Pure
reaction turbines are not in general use. The expansion of steam and heat drop occur both in
fixed and moving blades. All reaction turbines are of axial flow type.

7.1 Velocity Triangles for General case :
Velocity diagrams are shown in
Fig.11. In reaction turbine, steam
continuously expands as it flows over the
blades. The effect of the continuous
expansion during the flow over the
moving blades is to increase the relative
velocity of steamie., Vi, >V,

Vi)

Fig.11.Impulse Reaction turbine stages.
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7.2 Degree of Reaction (R) :

The degree of reaction for reaction turbine stage is defined as the ratio of enthalpy
drop in the moving blades to the total enthalpy drop in fixed and moving blades (i.c., s
enthalpy drop to total enthalpy drop), as shown in Fig. 12.

Thus, Fixed Moving
_Enthalpy drop in moving blades
Total enthalpy drop ina stage
Ah,,

" AhgtAh,,
Enthalpy drop in moving blades

22
Vo -Vu

2g.
Total enthalpy drop ina stage :

b =W= Ahg+ah,, = TUC(VH,W“Z) Fig.12 h-s. diagram for enthalpy drop.

2 2 2 2
(Vo Vi )28 _ Vo -Vu

U(VyrtVi)le 2U(Vy V)
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From velocity triangle : Vi, = Vi, cosec B, & V,; =V, cosec B,
and (V,;+V,,) =V cot By + Vi, cot By
Vi=Vp=V;  (because flow velocity is constant generally)

2 2 2 2 2
Vi cosec’B, -cosec’B,  Vp (I+cot By)- (14 col By)

2U  cotBy +cotB, 2U cot B, + cot B,

Vi colz B, - colz[i‘
20U cotP, +cotp,
R=Ve [cot B, - cot B, ]
U
If R=0.5 i.e.,50% Reaction, then
leot B, - cot By]

(19)

(20)
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Condition for Maximum Efficiency :

For maximum efficiency derivation, the following
are assumed,
(i) Reactionis 50%
(ii) Themovingand fixed blades are symmetrical
(iii) The velocity of steam leaving the first stage

is same as the velocity of steam entering the

next stage (i.c., thereisnoloss, V,=V;)
‘Work done per kg of Steam,

Fig.13. Parson's Reaction Turbine.

U
e [V, cosa +V, cosa, ]
3

u . 2co8’ oy
= =g [V, cosa, +(V,,cos B,-U)] o Mymax™ —5—

AT 1 e 2
butV,=V,and B,=a; forR=0.5

2

W= U2V, cosa, -U)/g,= UV, cosar, -U g,

In termsof speed ratio, =U/V,
2

B o4 @

1+cos o

v? Speed ratio, ¢
. 1
The K.E. supplied to the fixed blade = b Fig.14. Speed ratio v/s
- - blade efficiency.




image109.png
V-
& K.E. supplied to the moving blade = 2
2
Total energy supplied to the stage, Ahy = 2—‘ +
2 2 2
Vi Vo Vi
2g, 2g,  2g.
2

Vl Vi

ch

Ay =

Ahy =

Vi=V)

From mlelvelocitylriaugle : Vrf U -2V, U cosa

2
A VI (VP4 U -2V,U cosa,)
ho* T E—

Ah(,:(Vl +2V,U coso —Uz)/ch

2

v 2U 5
=1+ 2

Ahy 28, 1 v, cosa -| ] [1+2¢ cosa, - ¢]

blade elliciency.

(22)
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The blade efficiency ofreaction turbine is defined as,
__Work done per kg of steam W
" Total energy supplied to stage  Ahy

Vf [2¢cosa, -@z]/g‘_ _ 2(2¢cosa1-¢z)

= 2 2.
Vi i2g [142¢ cosa -4 1 [1+2cosa, -4 ]
(120 cosa; -¢)-2
1+2¢cosa, - ¢
n,-2- 2 (@3)

1+2¢ cosar, - ¢

Formaximum blade efficiency , %h =0
oy 2
Ty (1 2bcosw -4 )=2c0s0, <29 = 0

Speed ratio: ¢z% = cosat, (24)
1
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', Equation for maximumblade efficiency,

2
. 5 _ 2(1+cos )-2
Mo, mx 2 2
1+2(cosa; cosay)-cos o 1+cos o
2

2cos &,
Mo, mex ~ 7 (25)

1+cos oy

The variation of 1, with blade speed ratio ¢ for the reaction stage is shown in Fig. 14.
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Example 6.: The following data refers to a particular stage of a Parson's reaction turbine.
Speed of the turbine = 1500 RPM, Mean diameter of the rotor = m, stage efficiency = 0.8,
Blade outlet angle = 20", Speed ratio = 0.7, Determine the available isentropic enthalpy
drop in the stage.

1
Solution: N=1500RPM, D=1m, n,=0.8, B,= @,=20", $=U/V, = 0.7, find: Ah

Tangential speed ofrotor, U = % = % = 78.54 m/s

Steam velocity atinlet of smge,VIZ% = % =112.2m/s

‘Work done per kg of steam,
_u
W= 5 @Y,
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From velocity triangle
AV, =V, cosa,; +(V, cosp, -U)

=V, cosa, +V, cosa; - U

=2V cosa-U (.0 o =Byas Vp=V))
AV, =2x1122x¢0s20"-78.54=132.33 m/s

_ 78.54x132.33
1x1000

Stage efficiency is given by,
‘Work done per kg of steam _ W
Isentropic enthalpy dropinastage  Ah'

= 10.39kJ /kg

s =
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Isentropic enthalpy drop, Ah' = - 1052
g 0.8

Ab'= 1310 /kg
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APPLICATION OF FIRST AND SECOND LAWS TO TURBO MACHINES

Q) W(#) Power generating

datum

Fig. 5 — Steady flow energy process in turbo machine
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Example 7: Inareaction turbine, the blade tips are inclined at 35” and 20° in the direction of
rotor. The stator blades are the same shape as the moving blades, but reversed in direction.
Ata certain place in the turbine, the drum is Im diameter and the blades are 10 cm high. At
this place, the steam has a pressure of 1.75 bar and dryness is 0.935. If the speed of the
turbine is 250 RPM and the steam passes through the blades without shock find the mass of
steam flow and power developed in the ring of moving blades.

Solution : Given: B,=35"=a,, B,=20°=q,;, D=1m, N=250RPM, h=0.1m, At
75bar, X=0.935. Find: m, P.
Tangential speed of rotor

certain point, p=

7D, N
V"%
Where D, =Meandiameter of rotor =D+h

m

=1.0+0.1=11m

Dl\\
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U= EXLIX20 g

2
Area of flow,A;=nD  h=mxl.1x0.1=0.3456 m

From Graph : AV, = 45.45 m/s
Vi =Vp=10.8 mis=V;
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From Mollier chart, R
Specific volume of steam, v = 0.96 m /kg corresponding to pressure = 1.75 bar and
dryness fraction, X=0.935.

Density of steamatthat point, p= - = 1.042 kg/m’

(a) Mass flow rate ( m):
h=p AV, = 1.042x0.3456x 10.8 ke/s
=389 ke/s

(b) Power developed (P):

_m __3.89x14.4x45.45
P=—g VAV, 000 kW

P=2.545kW
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L.Introduction :

Hydraulic (water) turbines are the machines which convert the water energy
(Hydro power) into Mechanical energy. The water energy may be either in the form of
potential energy as we find in dams, reservoirs, or in the form of kinetic energy in flowing
water. The shaft of the turbine directly coupled to the electric generator which converts
mechanical energy in to electrical energy. This is known as " Hydro-Electric power".

2.Classification of Hydraulic Turbines :

Water turbines are classified into various kinds according to i) the action of water
on blades, ii) based on the direction of fluid flow through the runner and iii) the specific
speed of the machine.

(i) Based on the action of Water on Blades :

These may be classified into:1) Impulse type and 2) Reaction type

In impulse turbine, the pressure of the flowing fluid over the runner is constant and
generally equal to an atmospheric pressure. All the available potential energy at inlet will
be completely converted into kinetic energy using nozzles, which in turn utilized through a
purely impulse effect to produce work. Therefore, in impulse turbine, the available energy
attheinlet ofa turbine is only the kinetic energy.

In reaction turbine, the turbine casing is filled with water and the water pressure
changes during flow through the rotor in addition to kinetic energy from nozzle (fixed
blades). As a whole, both the pressure energy and kinetic energy are available at the inlet of
reaction turbines for producing power.
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(i) Based on the direction of Flow of Fluid through Runner :
Hydraulic machines are classified into :
a) Tangential or peripheral flow
b) Radial inwardor outward flow
¢) Mixedordiagonal flow
d) Axialflow types.

a) Tangential Flow Machines :

In tangential flow turbines, the water flows along the tangent to the path of rotation
of the runner. Example: Pelton wheel
b) Radial Flow Machines :

Inradial flow machine, the water flows along the radial direction and flow remains
normal to the axis of rotation as it passes through the runner. It may be inward flow or
outward flow.

In Inward flow turbines, the water enters at the outer periphery and passes through
the runner inwardly towards the axis of rotation and finally leaves at inner periphery.
Example: Francis turbine. In outward flow machines the flow direction is opposite to the
inward flow machines.
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) Mixed or Diagonal Flow :

In this type of turbine, the flow of fluid may enter at the outer periphery, passes over
the runner inwardly and leaves axially or parallel to the axis of rotation and vice-versa.
Examples: Modern Francis turbine, Deriaz turbine.
d)Axial Flow Devices :

In this type of turbine, the water flows along the direction parallel to the axis of
rotation. Examples: Kaplan turbine, propeller turbine etc.,

(iii) Based on Specific Speed :
Hydraulic turbines are classified into :

(a) Low Specific Speed: Which employs high head in the range of 200m
up to 1700 m. These machines requires low discharge. Examples: Pelton wheel.
N,=10to30singlejet and30to 50 fordoublejet Pelton wheel.

(b) Medium Specific Speed : Which employs moderate heads in the range of 50m to
200m. Example: Francis turbine, N=60t0400.

(c) High Specific Speed : Which employs very low heads in the range of 2.5 m to 50
m. These requires high discharge. Examples: Kaplan, Propeller etc., N, = 300 to
1000.
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3 Pelton Wheel :

This is a impulse type of tangential flow hydraulic turbine. It mainly posses:(i)

Nozzle (ii) runner and buckets (i

) casing (iv) brake nozzle. Fig. I shows general layout of

hydro-clectric power plant with pelton wheel.

The water from the
dam is made to flow
through the penstock. At
the end of the penstock,
nozzle is fitted which
convert the potential
energy into high kinetic
energy. The speed of the jet
issuing from the nozzle can
be regulated by operating
the spear head by varying
the flow area. The high
velocity of jet impinging
over the buckets due to
which the runner starts
rotating because of the

Head race

Gross head
(1)

|
v

[

Fig.1 Layout of Hydro-electric power plant

impulse effects and thereby hydraulic energy is converted into mechanical energy. After the
runner, the water falls into tail race. Casing will provide the housing for runner and is open
to atmosphere. Brake nozzles are used to bring the runner from high speed to rest condition
whenever it is to be stopped. In order to achieve this water is made to flow in opposite
direction through brake nozzle to that of runner .
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4.0 Heads and Efficiencies of Hydraulic Turbines :
4.1 Hydraulic Heads :

(a) Gross head: It is the difference between the head race and tail race level when
thereis no flow. As such itis termed as static head and is denoted as Hor H,,.

(b) Effective head: Itis the head available at the inlet of the turbine. It is obtained by
considering all head losses in penstock. If hyis the total loss, then the effective
headabove the turbine is H= H,-h; )

4.2 Efficiencies:
Various efficiencies of hydraulic turbines are:
i) Hydraulic efficiency (n,,) ii) Volumetric efficiency (1, o))
iii) Mechanical efficiency (n,.p) ~ iv) Overall efficiency (n,)

i) Hydraulic efficiency (n,): It is the ratio of power developed by the runner to the water
poweravailable at the inlet of the turbine.

(/g ) UV #UV) - pQMU VU V) H
TG i) g, pQeH H
H-h;
Mu~

2)

Where H is effective head at the inlet of turbine.

ii) Volumetric efficiency (1, ,): It is the ratio of the quantity of water actually striking the
runner to the quantity of water supplied to the runner.

AQ

AQ = amount of water that slips directly to the tail race.
= loss. 3)
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iii) Mechanical efficiency (n,,..;): It is the ratio of shaft power output by the turbine to the
power developed by the runner.
Shaft output power
Power developed by the runner
_ SP
Mt ™0 (U VUV

MNinech =
@

iv) Overall efficiency (1, ) : Itis the ratio of shaft output power by the turbine to the water

power available at inlet of the turbine. Inlet
- Shaft output power _— | shaft output ———
Water power at inlet [ Turbine Generator[ 0
Sp E—
Mo~ H
pQel My N N7
o= (M MyoD) Ninech AE—

MNo™ Mot Nimech (5) ' Fig. 7.2 Various efficiencies of power plant




image124.png
5.0 Work Done by the Pelton Wheel :

Nozzle

Fig 3 Shape of bucket & Velocity diagram
Where 0 is the angle through which the jet is deflected by the bucket. B, is the
runner tip angle = 180-6.

Fig. 3 shows the inlet and outlet velocity triangles. Since the angle of entrance of jet is
zero, the inlet velocity triangle collapses to a straight line. The tangential component of
absolute velocity atinlet V=V, and the relative velocity at the inlet is V,; =V, -U.

From the outlet velocity A'.
Vip=Vpcosp,-U
=CpVicos pp-U V=G V)
U)Cycosf, -U . Vy=V,-U)

V=V,





image8.png
STEADY FLOW ENERGY EQUATION - | Law of Thermodynamics
Taking unit mass flow rate entering the turbo machine (1 Kg) at section 1-1 and leaving at section 2-2 through control
volume as shown in figure.

D UPUV 240714 = WAlzP2U2+ VoY 24077 e 1)
Where,
u = Interal Energy (J/Kg)
p = Pressure Intensity (\/m?)
Specific Volume (m?/Kg)
V = Velocity of the fluid (m/sec)
Z = Potential head from datum (m)
Acceleration due to gravity (m/sec?)
= Heat transfer through control volume (J/Kg)
w =Work done (Nm/Kg)

In a Turbo machine, during the flow process, it is assumed to be adiabatic, i.e. no heat enters or leaves the system,
hence heat transfer can be neglected ie., q = 0.
Taking pv = RT and u = C,T. the equation (1) becomes.
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Work done /kg of water by the runner
W=U(V, +V)/g,  (+vesignforopposite directionof V,, andV,,)
=U[Vy +(V;=U)CyeosBy-Ul/g,
=U[(V, ~U)+(V,~U)Cycos B, /g,
W=U[(V,-U)(1+CycosP,)]/ 2, (6)
The energy supplied to the wheel isin the form of Kinetic energy of the jet which s equal to
v, ng,
W _ ULV, =U)(1+CycosBy)] /g,
Vi/2g, viize,
_ 2U(V,~U)(1+CycosBy)
vi

Hydraulic efficiency, n,, =

)

Nu
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For maximum hydraulic efficiency, ~—11 =0

au
as 20 Cyeosbalz v, au-0
Vi
V,=2U or ¢=U/V,=0.5
u="2v,=05v, (7.8)

This shows that the tangential velocity of bucket should be half of the velocity of
jet formaximum efficiency.

Then,
n 2U (2U-U)(1+C, cosB,)
Homx -5
@u)”
n 1+C, cosp,
Homx =) ©)

IfC, =1, then the above cquation gives the maximum cfficiency for B,= 0’
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5.1 Working Proportions of Pelton Wheel :
(i) Idealvelocity of jet from the Nozzle, V,, = \2gH (10)
& Actual velocity of jet,V,=C, v2gH

>, = coefficient of velocity for nozzleis inthe range of 0.97 to 0.99

(ii) Tangential velocity of buckets,
U=¢\2gH = ¢ =U/(\2gH), (11
Where ¢ = Speed ratio and is in the range of 0.43 to 0.48

(iii) Least diameter of the jet, @),
nd

Total discharge, Qq =n= Vv, (12)
Where n=number of jets (nozzle>)
(iv) Mean Diameter or Pitch diameter of Buckets or Runner : (D)
) . _ DN _ U0
Tangential velocity, U= 60 or D N (13)

(v) Number of Buckets required (Z):

The ratio of mean diameter of buckets to the diameter of jet is known as
"Jet Ratio". i.e., m=D/d.
D

Z——+ IS—T + 15 where m ranges from 6 to 35. (14)
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Examplel : Pelton wheel has to be designed for the following data : power to be developed
=5880 kW, Nethead available =300m, Speed =550 RPM, ratio of jet diameter to wheel
diameter = 1/10 and overall efficiency =85%. Find the number of jets, diameter of jet,
diameter of the wheel and the quantity of water required. Assume Cy=0.98,$=0.46.
Solution :Given: P=5880 kW, H=300m, N=550rpm,d/D=1/10,n,=0.85,Cy=0.98,
$=0.46
Total discharge Q : Px 1000 0 Px 1000 s
—— or =— =235m/s
pQgH o peH
V,=Cy \2gH =098 \2x9.81x300=75.19m/s

Tangential velocity of wheel, U=¢ \2gH=0.46x \2x 9.81x 300 = 35.29m/s
Diameter of wheel, D

U= nDN/60

35.29=n xDx550/60

D=1.225 m.

Diameterofjetd, d/D=1/10 .. d=D/10=1.225/10= 0.1225m

2
Total discharge, Q- =n (n d /4)V,

235=n n x0.1225 x75.19 /4
Number of Jets, n=2.65=3.
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Example 2 : A single jet impulse turbine of 10 MW capacity is to work under a
head of 500m. If the specific speed =10, overall efficiency=0.8and the coefficient
98, find the diameter of the jet and bucket wheel. Assume ¢=0.46.

of velocity =
Solution :Given: P =10,000 kW, H=500m, N,=10, n,=0.8,C,=0.98,d=?,D =
prode o N@” N o
s pA (500)54
N =236.4 rpm
Velocity of jet, V, = Cy \2gH =97.06 m/s
Tangential velocity of bucket, U= ¢ 2gH = 0.46 \2gH
U =45.56 m/s

U= nDN/60 = 1t Dx236.4/60 = 45.56 m/s
Diameter of a wheel , D = 3.68 m

n, = Px1000/ (pQgH)
=10,000/(9.81 x 500 x Q)

Q=2.548m¥s= nd /4 V,= nd /4x97.06

Diameter of jet, d=0.183 mor 18.3 cm
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Example 3 : A double jet pelton -wheel is required to generate 7500 kW when the

available head at the base of the nozzle is 400m. The jet is deflected through 165"

and the relative velocity of the jet is reduced by 15% in passing over the

buckets. Determine (i) the diameter of each jet (ii) Total flow (iii) Force exerted by

the jets in the tangential direction. Assume generator efficiency is 95%, n, = 80%, speed

ratio=0.47

Solution:

Given: n=2, P,=7500 KW, H =400, B,=15"= (180-165"), V,,=0.85 V,,, 1,=0.95
n,=0.8, ¢=0.47=U/2gH

[e——— Vi=vu———l

= U —=——v—l 0=165 e
Turbine (G
oL
Ve ‘i \
=

Now, 1, = (O/P)/(IP) =P, /P or P=P,/n, =7500/0.95=7894.74 kKW
Out put by the turbine P =7894.74 kW
_ Px1000 _ P

 pQeH QgH

Mo
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P 7894.74
Total flow, Q=——=—————=2515md¥s
gHn, 9.81x400x0.8
Velocity of jet from nozzle, V; =~2gH

xﬁ_ XOTX 400 =886 mis =V,

Also flow, Q;=2.515= n"j v, = 2"4’“’

Diameter of the jet, d=0.1344m | 0.47=U/88.6 = U=41.64 m/s
V= (V,- U) = 88.6 - 41.64 = 46.96 m/s
V5= 0.85 x 46.96 = 39.92 m/s
e
Total tangential force, ViV sinls = Vp=1033ms
Fr=pQ (V- Vi) /2, (U - V) =V,cos B,=39.92 cos 15'=38.56 m/s

= 1000 x 2.515 (88.6 - 3.08)/1000] Yoz~ 41.64- 38.560
F,=215.08 kN 2= 3.08 m/s

88.6
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6.0 Reaction Turbine :

In reaction turbines, only part of total head of water at inlet is converted into
velocity head before it enters the runner and the remaining part of total head is converted in
the runner as the water flows over it. In these machines, the water is completely filled inall
the passages of runner. Thus, the pressure of water gradually changes as it passes through
the runner. Hence, for this kind of machines both pressure energy and kinetic energy are
availableatinlet. e.g., Francis turbine, Kaplan turbines, Deriaz turbine.
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6.1 Francis turbine

Scroll
casing

Guide vane

Runner
Draft tube
Tail race
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@ (CT1+RT)+V:%/249Z1 = W+(C To+RT2)+V221240Z2 ... @)
or

T1 (Cv+R)+V%/249Z1 = wa T2 (C+R)4V2/2+ gZ2

If the flow through the turbo machine is horizontal as shown in figure and aligned, Zi= Zz
Hence, rearranging equation (3) it becomes

S W= (CR) (Ti=To)+(Vi*Ve2) ... (4)
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Francis turbine which is of mixed flow type is as shown in Fig. 4. It is of inward
flow type of turbine in which the water enters the runner radially at the outer periphery and
leaves axially atits center.

This turbine mainly consists of: (i)Scroll casing (ii)Stay ring (iii)Guide vanes
(iv) Runner  (v) Draft tube.

(i) Scroll Casing : The water from penstock enters the scroll casing (called spiral casing)
which completely surrounds the runner. The main function of spiral casing is to
provide an uniform distribution of water around the runner and hence to provide
constant velocity. In order to provide constant velocity, the cross sectional area of the
casing gradually decreses as the water reaching runner

(ii) Stay ring : The water from scroll casing enters the speed vane or stay ring. These are

fixed blades and usually half in number of the guide vanes. Their function is to (a)
direct the water over the guide vanes, (b) resist the load on turbine due to internal
pressure of water and these load is transmitted to the foundation.

(iii) Guide Vanes : Water after the stay ring passes over to the series of guide vanes or fixed
vanes. They surrounds completely around the turbine runner. Guide vanes functions
are to (a) regulate the quantity of water entering the runner and (b) direct the water on
tothe runner.

(iv) Runner: The main purpose of the other components is to lead the water to the runner
with minimum loss of energy. The runner of turbine is consists of series of curved
blades (16 to 24) evenly arranged around the circumference in the space between the
two plate. The vanes are so shaped that water enters the runner radially at outer
periphery and leaves it axially at its center. The change in direction of flow from radial
to axial when passes over the runner causes the appreciable change in circumferential
force which in turn responsible to develop power.
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(v) Draft Tube: The water from the runner flows to the tail race through the draft tube.
Adraft is a pipe or passage of gradually increasing area which connect the exit of the
runner to the tail race. It may be made of cast or plate steel or concrete. The exit end of
the draft tube is always submerged below the level of water in the tail race and must be
air-tight.

The draft tube has two purposes :

(a) Tt permits a negative or suction head established at the runner exit, thus making it

possible to install the turbine above the tail race level without loss of head.

(b) It converts large proportion of velocity energy rejected from the runner into useful
pressure energy.
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7.0 Draft Tubes:

There are different types of draft tubes which are employed to serve the purpose in
the installation of turbine are as shown in Fig.5. It has been observed that for straight
divergent type draft tube, the central cone angle should not be more than 8”. This is
because, if this angle is more than 8” the water flowing through the draft tube without
contacting its inner surface which result in eddies and hence the efficiency of the draft
tubeis reduced.
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(a) Coneal draft  (b) Simple elbow  (c) Moody Spreading
tube tube

(d) Draft tube with circular inlet and rectangular outlet

Fig.5. Types of draft tubes

(a) Straight divergent conical tube

(b) Moody spreading tube (or Hydracone)

(c) Simple elbow tube

(d) Elbow tube having circular cross section at inletand rectangular cross section at outlet.
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8.0 Work Done and Efficiencies of Francis Turbine :

Inlet Inlet Inlet

n .
v,

A A
fe—u, —

— Ve
(@ When V,,

() IfWhen U, >V,

or By <90° orp, > 90"
Outlet velocity triangle

Radial discharge

VyVy

£ )

| Ur>|

Outlet

Uya D, Ve 2
U,a D, o

Vi 30 [e— Uy—>]
Fig.6 Velocity triangles for different conditions

Runher

The absolute velocity at exit leaves the runner such that there is no whirlatexit
ie., Vi, = 0. The Inlet velocity triangle are drawn for different conditions as shown in

Fig6 (a) & (b).
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(i) Workdone/kgofwater, W=(U,V,,-U,V /g,
AsV ,=0in francis turbine (axial outlet velocity)
W=U, Vo /e as)
(ii) Hydraulic efficiency ny,:
Work done by the runner

= T Available energy at inlet
pQ[ ul 1 "
WHZ7 =
pQgH H
&
2
Also al- (Vo/2g)  H-(V.2g)

L Ta—. #;H (16)

Where H is the head atinlet, V, = velocity of water at exit of the draft tube

(iii) Volumetric efficiency (n,,): It is the ratio of quantity of water through the runner
(Q,) to the quantity of water suppled (Q,)
Q- 4Q)

Mo =Q/ Q=
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(iv) Mechanical efficiency (1ecp):

Power output at the ftend
Power developed by the runner
(v) Overallefficiency (,):
Power output at the shaft

Miech =

Shaft power

M=

Mo = (i X Myop) Minech = Mitact X Minech

~Poweravailable atinletofthe turbine ‘Water power at inlet

a7
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8.1 Working Proportions of Francis Turbine :
(1) Tangential velocity of runner (U, ):
Speed ratio, $=U,/\2gH, where¢ ranges from 0.6t00.9 (18)
(2) Theratio of flow velocity Vi atinlet tip of the vane to the spouting velocity (\2gH )
is known as the flow ratio
Y=V /\2gH, where y ranges from 0.15 to 0.30 (19)
(3) If n isthenumber of vanesinthe runner,'t' is the thickness the vane atinlet
and B, is the width ofthe wheel atinlet then, the area offlow atinlet,

Ap=(rD-nt)B,=Cn D, B, (20)
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where C = Contraction factor which represents the area occupied by the vane thickness.
in the runner and it is a few percentage of 7 D,.
Discharge, Q=A;V=C n D;B; Vy=Cn D,B,Vp,
Normally itis assumed that D, =2D, & V=V, B,= 2B,
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Example 5 : In a Francis turbine, the discharge is radial. The blade speed at inlet =25 m/s.
At the inlet tangential component of velocity = 18 m/s. The radial velocity of flow is
constant and equal to 2.5 m/s. Water flows at the rate of 0.8 ms. The utilization factor is
0.82. Find: i) Euler's head ii) Power developed iii) Inlet blade angle iv) Degree of
reaction (R). Draw the velocity triangles.
Solution: Given:U=25m/s,V =18 m/s,V;
(i) Euler'shead:
el = E=(U\V,)/g as V=0,
E=25x18/1=450J/kg=gH,
H_=450/9.81=45.87m.
(i) Powerdeveloped (P):
P=pQE= pQ(gH,)=(1000x 0.8 x450)/ 1000

P=360kW

2.5mss, Q=0.8m’ss,
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Taking Co—C, = R, the above equation becomes

2 w= Cp(Ti=To#(ViVo72) . (5)
Taking enthalpy h = C,T,
W = (hy—h2)+(V:-V;%/2) per unit mass rate

or

D W= (i Vi%12) — (hotV2/2)
where,
h = Static enthalpy
V2 = Kinetic energy

Taking stagnation enthalpy = Static enthalpy + Kinetic energy, i.e.
2 ho=h+V32

The equation (6) becomes

= w= (hos —ho) = - Ahy [Stagnation enthalpy change]

= Thus, in a turbo machine, we assume that there will be kinetic energy (high velocity) during flow and normally
stagnation enthalpy change is considered under dynamic conditions.

= In power generating turbo machines, 'w' will be positive and Aho will be negative i.¢., stagnation enthalpy will be
decreasing from inlet to outlet of a turbo machine rotor.
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(iii) Inletblade angle (B):

Tnlet Outlet

v,
— - E
PRy p— —u —
ey ——f  V.=0
V=V 2= 1817 mis v, =
tan P, =V/(U;-V,)=2.5/(25-18)
0
By=19.65

(iv) Degree of reaction (R)

Ho[(V2-V2))2e  45.87-[(18.17 -25)2x9.81]
H, : 4587

R=0.64
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9.0 Propeller & Kaplan Turbines

The propeller turbine consists of an axial flow runner with 4 to 6 blades of aerofoil
shape. The spiral casing and guide blades are similar to that of the Francis turbines. In the
propeller turbines, the blades mounted on the runner are fixed and non-adjustable. But in
Kaplan turbine the blades can be adjusted and can rotate about the pivots fixed to the
boss of the runner. This is only the modification in propeller turbine. The blades are
adjusted automatically by a servomechanism so that atall loadsthe flow enters without
shock.
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Shaft Scroll casing
Guide vane

Guide vane

race

\
\  Draft tube

N
N

Fig.7.7 Main components of Kaplan turbine.
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The Kaplan turbine is an axial flow reaction turbine in which the flow is parallel to
the axis of the shaft as shown in the Fig.7.7. Thisis mainly used for large quantity of water
and for very low heads (4-70 m) for which the specific speed is high. The runner of the
Kaplan turbine looks like a propeller of a ship. Therefore sometimes it is also called as
propeller turbine. At the exit of the Kaplan turbine the draft tube is connected to discharge
water to the tail race.

fnlet Outlet

1) Atinlet, the velocity Al is as
shown in Fig.8.

2) At the outlet, the discharge is
. . . < =
always axial with no whirl I+ u > e u N|
velocity component i.e., outlet ~ l+—— Vv, —» V.70
velocity triangle just a right angle
triangle as shown Fig.8.

Fig.8 Velocity triangles for Kaplan Turbine.
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9.1 Working Proportions of Kaplan Turbine
i) Tangential velocity of blades based on tip diameter (U,)
U= ¢ 2eH (22)
where, D=Tip diameter or Outer diameter of the runner
d=Hub diameter or Boss diameter of the runner
B d/D= 0.35t00.60
ii) Flow velocity (V)
w=V;/N2gl  Usually, 0.35 < y < 0.75 (23)
iii) The discharge (Q) flowing through the runner-is given by

2 2
O:I—(Dz—dz)vt»:j:— (O-dyy VI (24)




image150.png
Example 6 : Akaplan turbine produces 80,000 HP (58,800 kW) under a head of 25m which
has an overall efficiency of 90%. Taking the value of speed ratio ¢=1.6, flow ratio y=0.5
and the hub diameter = 0.35 times the outer diameter. Find the diameter and the speed of the

turbine.
Solution : P = 80,000 HP = 58,800 kW, H=25m, n,=0.9, ¢ = 1.6, y = 0.5,
d/D =0.35, To find:D, N.

My = PApQgH)
Q = P/(npgH)=58,800/(0.9x 9.81x1x 25)
Q = 266.4 m’/s

Again, Q=0 yy V2T = — B -] Vo

2 2
266.4= :—D (1-0.35")x (0.5)\2x9.8Tx25

D=591m
Also, $=Up/V2gH = U,/N2x9.81x25)=1.6

U, = 35.44m/s = nDN/60 = n x5.91x N/60
N = 114.5 rpm.
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Example 7:Determine the efficiency of a Kaplan turbine developing 2940 kW under a
head of Sm. It is provided with a draft tube with its inlet diameter 3m set at 1.6m above the
tail race level. A vacuum pressure gauge connected to the draft tube inlet indicates a reading
of 5m of water. Assume that draft tube efficiency is 78%.
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Solution :Given : P=2940 kW, H=35m, H=1.6 m, p,/pg = - 5 m, ny 4= 0.78, n,=?
Apply the Bernoulli's equation between (2) & (3) we get

pofpg=-[H+(V3-V3)ng]
-5 =-16 - [(V3-vi)2g]
(V3-V3)2g=+34m
(V3-V3)= +66.708 )

Actual pressure gain in draft tube

Draft tube efficienc; =
Y T Pressure at inlet to the tube.

V3-vi)n, v3-v3
_ zzs) g __ (V3 2’):0.73
viig v}
o 1-(V3V)?=0.78
vi=022V3 )

.. Inequation (1), V% (1-0.22) = 66.708
V,=925m/s=V; (*." Axial discharge in Kaplan turbine)
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<
Now discharge, Q=AV,= % X37x9.25 = 65.38m’/s

Overall efficiency of a Kaplan turbine,

_ Poweroutput P
Mo Hydro power at inlet pQgH
2940 x 1000
= =91.68 ¥
077000 % 9.81 x 65,38 x 5 %




image11.png
ey
o

Ko

|

[

% Inapower absorbing turbo machine, W' will be negative and Aho will be positive i.e., stagnation enthalpy wil
be increasing from inlet to outlet of a turbo machine rotor.

© It should be understood that work done or enthalpy change will occur only during transfer of energy through
impellers or rotors and ot through stators o fixed passages.

= Only pressure change, kinetic energy change or potential energy change will occur through stationery or stator
passages depending on shape during the dynamic action of flow in the turbo machine.
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Static and Stagnation states

Turbomachines involve the use of compressible and incompressible fluids.

In compressible TM’s fluid move with velocities more than Mach one at many
locations. In incompressible TM’s the fluid velocities are generally low, however,
K.E. and P.E. of the moving fluid are very large and cannot be neglected To
formulate equations based on actual state of the fluid based on laws of
thermodynamics two states are used.

The states are static state and stagnation states.

Static State

If the measuring instrument is static with respect to the fluid, the measured
quantity is known as static property. The measured static property could be
pressure, velocity temperature, enthalpy etc.,. The state of the particle fixed by a
set of static properties is called static state.
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Stagnation State

Tt is defined as the terminal state of a fictitious, isentropic work-free and steady
flow process during which the final macroscopic P.E. and K.E. of the fluid particle
are reduced to zero.

Real process does not lead to stagnation state because no real process is
isentropic. Stagnation property changes provide ideal value against which the real
machine performance can be compared. It is possible to obtain stagnation
properties in terms of  static properties by using the definition of stagnation state.
Consider the steady flow process given by the first law of thermodynamics.
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2 2
q+[h,.+%+gZ,J:w+[ho+%+gZoJ
q-w=Ah+Ake+ Ape

Static state is the initial state in a fictitious isentropic work free , steady flow
process and the stagnation state is the terminal state in which the ke and pe are
reduced to zero, one can define a stagnation state at the initial static state.

q-w=Ah+ Ake + Ape
q=0; w=0; ke, =0; pe,=0; Ah=h,-h,
h, = (h, + ke, + pe;)———1
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In the above eq. subscript o represents stagnation state and subscript i represents
initial static state
If subscript i is removed from the initial static state

h,=(h+ke+pe)-—-2
Thus stagnation state has been expressed as the sum of three static properties.
Since the process is isentropic, the final entropy is same as initial enthalpy. Final
entropy is stagnation and initial entropy is static.
Any two independent properties at a specific state is sufficient to fix the state of
simple compressible substance by using thermodynamic relations.





image16.png
Differentheads and efficiencies of centrifugal pump:
The word pumping, referred to a hydraulic system commonly implies to convey liquid

fromalow to a high reservoir. Such a pumping system, in general, is shown in Fig. 33.1. At

any point in the system, the clevation or potential head is measured from a fixed reference

datum line. The total head at any point comprises pressure head, velocity head and clevation

head. For the lower reservor, the total head at the free surfaceis 74 and s equal to the
clevation of the free surface above the datum line since the velocity and static pressure

at A are zero. Similarly the total head at the free surface in the higher reservoir is ( 4+ #5)
andis equal to the elevation of the free surface of the reservoir above the reference datum
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The vasiation oftotal head as the liquid flows throgeh the system is shown in Fig. 33.2. The

liquid enters the intake pipe causing aheadloss  forwhich the total energy line drops to
‘point B corresponding to a location just after the entrance to intake pipe. The total head

at Bean be written as
Hp=Ha~ly

Asthe fluid flows from the intake to the inlet flange of the pump at elevation  °1 the total
head drops furtherto the point C (Figure 33.2) due to pipe friction and other losses equivalent

10 %! The fluid then enters the pump and gains energy imparted by the moving, rotor of the
pump. This raises the total head of the fluid to a point D (Figure 33.2) at the pump outlet

(Figue33.1).
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In course of flow from the pump outlet to the upper reservoir, friction and other losses

accoun for a total headloss or /2 daymtoapoint E. AtE an exitloss # gccurs whenthe
liquid enters the upper reservoir, bringing the total heat at point F (Figure 33.2) to that at the
free surface of the upper reservoir. [fthe total heads are measured at the inlet and outlet
Hlanges respectively, as donein a standard pump test, then

Reference datum

A general pumping system
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Change of head in a pumping system

2
Total inlet head to the pump = (71 +28)+(01°/22) +2

2
Total outlet head of thepump = (72 +£8)+02 128)+2

swhere 7 and "2 are the velocities in suction and delivery pipes respectively.
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Therefore, the total head developed by the pump,

H=[@y-p)/ 0g 4107 1D 2e) 4z -2] G2

The head developed His termed as manemetrichead... If the pipes connected to inlet and

outlet of the pump are of same diameter, /2 =/ and therefore the head developed or
‘manometric head s simply the gain in piezometric pressure head across the pump which

‘could have been recorded by a manometer connected between the inlet and outlet flanges of

the pump. In pracice, ( 2~ 71)is so small in comparison to (P2 ~71)/ P2 thatitis ignored.
Itis therefore not surprising o find that the static pressure head across the pump is often used
to describe the total head developed by the pump. The vertical distance between the two

leels in thereservoirs  #%5 is known as statichead o static lift. Relationship between %5,
the statichead and A, the head developed can be found out by applying Bemoulli's equation

between 4 and C and between D and F (Figure 33.1) as follows:
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BetweenDand ..

|7
2242 g =040+ H, + H g by +hy
fg 2g

substisuting 74 from Eq. (33.2) into Eq. (33.3), and then with the help of Eq. (33.1),
e can write
H o= Hy thy +hgy +hpp iy

= H, +3 losses

Therefore, we have, the total head developed by the pump = static head + sum of all the
losses.
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The simplest form of a centrifugal pump is shown in Figure. It consists of three important
parts: () therotor, usually called as impeller, (i) the volute casing and (i) the diffuserring.
The impeller is a rotating solid disc with curved blades standing out vertically from the face
of the disc. The impeller may be single sided double sided A double sided impeller has a

ly small flow capacity.

—‘ ’;_\ diffuser
|

Stationary
diffuser vanes

NN\
< 'mve!le/f\
Without diffuser ~ Volute With diffuser

A centrifugal pump.
The tips of the blades are sometimes covered by another flat disc to give shrouded blades

otherwise the blade tips are left open and the casing of the pump itself forms the solid outer
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sall of the blade passages. The advantage of the shrouded bladeis that flowis prevented
from leaking across the blade tips from one passage to another

Depth of Impeller shroud
diffuser

(a) Single sided impeller  (b) Double sided impeller  (c) Shrouded impeller
Figure 33.4 Types of impellers in 2 centrifugal pump
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8.4 Work Done by the Gentrifugal Pump perxg ot #E

In deiving the equation forthe worlk done by (he mpelleron the water, o anideal cond"
{tis assumed that the water enters the impeler
Tadialy. n other words there i no whirl elocity
T the inlet. (e:Vy=0)The ideal velocity
\rianglsan‘ncinletmdc'xilarcshowninhg,&l

Work donc by theimpellerper kg of the wateris
E=ahy = UpVlse
‘From Outlet velocity wiangles,
V,3=U,-Vg CotBs
E=gH, = Uy (Uy -VaCotPa)ee
e
g B nD,B; Fig. 8.2 Velocity triangles. for CF Purs.
“Thercfore the head developed for < 90"
by the pump can be caloulated a5
Ul _Uyeolhs
g wDBag
Hence  H=K,-KQ ®8)
v Uycot,

‘Where constants, k=2 and Ky =25
W xD,B,g





image25.png
8.3PumpLosses and Efficiencies
8.3.4Pump Losses:

The various losses in centrifugal pump are - 2) Hydraulic losses b) Mechanical losses
¢) Leakage losses.
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2) Hydraulic Lossss
Hydrauliclossesthat may occurinthe pumparc
i) Shock & eddy losscs at the cniry and exitof the impeller
ii) Friction losses in the impeller
i) Friction losses in the Guide vanes and casings.
iv) Frictionand minor losses n suction pipe.
) Friction and minor lossesin delivery pipe.
{5) Mechanical Losses
The Mechanical losses oceur in the pump are duc to the following -
) Dise friction between the fluid and the rotor.
© ii) Mechanical friction on the main bearing glands etc.
(<) Leakage Losses
In centrifugal pumps, there is always a certain amount of liquid or water slips out and never
—asses through the delivery pipe. This liquid carries some amount of energy with itand is wasted
= cddies. This loss of energy is called leakagelosses.
.32 Efficiencies
The efficiency ofa centrifugal pump can be expressedinthe following ways:
i) Manometric fficicncy or Hydraulic efficiency (1, or i)
if) Mechanical efficiency (Nye)
if) Volumetric efficiency (1y,)
iv) Overall efficiency (1)
Note - The definitions for all efficiencies for pumps are quite reverse to the turbines.
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) Manometric Efficiency (n,):
1t is the ratio of the manometric head developed by the pumpto the head imparted by
seimpeller (Euler's head)

®3)

Power delivered by the pump_____ Water power at O/L
Power imparted by the impeller  Power given the Impeller at UL

This is also sometimes known as hydraulic efficiency, iy, ic., Tlp = Ty
Power imparted by impeller = Shaft power - Mech. Losses.
(i) Mechanical efficiency (1,..)
Ttis the ratio of power delivered by the impeller to the power supplied at the rotor by the
staft connceted to motor. p
(U, Vo). _ Power delivered by the impeller
Tt = U, VoV, + Mech. Loss TP shaft power.

(84)
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(i) Volumetric efficiency ()

L1 the ratio of amount of water deivered by (i delivery pipe to the actual amount o
water entering the impeller through suction PIpe 10 eakages, all the water sucked into 62
mpeller does notpass throughthe delivery pipe.

Q .U
Q  QtQ
(v) Overall efficiency (no) ~Itis e ratio of hydraulic energy output by hepump 10
shaft powerinputto the pamp
- UVt Q0
=T Ve, Tnputshafipower Qs
M= M X Mect X Ml (8

T = where Q= amount of water leakage. @31
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8.9 Casing of Centrifugal Pump

o ing ofacenrifugal pumpsurrounds the impeler and s dosignod insucha way that
Linetic cnergy of the water at the outletof the impeller i converted into pressure cnergy (gxin
pressurehead) before the watcr entrs the elivery P Mainly there arc threo types ofcasing:
(a) Volute casing b) Vortex casing and (0 Diffuser casing:
(a)Volute Casing

Ttis of spiral type in which the area of flow gradually inereases from the th

towards the delivery pipe as shown Fig 8.7(). The increase in area of flow decreases
oxk velocity and hence the pressure increases in the casing. By using volute casing:
<ificiency ofthe pump can beincreasedsightly dueto the formation of eddies whereal
amount of energy islost.

(@
Fig.8.7 Pump with volute casing
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(b) Vortex Casing
Vortex cesing isa casing in
ler as shown in Fig 8.7(b) . Voric

hich a circular chamber s provided between the Casin
 casing will reduce the eddics formation to  consid

impel
ot and hence theeffciency ofthe pump s increased than the volute casing.
Vortex Guide
chamber, g
o)
Impeller

Inmpeller

(c) Diffusser casing

(b) Vortex: casing.
Fig 8.7 (b) and (c) Pump with volute casing
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Example 8.1. A CFpump delivers 1800 lpm againstatotal head of 20m. Its speed is 145
inner and outer diameters of the impeller are 120 mm & 240 mm respectively & diamezerat s
& delivery pipe are both 100 mm. Determine the blade angles B, & B, if the water ensers
Also find the power required to drive the pump. [94, KA.Uni., Mae

Solution : Given :Q =1800 Ipm =0.03 m*/s
Head against which pump works, H, = 20m

Inlet
N=1450RPM
D,=0.12m,D, =024m v,
dy=d,=0.Im
Vu= e
Tangential speed of impeller at outlet, Oy e
TD,N _ mx0.24x1450
U, =R mx0 241450 _ 10 o 4
* 60 60 :
x1822=9.11 mis

Velocity of flow (Vy): As the width of the impelleris not given, we can also find veloc
of flow (V) by using the flow arca of the suction pipe or delivery pipe.
Hereasdg=dy ,Vy =V,
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#As the hydrauliclosses are not given, then the manometricefficiency is assumed to
Seunity, ., Ty =1.0. Hence H, =H, = Buler's head.

Manometic head ~Buler'shead, H, =2Y2 (hecause ), = o)
20-18 zgzm\«uz
Vo2 =10.77mis
(OFind §, &, :  Froml/L Vel,, Alei- tanp, =%:
B =162°
FromO/L Vel. Ale: - tanf, =— Vo265 =0.356

U,-V, (822-1077)
B2 =tan-10.356)=19.58°.

(@)Power required todrive the Pump (P):

E PQgH,
P d, p=LQEH,
ower require N

p=1000x0.03x20x9.81

=5.89kW.
1000
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Example 8.3: A centrifugal pump has its impeller diameter 30 cm & a constant area of flow 216

o The pump runs at 1440 RPM & delivers 90 LPS against a head of 25 m. Ifthere is ro whirl
Velocity at iy, compute the rise in pressure head across the impeller and hydraulic effciency of
pump. The vanes atexitare bent backat 22 wr tangential peed.

Solution: -Given: D, =03m
Ay =210cm? =0.021m’

,=22°,Q=0.09m’/s

H,=25m,V,,=0 v.
Q_0% Ve iy e
Velocityof flow, V¢ = 0= 70 P
e O A L) N
Va
— e

Inlet Outlet

V= 429mis=V,
U, = TR mx03x140 1
60 “
U, =2262mis
V2 =U, -V, Cot B, =22.62-429 ot 22°)=12m/s
Euler's head transferred by the impeller,
UV, _262x12

H =

g 81
And,V, = V4 + Ve =127 +429% =12.74 m's

7.7m
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Hydraulic efficiency (1)

Pressure risein the Impeller :
apply heBemulisequation between nlet & outlet of a pump, we get, (neglecting o=

2 Vi
21, Y Work doneon the pump = 2=+ <2
2 b 22
Vi P
2% P 2
e (V2-V) _21.7-(12742-4292)
o8 2 25981
P2ZPL =204 mof water
3
or  pa-py = 204x9810 Nim? =200124N/m* =2.0%10°Nim”

Ap, =20bar.

C pme gD £ T Soml
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Example8.5: Findihepowerreguired o drive the CF pump which delivers 0.04n /s of water 1o ¢
heightef 20m through a 15 cm diameter of pipe nd 100m long. The overall efficiency of the

pumpis 70% and the friction factor i assumed 10 be 0. 015,
iven: Q=0.04m’s, dg=d,=0.15m, (Ls+ Ly)=L=100m, 1,=07,

Solutior
£20.015, Hg =hg +h, =20m.
. 2
Manometrichead, H,, =hg +hy +hy *hy +%L
g
LALY VD
2y 28
L 160
Hg+|— | *—5—a 5
s [d, ] o xdjx2g
X X! g
g, 2000t 100,116 0 g
015 Fx(015) x981x2

Water power at exit(WP)

= Powerimput (o the impeller
- Power required to drive,SP _Wp_ Qe
. m,x1000

(1000x0.7)
Sp=12.82 kW
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£2 importantElements of aCentrifugalLOIWIEE=S==
e the cssential parts o atypical contrifugal compressor. 1t maisly consists of
=g with the converging nozzle (D the impeller (i) the diffusef and () the outlet

e function of the inlet casing with the convergent nozzle s fo accelerate the cntering
apeller nlet. The inlet nozzle accelerate the fluid from the initial condition (state 0) to
e Tt Guide Vanes (IGV) which direct the flow in the desired direction at the inletof

“The tmpeller convert the supplied mechanical anergy ino fluid energy. whercby the fluid
©msc emergy and the staticpressureiscs. An impelleris made of adial blades which are brazedto
o easa 1 can bo made from a single pcce consisting of both the inducer and a lasgcly radial
on. Theinducer teseives the flow berween the hub and ip dismeters (4, and &) of the impeller
T o passes on o the radial portion of th impellr blades. The flow approaching the impeller
oo with or without swirl. The inlet iameter of the impeller il be faken as the average ofthe
o et ip ciameters of theye (.6, D,=(d, +4./2). Thetip dameterof the fmpellcr i denotedby
o S contrfugal compressors have to run atvery high specds, gencrally radial blades aze
e mpeler, The impellrrises the pressurc of the luid fomstate 1 tostate?-
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The diffuser receives the flow from the impeller through a vaneloss space and it rises the
Static pressure of the fluid further an account of conversion of exit high kinctic energy to pressure
cnergy. The diffuser may be of vaneless type or diffuser vane type. The diffuscr changes the state of
the fluid from 2103,

“The flow at the outer periphery of the diffuser is collected by a spiral casing known as the
volute, which discharges the flow into the delivery pipe.

Volute (4)
| 31, iffuser
Shroud
Tmpeller

Hub

Driving shaf

Inducer section

accelerating nozzle

Fig 4.1 Elements of a centrifugal compressor
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Fig4.2 shows the general schematic diagram of 2 centrifugal compressor. The
impeller may be of single-sided or double-sided as shown ineFig.4.3 (a) and (b).Double-
sided impeller may be used where for the given size the compressor has to handle more
flow.

N\ Width of diffuser channel

Mean radius of
diffuser throat

Impeller eye

Fig 4.2 Schematic diagram of a centrifugal compressor
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Impeller

(6 Double sides (<) Impeller vith
shroud

Ja) Single sides

! Fig 4.3 Schematic diagram of & Figd.4. Variation of pressure and velocity
centrifiugal compressor in a centrifugal compressor

ariations of Pressure and Velocity

Fig 44 shows the variation of the pressure and he v

% he fluid approaches fhe impelle it s subjected to &
"selociy) and the pressure of the fluid both increases along th
eter discharges the fluid into the difuser, the siatic pressure of
meion of tho flow, Thercfore the velocity reduces and the pressure s
-+ Thisismainly dueto the conversion of Kinelc enCTEY intopressure encrgy o

elocity across the impeller and the
entrifugal effect thereby the kinetic
 radial direction. When the
£ the fluid rises due o the
il increases as sbown in
fthe fluid.
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iFferent Vane Shape
The impellers may be classified depending on the exit angle p, into (3) Backward curved
(& Radial blades. and (i) Forward curved blades. The velocity rianglesare as shown in fig

Outlet

(@) Backward (b) Radial (©) Forward

(Note : Inlet Velocity Triangle remains same for Radial & Forward Vanes)

Fig. 4.11 Types of centrifigal impellers
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Example 4.2 A centrifugal comprssor rotor has inlet radius o 30 cm and exit radius of 60 can.
Entey i radial with a component of 60 mys which is constent throughout. The compressor requircs
700 kW of power to handle 20 kg ofairper second. Find the blade angles atinlet and outlet if the
compressorruns at S100RPM. Calculats the width at inletand outlet if specific volumes atnletand
outlet are respectively 0.85 m'/kgand 0.71 ‘m'/kg. Whatis the degree ofreaction?. [Mar.89, MYS]

Solution : Given: R,
V=V =60mis=Vy

D, =06m,R, =06m, . D, =1.2m, Batryis adial, Vo =0 &
) P=T00KW, m.=20kgls, N=S100 RPM.
v, =085 m’/kg 1wy =1/0.85 =1176 ke’
Tim kg, - pa =1y, =10.71=1.408 kem®
To find:-B, &P, , B, and By, R,
Tangential velocity of rotoratinlet:
_aDN _nx06x5100

va

60 0 Tolet Outlet
U, =160.2m/s
1 &P,
Frominlet velocity triangle BN A - BN
X
v, __60 u e
[ =ora =037, —ti U
w0 (B0~ " 1602 —
=tan” (0.375)=205 -

Herethe ovrallisentropic efficiency is assumed as unity astis not mentioned.
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Ahy.
ah,

iy

=2 700103 _ 35000 11kg
W

20
”TV“"- (Since V,, =0)

Vu,=Ah,’,xg,°—M 1092ms
U, 320

From outlet velocity triangle:
X=U, -V, =3204-1092=2112 mis
anf, = =S ~0284

27X T2u2
B, =tan” (0.284)=15.86°
Width at inlet and outlet

Mass fiow rate, 1 = p,Aq Ve =Dy By Ve
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Inlet guide blades

Oulet guide blades

Impeller
Fig.8.8 Single stage axial flow pump
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Inlet
Vy
Bi ¢

Vavi

Stator

9 Inet and outlet general velocity riangles | 8.10 nlet and ouilet velociy wriangles
Jor single stage axial flow pump " for axial entry ot inlet
8.12.1 Work Done by the Impeller :

For maximum cnergy transfer the fluid must eater e sotor axially as shown in
Fig8.10. Therefore with an axial enry of the flid ot he set. e nlet velocity triangle
beomen right angle riangle with V,=V,and V., =0 Heseethe coergy input perkg of fluid
isgivenby
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Example8.20 An axial flowpumpis required todischarge 1.25 n'/s of water while running at 500
RPM, the total head is 3.9 m. If the speed ratio s 2.3, flow ratio = 0.51, hydraulic effciency - 0.87
and the overall pump effciency is 0.82, find () The power delivered to the water and the power
inpua, () Theimpeller hub diameter and tp diameter (i) The inlet and outlet blade angles for the
rotor and the diffuser inlet blade angle. [Aug. 93, MYS, May 96, KUJ

Solution : Given:Q=1.25m’/s, N =500 RPM, H, =39 m.¢ =
My =087, ny=0.82.

Note: - For axial - flow pump, water enters at inlet always axially for maximum enorgy
transfer. Therefore the velocity at the nletis zcro, i, V,,

U,
V2eH,,
U, =4y2gH,, =2.3xJ2x981x39 =20.1m/s

3,y=051,

Speed ratio=¢ =

And Ve =yy2gH, =0.51xvV2x9.81x3.9 =4.46 m/s
60xU, _ 60x20.1

Tip di ter, D, =———2. .76¢

ip diameter, D; == 0 =12 sm

2
Andalso, Discharge, Q= "(';':)—V'

125= n(0.768° -d*) x4.46
- 4
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()Power of water at delivery point (WP):
_pQeH, _1000x981x1.25x39 _ 47 gpy
1000 1000
_ Water Powerat exit
Mo = Shat power mput to the impeller
8
. 082
SP=58.32 kW
(i)Tip diameter, ~ D=0.768m
&hubdiameter,  d=04%m
(i Rotor UL and O/L angles f, &, :
‘As therotor blade anglos vary from the foot tothetip, only anglesat oot and tip

Inputshaftpower,  SP=

will be calculated here.
- Tangential velocityof rotor at hub, .
Tnlet velocity friangle at the hub
d 0484
U =Sxu, =2 %201
D 0768 Va
U, =12.67mls
Asaxial flow velocity is constant, we have 1
. —
From VL Vel Ale:- tanfl = = 2% _0352

U, 1267 Outlet velocity triangle at the tip
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=tan" (0.352)=154"

From O/L Vel. Ale:- H, o Mo
g M
20.1xV, _ 39 o
981 087
PSP /S~
U,-V, 201-2188
Ctanp, =13.95"

Also, tanay == 24 _p 038
27V, 2188
63.87°.

- Diffuser inlet angle,
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Cavitation

If the pressure at sy point in a suction side of centrifugal pump alls below the
wapor pressure, then the water starts boiling Forming saturated vapor bubbles. Thus, formed
bubbles moves at very high velocity to the more pressure side of the impeller blade, and
strices the surface of the blade and callapse there. In this way. as the pressure still further
Gecreases, more bubbles will be formed and collapses on the surface of the blade,
Physically enables to erosion and pithing, forming a cavisies on blades. This process takes
Place many thous and tmes in a second and damages the blade of accatnfugal pump. This
Phenomenon s known a: Cavidation
Net Positive Suction Head (NPSH)

Net Positive Suction Head (NPSH) is the head required at the pump inlet to keep the
water from cavitating or boiling, The cavitasion is likely to occur on suction sids of the
pump as the lowest pressure can exitin thi ¢ region The NPSHis defined as,

2
Vo puagp
etz Pe

NESH

Whers V, iz thevelocity of tae waterin suck on sids, by and oygp are the prossu re atthe inlet

andibe vapour pressure in absolute uni s NPSH indicates thebeightof the pump ax s from
e water anface inthe sump to whichit can be in stalled to wraid cavitaion pro blom.

Cavitation Pactor or Thoma's Cavitation Factor (<)

The cavitaion Facior (3) is deBined as the rato of totel inlet head above the vaoour
srosmur atthe sactcs 2 de of tae pump to the head developsdbytae pu .

o _ Total headabovethe vapourpressurs st thepump inlet

Eeaddeveloped og the pump

2
Therebore. o _ 2/ PR 4 (75 128 - pragfion _ TPSH

. T Ha
By applying the B ernoulls s equation beiween the free surface of the warer in th e sump
andthe pump ialct. the can (2. 17 canalsc be watien as.
Ham -Hvap -Howt

-
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Wihers Hyp 17 the atmosphertc f ressirs head 1n m, Ky, 15 tae wapour preccure headin m,
Hyq 35 the sum of Factional L o2 Eor the suct on pipe length ig) and clevation of coa xe hae
sfpump (h)From sump water free surface

The cavitation factor (5 )is constant in all geemetrically s mil ar pamps un der simiJar
Tow conditions. I the caviteti on fector{o e latcd vsiag cgn.(8.18) is greater than the
sntical cavitation factor (G), then the cavstat on will not occur. In order to obtain higher
ralue of o it is preferced 1o adopt Lesser by orlesser byy. Theuseof & notoaly indcates

aitetion inception but aloo denctes o stase of cevitaion oceumiaz in the machino.
Senerally the alue of (5 shoul d be mor= than 0 041n order > aveid caviration therwize,

Cavitation cocurs.
Precantionsfor Preventingthe Cavitation
The following steps shouldbe taken into account to prev ent the cavitation
(@) the precrure of the flnid flow n any part of the system should nat fall below the
sd, e absclutepres sure head should

wapouc pressure Fthe water s the working
ot ehelow2.5 m of water.

() the wapeller should Ve mads of belter cavitalion rcsisant walcids such as
alumnum, bronze and staunless steel

Cavit ation Effect

The following are the effects of cavitetion

0 the metallic surfac s dom age-dan doavities are Form odon the imp el er sarface

() considerable nciss andvibrati on ascreduceddusto the sudden collapse of wapour
Eubble.
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Need for priming
The action taken to stimulate an economy, usually during a recessionary peried,

through govemment spending, and interest rate and tax reductions. The term "pump priming”
is derived from the operation of older pumps; a suction valve had to be primed with water so
that the pump would function properly. As with these pumps, pump priming assumes that the
cconomy must be primed to function properly once again. In this regard, government
spending is assumed to stimulate private spending, which in tum should lead to economic

expansion.
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8.10 Cavitation
1 the pressure at any point in a suction side of centrifugal pump fols below the vapor

scessure; then the water start boiling forming saturated vapor ‘bubbles. Thus, the formed bubbles
2 atvoryhigh velocitytothe moreprossuresideof te mpllerblade, and strikes the surface of
e biadeand collapse here, In this way, s the pressure still further decroases, ‘more bubbles will be
medand collapses onthe surface of the blade, physically enables (o crosion and pitting, forming
vt on blades. This process takes place many thousand times n 2 second and damages the
e ofacentrifugal pump. This phenomesonis knownas Cavitation.
5.10.1Net Positive Suction Head (NPSH)

‘et Positive Sucton Head (NPSH) s the head required at the pump nlet to avoid the water
<omeavitation orboiling, The caviationis Hkely to occuron sucton side ofthe pumpasthe lowest
sressure can xist in this region. The NPSHis defincd s,

Where Vi the velocity of the water in stion sde, .and B axc the pressure atthe inletand the

sapour pressure in absolute uits. NPSH indicates the hight of the punip axis from the water
e in ho sump o which tcan'b installed toavoid cavitaton problem-

N
NpsH = De 4 Ye P

8.16)
e | 28 pg &9
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5.10.2 Cavitation Factoror Thoma’s Cavitation Facroits)
The cavitation factor (<) is defined as the rtio of otal inlet e
e suction sideofthe pumpto the hoad developed by the pump-

ad above the vapour pressure at

Total head above the vapour pressure at the pump nlet
‘FHead developed by the pump

p Ve Pm

_pe 2z pg NPSH 817

Therefore, 6=
N H,
on between the free surface of the waier in

By applying the Bemoulli’s equati thesumpand the

‘pumpinle, the eqn.(5.17) can also be written &5,
H,,, -Hy, -H.

_ M s a8

o ’—”H.. (3.18)

Where H.y, i theatmospheric pressurc head i, H.y s the vapour Pessurs headinm, By is
e sum o frcional loss for the suction pipe ength (hy) and clevation of centee ine of pump ()

from sump water free surface.
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The cavitation factor (o) is constant in all geometrically similar pumps under similar flow
conditions. If the cavitation factor(c) caleulated using eqn.(8.18) is greater than the criticel
cavitation factor (o), then the cavitation will not occur. In order to obtain higher value of o it i
preferred toadopt lesser h, orlesser hy,. Theuseof o notonly indicates cavitation inception bus
also denotes the stage of cavitation occurring in the machine. Generally the value of o should be'
‘morethan 0.04 in order to avoid cavitation otherwise, cavitation ocurs.
8.10.4 Precautions for Preventing the Cavitation

The following steps should be taken into account to prevent the cavitation:
(i) The pressure of the fluid flow in any part of the system should not fall below the vape
pressure, If the water is the working fluid, the absolute pressure head should not be below
‘mofwater.
(if) Theimpeller should be made of better cavitation resistant materials suchas aluminium, b
andstainless stecl

8.10.5 Cavitation Effect

‘The following are the effects of cavitation:

() Themetallic surfaces damaged and the cavitios are formed on the impeller surface.

(ii) * Considerable noise and vibration are produced due to the sudden collapse of vap
bubble.

(i) The efficiency of the machine reduces as the work done by the impeller on the w
becomes less due to pittingactiononits surface.

(i¥) After the inception of cavitation, the discharge no longer increases in spite
decrease in head. Consequently all the curves such as efficiency, power, head
exhibita vertical drop at that discharge. -
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S.1Introduction:

An axial flow compressor is essentially an axial flow turbine driven in the reverse
direction except that in order to achieve a sufficiently high efficiency, it is necessary to

design the blades by taking extreme
care. As already mentioned in
chapter 2, the tuming angle is very
small preferably lower than 30°

A schematic diagram of an
azial flow compressor is as shown
in Fig 5.1.1t consist of anumber of
fixed blades which are attached to
the casing and altemative rows of
movingblades on to the shaft which
is mounted on bearings. Air
progresses from one blade row to
the next blade rows guided through

Fixed blades

Moving blades

Fig. 5.1 Principal components of the

axial flow compressor
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DEFINITION:

A turbo machine is a device in which energy transfer occurs between a flowing fluid and rotating element due to
dynamic action. This results in change of pressure and momentum of the fluid

TYPE:

If the fluid transfers energy for the rotation of the impeller, fixed on the shatt, it is known as power generating turbo
machine.

If the machine transfers energy in the form of angular momentum fed to the fluid from the rotating impeller, fixed on
the shaft, itis known as power absorbing turbo machine.

Compressor
Exhaust Gas Wheel

1

h

Wy e

Turbine
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the fixed blades. Fixed blades
serves the function of diffuser and
hence the pressure of air increases
when it comes out of it. As the air
passes parallel to the axis of
rotation of the shaft, the flow is
axial and hence the name is axial
flow compressor.

The usual type of compressoris
of 50% degree of reaction in which
static enthalpy change in rotor
(static head) is half the stage static
enthalpy change (total head). In this
case, the velocity triangles are
symmetric at inlet and outlet. In
50% Reaction type of compressor,
it is necessary to active prewhirl at
inlet so as to maintain the Mach
number below 0.9 as it required for
high efficiency. Because of
relatively small turning angle (up
to 30%), the pressure rise per stage
will be small. However, the large
axial velocity of flow makes more

Guide blade

h,p,
B P

va Exit velocity triangle
hy, pa
By P
Diffuser blades
By, Py
B3, Py

Fig 5.2 General velocity triangles for
axial flow compressor

1

2

3
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Vn
v,
i [ Vﬂ
g
U v% U
V.V’ Vﬂg } Va=Va
PR . [rmeai

(a) Axial stage with V) axial (b) Axial stage with V7, axial
Fig 5.3 velocity triangles when R # 0.5

osutlet as shown in Fig. 5.2. For ideal conditions, ot = o3, 1.e., diffuser inlet vane angle is
same as thefluid angle atinlet of therotor.

IF the reaction R is not equal to 50% then the velocity triangles are unsymmetric and
hen design is based on whether absolute velocity of air at rotor inlet or outletis aial. The
aelocity triangles forthese two cases are as shown in Fig 5.3
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If the fluid enters axially, no guide blades are required as shown in fig. 5.3(a). The
static pressure rise in the rotor blades is much larger than in the stator blades. Because of the
arge relative velocities compared to 50% Reaction, the stage efficiency is lower than that
of symmetric stage.

Ifthe fluid leaves axially, as shown in fig. 5.3(b) the static pressure rise occurs entirely
n the rotor blades, the stator blades causing only a small pressure rise. The degree of
-eaction s, therefore, greater than 100%. The energy transfer per stage is low &hence also
e stage efficiency. But due tolow exit velocity, the overall efficiency is likely to be larger
hanthe othertypes of compressor. (i.e, R <0.5, R=05, R<1)
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5.2 Work Done and Efficiencies in Compressor:

Various efficiencies and work done are defined in chapter - 3 for power absorbing
aurbomachines. If the kinetic energy, at entry and exit of a stage is almost equal or their
magnitude are negligible, then,

The actual work, W,=h—h=C,(T, -T)
Theideal work, W,=h-h=C(5-T)

Then thestaticto static efficiencyis definedas,
= _GE-D_@-1)
AT I 3
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Forisentropic process, the ideal work
will expressed conveniently in terms of
nitial temperature, Ty and pressure ratio,

or=pafpy asfollows,

Usinginsentropic relation

Fig. 5.4 Enthalpy - entropy diagram
of an axial flow compressor.

61
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Thisis al so known as isentropic compression efficiency. (1,). Thus, the actual work
‘equired when the efficiency is known then, .
)
Tl )y —1]
WG e o
Ul ul

" .
For the more general case, when the exit kinetic energy. is significant then, the

actul workrequiredis -
&) 1]

W, = (5.3)
Me
W =
nWa _ -1
Colnn
L o
NeWa 1772 [ Toa = Ton) PeT
P = +1 = +1 (5.4)
’ [C:TM ] Tox

Therefore the equation (5.4) is used to calculate the overall pressure rise across a
stage of compressor.
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5-18

Example 5.1 +  single stage axialflow blower with no inlet guide vanes but 4 o0 of stationary.
e the rotor runs a 3600 RPA. o hu an ip diameters are 20 &7 and 12.5 cm
vespeciively. The mass flowrate of ik 0.5 s, The turning angle o he rotor s 20° towards the
D ection during the i flowover e e If the atmospheric. temperatire ‘and pressure are
55 C and 1 aim respectively, assuming e stant axial velocity hrough the ‘machine, find (&)The
yalpressureriseoftheair i =09 ®) Thepowerrequired (c) Thedegree ofreccl .
[Sep. 90, MYS, Mar: 97.KU]

Solution: Given s With noinlet guide vanes V, =V, , N=3600 RPM. D,=02m,

D, =0.125m, m=05 kgfs» po =latm, 1, =25+273=298K, ML =09 A= 12=20
To Find: po> P R

s
Density at inlet: P = o »—Z;TX:Z@ ~1.185kgm’

Arcaof flow, A[=%x(D1' D)

P
T 0220425
. 0.125")

A=0.01915 m’
v e __ 05 __.;mhs
ba 1185x001915

N [L‘L)N
Mezn rotor Ve\m.‘y.ww;,’l,/:
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From velocity Ale, Vi ‘u V= Jao 6+ 7.7 mis

4,=90-35
Now, B;Z‘m'("l.—zﬂo)190-(543"-20”):557“
./ S 2 __—a66mis
s smGsT)
AV, = U-Vyeot; =306~ 22xcot55.7° =15.6m/s

=V NA = 222 +156°

_UxAV,

17w,

“‘6;‘5'6 ~47142ke=E

el embalpychange

. “Actualenthalpy change

Lical thalpy change Ao = Ao X et = 477409 = 429,668
Ay =429.661K8

Also,
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(s) Total pressurerise: Ap, =px(Ah)=1.185x429.66 (whenairis treated
asincompressible)
Ap, =509.15 N/m? or 5.02 cmof water. (- Ibar =10mof water)
(b) Power required (P): P=rax A, =0.5x477.4=2387 W.

2 y? 2 gy
B YoV | gpa (22

2. 2x1
— e S

E 4774

() Degree of reaction (R): R=
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Example 5.2 An axial flow compressor stage, where the absolute velocity entry is axial, has the
‘mean rotor speed of 225 m/s. The axial velocity is 120 m/s throughout the stage. A stator
downstream of the rotor directs the flow axially at the stage exit. If the rotor blade angle at the exit
is 58° and the mass flow rate of air is 13.5 kg/s. calculate (a) The static pressure rise across the
stage, assuming a 1,= 0.86 (b) The static pressure rise across the rotor and the degree of reaction
and (c) The power input, asguming mechanical efficiency of0.98. Assume the inlet air conditions fo
bestandard atmospheric and the workinput factor to be 0.86. [May 96, KU, Aug. 94, MYS]
Solution : Given : U=225m/s, V; =120mis, V=V,, B, =58°, i =13.5kg/s, n., =0.86,
.98, py, =1bar, Ty =298K.

Nreeh
Fromvel. Ale,

=JU? + V2 =2257 + 1207

v, =255mis
== 120 g S
S, sins8®
Vs cosly =225- 1415 xcos 58°

AV, =150mfs

V, =yAV,2 v, = 1507 +1207 =192.1mls
Actualstage stagnation enthalpy change _ Ah,
Tdeal stage stagnation cnthalpy change  Ah,
QxUxAV,
&
Sy =0.86x 225x150=29.03kI/kg

Butideal enthalpy change, A =, x Ab, = 0.86x 29.03 = 24.962 Kllke.
Considering the rotor and stator combination, and the exit of the stator be represented

Work input factor =

=QxAh =
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by subscript 3, We get.
b =Cp x (T3 - Tor)
24.962=1.005 % (T;, - 298)
T, =3228K
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Vi -V, 255714157

2xg xAh, 2x1x29.03x10°
R=0.775

() Power Input:

and
13.5x29.03

0.98

=400kW
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ample 5.3 :_in air compressor has eight stages of equal pressure ratio 1.35. The flow rate
dhroughhe compressor andits overall fficiency are 50 kg/s and 82%respectively.If the conditions

 of air at eniry are 1.0 bar and 40°C determine (@) the state of air at the compressor exit (b)
polytropic efficiency (c) efficiency of each stage. (d) power required to drive the compressor

assuming overall efficiency of the drive as 90%.

Solution : Given: K =8, p, =135, 10 =50 kg/s,n, =0.82, p, = Ibar, T, =313K.n,, =09

() Thestate of air atexit: (p, . T;)

Overallpressure ratio pe = (p,)* = (1.35) =11.03 bar
Actual temperature rise through the compressor,

1_ znxﬁl.os""” -1)°
o - 082
AT, =37675K
AT, = T, -T, =376.75K
T =376.75+313=689.75K
Exit Prossure, P,y = Pro X Poy =11.03 x1=11.03 bar
Exit temperature, Ty., = 689.75 K
(i) Polytropic Efficiency (1) :
-1, _Inlpg) (4-4) 1n(11.03)
Y (e, /T) 14 In(689.75/313)
87.1%
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(iii) Stage Efficiency (n,):

o
ea" (L03) =
e S (e
®o) " ™ (11.03) -1
15 =86.5%
(i) Power Required (P):

P=ihxAh, =1 x Cp x Ay = 50%1.005 (376.75)
P=2L04MW
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Example 5.4 Anaxial flow compressor of 50% reaction design has blades with inlet and ouslet
angles wert. axial direction of 45" and 10" respectively. The compressor is to produce a pressure
ratio of 6:1 with an overall isentropic efficiency of 0.85 when inlet static temperature is 37'C. The.
blade speed and axial velocity are constant throughout the compressor: Assuming a value of 208
s for blade speed find the number of stage required if the work done factor is (i) unity and (i) 057
Jorallstages.

Solution : Given: Increasein temperature per stage,
QxUxV,
ATy = ———"x(tany, ~tany,)
Cp
AT E— YT
(any, +tany;) (tan45+tanl0)
(@) Number of stages, when =1 —
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Temperature iselstage, AT, = X 200x170.02x (a0 45~ 120 10) g7 g6

1005
T r 310
ATy == ~1]==2x 6" -1 }24412K
S R TR 2R /
A2 _y269 -

AT, 2786
(b) Number of stages, when 2 =087
_087%200x170.02x (tan 45 —tan10) o
1005

ATy
AT,

24412
AT, | 2424

=1007
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5.5 Condition for Maximum Utilization Factor or Blade efficiency with Equiangular
Blades for Impulse Turbin
Condition for maximum utilization factor or blade efficiency with equiangular blades

for Impulse turbine and the influence of blade efficiency on the steam speed in a single

stage Impulse turbine can be obtained by considering corresponding velocity diagrams as
shown in Fig.9. Due to the effect of blade friction loss, the relative velocity at outlet
reduced than the relative velocity at inlet. Therefore,V, = C,, V,y, corresponding to th

condition, velocity triangles (qualitative only) are drawn as shown n Fig.9.
AVy

Energy transferasawork per kg ofsteamis, [ ———
i
E-w=
R
From velocity triangle : v “
AV, =V, + V2=V, cos, +V,,CosB, PN
- Vo cosp —U—l
=V, cosp, (142
r*““”“-( Vi cosBl) [P P

Fig9. Effect of blade friction
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But V,,cos, =V cosa -U
WV, =(V; cosa -U)[1+(V,y/V,,)cosP, /cosB))]

Vo osf,
But 2 fi Iso fi Let K=——=
iSRGy and for agiven roor, By & py are slsofixed. Lot K=o

AV, =(V; cosa, -U)[1+C, K]

. Work done per kg of steam is,
W=U(V, cosa, -U)[1+C,K] ©)
Ifweexpre

W

interms of speedratio, 6= U/V,, we get

7 6 leosa -61(1+C, K) ©

The available energy per kgof steam at inlet is

Also,bladeefficiency, n, =% = 20V, [cosa -9](1+C, K)
\AS v?
ny = 2(6Cos -6'1(14C, K) ™

Eqn.(7) shows that the rotor efficiency or blade efficiency varies parabolically for
thegiven a,,CyandK.
For the maximum blade cmcicncy,%h -0

. Speedratio, ¢ =51 )
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The maximum blade efficiency becomes

2 2
2 “L_CZS "‘1)(|+ch K)

rlb. mn:

n _ea
b, mx 2 ! (I+CDK) ©

Further, if rotor angles are equiangular i.c., B, = B, and V, =V,
2
Then, My, oy — €O & (10)

It is scen that the m,_,,is samethe as maximum utilization for Impulse turbine
when there is no loss and blades are equiangular.
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_Example 241 ir/lows wially through a axial flow turbine at a mean radius of 0.2 m. I the
angenial componen.of absolute velociy reduced by 20 diring pascse through the rofor,
Jind the power developed by the _ turbine for aflow rate of 100 ms at a point. where the
oressure and. temperature are 1 bar and 27°C. The rotational speed of the rotor is 3000 RPM
[Feb1994,KU]
Solution  Radius =R =0.2m, D=2R =041m, &V, =V,; -V, =20 mf5, Q=100 ms,
p=mm\bax=wK Nim?,T =(27+273)=300K.

Density at that point :
_ 1x10°
PTRT T 287x300
16 kg/m*

Moss flow rate =

16x100=116 kg/s

Tangential speed of rator, =% = 7x0.4x3000 = 62.83 mis

HUXAV, _ 116x62.83x20

£ 1000
P=145.77KW.

Power,P=
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Example 2.5 Combustion products approaches an axial flow turbine rofor Wit €%
(4 absolute velocity of 550m/s and adirection of 18"from he wheel tangent. The mass Slow rate =
@ gl the absolute velocity atthe roor exil s axialy directed. When the blade speed is 300ms,
find the power output and the degree of reaction. [Aug1993, KU

Solution: Given:

v, =550mis,, =18°, 2 = 60 kg/s, Vy is axial
fe,Vy =Vy (10,0, =90° & Y,y =0), U=300 mis, To Find: P and R

Frominlet velocity triangle:
V,, =V, cosa, =550cos(18°) =523.08 mis

Vy = V, sing, =550sin (18°) =170m/s =V> = Vo
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1000
Power output ()

Degree of reaction (R)
- Static energy _
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o B vDed
E
RrR=0128
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An Doy onderd Jediclficdl2n - o
Example 2.16 ) An imward flow turbine has an inlet angle of 20/, the water leaves radially, speed
of the whee 50 RPM. Velocity of flow is 4m/s. The inner and outer diameter of the turbine are 30
m and 60 cm respectively. Width of the wheel at nlet i 12 cm. Find the blade angle and power
developed. Alsowhat will be the value of R. Db*ln&’-] Y ( =190 [Aug.90, MYS]

Solution : Given Wk 4 G J’“‘"’;Z‘LX R
N=350RPM.D, =0.6m,V, =V, (axial)ic.,a; =90°. T
.12m
=4ms. i Ve
N _ @x0.6x350) 0 o6 e

60 60

_aD,N _ (nx03x350) _
U,= & =5.498ms V. lID
. U
0520° =11.695 xc0s20° =10.990m/s
AC 4 3
FromVel.Ale. ABD: == tanfy = 5o = by =89.99° =900 Outlet

Vo= JVP+U3 =4 +(5498) = 6799 m/s g

v, 4 b
/- —36.04°
b U, 5408 B =3 2 BN
- . —U—
Power,  poTiUVazUs Vi) e
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m.=puD,B,V, =1000x7x0.6x0.12x4 =904.77 kefs
_ (904.77x10.996x10.990) _ 0 338
1000

(U -UD+(V5-Vi)
U7 -UD+ (V3 -V + (V- V2)

9962-5.4982) +(6.7992-42)
(11.6952-42) + (10.9962- 5.4982) +(6.7992-42)
R=05 or 50%

P

R=
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STEAM AND GAS TURBINES

1.0 Introduction:

Steam turbines use the steam as a working fluid. In steam turbines, high pressure steam
from the boiler is expanded in nozzle, in which the enthalpy of steam being converted into
kinetic energy. Thus, the steam at high velocity at the exit of nozzle impinges over the
moving blades (rotor) which cause to change the flow direction of steam and thus cause a
tangential force on the rotor blades. Due to this dynamic action between the rotor and the
steam, thus the work is developed.

These machines may be of axial or radial flow type devices.

Steam turbines may be of two kinds, namely, (i) impulse turbineand (ii)Reaction
turbine.

2z
Boiler
ity Dol M oy
| elocity

T o

pressure )
" pressure

Inlet Condenser 1y

Powte el P i

Fig.1 Impulse turbine Fig.2 Reaction turbine
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In Impulse turbine, the whole enthalpy drop (pressure drop) occurs in the nozzle
itself. Hence pressure remain constant when the fluid pass over the rotor blades. Fig.1
shows the schematic diagram of Impulse turbine.

In Reaction turbines, in addition to the pressure drop in the nozzle there will also be
pressure drop occur when the fluid passes over the rotor blades. Fig.2 shows the Reaction
turbine .

Most of the steam turbine are of axial flow type devices except Ljungstrom turbine
whichisaradial type.

2.0 Difference between Impulse & Reaction Steam Turbine :

SL. Particulars Tmpulse turbine Reaction Turbine

no.

I Steam Expansion  Expands fullyinnozzleand  Expands partially in nozzle
pressure remain constant and further expansion takes
over the rotor blades. place when it passes over the

rotor blades.
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Relative velocity

Blade sections

Steam velocity at the
inlet of machine
Blade efficiency or
Stage efficiency
Number of stages
required for given
pressure drop or
power output

Suitability

Remains constant

ie., V=V

Blades are symmetrical
Very high
Comparatively low.

Few stages

Suitable, where the
efficiency is not a matter
of fact.

Go on increasing as the
pressure drop occurs on the
moving blades,

i,V >V,

Blades are of aero-foil type.

Moderate or low.
High.

More number of stages

Suitable, where the
efficiency is a matter of

fact.
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3.0 Compounding of Steam Turbines

If only one stage, comprising of single nozzle and single row of moving blades, is
used, then the flow energy or kinetic energy available at inlet of machine is not absorbed
fully by one row of moving blades running at half of absolute velocity of steam entering the
stage (because, even for maximum utilization, U/V = ¢ = 1/2). It means to say that, due to
high rotational speed all the available energy at inlet of machine is not utilized which being
simply wasted at exit of machine. Also we know that for maximum utilization, exit
velocity of steam should be minimum or negligible. Hence, for better utilization, one has to
have a reasonable tangential speed of rotor. In order to achieve this, we have to use, two or
more rows of moving blades with a row of stationary blades between every pair of them.
Now, the total energy of steam available at inlet of machine can be absorbed by all the rows
in succession until the kinetic energy of steam at the end of the last row becomes
negligible.

Hence compounding can be defined as the method of obtaining reasonable
tangential speed of rotor for a given overall pressure drop by using more than one stages.
Compounding is necessary for steam turbines because if the tangential blade tip velocity
greater than 400 m/s, then the blade tips are subjected to centrifugal stress. Due this,
utilization is low hence the efficiency of the stage is also low.

Compounding can be done by the following methods, namely, (i)Velocity
compounding, (ii) Pressure compounding or Rateau stage (iii) Pressure-Velocity
compounding and (iv) Impulse- Reaction staging.
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3.1 Velocity Compounding (Curtis Stage) of Impulse Turbine :

This consists of set of nozzles, rows of moving blades (rotor) & a rows of stationary
blades (stator). Fig.3 shows the corresponding velocity compounding Impulse Turbine.
The function of stationary blades is to direct the steam coming from the first moving row to
the next moving row without appreciable change in velocity. All the kinetic energy
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PARTS OF A TURBO MACHINE

The principle components of a turbo machine are:

1. Rotating element (vane, impeller or blades) - operating in a stream of fluid.
2. Stationary elements — which usually guide the fluid in proper direction for efficient energy conversion process.
3. Shaft — which either gives input power or takes output power from fluid under dynamic conditions and runs at
required speed.
4. Housing - to keep various rotating, stationery and other passages safely under dynamic conditions of the
flowing fluid.
E.g. Steam turbine parts and Pelton turbine parts.
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available at the nozzle exit is successively absorbed by all the moving rows & the steam is
sent from the last moving row with low velocity to achieve high utilization. The turbine
works under this type of compounding stage is called velocity compounded turbine.E.g.
Curtis stage steam turbine.
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3.2 Pressure Compounded (Rateau Stage ) Impulse Turbine :

A number of simple impulse stages arranged in series is called as pressure
compounding. In this case, the turbine is provided with rows of fixed blades which acts as a
nozzles at the entry of each rows of moving blades. The total pressure drop of steam does
not take place in a single nozzle but divided among all the rows of fixed blades which act as
nozzle for the next moving rows. Fig.4 shows the corresponding pressure compounding
Impulse turbine .

Pressure compounding leads to higher efficiencies because very high flow velocities
are avoided through the use of purely convergent nozzles. For maximum utilization, the
absolute velocity of steam at the outlet of the last rotor must be axially directed. It is usual
in large turbines to have pressure compounded or reaction stages after the velocity
compounded stage.

pressure

Nozzle

velocity

d blades  Boiler

Boler pressure

pressure it

Exit velocity

velocity Inlet [
velocity Condenser
Condenser pressure
pressure -~

Fig4 Pressure compounded
impulse turbine

Inlet
velocity

))))))))

Fig.3 Velocity compounded
impulse turbine
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3.3 Pressure-Velocity Compounding

In this method, high rotor speeds are reduced without sacrificing the efficiency or
the output. Pressure drop from the chest pressure to the condenser pressure occurs at two
stages. This type of arrangement i very popular due to simple construction as compared to
pressure compounding steam turbine.

Pressure-Velocity compounding arrangement for two stages is as shown in Fig.5.
First and second stage taken separately are identical to a velocity compounding consists of
a set of nozzles and rows of moving blades fixed to the shaft and rows of fixed blades to
casing. The entire expansion takes place in the nozzles. The high velocity steam parts with
only portion of the kinetic energy in the first set of the moving blades and then passed on to
fixed blades where only change in direction of jet takes place without appreciable loss in
velocity. This jet then passes on to another set of moving vanes where further drop in
kinetic energy occurs. This type of turbine is also called Curtis Turbine.





image88.png
MB = Moving blades MB = Moving blades

SB = Stationary blades SB — Stationary blades
: 22

72358228

Nozzle

Pressure

Velocity

Boiler Boiler Fina Velocity
Pressure Pressure | L
v ¥ sy
Ldvia)
v/ T BATRBREN L ~
it ara Contirser s
elocity : -~ : ~  Velocity
-~ -~ i
Aar ~ h
MovigBlade _Clowence AR
Steam Inlet o fulf 21 _ Steam
s Outlet Steam Infet Steam Outlet
Blades |
— Cusing I PR | g
Bearing A s

Shafl
A

Fig.5 Pressure - Velocity compounding ~ Fig.6 Impulse Reaction turbine




image89.png
5.0 Analysis on Single Stage Impulse Turbine :
5.1 General Velocity Diagrams for Impulse Turbine :

Blade

Pressure
equalizing
hole

Axial

l‘ direction
a Shaft

-1
o¥e

irection

Ta
di

Fig. 7 Steam flow through blade passages & velocity diagrams.

A schematic diagram of an Impulse wheel along with combined velocity diagram is
showninFig.7.
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5.2 Forces on the Blade and Work Done :

There are two types of forces occurring on the rotor blades and shaft respectively.
They are:
(a) Tangential force due to change in whirl velocity or tangential component of

absolute velocities F = v £V ) Newtons )
T g a2

Here positive sign is used, as usual, if V,; and V,

w2

and negative sign if they are in the same direction.

are opposite to each other
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(b) Axial thrust due to change in axial velocity components is
_m
F = o (V,-V,)) Newtons %))
5.3 BladeEfficiency or Diagram Efficiency (n,,):

Itis defined as the ratio of work done per kg of steam by the rotor (output by the rotor)
to the energy available at the inlet per kg of steam. Thus,

_  Work done/kg of steam by the rotor

nyorn = -
" Energyavailable/kg of steam at Inlet.
N W UV tVy) | 2UAY, 3
2 - 2
vl ’zgr V\ vl

5.4 The Stage Efficiency (n,):

It is defined as “the ratio of work done per kg of steam by the rotor to the isentropic
enthalpy change per kg of steam in the nozzle”.

. W UAV/g
- Myage = .
Ah, Ahy
or _ AVl (V)2
sageT Tz X
Vi 2g Ab,

Mstage = Molade X M nozzle “)
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5.5 Condition for Maximum Utilization Factor or Blade efficiency with Equiangular

Blades for Impulse Turbine :

Condition for maximum utilization factor or blade efficiency with equiangular blades
for Impulse turbine and the influence of blade efficiency on the steam speed in a single
stage Impulse turbine can be obtained by considering corresponding velocity diagrams as
shown in Fig.9. Due to the effect of blade friction loss, the relative velocity at outlet is
reduced than the relative velocity at inlet. Therefore,V,, = C, V,;, corresponding to this
condition, velocity triangles (qualitative only) are drawn as shown in Fig.9.

. Vu
Energy transferasa work per kg of steamis, A
UVytVy) _ UAV,

S ES

From velocity triangle :

E=W=

AV, =V +V =V, cosp; +V,,Cosp,

- . V2 cosBa
7V“Cmﬁ‘(l+7r.| cosPi

Fig.9. Effect of blade friction
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But V,cosp; =V,cosa, -U
. AV, =(V, cosa; -U)[ 1+(V,y/V,,)(cosB, /cosP,)]

and for agiven rotor, B, & s are alsofixed. Let K:CZSSEZ
1
AV, =(V; cosa; -U)[1+C, K]
. Work done per kg of steam is,
W=U(V, cosa, -U)[1+C,K] 5)
Tfwe express in terms of speed ratio, = U/V,, we get
2
W=V, ¢ [cosay -¢](1+C, K) ©6)
2
The available energy per kgof steam at inlet is V, /2g_
2
Also,bladeefficiency, n, =W = 20V; [cosoy 011+, K)
vii/2g, i
2
My =2(¢Cosay -¢ J(1+Cy K) (7

Eqn.(7) shows that the rotor efficiency or blade efficiency varies parabolically for
the given a,,CyandK.

For the maximum blade efficiency, -4Mb _ ()

dé
. _ cosay
- Speedratio, § =5 ®)
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The maximum blade efficiency becomes

2 2
ofeos @i_cos a )¢ k)
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Mo, max

2

n _ cos o
b, mx 2 ta +CbK) ©

Further, if rotor angles are equiangular ie., B, = B, and V,; =V,

2
Then, My, gy — €08 &y (10)
Tt is seen that the n, ,,, is same the as maximum utilization for Tmpulse turbine
when there is no loss and blades are equiangular.




