E__ «E__-EB_ B _ E__

E_

g_ . B

YIKAS PUBLISHING HOUSE PVT LTD
576, Mas|ld Road, Jangpura, New Dalhi-110014
Phones: 4314605, 4315313 « Fax: 91-11-4310878
£-mall; orders @vikss.gobookshopping.com
intarnet: www.vikageforum.com

First Floor, N.S, Bhawan, 41k Cross, 4th Maln,

Gandhl Nagar, Bangalore-560 009 » Phones : 2204829
F-20, NMand Oham Industrial Estate, Marol,

Andheri {East), Mumbal-400 059 » Phone : 8502333, B502324 T

Distritestors: -
UBs PUBLISHERS' DISTRIBUTORS LTD :

§, Ansad Road, New Delhl-110 002

Ph. 3273801, 3266646 « Fax: 3276593, 3274261

E-mail: orders @ gobockshopping.com = Intarnet: www.gobookshopping.com
» 10, First Maln Road, Gandhi Nagar, Bangalore-560 002 « Ph. 2263901

= , Slvaganga Road, Nungambakkam, Chennal-800 034 = Ph, 8278355

¢ B/1-B, Chowringhee Lang, Kolkata-700 016 « Ph, 2441821, 2442510

+ 5-A, Rajendra Nagar, Patna- 800 016 » Ph, 872856, 656169 o
+ A0, Noronha Road, Cantonment, Kanpur-208 004 « Ph. 369124, 362665 :

Dixtrilbutors for Western india:

PREFACE BOOKS
223, Cama Industdal Estate, 2nd Floar,
Sun Ml Compound, Lower Parel (W), Mumbal-400 013

|SBN 81.250-0840-4
Copyright © 2001, ViIkas Publishing Housa Pvi Lid

All rights reserved, No part of this publication may b reproduced
In any fgem without Iha prior wrltlan permission ol the pubiishars.

The book was developed, ediled and produced al: Vijay N;“"k Imiprints

B e o cadhavan ‘& " A:25, 4th Floor, Naison Chambers,
' ‘ . 115, Nalson Manickam Road,

Editorisl Taam : e Aminjikaral, Chennal - 600 028

Pradeep Kumar B, Dheeba R, Ph: 374 3062 /374 1084

Smitha A § Pillai Emall ; pkmadhu® mdd.vsnl.netin

Infgrmnation eontalned in this book haa baen published by VIKAS Publishing Housa Pvt. Ltd, and has
been dninad by iis authors from sources believed to be reliabla and are correct to the best of thier
knowladge, However, the publishar and lls authors shalt [n no event be (labta for any errors, omissions
or damages arising out of usa of this informalion and spacifically disclalm any implied wareanlies or
merchantabllity or fitness for any particular use,

Printed at Kay Kay Prinlars, Deihi - 110 007

_ To my
- beloved Parents
Amirtham—Uthariam



PREFACE

The objective of this book is to cover comprehensively the basics of turbo
machines. Turbo machines has been an essential subject in the engineering
curriculum and is often perceived as a tough subject mainly due to the unavail-
ability of standard textbooks. 1 have made an attempt here 1o provide sdequate
material for the study of both compressible and incompressible flow turbo
machines. The book adopts the SI system of units throughout. {t includes nu-
merous solved and unsolved problems in each chapter to assist students in
understanding the subject.

Chapter | introduces the basics of turbo machines. The Euler’s equation
has been derived in this chapter. Chapter 2 deals with the geometries of blades
and blade rows of different types of turbo machines. The blowers and fans are
low-pressure compressible flow machines and are principally the same as the
compressors. Therefore, these machines are combined with compressors.
Centrifugal compressors, blowers and fans are discussed in chapter 3.

Axial flow compressors and {ans are described in chapter 4. In the same
chapter, multi-stage compressors are also covered. Axial flow gas and steam
turbines are combined and discussed in chapier 5. Problems in axial flow tur-
bines are solved by both analytical and graphical methods in this chapter. Chapter
& deals with inward and outward flow radial turbines. Velocity triangles and
enthalpy - entropy diagrams have been frequently used (o explain the thermo-
dynamic aspects of these compressible flow machines.

Chapter 7 includes dimensional and model analysis of turbo machines and
types of similarities. A brief discussion on non-dimensional numbers is pre-
sented here.

Centrifugal and axinl flow pumps are discussed in detail in chapter 8, Italso
includes the study of positive displacement pumps. Hydraulic turbines such as
Pelton, Francis and Keplan turbines are discussed [n chapter 9. Governing of
hydraulic turbines is also included here. Power transmitting turbo machines

and their characteristics are discussed in detail in chapter 10.

The reference direction in velocity triangles for centrifugal machines is the
tangential direction and that of axial machines is the axial direction. This is the
canvention adopted here. Computer software has been developed for some
selected problems in turbo machines and is given in the Appendix,
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This book will be useful to teachers and students of Mechanical Engineer-

ing, candidates of AMIE, competitive examinations like UPSC, TNPSC and
GATE and practicing engineers.

I welcome comments and suggestions from readers.

The material in this book is based on the concepts already developed over
the years by various authors. which can be readily gathered from the list of
references given at the end of the book. I owe my gratitude to all of them,

T acknowledge with appreciation the encouragement and suggestions given
by my colleagues as well as my students,

I am gratéful to my family members for their moral support and sustmned
encouragement throughout the preparation of this book.

I place on record my sincere gratitude to my college Chairman
Dr. Tmt. Radha Thiagarajan, the Correspondent Thiru. Karumuthu T. Kannan
and the Principal Dr. V. Abhaikumar for their support.

I sincerely thank Mr. P.K. Madhavan, Vikas Publishing House Pvt Ltd, for
publishing this book. I am indebted to my students Mr. H. Prasanna and
Mr. A. Pradeep Chakkaravarthy for their help in proof reading.

A Valan Arasn
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BASIC CONCEPTS OF
TURBO MACHINES

DEFINITION .
e

" Turbo machine is defined as a device that extracls cnergy or imparts energy 1o a
continuously flowing stream of fluid by the dynamic action of one or more rotating
blade rows. The prefix "turbo’ is a latin word meaning ‘spin' or "whir]® implying that
\urbo machines rotate in some way.

If.the machine adds energy to the fluid, it is commonly called a pum ca]lcd a pump. If it extracts
energy. then it is called a turbine A dcvice which pumps hgmds is simply calied a

bar absolule pressure- it is QaLled 8 ‘compressor’, .

The difference between the turbo machine and the posmvc displacement machme is
that in the former, the fluid is moving continuously across the machine unlike in the
latter, where the fluid enters a closed chamber, which is isolated from the inlet and
outlel sections of the machine for a very short period of time within which work it
done on or by the fluid.

CLASSIFICATION OF TURBO MACHINES

Turbo machines are broadly classified as Shrouded or Unshrouded turbo machines.
1f the rotating member is enclosed in a casing or shrouded in such a way that the
working fluid cannot be diverted to flow around the edges of the impeller, it is called
a shrouded turbo machine. Examples of this are turbines, pumps, etc, If the Auid

‘flows around the edges of the impeller which is not shrouded, then it is called an

unshrouded turbe machine. Examples of this are wind miil, or acro-generator and
aircraft propellers. —_—

Turbo machines may fall into any one of the two classcs depending on whether

work is done by the Buid on the rotating member {examples: hydraulic urbine, gas

:urblne. ete.) o:_wo;l_;_ is done by the roumng member on l.he fluid (cxamples pump,
COMPpressor, elc.).
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(Thc wrbo machines can also be classified by the energy transfer from or to the
rotating blades, which are fixed onto a shaft. In the work absorbing machines the
fluid pressure (or) headw(in the case of hydiaulic machines) (or) the enthalpy (for
compressible fliow machines) increases from inlet to outlet. But in work delivering
machines the fluid pressure ar enthalpy, decreases from the inlet 1o the outlet.

The product change in head or enthalpy, and the rnass flow rate of the fluid through
the machince, represenis the energy absorbed by (or) extracted from the rotaling blades.
[n turbo machines, the energy transfer is accomplished by changing the angular mo-
mentum of the fluid and so the shapes of the blades and rotating members differ from
one type o another. '

Turbo machines can also be classifed based on the direction of flow of fuid
across the rotating member, If the flow is axial, the machine is called an axial flow
machine. If the flow is only radial, it is known as radial flow or centrifugal ma- _

ghine. If the flow is parily axial and partly radial, the machine is known as mixed flow
machine. :

BASIC LAWS AND GOVERNING EQUATIONS

The basic laws of thermodynamics and fluid mechanics are used in turbo machines.
The important laws and governing equations used in turbo machines are as follows:

1. The Principle of Conservation of Mass

The conservation of mass is one of the most fundamental principles in nature. Mass,
like enerpy is a conserved property, and it cannot be created or destroyed. The con-
servation of mass principle for a controlled velume undergoing a steady flow process,

requires that the mass Row rale(m) across the controlled volume remains constant.
Mathematically, ) :

frrT:'mthl =mAzCﬂ

where . subscripts | and 2 denote the inlet and oullet conditions respectively.
The conscrvation of mass equation is often referred '1o' as the continuity

equation in fluid mechanics. In compressible flow machines, the mass flow rate
(kg/s) is exclusively used while in hydraulic machines the volume flow rate {m?/s)

is preferred.

2. The First Law of Thermodynamics

The first law of thermodynamics which is also known as the conservation of energy
principle states that encrgy can neither be crented nor destroyed; it can only change
from one {orm fo another. The conservation of energy equation for a gencral steady
flow system can be expressed verbally as ‘

" {Heat wransferred] — [Shaft work} = (Mass flow rate) [{Change in enthaipy per unit
mass) + {(Change in kinetic efergy per unit mass) + (Change in potential energy per
unit mass))

expressed as the p

L3
BasIC CONCEFTSOF TURBO MACHINES < 3

or

Bgi W = m[Ah + Ake + Ape]]

‘Tjhis equation is known as steady flow energy equation{ SFEE). A turbo machine,
being operated essentially under the same conditions for long periods of time, can be

convenicnily analysed as a sicady flow device. This equation, when applicd to a turbo

machine, may be simplified pertaining to the type of turbo machine, because many
of the terms are zero (or) get cancelled with others.

3. The Newton's Second Law of Motion
According to this law, the sum of all the forces acting on a controlled volume in a

particular direction is equal to the rate of change of momentum of the fluid across the
controlled volume in the same direction.

Cx, Cuy

Figure L1 Movement of fluid purticle ucross e controlled valume

In wrbo machines, the impellers aro rotuting and the power output is

xpressed as the product of torque and angular velocity and so angular
momentum is the prime parameter. Consider a fluid particle moving across a con-
trolled volume as shown in Fig 1.1. The Fluid particle travels from point A'1o point
B while simuliancously moving from a radius ry to radius ry. If Cyy and C;y are
components of absolute velgcities in the tangential direction, then the sum of all the

torques acting on the system is equal to the rate of change of angular momentum,
Mathematically,

L =m{raCeq ~rCy1)
If the machine revolves with angular velocity w, then the power (W) is

Trew = m(wriCo - wryCy1)

i
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Since

wr =t

where U is the impeller langential velocity
T e

| W =m(UzCs2 — U]Cxl)‘

‘This equation is known as the general form of Euler’s equation, '
Euler's turbine equation is

[W =m{UiCx — UaCa) 2 ]

Euler’s pump equation is

FW=m(U2Cx2“U1Cx1)>0| | !

4. The Second Law of Thermodynamics |

The second law of thermodynamics leads to the definition of Entropy, and is defined '

ag"
5Q rev = TdS |

Entropy change is caused by heat transfer, mass flow, and icreversibilities. The en-
tropy change dunng a process is positive for an irreversible process or zero for are-
versible process. Thus, work producing devices such s such as lurbines, deliver more work,
and work consuming devices such as pumnps and compressors consume less work
when they operate reversibly. T
The differential form of the conservation of encrgy equation for a closed stationary :
system (a fixed mass) can be expressed for a reversible process as

§Qrey — Wy = dU

But

8Qren =7dS
§Wpey = PdV

Thus '
TdS =dU + PdV

{or) on unit mass basis

| Tds = du + Pdu]|

Thig equation is known as the First Tds equation or Gibb's equation. The second ;
Tds equation is obtained by eliminating du from the first 7ds equation by using the '
definition of enthalpy (h = u + Pw)

dh = du + Pdv + vdP

BaAsic CONCEFTS OF TURBOMACHINES € §

Thus

[Tds = dh - vdP-]

The sccond Tds equation is exiensively used in the study of compressible Aow \
machines. In terms of stagnation properties

Tds = dhg — vedPy

For an_incompressible fluid undergoing an isentropic process (ie.ds = Q) as in
@) the ideal change in stagnation enthaipy is ‘

{ (Ahg)s = vo&Po = APy/po = AP()@

Sincev, = l/pgand po = p

P EFFICIENCIES OF COMPRESSORS

Fig.1.2 shows the reversible and irreversible adiabatic compression processes on the
enthalpy-entropy diagram. The initial condition of the fluid is represented by state-1.
The stagnation point corresponding to this state is 01, The final condition of the fluid
is denoted by state-2 and the corresponding stagnation point is 02. If the process

werte reversible, the final fluid static and stagnation conditions would be 2S and (025
respectively,

W

Figure 1.2 ‘Rever:iblc and irreversible compression pm&e:u:

Process 1-2 is the actual compression ion process and is accompanied by an increase
in entropy. Process 1 28 s the jdeal compress on process. (’I‘hc efﬁc:cnc:cs of com-

or even a combination of both. The following are the cummonly used COMpressor
efficiencies:
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1. Total-to-Total Efficiency. .
Itis an efficiency based on slagmiuon propcrues at entry and exit.

Wideat _ ho2r — hor
Wacrual Aoz ~ hoy B
2. Static-to-Static Efficlency

It is an efficiency based on static properties at entry and ‘exit. ' !

-t =

Widewt _ h2: — Ay
Wactaat h3 - hl

Hims =

3. Polytropic Efficiency LT

v

A compressor stage can be viewed as madé up of an infinite number of small stages, !

To account for a compression in an jnfinitesimal stage, polytropic efficiency is defined
for an clemental compression process. Consider a small compressor slage as shown
in Fig. 1.3 between pressures £ and P+dP.

The polytropic efficiency of a compressor stage is defined as

= —— : ’ .1
AT (-0

h A Lt

Figure 1.3 Compressiun process in infinitesimal and finite compressorstages

For on isentropic process, the relationship between pressure and temperature is given
by

‘V_(,I__l—)- = constant ' (1.2)
P r

Basic CONCEPTSOF TURBO MACHMEE < 7

Differentialing equation (1.2) and substituting equation (1.1}, we get
4Ty = [r -1

‘Constant value is obtained from equation (1.2},

Therefore,
dT _ (r -1\ dp ' 13
T = r P (1.3)

X P"(E)] dp x constant

Rearranging,

(1.4)

If the irreversible adiabatic compression process is assumed to be equivalent to
a polytropic process with polytropic index, n, the foliowing relationship bejween
temperature and pressure will exist.

/ a=i
- IE Py e
l: Zl=[—= .
g (Tx) (Px) -3

Equating egns {1.4) and (1.5},
e=1

(7 -(3)"
Py “\A

Comparing the power,

i

r .n-I

[The polytropic efﬁcnency is also called as small stage or infinitesimal stage effi-
ciency] ~
A typical value of pnlylrnplc efficiency for a compressor is 0,88 and in the initial
design calculation it is ofien assumed thatyy, = r_l,.!whcrc 7. is the stage efficiency.

Alternatively, polytropic index of compression in the actual process is

rr}p
I =r(l —np)

n=

iZ & B
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4, Finite Stage Efficiency

A stage with a finile pressure drop js a finite e stage. Takmg@)})valuw of tlemperature
and i | pressure ire (F ig. 1.2) and pasuming pcrfc:: sluge efficiency is defined os

T —T
=T

s

‘The finite stage or stage efficicncy can be exprcsscd in terms of the small stage or
po]yl__plc efficiency

R
wenen(3)=n((8)*-)

=l

3

and

‘Therefore,

Tt D0y Py
A /‘Do)/b gy=

( Py ) i |
Py

For a multistage compressor with a constant slage pressure ratio, the overall pressure
ratio is given by -

)

(.Pl N(vnp [
T

The overr!l efficlency in tcrma of overall pressure ratio is

i M S

147 et e e g g T

Pya\ T 1
- PI
q —

c =1
(PN+1)""P -1
P

-

Basic CONCEPTSOF TURBO MACHINES < 9

PREHEAT FACTOR IN COMPRESSORS

Consider n (wo slage compressor working betwween Py, and Ppy an shown in
Fig. 1.4, In isentropic flow, the outlet conditions of lhc@for the first slage
and second siage are at 02; and 03, respectively, where as the actual outlet

h A Poy

Flgure 1.4 Preheat effect In a multistage compressor

conditions are at 02 and 03, Corresponding to first stage and second stage respectively.
The subscript *s” refers to constant entropy and '0" refers o total conditions of the
fluid. Ifthe stage efficiencies were the same, the total actual work i mpul to the different
individual slages would be ™~

TW = 2 [Way 4 W] = & (s = hon) + (hozs — hoa))

2
W = ]/ﬂjzwﬂ (1.6}

=1

Where Z Wy is the lsemrop:c work input to the two stage compressor and is the sum
i=1

af the slage 1scmroplc warks, Fm; a compressor with *n’” stages,

Z Wi (LN

e ,vw-‘-r-«.,<.

Consider now, a single stage compressor raising lhe fluid pressure from Poy 1o Poa.
The actual work input that would be supplied is T e

w=l.w, ' (1.78)
B!
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where 1 is the overall compressor efficiency and W; is the isentropic work.
w‘ = hGJ,, - hOl

The actual work input is the same for both single stage and multistage compression
processes. |

W = ho3 — Aoy

Then from equ's 1.7 and 1.7a,

‘ N
N EZ'_‘E (1.%)
e %

B

diagram, the isentropic cnthalpy rise across cach stage increases even rur a constant
stagnation pressure rise A Pp across each stage. Then, the sum of the stage isentropic

enthalpy rises is greater than the isentropic enthalpy rise in a in a sipgle stage compression.
For a two stage compressor

{ho2, .—-2’101) + (hoy, — hoz) > (hoy, — o)
e, Ty Wy > W,

Far N stages,
‘ N
Z w:l
=t > |
W
Equlation (1.8) can be written as
) ; W
X I = PF (1.8a)
N1 Zlnl W-‘l »
' N
That is, the ratic of W; to 3~ W, is known as the Preheat factor (PF)
i=1 A
P.F. = —NL <1
E:l:l W-TJ
The preheat {actor is less than unity. Then, equation (1.8a) becomes
‘ - e < 1
e

ar

i.e., the overall compressor efficiency ¢ is lcss than the compressor stage cfﬁucncws

IR A ey
s ’

Basic ConCEPTS OF TURBOMACHMES < 1]

Consider again Fig. {1.4) for a first stage compression, statc 02 may be obtained
after an ideal compression from 01 10 02; followed by “preheatin” of the fluid from
state 02; 10 02 at constant pressure (Tpz > Tpzs).

[Th:s inherent-thermodynamic efft ei?ecnﬁal redices the efﬁcu:ncy of &l multistage.com-

spressor is culled the prehear effect. ) B A

EFFICIENCIES OF TURBINES

The enthalpy-entropy diagram for flow both reversible and imeversible through
a turbine is shown in Fig, 1.5. The static condition of the fluid at inlet is
determined by staie |, with staie 01, as the comresponding stagnation state.
The final static properties are determined by the state 2, with 02, as the

h
Fay

Figure 1.5 Reversible und irreversible expansion processes
corresponding stagnalion state. If the process were reversible, the final fluid static
state would be 25 and the stagnation state would be 0Z,,

Process 1 — 2 is the actual expansion process and process | — 25 is the isentropic
or ideal expansion process. In turbines, the efficiencies may be defined using cither

the static or the stagnation properties of the fluid or cven a combination of both. The
commonly used turbine efficiencics are

1. Total-to-Tota! Efficiency

It is un cfficiency based on stagnation propertics at inlet and outlet,

Wacrual
W; deal

nooy = ho) — ho2
N hoy — hoa

MNer =

:'.';c_...-t '

YAty

ot

i)

2
i

* B ' B

0y

oy

B | Boen B

. E_
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2. Total-to-Statlc Efficlency

b

It is an efficiency in which the ideal work is based on stagnation property at mlcl and
static property at outlet.
e pbpe Y S o

Wideat = hot — 2

Waenat _ Hor — hoz
Widews  hor ~ A2

oy =

3. Polytropic Efficlency

A turbine stage can be considered as made up of an infinite 'mim_berofsmall orinfinites
imal stages, Then to account for expansion in an  inflnitesimal  turbine

h /
5
/

\ ;\m \

28

e

Figure 1.6 Expansion process in infinitesimal and finlte turbine stages

stage, a small stage or infinitesimal stnge or polytropic efficiency is defined. Consider

asmall stage (Fig, 1.6) between pressures P and P ~dp. The efficiency of this turbine
stage is defined as

=d_7-'; (1.9)

For an isentropic process

= Constant (1.1

Differentiating eqn. (1.10), we get

dT; = Consiant [P"(‘ff). r- l)}dp
’ r

T
ButdT; = c—f—‘{ and constamt = —7—-=
p , p( )
then .
éI_ = __l__ [P_(U,-) , (F: l)]dp
M - p(ur"l)
ar _r=1.4df (1.11)
T ="p r P

Integrating between the limits of the overall expansion between Prand Py

T2 l'-"l | (Pz)
— V v 1 ] —
m(’l'l):np r A

Rcam_mging.

L._.J
T (_I_’z_ () (1.12)
T Py

Assuming the irreversible adiabatic expansion (1-2) as equivalent to a polywropic
process with index ny the temperature and pressurc arc related by

- .
ki (Pz) " aad
T o ‘

33 et TP

Equalmgeqns {1.12) and (1.13},

- (2" (@)

Comparing the powers,

or

ELTIN n
i Alternatively, the index of expansion in the actual process is cxprcsscd_as
‘ r

. = -,

1

© When p = l,n=r. The actus! expansion of process curve (1 - 2) coincides with
I\ M
the iseniropic nic expansion line (1~ 25).
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4. Finite Stage Efficiency

R

The stage cfficiency, considering static value of temperature and pressure (Fig. 1.6.),
is defined as

_ T — T
qs—Tl"Tz.r

The.stage efficiency can now be expressed in terms of polytropic efficlency
(53]
dEON
Py
tplr=h
Tl(l-——T—J:)=T1 l—(fz- ’
Ty Py

T — Ty

If

and

-7

It

Thercfore, -

-
A VA

=1
-(5)

Py
The same equation can be used (o determine the overall efficiency of a multistage

turbine, except that the stage pressure ratio is replaced by the overall pressure ratic.
The overall efficiency, for a N-stage turbine with a constant siage pressurc ratio, can

¢

be expressed as
Pust _ ( f_z_)N
IRV
w2 ir=1)
. ()
o= P
(P ()
(Pl)
REHEAT FACTOR IN TURBINES

Consider a turbine with two stages where the fluid (perfect gas) expands from Fp
10 Pp3 as shown on the it — s diagram, Fig. 1.7. State-01 is the initial condition
at the entry of the first stage and 02s is the condition that would bé reached at the
first stage exitif the expansion process had been isentropic. The aciual expansion leads

Basic CONCEPTS OF TURBO MACHINES 4‘ 5

to a final state-02 which has higher entropy than that of state 02s. The corresponding
exit conditions for the second stage are 035 and 03 @specuvcly. . .
The isentropic work done by the two stage turbine i the sum of the stage isenropic
works.
h A
8]

—]

Figure 1.7 Reheai effeci in a multisiage turbine

1
L Wu = Wt W (1.14)

= (ho1 — hazs) ++ (hoz — hoar)

Consider now a wrbine in which the fluid expands from Poy 1o Foa in one siage.
The isentropic work is

W, = hoy = flmﬁ {1.1%)

In both the cases, the actual work done is

W = ho — o

The constant pressure line diverges in the h — 5 diagram as the entropy increascs.
“Therefore, the iscniropic enthalpy drop across a stage incrcascs for a constant stag-
_nation pressure drop A P scross cach stage, Consequently,| the sum ot: the stage
iscntropic enthalpy drops is greater than the isentropic enthalpy drop in a single stage
cxpansinn.)’l'hal is

(hoy — hozs} -+ (o2 — hoas) > (hor — hos,,)
or
2
3w, > W,
=1 ‘
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For a turbine with N-stages, we have

N

> Wy

i=

—_— 1 .
W > {1.16)

N
The ratio of 3 W, lo W, is called the reheat factor (R.F).

-——-—-JE,L._..,.,_ s A AR

R.F:%—-—:-l (1.17)

5

The magmludc of the reheat factor in multistage turbines is about(1.03 or 1.
If the stage cificiencies were the same, the total actual work c oulput from the various

tadividual stages would be

We=ns » Wy (1.18)
i=l

The actual work-output that would be obtained from a single stage expansion is

W=y W, ' (1.19)
where n; is the overall turbine efficiency. Combining equations (1.18) and (1,19), we
get _
e S "
IS oy, Y
VARSI ©(1.20)
i P W;

From eqn. {1.16), we find thal

M >
PP L

That is, the overall turbine cfﬁcicncy n, is greater than the turbine stage efficiencies

s e e e s 4 eyt b v m e e F b L7 e P (i i 5 M it b e

Combining eqns. (1.17} and (1. 20), we have the followung relation.

a2

Consider again, Fig.(1.7) for a first stage expansion. It is seen that the final state 02
may be obtained after an ideal expansion from 01 ~ 02, followed by a *rehenting’ of
the fluid from state 02; to 02 at constant pressure (Tp, > Tgs,)

Hgnce, the fluid at 02 has a greater availability than the fluid at 02, (hg, > hp2,). An
expansion from state 02 to a lower pressure must necessarily result in a larger cutput
than that obtainable from state 02,, This effect that makes RE > 1 is called the reheat
effect.

N

Basic ConNCEPTS OF TURBO MACHINES < 17

The reheat factor for the expansion of a perfect gas in an N-stage turbine, assuming
thot the stage efficiencics ny and the pressure ratios Py, / P,y  wherei = 1,2,---.n

for all the stages are equal, is expressed in terms of stage pressure ratio as follows,
For the first stage,

’—ﬂ
Toz, = Tor (Poa/ Por) 7

so that
Tor = Toa, = Tou [1 = (Poa/ Por) ' | (1.22)
Let '
p=1—-(Po/Po)) T

Then

Tor — Toz, = Tt
and

Tor — Toz = ms T
or !

‘ I?o2=7'o|(| "'.!U?;)J (1.23)

For the second stage

Toz =~ Toz, = Toz [l -~ (Pns/Poz)C{'l]

but
: LiC
. Poz  Po
Therefore
i Toz — Tos, = Toapt . ‘
and
Toz — Tos == nsTozpe
or

Toy = Toa() = memt) = Ton(t — pne? (1.24)
For the Nth stage - '

Towyy = Tor(1 — o)1
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The actual work output is

W o= CpnpfTor+Tor+ -+ Toy+1
CenspTor [14 (= ) + (1= i) 4o+ (1 — pn)¥=!]

Il

The terms within the brackets are of the form | + r + r? -rl’- oo 4 "7V which is a

geometrie serics with common ratio r, The solution is

. 1 -
In this case, ¥ = (1 — un;). Then, the equation reduces to

CpTo [1 = (1 = un)¥]

N .
ns 3_ Wy
f=

(1.25)

The isentropic work output from a single stage expansion from Fg to Py,,,,, may
be obtained from eqn. (1.25) by setting n; = 1.

W, = Cplo[i—(t—-m¥]

=l
CpToy [l — Ry’ ]

(1.26)

where, Ro = Py, ),/ Poi represents the overall pressure ratio. Since

N
RF = ZIIW,'/W,,
i . .
CpTi =
= 28N -q —-un;)"]/Cme [1 ~ Ry ]
s
— - N
R p o L —an)¥]

s [1 _ R;—I/r] .

SOLVED PROBLEMS

Example 1.1 The initial and final total pressures of a fluid are | bar and 10 bar
respectively, The initial total remperature is 10°C. What is the work of compression
for adiabatic steady flow with a total-to-total efficiency of 75% if (a) the fluid is liquid
waler and {b) the fluid is air as a perfect gas.

Soldtion
Pgi = | bar Pyz = {0 bar To) = 283 K. ny =075

(a} if the fluid is liquid water

e . l .
Siace the fluid is incompressible &g = constani = ; p = density of water.

Basic CONCEPTSOF TURBO MACHINES M 19

Far an isentropie compression,

Ahp, = HAF = ;I,(APD)
1
= op0-x 10?
By defintiion
. Ahyg,
e = Aho
. Ahg 0.9
ALY, = T oz e
' 0 i 0.75
= 12kI/kg

This is the work of compression.
{b) if the fluid is air as a perfect gas
Ahg, = Cp(Toz, — Ton)
From isentropic relation
r—1
PDZ) r
Ti = Tgi| —
nz,l 01 (Pm
1.4 -1
= 283(10) 1.4

= 3464 K

Therefore,
Ahy, = 1.005(546.4 — 283)
= 264.70kJ/kg !
and
Ahg = -A—hoi \\

M
264.70 T

0.75
352.94 kJ/kg

Hence, the adiabatic work of compression per kg of fluid is 352.94 kJ.

Example 1.2 Gases from & combustion chamber enter a gas turbine at a total
pressure of 7 bar and a total temperature of 1100 K. The total pressure and total tem-
perature at the turbine exit are 1.5 bar and 830 K. Take r = 1.3 and molecular weight
of gases = 28.7. Evaluate total-to-total efficiency and the total-to-static efficiency if
1he exit velocity is 250 m/s, Assume adiabatic sieady flow.

n

O g
e

By |

A,
Ay

=
]

i
i
oiH

d

E_
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Solution
Ppr = 7 bar Tor = 1100 K Poz = 1.5 bar
Toz = BI0OK Cq = 250m/x F= )3
(a) Total-to-Total efficiency
—_— hor — o2 _To - Toa
" hoy —hes, | Tor — Taz,

Using isentropic relation

Basic ConcerTs OF TURBOMACHINES < 21

Soiution

Ahg = hpa— hg) = 6kf/kg

Ty = 303K Py =) bar

{a) Finding the type of turbo machine
Since the change in enthalpy is positive (6 kJ/kg) this turbo machine would be a work
absorbing machine, :

(b) Exit total temperature
For air as a perfect gas, Ahg = CpATh.

£ o
Tp, = Tp —_ Ah
o o (Pm) \ ST —-Tn = C—D
L5\ " " Ak
= 1100 -—) Tt = —_
( 7 02 Tor + C.g
= .J71.1K
= 303
303+ 1003
Therefore, “m= 30897 K or 35.97°C
e = 1700 - 830 = 0.821 (c) Total pressure ratio
3 gz“g: 771.1 (i) If the Auid is air _
- 1A ol ) AN ) '
e AP el A0 (U7 ho, — h Cp(Toy, — Tt
(b) Total-to-Static efficiency ' . - T et = a0 74 Tos, = Tou ‘
)}’/L)W,Lfl{g'? P 1 Vo ho2 — ho) Cp{To2 — To1)
i _ ho—he To-Ten . hiols o <+ A N
g hor — ;'::,*_.2 Tp) — Tor ’ CPs I—E—""‘ CoTor (}E) !
[y 7 - . ' o =3
Ty = Ty, — —2 Upr = el — v - Ce(Tor — To1)
T IR i R 834 = LL“: 233l Poz m=i(Bho) 177!
C =1 = — = — = — M ¥ - = [I + ;——]
P ] ;nzdSR by 02897kJ/kg P P T Ton
97 :
ccp = X0 sk — K ! 0.75%6 &
0.3 : = |4 ——
2 1.005 x 303
T TR . :
BT 2% 1255 | = 1053
= T46.19K , ! (ii) I the fluid is liquid water
1100-830 _ .. |
s 1100 — 74619 | APy = pAhy,
= 763% !
. where
Example 1.3 Suppose a turbo machine is operated such that the change in total ‘ ‘ ko, = m-i(Bho)=075x6
enthalpy is 6 kI/kg of fluid when the inlet total temperature is 30°C and the inlet total T = 4.5kl/kg
pressure is | bar. (n} What general typo ol turbo machine would this be? (b) What i , LAM wm 4.5x 100
the exit total temperature if the fluid is air? (c) What is the total pressure ratio across . = 45bar
the machine if the adiabatic total-to-total efficiency is 75% (i) if the fluid is air and i -
(i if the fluid is Tiquid water. p P = 45+ 1=4dbbar
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The pressure ratio is

% Example 1,4 A power generaling lurbo machine develops 100 kW output when
the flow through the device is 0.} m3 /s of ail having a density of 800 kg/m", The
\otal-to-total efficiency is 75%. Evaluate (a} the change in talal pressure of the vily
and (b} the change in static pressure of the oil if the inlet and exit flow velocities are
3 and 10 mv/s respectively.

Solution _ "
W=100kW @=0.im/s p=800kg/m® 5 =075
Mass flowrate of gil m = pQ

= 800 x 0.1 = 80 kg/s
The change in {otal enthalpy

Al —W/m = 100780

. = —1.25ki/kg
The isentropic change in total enthalpy

Ahg —-1.25

- = 0.75
= —1.67kl/kg

(Ahg,)

(a) The change in total pressure of the oil

800
]_-O_O ® (‘-‘ 1 .6?)

= =134 bar
(b) The change in static pressure

APy = p(Ahy,)

AP = APy—p— 10

800(10% — 3%

2000 x 100
—13.4 — 0,364

= —13.8 bar

= —134-

The negative sign implics that the pressure decreases durlng un expansion process.

Example 1.5 in a four stage turbine handling air, the stagnation prefsure ratio
between the exit and the inlet of each stage is 0.4. The stage efficiencies of the first
two slages are B6% cach, while those of the last two stages are 84% each. Find the
averall efficiency of the wrbine. '

ey

BasIC CoNcerTS OF TURBO M ACHINES ‘< 23

Solution
N=4 Ppn/Py =04
For the first two stages, ny = 0.86
For the last two stages, n, = 0.84
{Refer Reheat Factor Section.)

=)

r 0d-
= |~ = =1—(04)T1
H (Pm)
= (.23

The actual wark output from the first 1wo stages is

Wi = CpuTo{l+ {1 —undl x g
= CpTy(0.23)[1 + (1 — (0.23 x 0.86)}] x 0.86
= 0.356 CeTul

The actual work output from the [ast lwo stages is
Wis = CeTpull + (1 — pngd] x

To3 — the temperature after the end of the first two stages is

Tos = Toll = uno? = Tl — (0.23)(0.86))
= ().644 Ty
Wis = CpTp(0.644){0.23)[1 + (1 — (0.23)(0.84))] 0.84
= 0.225CpTy

Total actual work output from the turbine
W= W 1+ Wy =0581CpTy

The tolal isentropic work due 10 a single stage compression is

W, = CpTor[1—(1 - p)¥]
= CpTo [1 ~(1-023)%]
= 0.649CpTy

Overall turbing efficiency 4

a?) m o= W,/W = 0.581/0.640
I 7 = 89.5%

l

i

J
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Example.‘l.s A low pressure air compressor develops a pressure of 1400 mm
W.G. If the initial and final states of air are £ = 1.0l bar, Ty = 305K, 73 = 320K,
determine compressor and the infinitesimal stape efficiencies. [MKU - Aprit'99]

Solution
AP = 1400mm W.G.
Py = 10lbar, T =305K, T;=320K
AP = 14x10° x9.8] = 13734 Pa
= 0.13734 bar

Py=P + AP =101+0.13734 = 1.14734 bar

From iscntropie relation

FER P\
7 = ()
_ f1a473a 1
- ( 1.01 )
= 1.037
Ty = L037x T = 1.037 x 305

= 316.285K

(a) Compressor efficiency

T — Ty _ 31628 —305
Thn—-T1  320-305
= 75.23%

e =

(b} Infinitesimal stage efficiency

r—1 In(P2/Py)

T Ty

(].4—] In(1.14734/1.01)
1.4 ) In(320/305)

= 0.7588

n =

Il

= 75.88%

*

Since the pressure rise in the compressor is low, the two efficiencics are elose 1o
cach other,

BAsic CONCEFTSOF TURBOMACHINES < 25

Alternative method:
P\ . 1147343 1 .,
n P _ 1.01
‘ Pz)‘»i—i 1 1.14734)1-"15: \
P 1.01
np = 75.67%

Example 1.7 A high pressure compressor changes the state of air from
Py = 1.01 bar, T} = 305 K to A = 3 bar. The compressor efficiency is 75%.
Determine he infinitesimal efficiency of the compressor, ‘

Sclution -
Py =10tbar T\ =305K Py =3 bar

PPy = 3/1.01 =297 bar
P: = ud
Ty = T (F’E) = 305(2.97) 73
1

416.27K

Ty — T

-T _

416.27 - 305
0.75

= 148.36

e =

Tz—-?';] =

Ty 148.36 4+ 305 = 453.36K

r— l) In{Pa/ Py)
( r J In(Ty/T)

0.4Y _In(3/1.01)
(1.4) In(453.36/305)

= 78.5%

Ap =

Note thal the infinitesimal stage efficiency is greater than the compressor efficiency.
This difference is due to preheating,

Example 1.8 The pressure ratio across a gas turbine is 2.2 and efficiency is 88%,
The iemperature of gas at inlet is 1500 K determine polytropic efficiency.
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Solution

= 22 5, =088 Ty = 500K

P :
By _ (&)L"’_ Ly
x - (Z _(ﬁ) = 0.798

T = 0798 x 1500 = 119745 K
o DD 1500 - 73
r - T T T e —
Ti—To  1500—1197.45
IS0~y = 0.88(1500 — 1197.45)

7 = 123370 K

I ( r )ln(Tr/Tz)

r—1/in{(P/Py)
- (1_4) In(1500/1233.76)
0.4 In(2.2)

/‘.)\I np = 86.7%

ote that the palyuropic efficien

cy is less than the wrbine efficiency, This is
account of reheating. ’ >

~

Example 1.9 An air compressor has eight stages of equal pressure ratio 1.3,
The flow rate through the compressor and its overall efficicney are 45 kgfs and 80%

respectively. If the conditions of ajr at entry are 1 bar and 35°C, determine
(a) state of air at compressor exit, ' ‘
(b} polytropic ¢fficiency, and
(c) efliciency of cuch stoge, VMR = Nov rod)
Solution

Fl- =13 m=45kg/s 7 =0.8
FPr=1lbar 1 =273 +35=308K

(a) State of air at comprassor exit
Overall pressure ratio,

Puer £ PN\® 8
P, = (Fl) =(1.3)"=8.16
Tvis Py \F
- (%)
= .82
Ideal exit lemperature
Twes = 182 x T) =1.82 x 308

560.56 K

. BasSIC CONCEPTSOF TURBO MACHINES 4 27

Actual exit temperature is determined from the overall compressor efficiency ex-
pression,

e = Twyis— Ty
¢ : TN+| -1
560.56 - 308
Tver = o8 + 308
TN+| b 623.7 K

und
Pyt = 8.16 x Py = 8.16 bar

(b) Polytropic efficiency

(r - 1) In{Pys1/P1)
Np =

r In{Tws+1/T)
0.4%Y . In(B.16)
Ny = B85%

(c) Stage efficiency

e =

i
oo
&
o
w

£

s

Since the pressure ratio in cach stage is the same, the stage efficicncics are also the
same.

Example 1.10 The overall pressure ratio through a three stage gas turbine is
11.0and efficiency is 88%. The temperature at inlet is 1500 K. [{ the temperature rise
in each stage is the same, determine for each stage {(a) pressure ratio and (b) stage
efficiency

Solution

Puit o L 08 T =1500K
RERRY

j

T _-,_-','-..j

}

ShC N

4L

4

-E, LB s, {;""‘--% &ﬂm ‘&Eﬂ:\‘ﬁg,
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Ty = Twp
(AT)uurnrH
T

ne

ne

(a) For the first stage

= nr(Tl —Tyy1s)

TN+I:
= Ll - —22
T ]( T )

-

= n.Baxxsoo(x_(T'T)rH)
= 654.68 K

= 655K

= 1500 ~ 655 = 845 K

- r | T / ( P
= ——In In
r—1 TN+; PN+I .

_ (L‘_‘) In(1500/845)
0.4 In{i1)-
= (.B37

(AT)MMKr = (_AM
655
= -3 =218.33
Ty = Tj~21833= 150021833
= |[2B].67K

Pressure ratio,

|
I

Stagk efficiency

UIN]

Ao (Tl)"P‘:“5 (1500 aasi
= (% - )

1.93

1281.67

{b) For the second stage

Basic CoMCEPTS OF TURBOMACHINES € 29

TS = Tz—(AT),m"
© = 1281.67-121833
= 106334 K
Pressure ratio
Py Tz)»—r—ﬂp?— _ 1251.67)@*'&-11
g 7 T\ 106334
— = 2.183
b
Stage cfficiency
l I D.l%’.{uu.l
0 2.183
2=
o , 1 4
—(2.183)
7];_2.= 85.2%
{c) For the third stage
Ty, = T3_(AT)xrage
= 1063.34 - 218.33
= B45K
Pressure ratio
Ao T;)w_f_ﬂa-"- ~ 1063.34)07*&1
‘1;; T \T T\ 845
B = 2.61
Stage efficiency
l Tu0d
“(m)
U:.B = 0.4
! L™
"(iﬁ
m3 = B8551%

E

*A’ Exémple_ 1.44 Each stage of a 4 stage air compressor delivering 45 kg of air per

second operates at a pressure ratio of 1.2, with a stage efficiency of 65%. Calculate
overall efficiency and pressure ratio, Calculate power required to drive the compressor

if air temperaturg at inlet is 20°C.

(MU, April 96 & Oct. “97)
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Solution P
N=4 m=45kg/s FZ- =12 5 =065
1

{a) Overall pressure ratio
Pnyi . (PNY _
P B (—_) = (.27
2

(b} Overall efficiency

)"
5 il 7
)
Pl 04-
Td —
065 = LB
(1.2)rTd
TriE!
(1.2) %" = 10823
Taking log on both sides, we get
np = 06589
n o (121 —
e A = T S
(1.2)085%m — |
e = 02.28%
{c) Power required
W = me(T~+1—T1)I
Puir\ 7
Th+t =.TI( ) )
= 293(2.1)FHUER
= 44K
W = 45 1.005(404 — 293)
W = 3501998 kW

by 20 cm W.G. The inletl

Solution
APp=02mW.G, Fp

A Py
P

To2 —

v

Ahg

Ay

Basic CONCEFTS OF TURBO MACHINES « 3]

Example 1.12  Air flows through a blower where in its total pressure is increased

total pressure and total temperature of air are 1.04 bar

and 18°C respectively. The total-1o-tolal efficiney is 72%. Evaluaie (a) the exit total
pressure and total temperature (b) isentropic and actual changes in lotal enthalpy.

1 = 1.04 bar

Tor =273+18=291K n, =072

(a) Exit total préssure and temperature

Il

10? x 9.81 x 0.2 = 1962 N/m?
APy+ Py =0.01962+ 1.04

I\

= 1.0596 bar '
=t
(3)" -
Py
G Tga — Ty
0.4
10596\ 14
e} = 1|2
[( o4 ) l:{ 21
To = 0.72
Tz = 293.16;{

(b) Isentropic and actual changes In total enthalpy

Cp{aTy) = CplToz — To1)
1.005(293.16 — 281)
2171 kJ/kg

i

and isentropic change in total enthalpy is

Ahgy = (Ahg) Xy
= 2.171 x0.72
Ahﬂ.x =

1,563 kJ/kg

Example 1.13 Air flows through an air turbine where its stagnation pressure is
decreased in the ratio 5:1. The total-lo-total efficiency is 0.8 and the air flow rate is
5 kg/s. If the total power output is 500 kW, find (a) inlet total temperature (b) the
actual exit wotal temperature (c) the actual exil static temperature if the flow velocity
is 100 m/s and (d) the total-

1o-static efficiency of the device. [MSU, Nov. "96]
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' Solution ] (d) The total-to-static efficlency
& a5 =08 m=5Skys  W=500kW Toy — Ta ;
F2 Myws = o
] ' o1 — T
(a) Inlet total temperature : A 1 2
b . T = Tou -~ Yol
. P
. W =mCp(Tor — Toz) Toas = 0.6317p = 0.631 x 337
] oo = 212.65K
i Taking C), of air as 1.005 kI/kgK. 5
nf ) . 100
‘ Ty, = 212.65- m
: T -To = —o _oxie = 20768K
. mCp 5 x 1005 90.5
=0 = 995K B T v
T = T 20768
‘ - = 76.94%
. ‘ The turbine total-to-tota! efficiency is s
el Example 1.14 In a three stage turbine the pressure ratio of each stage is 2 and
B = To1 — T2 the singe efficiency ts 75%. Caiculate the overal] efficiency and the power developed
" To1r — Tog, ' il air initiaily at a temperature of 600°C flows through it at the ratc of 25 kg/s. Find

rcheat factor. [MU, Oct. "96 & Apr. ‘97

Toa,

F’—"
I
E"&i
N
REiFy
S
-vr

I\ L : Solution - ;
L = (5) Tor = 0.631Tgy ‘ N=3 P/Py=2 n,=075 T\ =600+273=873K m=25kg/s
s Toy — Ton H
- Tot—To, = mn 0 (a) Overall efficiency
1
'e 99.5 w2t
i Tot = 0.631Ty = = 1o (P2 (=)
. 7 WK ny = a
o0 = rE o .
i=he (Pz)”(“rl)
(b) The actual exit total temperature Py
Tot ~ Tm‘ = 995 1y is determined using n, expression,
STor = Tor - 99.5 ' P q,('-S,'J
= 337-99.5 b (F.)
F Tm = 2375K e = =
o - (27
)'.:_'| - . s — ——
'? {c) The actual exit static temperature ' f 1 )
v 1— 1 [ARE
: - c? | 075 = ) >
e = Tpy— —2 : ;
g?d . 2 o2 3c, i . - G)
- 1
23 ‘5 _ . o4
| 3 T00s : N s
.;; T = 2315K 5 = L
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Taking Jog on cither side,

np (g—:) In¢1/2) = In0.865
T L, = B2O%
Then .
£\ 3(2R)
oo - (3)
’ 1,3 (4)
- (3)
) n, = T18.76%
(b) Power developed
W = mCp(Ti — Tns1)
P aptr=N
N+l -
= neom 1= (%)
where '

PNy _(f;)’ !

d P 8 1 LRI E R
= 25x 1,005 x 873 1—(§) - }
= 7738 kW

(c) Reheat factor
_ @ _ 07876
RE = ns 075
= 1.05
EXERCISES

1.1. Define Turbo machine,

1.2. How are devices pumping gascs classified?

1.3. What are shrouded and unshrouded wrbo machines?
/1.4, Classify wrbo machines on the basis of work transfer.
< l')f' !’l 5.

chine.
"[1.6. Derive the general Euler's expression f{or a turbo machine.

Define the types of turbo machines based on fluid movement through the ma-

1.7. Define the following efficiencies of power absorbing turbo machines.

(a) Total-to-Total Efficiency
(b} Static-to-Siatic Efficiency

i

1.20.

\/1.21.

)1 1.22.

1.23.

.24,

.
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. Deline the following efficiencies of power generating turbo machines.

(a) Total-to-Toial Efficiency
(b) Total-10-Static Efficiency

. Draw the h-s diagram with static and stagnation states for the compression and

expansion processes for a pas.

. Whal is preheat facior in 2 muhiistage compressor? Prove that preheat factar is

less than unity,

. Prove that the compressor stage efficiency is greater than the compressor overall

efficicncy.

. What is reheat factor in a muliistage wrbine? Prove that R.F is gfcatcr than

unity.

. Prove that the turbine overall efficiency is greater than the turbine stage cffi-

ciency,

. Define polytropic elficicncy of a compressor.
. Derive the polytropic compression efficieney through an infiniwesimal compres-

sion slage.

6. Define polytropic expansion efficiency.
7. Durive the polytropic cxpansion efficiency through an infinitesimal wrbing

stage.

8. Derive the reheat factor in terms of the stage and overall pressure ratios,
. Air Bows through a blower wherein its total pressure is increased by 15 cm of

liquid watcr. The inlet total pressure and the (emperature of the air are 1.05 bar
and ]15°C respectively. The total-to-total efficiency is 70%. Evaluate (a) the exit
total pressure, (b) the exit isentropic. total temperature., and (¢) the isentropic
and actual changes in total enthalpy. [MU-April *96)
[Ans. (a) 1.065 bar, (b) 289.2 K, and {c) 1.206 kl/kg, 1.723 kifkg]
A compressor has a tolal-to-total efficiency of B0% and an overall 1otal pressure
ratio of 5:1. Calculate the small stage efficiency of the compressor, ‘
{Ans, 83.9%)
Air flows through an air turbine where its stagnation pressure is decreased in
the ratio 5:1. The total-to-1otal efficiency is 0.8 and the air flow raic is 5 kgfs.
If the 1o1al power output is 405 kW, Find (a) the inlel total tempersture, {(b) the
actual exit totpl wemperature, () the nclual exit static temperature if the exit
flow velocily is 100 m/s. and (a) the total-1o-static efficiency of the turbine.
[Ans. (a) 273 K, (b) 1924 K, (c) 1874 K, and (d) 76%)
A wrbine has a small stage efficiency of 84% and an overall wotal pressure ratio
of 4.5:1. Calculate the 1otul-to-total efficiency of the turbine.
{Ans. 86.74%]
A gas turbine is required to develop 7360 kW with an air flow rate of 50 kg/s.
If the wrbine inlet temperature and pressure are 1000°C and B bar respectively.
Calculate the exit temperature and pressure if the isenlropic efficiency of the
turbine is 9%, [Ans. (a) 1127 K, und (b) 5 ber]
A low pressure uir compressor increases the air pressure by 1500 mm W.G.
if the initial and final conditions of air are P = 1.02 bar, 7} = YK and
Ty = 315K, determine snd compare the compressor and the infinitesimal stage
efficicncies. [Ans: {a} 78% and (b) 78.8 %1

€
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.25,

1.26.

1.29.

1.31.

The initial state of eir lowing through a compressor is Py = 1.02 bar, Ty =
300 K. The exit pressure is 2.5 bar and the compressor efficiency is 75%. Deter-
mine the infinitesimal elficiency of the compressor. Comment on the deviation
in the efficiency. ' [Ans: 78%])
The overall pressure ratio across a three stage gas turbineis 11 and its efficiency
is 88%. If the pressure ratio of each stage is the same and the inlet temperature
is 1500 K determine (a) pressure ratio of each stage, {b) polytropic efficiency
and (c) stage efficiency. C

[Ans: (a) 2.22 (b) 83.7% and (c) 85.2%]

. Foranindex ofexpansionofn = 1.3and C,/C, = 1,4, calculale the polytropic

efficiency. ML, Oct,'97]

[Ans. 80.77%)

. Aircnters a compressor at a static condition of 150 kPa and 15°C and a velocity

of 50 m/s. Atthe exit the static conditions are 0.3 MPa and 100°C and a velocity
of 100 m/s. Evaluate (a) isentropic and actual changes in enthalpy and (b) total
efficiency. - MU, Oct, '96)
[Ans. {a) 63.39 kl/kg and 85.43 kl/kg (b) 75.29%]
In a centrifugal compressor the air is compressed to double the pressure. The
inlet temperature is 27°C and the final temperature is 107°C. Calculate the
efficiency of the compressor and the power réquired to drive it if 30 kg/min of
air is compressed. (MU, Apr. '98]
[Ans. (a) 82.139 and (b) 40,2 kW)
A centrifugal compressor takes in air at 101 kPa and 25°C and compresses it
through a pressure ratio of 3.5:1. The index of compression n = 1.65 because
of [rictional heating, The mass low rate of air handled by the compressor is 29
kp/s. Find (a) overall efficiency of compressor and (b} power supplied by the
motor with mechanical efficiency of 95%
[Ans. (a) 67.4% and (b) 5809.2 kW}
Hot air enters a 3 stage lurbine with total head properties of 750 kPa and $00°C

“at the rate of 25 kg/s. The final exit pressure is 105 kPa. The pressure at exit

of 1 and II stages are 500 kPa and 250 kPa respectively, The individua! stage

efficiencies for the 3 slages are cach 75%. Find (a) rcheat factor (b) overall

_ efficiency and (¢) power developed.

[Ans, (a) 1.05 (b) 78.75% and {c) 9980 kW]

BLADE THEORY

The energy transfer in turbomachines is effected by changing the angular momentum
of the Muid. The change in angular momentum is caused by the dynamic action of
one or more rotating blade rows, The dynamic action of the rotating blade rows, sets
up_forces between the blade row and the fluid, while the components of these forces
in the dircction of blade motion give rise to the encrgy transfer between the blades
and fluid. The theory of compressor and turbine blades is discussed in this chapter.

AERO-FQOIL SECTION -

An_aero-foil may be defined as a streamlined form, bounded principally by two

flatiened curves whose length and width_are_very larpe. relative lo_its thickness.

Acro-foil js classified as symmetrical aero-foil and non-symmetrical acro-foil. ™
< .

Symmetrical Aéro-foll

The acro-foil whose axis of symmetry is parallel to the direction of undisturbed veloé-
ity of approach is called symmetrical aero-foil. The flow pattern around a symmetrical
acro-foil placed in a stream of gas is shown in Fig. 2.1. The flow divides around the
aero-foil at the leading edge and then rejoins at the trailing edge. Though there is
some local disturbance, there is no permanent deflection of the main stream. The
forces exerted in this case are only due to friction and the local disturbance.

Figure 21 Flow pattern around a symmetrical aero-foil

Non-symmetrical Aero-foil

If the acro-foil axis is inclined at an angle '1*, called as the angle of attack, 10 the .
direction of the undisturbed approaching flow, then it is called as non-symmetrical
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aero-foil. Fig, 2.2 shows a non-symmetrical
aero-foil placed in a stream of gas. Unlike
the symmeltrical areo-foil, in this case, there
is a pronounced disturbance which results
in greater local deflection of flow. To in-
troduce such a high deflection over the gas .

stream, the acro-foil must exert a force on —5\
it, and hence an cqual and opposite force of —+\
reaction is exerted by the gas on the aero- .

foil. The components of the resultant force  Frgure 2.2 Flow pattern around a non-
are discussed in the following section. symmetrical aera-foit

DRAG AND LIFT

The resultant force normal to the sero-foil consists of two components, namely lift
and drag. The forces af 1it and drag on & blade section arc shown in Fig. 2.3

with lift normal ia the dircction of the ap-

proach velocity ond the drag paraliel to _

it. ‘The Tift is due to an unbalanced force / y
(pressurc_distribution) over the aero-fall : . Lift
surface and is denoted as L. The drag de-
onoted as D, is due to the shearing stress
at the surface and the consequent bound-
ary layer. The drag force is made up of a c, C;
friction drag, duc to the pure skin friction \/ Drag N
effects, and a pressure drag, due 10 an un- (2 ()
balanced pressure dtsmbuuon around the _ ‘
blade. Figure 2.3  The forces of i(fr. and drag on

The boundary layeris usually laminar for a) Compressor blade b} Turbine blade
a short dssmnc\. duwnalrunm of the leading edpe, then it becomes turbulent. The drag
ducio a lammar ‘boundary is less than a turbulent layer. Thus for low pure friction
drag. it is important (o maintain a laminar boundary 1ayer over as much of the surface
as possible.

If the pressure gradient is severe, that is if the rate of change of acro-foil profile is too
rapid. then the fluid in the boundary layer is brought to rest and leaves (the surface in
confused cddies. This phenomenon is called separation, break-away, or flow reversal
Fig. 2.4 and manifests iiself in sev-
eral other ways as well as in the sim-
ple case of diffusion in a straight
duct. Flow. separation due to ad-
verse pressure gradieni decreases the
l:l"l and increases the drag{ In prac-

Drag

Boundary
layer Wake
N ¢

Fluid {low
—_—

Separation

near the tail causes a thick bound-

. L Figure 2.4 Sept;rarinn and Wake
ary layer and possibly scparauon.) ‘ :
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and the pressure has a much lower value, with the fluid near the surface leaving in a
low energy region called the wake (Fig. 2.4). Measurements of pressure and velocity
in the wake can give the loss of energy due to the presence of the body and the drag
can be calculated. Alternatively, the drag can be measured as an actual force by means
of a balance from the wind tunnel test.

LIFT AND DRAG COEFFICIENTS

Lift coefficient is a measure of the ability of a given section 1o support a weight when
caused to move through a Muid, as in the case of aeroplane wing, or, allernatively, 10
wransfer energy to a fluid, as in a pump or compressor, or to transfer encrgy 1o a rotor
when a fluid is coused 1o Tow over it, as in wrbines. It is defined as

L
©.3pWIA)

Drag cocfiicient is & measure of the loss of energy associated with the useful task of
producing lift. It is defined as

CL = (z.1)

D

Cp= e
(055 W2 A)

(2.2)

where W, is the mean relative velocity, A is the area of the body and the factlor
of 0.5 is inserted for convenience as 0.5p0 W2 is defined as dynamic pressure. Some
carc is nceded in the evaluation of area associated with a given valuc of Cp. For
bedics of revolution which are symmetrical about an axis and parallel to the flow, A is
taken as the projected arca normal to the direction of the flow (c.g. spheres, cylinders,
etc.}. For other bodies (e.g. blades, acroplane wings, etc.) which arc normally either
unsymmetrical or not aligned paralle! to the flow, or both, the area is evaluated in
terms specifically defined as required. It may be noted that Cp as given in equation
(2.2) is the ratio of the actual drag force to the force which would be exeried if the
representative arca of the body were acted upon by the dynamic pressure.

It is apparent that the maximum energy wansfer implies the largest possible fluid
deflection or lift coefficient, while maximum efficiency requires the lowest possible
loss ol pressure or drag coefficient. The conditions for a blade section should attempt
lo approach those for laminar flow over a flat plate, as this gives the lowest possible
drag coefficient. But it is difficult o achieve this in practice, because

(1) blades must have the curvalure to change the direction of the fuid, introducing
" apressure gradient and a tendency for low separation,

(2) blades must have & finite thickness from considerations of strength, and

{3) the fluid has a high turbulence level,

The best conditions are

a) the blade should have a shape such that the separation is minimised and
b) for the flow to be above the critical Reynolds number (2 x 10°). When Reynolds
number reaches the critical value and the boundary layer bzeomes wrbulent, Cp

i

ST S
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drops abruptly because the separation point moves back to give a smaller wake
on the downstream side of blade.

In compressors, the blades form a diverging passage i.e lhc arca at inlet is less than
at outlet and therefore the (luid is decclerated in the passage. In turbines, the blades
form a converging passage, i.c. the area at inlel is greater than that at outlet, Thus, Lhe
fluid is accelerated in the passage.

A fluid can be accelerated over a wide range with high efficiency, but the process of
diffusion cannot be carried out so rapidly due to the onset of separation-on (he suction
side of the blades, and consequent stalling. This is similar to the included angle of
a diffuser being too great and separation laking place along the diffuser walls. The
maximum rate of efficient diffusion within the blade rows is equivalent to a cone
angle of about 7° or §°,

The curvature of compressor blades is less when compared to ‘the curvature of tur-
bine blades. Because, il the rate of chungc of compressor blade profile is high, flow
separation will occur due to adverse pressure gradient. Whereas in a wrbine, the pres-
sure gradient is favourable and with a very large curvature, i.e, 90° or even more, can
be employed without severc losses. As a result, the angular turning of the relative
velocity vector is much greater in the turbine than in the compressor. Typical blade
scclions are shown in Figs. 2.4(a) and 2.4(b).

w,‘/ 2

(-;.!) Compressor blade passage  (b) Turbine blade passage
Figure 2.4

ENERGY TRANSFER IN TERMS OF LIFT AND DRAG
COEFFICIENTS

Consider a rotor blade shown in Fig. 2.5. with relative veloeity veclors W, and Wy
at angles £ and 3. This system is similar to flow over an aero-foil, so that lift and
drag forces will be sct up on the blade. The drag force is acting in the line of the
mean velocity vector Wy, at angle fy to the axial direction and the lift force acts
peppendicular (o this.

The forces on the air will act in the opposite direction as shown in the Fig. 2.6. The
resultant force expericnced by the air is therefore given by the vector R in the figure,

| BLADETHEORY < 41

Force acting in the direction of the blade rotation (x direction) is given by

Fy = L'cos fy+ D sin fm
= L co§ fm{l -+ (Cp/CL) tan Ba)

"

where
B
. D ';, .
Co= (0.50W2IA) o
. Lo
and L . \\\ R : :
. - t
C = — . L b !
L= (05pW2A) : it
! A S o
where the blade area A is the produet | ] D
of the chord ‘¢’ and the span *I' (blade NE
height) and putting Fy
Figure 2.6 Resolving blade forces
into the direction of rotalion
—_ Ca
" cOS Bm
we have . A

pC2(ch)Cy 5ec fml) -+ (Cp/CL) 130 Bn]
2

The power delivered to the air is given by

Fy =

FU =m(Ahg)
wherc Ahg is the change in total enthalpy across the rotor and m = pC,fs .

s F U = pChls{Ahg)
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where the flow through one blade passage of width 's’ has been considered. The blade
loading factor is given by

v = Power delivered
! mis?

= (Ahgy/U? .
= Fo/(pCulsU)

Cule/sysec BICy + Cptan ﬁml
2U

@le/s)sec A, [CL + Cptan JBm]
2

where ¢ is called the flow coefficient and is defined as,

& = Axial velocity (C,)
Blade speed (U)

For maximum efficiency the mean flow angle B is usually about 45° and. substi-
_ luting this into the blade loading factor equation, the expression for optimum blade
loading facior Yy is obtained,

P{c/s){Ce + Cp)

‘/’!apr = «/l_’

If Cp is much smadler than Cp, which usually occurs in the cuse of a well-designed
blade. then

Plc/s)Cy
/2

‘u"!u_m =

BLADE TERMINOLOGY

Blade profiles are usually of aero-foil shape for optimum performance. But, sunplt.
geometrical shapes composed of circular arcs and straight lines are used when cost is
more important than the efficiency. Many blade profiles are formed by bending a sym-
metrical acro-foil section on a curved mean line. The parameters used in describing
blade shapes and configurations of blades (Fig. 2.7} are as follows

1. Base profile 1t is defined by dividing the major axis into equatly spaced

stations designaled as a percentage of the blade length and specifying the hclghl from
axis to profile at cach siation,

Bunej’r;mmv < 43

Maximum thickness

i Equally spaced
/_' stations
— X

Lending edge —» «— Trailing edge

x  Position of

== = maximum
thickness
€ C
Base profile

Figure 2.7 Parameters used in describing blade shapes and configurations of blades

2. Maximum thickness 1iis auseful parameter for describing an aero-foil and
itis expressed as a percentage of the blade length,

3. Position of maximum thickness Itis an another usclul parameter which
is specified as a percentage of the blade length.

4. Leading edge (Nose) It is usually a circular arc blended into the main
profile and specified by its radius as a percentage of the maximum thickness.

5. Tralling edge 1 is ideally sharp, i.c. of zero radius, but as this is impossible
from strength consideratians, it is also a circular arc specified as a percentage of the
maximum thickness.

6. Camber line 1f the axis of the
tincar profle is given some predeter-
mined curvature, then it is called cam-

Profile stations

- ber line. The base profile is fitted on

to the curved camber line. This camber
line is formed ¢ither by one or more cir-
cular arcs or one or lwo parabolic arcs,
A single circular or parabolic arc is quite
common as it is geometrically simple
[Fig. 2.7(a}) Flgure 2.7 (a) Blade nomenclaiure

Camber line

CASCADE NOMENCLATURE

A cascade is a row of geometrically similar blades arranged at equal distances from
cach ather and aligned to the fiow direction. The various imponant nomenclatures
(FFig, 2.8) of a compressar cascade are

a) Camber angle The angle between the camber line and the axial direction is
called camber angle, denoted by «'. The camber angles at inlet and outlet are o} and
orj respectively. I is also called as cascade blade angle.
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oy
c,
oy !
)
Camber line C S
- N =~ s
og o |
. Cz"z !

Figure 2.8 Compressor cascade nomenciatures

b) Ble?de camber angle The difference between the inlet and outlet camber
angles is called the blade camber angle, denoted by &. Mathematically

: lG:(ai—ai)

¢) Chord The chord is the maximum width of the blade profile in a direction

paraliel to the chord line, i.e, the distance between the blade leading and trailing
edges, and is denoted by ¢,

d) Pltch . ‘The pitch or blade spacing, designated s, is the distance between the
corresponding points ol adjacent blades ond is expressed either hy the pitch 1o chord
ratlo {s/c) or alternatively the solidity (¢/s). When the blades are evenly spacgd

sround a rotor, the pitch is the circumference at any radius divided by the number of
biades. ‘-

e) Alr angle The angle between the direction of velocity relative to the blade
and the axis of the blade row is the air angle, and is denoted by e. The air angles at
the inlet and outlet are oy and @ respectively. The cascade air angle is equal to the
compressor or turbine relative air angle, C - o

f) Angle of'incidence The difference between the inlet air angle and the inlet
camber angle is known as the angle of incidence, denoted as i.

a) DeVIaﬁqn angle The difference between the outlet air angle and the outlet
camber angle is known as the deviation angle, denoted as 5. Mathematically,

Ay
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The deviation angle § s caused by the rir not remaining attached to the blade over
its total curvature, § is given by the empirical relationship

-

m = 0.23(2a/c)? 4 0.1(a2/50)

where

and
‘a" is the distance along the chord 1o the point of maximum camber, For & circular

arc camber line, (2a/c) = 1, and this blade form is often chosen.

h) Air deflection angle The difference between the inlet air angle and the
outlet air angle is called as the air deflection angle, denoted as £, Mathematically,

From the definitions of different angles, it can be seen that they are related by the
following expression. ‘ ‘

i) Stagger angle - The angle between the axial direction and the chord is known
as stagger angle, denoted by ¢, and it represents the angle at which the blade is sct
in the cascade.

TURBINE CASCADE NOMENCLATURE

The sctting of blades in a turbine cascade is invariably at a stagger angle (¢;). i.e. the
chord lines of the trubine blades are tilted towards the blade curvature as shown in
Fig. 2.8(a). . . :

‘Camber angié‘ The tﬁng'ems to the camber line al the entry &nd exit make the

camber angles e} and e, with the axial direction. .
In contrast 1o the compressor cascade, the blade camber angle for the turbine cascade
is defined as the sum of the inlet and cutlet camber angles,

_t ]
e—ﬂl"‘%'a?_

The air angles ey and erp are different from the blade angles o} and &)

Angle of incidence The difference between the ir and the blade angle at the
entry is known as the angle of incidence. -

i =m —u‘.’l’l

As in the compressor cascade, the incidence angle can be positive or negative. Flow
at a large positive incidence is associated with positive stall, i.e. flow separation on
the suction side of the blade; conversely, a large negative incidence is associated with
negative stall, i.e. flow separation on the pressure side of the blade.
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Deviation angle The difference between the air angle and blade angle at exit is
referred to as deviation, ’
d=a) —a
Itis different from the deviation angle for compressor cascade and the difference is

due to the different convention used to deline the stagger angle and the exit angles in
turbine cascades. o

Air deflection angle The deflection angle for the turbine cascade is defined as
the sum of the air angles at the entry and exit. '

This is again different (rom that of the compressor cascade. It is also expressed in
tenins of other angles as '

e=@+i—4
C, oy

Chord
a lina
Cambar
- line
P
[
a; i
Ccy; T

Figure 2.8 (a) Turbine cascade nomenclaiure

CASCADE TESTING AND CURVES

‘The flow around blades in compressors and wrbines is different from fow araund
isalated acro-foils, because of the effect of ndjacent blades, i.¢. the gas flow sround
a blade is affected by the flow arbund an adjacent blade, This effect increases as the
solidity ratio (c/s) increases. The solidity of axial flow compressor and gas turbire
blades is high, while the blades of axial Now pumps and hydraulic wrbines are of
low solidity. In order to detertnine the performance characteristics of a blade section,
groups of blades of constant profile are mounted in parallel fashion at the end of
a wind tunpel as shown in the Fig. 2.9. The number of blades comprising the cas-
cade has 1o be sufficient (usually 8 or 10 with an aspectratio of 3 or above) 1o eliminate
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. Fluid i
Wing uid in

Fluid out
lennel exit '

LBladc cascade

Figure 2.9 Cascode fest

any wind tunnel boundary layer effects, and suction slots or porous metal inserts are
often provided in the tunncl walls to control the boundary layer. The pressure, velocity

* und nir Now angles are measured at the inlet and oullet of the cascade.

The results obtained from the cascade testing requires corrections because of the
differences between the flow in; the actual machine and flow through the cascade.
These differences are as follows:

In the actual machine,

a) Annulus wall boundary layers exist at the blade hub and tip.

b} Adjacent blade rows interfere with the flow pattern around the blade row.

¢) The solidity decreases from hub 1o tip.

d) Blade velocity varies from hub to tip and this affects the blade inlet angle.

From the last iwo points, it is evident that a cascade test only applies for one radius
and inlct angle, and therefore it may be necessary to carry out a pumber of iests to
obtain a reliablé picture of the flow in the blades.

Fig. 2.9 is known as a linear cascade and can be imagined as a row of compressor
or turbine blades unwound from the rotor to form the cascade.

The air deflection angle and the stagnation pressures at the inlet ( Py ) and {Ppa) are
measured in the traverse along 5. The resulls are usually presented as in Fig, 2.10.
The siagnation pressure loss is plotied as a dimensionless number given by stagnation
pressure loss cocflicient = (Pyy ~ 'Uz)/(D.SpCiz). The pressure defect corresponding

" 1o the regions close 1o the trailing edges of the blade represents the loss due 1o the
""blade wanes, caused by the boundary layer and possibly scparated flow. In between

the blades the fluid undergoes almost no loss of energy. The plot of air deflection
angle shows that the air is not deflecied unifdrmly, but with the maximum effect near
the trailing edge. The air between the blades again is relatively unaffected.

A number of such curves are obtained for different incidence angles and the mean de-
flection and pressure loss cocfhicient for each curve, &, and [( Py — Pug)f(O.SpCII)L..
are plotted against incidence apgle Fig. 2.11. The deflection increases with angle of

F

€

I
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incidence upto a maximum deflection angle (£, ). This is the stall p'oinl where scp-
aration eccurs on the suction surface of the blade. But this angle may not be well

L) I )]
4
=
§ Trailing :
edgc positons
By
g &
28
35
i Mean_|
g e
iy
@ \

Distance slong trailing edge of cascade

Figure 210 Cascade deflection and pressure loss curves at one angle of incidence

a
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3
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K] L Minirmum pressure loss
L]
;-n: 0025~ \

L i ]
—20 =I5 =10 =5 iO 5 10
Incldence, i {deg)

Figure 2,11  Cascade mean deflection and pressure loss curves

defined in some designs and it is taken as the angle of incidence, where the mean
pressure loss is twice the minimum. The plotshows that, fora wide range of incidence,

. the pressure loss is fairly constant, and it is possible to select an angle of deflection

‘en (called nominal deflection angle) which is also compatible with low pressure loss
as representative by the particular design. The nominal deflection angle is generally
taken as 0.8 times the maximum deflection angle (i.e. £, = 0.82p4). It has been
determined from large number of cascade tests that the nominal deflection angle is
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dependent mainly on the pitch/chord ratio (s /c) and oz, A plot between &, and a3 for
different valucs of (s /¢} is shown in Fig, 2.12. These curves are particularly useful
to the designer when any two of the three variables are fixed.

30

& 5

A
Q

Nominal air deflection, ¢,

[=]

0 "
. =10 10 30 50 70
Air outlet angle, a; (deg)

Figure 2.12 Cascade nominal deflection angle versus air outlet angle

CASCADELIFT AND DRAG COEFFICIENTS

Fig. 2.13 shows two blades of a cascade having chord, ¢ and pitch, 5. At sections | -
and 2, the total pressures are Py and Ppz respectively with carresponding velocilies
of C and Ca. The density change across the cascade is assumed to be negligible. The
static pressure change across the cascade is given by

(P1~ Py) = p(C} — C]/2 = (Pot — Poz)m

where the difference (P — Fpz) is obtained from the cascade test. It shouid be
noted that Py > Py, because no work is in the cascade and the flow is procccdacl
irreversible. Hence, the above equation will be written as

AP = p(C} - €3)/2 — Pom

where AP = (P; — Py) and Pom = (Po1 — Poa)m ‘

The summation of all forces acting on the air in the control volume x and y directions
must equal to the rate of change of momentum of the air towards these directions.
Considering the forces and the changes in velocity in the directions x and y, the
following relations are obtained for drag and lift,

Drag D = 5 Py COS Oty
Dividing the drag by O.SpC,f,c gives the drag coefficient (Cp)

Cb = 2(s/¢)(Pom/PCL) cOS tm
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Figure 2.13  Velocities and forces in a cascade

since Cp = Cycosay and Cp, = €y /cosay

[.-.‘CD = 2(5/€){ Pom/ pCLY(cOS® tpn / cOS? 1)

The lift L = [pCls cosam)(tan @) — tan &3)/ c082 o, ] — {5 Pom €08 & ) (a0 @y
Then the lift coefficient Cy, = L/0.5pC%¢c

= 2.(:/‘:) cosay(laney — tanaz) — Cptan o,

The air inlet velocity C;, the incidence angle { and the air inlet angle a) are also
known. The deviation angle & is read from the graph between g, and ! for the given
angle of incidence and

= tan"[{tan oy + Lanaz)]/ﬂ Co m?
where ‘ Am= ':"on‘)[( %w?dyuf-c-n:l«i)l/z_

oy = (o) —€)

Knowing {s/c), values ol Py, /0. 5pC‘2 car be read frcm the same graph (& vs {)
forvarious incidence angles and subsutuuon of these variables Into cquations for Cp
and Cy. curves of Cp, and Cp may be plotied against the incidence angle as shown
1n Fig. 2.14. Finally, the lift cocfficient can be ploued against the'air outlet angle o3
for the nominal yalue of &, for a whole series of different geometry cascades, to give
the variation of €y, with air outlet angle for a particular (s /c) ratio (Fig. 2.15).

The drag coefficient is very small in comparison with Cp. and is l.heref'om often
ignored. Su that equation for Cy becomes .

, Cr = 2(s/c)cosoy,(tan o) — tanay)
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Figure 2.14  Lift and drag cosfficients versus incidence angle
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Figure 2,15 Cascade lift coefficient versus air ourlet angle

To the profile drag as given by Cp , two further drags must be added to take the
various cascades losses into account. There are drag effects due to the walls of the
compressor, called the annulus drag and the secondary losses caused by trailing whirls
(vortices} at the blade tips. Empirical relationships exist for thesc drags as lollows;

Annulus drag coeflicient is piven by

Cpa = 0.002(s/1)

where { is the blade height, and
Secondary losses by

Cps = 0.018C}

The to1a} drag coefficient is given by

Cor =Cp+Cpa+Cps

e g § . &

. E_— v

&
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CASCADE LIFT AND DRAG COEFFICIENTS FOR
TURBINE BLADES

Turbine rotor blades are designed based on the cascade data which s similar to the
compressor rotor blades, The [ift and drag coefficients arc obtained from the cascade
data curves. The drag coefficient is expressed as

Cp = 25/} P ) nCH(cos” am / cos? or2)
and the lift coefficient
Cp = 2(s/e) cosan (tan ) + tanaa) + Cp an o

where ay, = tan™'{{tan a7 — tan &ry)/2)
Pressure losses can then be determined and an estimation of the efficiency be made.

The drag coefficient must again be modified due 1o the blades actually being in’

annular form. Real boundaries exist at the hub and tip while the ideal flow pattern is
disturbed by the preceding and succeeding blades. The drag coefficient is modified
by tip clearance loss C pc and secandary flow loss given by

Cpc = nCi(ke/ls)
and
C;)s = C}_lt‘/&'

where & is the clearance between the casing and blade lip while n is taken as 0.25
for tip-shrouded blades and 0.5 for unshrouded blades. The parameter A is estimated
from a functional relationship of the form

A= f Blade oullet area normal to flow\? - Hub radius | *
N Blades inlct area normal to flow Tip radius

Henee for a wrhine,

Cpr=Cpn+Chpc +Cn.s‘|

where Cp is obtained from cascade data. Thus the linear cascade data may be effect-
ively used to determine the lift and drag coefficients for the cascade and then be
modified by the addition of annulus drag and sccondary losses in order to approximate
the drag coefficient for an annular cascade,

Losses in a Cascade
The following losses occur in a cascade.

1. Profileloss This occurs due to the boundary layer growth on the blade surface,
This loss increases when the boundary layer scparates from the blade surface and is
governed by blade profile for given flow conditions.

" 2, Annulus foss  This occurs due to the boundary layer growth on the floors and

ceilings of the blade passages.
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3. Secondary loss This occurs at the hub and tip due to the three d'micusimal
nature of the flow and the blade curvature, ‘

4. Tip clearance loss Loss due to tip clearance is caused due 10 the leakage
of the flow from the pressure side 1o the suction side of the blades through the tip
clearance. This loss is sometimes considered as a secondary loss.

Losses in a biade cascade of compressor and turbine are principally the same. The
mugniiude and mechanism of these losses differ from compresser to turbine.

SOLVED PROBLEMS

Example 2,1  An acrofoil having a chord length of 2.25 m and a span of 13.5 m

moves at a velocity of 125 m/s through standard atmosphere at an elevation of 2500

- m. The angle of auack being 5°25'. Calculate the weight which the wing carries and

the power required to-drive the aerofoil, Take corresponding to i = 5°25', Cp =
0.465 and Cp = 0.022. Density of air = 1.25 kg/m>.

Solution

C=225m {=135m
c=125m/s Cp = 0.465
Cp = 0.022 o= 1.25kg/m?

weight carried by the acrofoil should be equal to the lift force,

N

W o= L=CL‘P'%‘A
2
= 0.465x 1.25 % —1—%5— ® (2.25 x 13.5)
= 137.93 kN
Drag force
D = Cp- E: A
= Copr3
‘ 1252
= 0.022x1.25x — (2.25 % 13.5)
= 6525.88 N
Powerrequired = Dxc¢

= esissEx1s 0,
_ = 8I15.735kW :f)'
Example 2.2 Ca]_fulale the diameter of a parachule to be used for dropping an
object weighing 980 N so that the maximum terminal velocity of dropping is 5 m/s.

The drag cocfficient for the parachute, which may be treated as hemispherical, is 1.3.
The density of air is 1.22 kg/m?
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Solution
W=980N C=5m/§ Cp=13 p=122
Drag force '
‘ c?
D = CD.p..-é...Af
butD = W =0930N
. 52
LA = 980/(1.3xl.22x-i—)

= 49,43 m?

Projected area of the hemispherical parachute

g
= -Dp?
4 4

“D = 1/49—'4jﬁ=7.93m7

Example 2.3 A wing of a small airplane is rectangular in plan (10 m x 1.2 m).
The total aerodynamic force acting on the wing, moving at 240 km/h, is 20 kN. If the
lift-drag ratia is 10, calculate the coeflicient of 1ift and the total weight the plane can
carry. Take p of air = 1.2 kg/m?,

Solution
40
A=10x1.2=12m? c=zT’:}0£=66.67m/s F=20kN L/D=10
The total force, )
' F = D242
= (0124 L2
F2 = 1012

The weight that the plane can carry is the lift force,

o 20 x 107 o
oW ———— =199 kN
(1.01)42 7
and
L 19.9 x 10 .
Cr TS = -
pACE/2 66.67°
. 1.2 x 12 x 2
= 0.622

Example 2.4  An axial flow compressor has the fallowing design data:
mass flow rate of air - 25 kg/s, density — 1.1 kg/m?, axial velocity — 157 m/s, rota-

tional speed - 150 rev/s. Mean blade speed - 200 m/s, rotor blade aspect ratio -~ 3,
pitch chord ratio - 0.8.
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Determine (a) the mean radius, (b) the blade height, (c} the pitch and chord and (d)
the number of blades.

Solution

m=25kg/s p=Lllkg/m® C,=15Tm/s

N =150rev/s U =200m/s Ilfc=3 s/c=038
{a) Mean radius

U
2N

- 200
2m x 150
0.212m

Fm =

(b) Blade height

The blade height is found from the annulus area of flow,

m
G,
25
1.1 % 157
= 0.145m?

A

. Blade height-

A

205,
0.145

2 x0.212
= 0.llm

{¢) The chord and pitch
span {!)

Blade aspect ralio = Em

g

3
0.037Tm

M

Blade pitch

§ = Pitch = chord ratio x chord
0.8 x 0.037
0.0296 m

e

s

s

Lt
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@5 (d) Number of blades f Since there is no incidence on the blade o) = o
Circumference at mean radius “e/f_
r - 7 8 = @ —ay+0.2330
Pitch at mean radius (k
i 21y, . = 45-1540.2337
E = 73 o g = 39.91°
- 2r % 0.212 |
W . Alternatively
= 45 €=8-+i-4

= Example 2.5 Dctermine for a compressor blade with a circular are camber line

and the following data. Pitch-chord ratio —0.8, relative air angle at inlet —45°, relative Sinee =0 ,
; air angle at outlet —15°, Assume zero incidence. € = 8-8=0-0233
E {a) nominal deflection angle = €
8 (b) the blade camber angle T 1-023
{c) the deviation angle . ' 30
@a (d) the blade stagger _ = 0767
; Solution 6 = 39.01°

sfc=08 By =45 g, =15

. - ) N . Therefore, derivation angle is
Note that cascade air angle is equal to the compressor relative air angle. That is g

g § = 0.233(39.11)
o) =8 and a7 =
s -~ 2=he & = 9.11°
{a} Nominal deflection angle ‘
: = = {d) The blade stagger .
{;fif € = a; B Tl =A=h N For a circular arc cascade the blade stagger is given by
= 45— 15
- . . a8
[ \_,jf ” = 30 . ¢ = ﬂ“] _ _i
% (b) Deviaﬂcj:n angle : e w?
~ - 2
5 = m(s/c)f? 39.11
mo= 0.23(2a/c) +0.1{x2/50) = 45-—
s . = 25.45°
For a circular arc camber 2a/c = |
i1 somoo= 02301 + 0.1 x (E) Example 2.6 A compressor cascade is construcied from circular arc acro-(oil
i . 30 ‘blades (camber angle = 25°) set at a stagger angle of 30° with a pitch-chord ratio of
= = 026 1.0, The momentum thickness chord ratio is 0.031. The nominal value of incidence is
§ = 0.26x6(0.8)!7 5°. Determine the cascade blade angles and the nominal air angles. (MKU-April'95)
§ = 0233 Solution '
(¢} Blade camber angle §=25" ¢, =30° "sfc=1 i,=5°
. f = o] —a) : (a} Cascade blade angles
EA ‘ buteg = 2= 6 = aj—ay=25°
L8 = cr; —oy k8 -8 -
5 = cr'l — o3 - 0.2339 ‘ ¢y = C{; -3 = 30°
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25
oy = 304+ =
I +2

o) 42.5°

and

ay; = a;—a
42525
17.5°

R
L0
I

(b) Nominal air angles

H ’
In = O1a—a

S = g +e
5+425 -
= 47.5°
Nominal exit air angle is determined from the foilowing empirical relation:

1.55

tanag , —~lang;, = DEEE—T
1.0+ 1.5 (;)

tanoy, = lan oy, — .___].E_S__
LO+1.5(=
)
= tan47.5 - —-——i__
1.0+ 1.5¢1)
tanaz, = 0.47]
ay, = 2522°

Example 2.7 A compressor cascade has the {oflowing data: velochty of air w
enlry = 75 nvs, air angle at entry w 48°, alr angle at exit = 25°, chord- fich ratio =
0.91, stagnation pressure loss = 11 mm W.,G, density of air = 1.25 kg/m'{? Determine
lass cocfficient, drag and lift coefficients. :
Sclution

Cr=75m/s o) =48° gy =259

/s =081  Pow=11mmW.G. p=1.25kg/m3

(a) Pressure loss coefficient

Po,m
0.55C2

10° x 9.81 x 4L

109

I

PO.m
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107.9 N/m?
107.9

0.5 % 1.25 x 752
0.0307

fl

(b} Drag coefficient

Cp = 2s5/C) Pom/ 0CH)c08 ttm/ cos? 1)

Oy = Lan'][(mnoq-i-lanccz)/ﬂ
= tan”! [{1an48° +1an25°) /2]
o, = 38.25° .
107.9 cos® 38.25
“Cp = 2“/0'91)(1.25x752)( cos? 48 )
= 0.0365

" (c) Lift coefficient

2(s/c)cosa,{tanay — tanoy) — Cp an
2(1/0.91) cos 38.25°(tan 48° — tan 25°) — 0.0365tan 38,257 »
= {.083 '

ComOCL

fl

Example 2.8 Airenters the test section of a mrbine blade (o; = 40°, a3 = 65°)
cascade tunnel at 100 m/s (p = 1.25 kg/m?). The pitch-chord rmio of the cascade
is 0.91. The average loss in the stagnation pressure across the cascade is equivalent
to 17.5 mm W.G. Determine for this cascade {a) the pressure loss coefficient, (b) the
drag coefficient and (c) the lift coefficient.

Solution
o) =40° a3 =65 C;=100m/s p=125kg/m?
sle=091 Pom=17.5mmW.G.

(a) Pressure loss coefficlent

Po.m
0.50C}

i7.
ITJS x 9.81 x 107

0.5 x 1.25 x 1002
= 0.0275

{b) Drag coefficignt

Cp = 2As/cHPom/bCHY oS apf cos? az)

1l

@ tan™! [(tan oz —~ tan o) /2]

Ui
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= tan”' [(1an 65° ~ 1an 40°) /2)

= 33,13°
17.5
—= x 9.81 x 10° K}
. +33.13
fCp = 2w0n | JE T X feos?33.13
o ©31 1.25 x 1002 ( cos? 65
= ().0823
{c) Lift coefficient ki
Cr = 2s/cYcosan(tanay + tanaz) 4- Cp tan g,
= 2(0.91)cos33.13(tan 40 + tan 65) + 0.0823 tan 33,13
CL = 4.601 '

Example 2.8 A jet plane which weighs 30,000 N and has a wing «rea of 20 1m?
flies at a vclocuy of 250 km/h when the engine dehvcrs TS50 kW, 65% ol the power
i5 used Lo overcome the drag resistance of the wing, Calculate the cocfficients of lift
and drag for the wing, Take density of air equal to 1.21 kg/m?.
Solution

W=30,000N A=20m? ¢ = 250 km/h = 69.44 m/s
Power required (o overcome drag resistance

= 0,65 % 750 = 487.5 kW
Power required 10 overcome drag resistance in werms of drag loree is given hy
= Dxc¢

487.5

5.4d X 10* = 70205 N
But
D
0.5pc1A
7020.5
0.5 x 1.21 x 69,442 x 20
Cp = 0120

Cp =

The lift force should be equal to the weight of the plane,
L=W=30000N

) : LCL = L
« D.5pcla
_ 30, (00
T 05 % 1.21 x 69.442 % 20
€L = 0514
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- SHORT QUESTIONS

‘/ 2.1. What is the function of blades in a nzrbomachmc"

!

2.2. Define an aero-foil section.
2.3. Classify the aero-foil sections.
2.4. What is a symmetrical aero-foil?
2.5. What is a non-symmetrical aero-foil?
2,6. Define the 1erms lift and drag,
2.7, Deseribe the Aow pattern arvund an soro-lall, .
2.8, ‘The drug s madeupol dragand . ___  drag. -
2.9. Flow separation due to adverse pressure gradient
(a) decreases lift and increases drag
(b} increascs lift and decreases drag
(c) decreases lift and decreases drag
2.10. The liftis to the drag.
2.11. Define {a) lift coefficient and (b) drag coefficient.
2.12. Lift coefficient should be as high as possible for maximum energy transfer.
{True/False)

2.13. Formaximum efficiency, the drag coefficient should as Jow as p-oss:blc h ruchalsc)

:2.14. Define blade loading factor and flow coefficient.
2.15. For a well-designed blade, the optimum blade loading factor is
{a) g(c/s)C
V(o) $c/s)C1/VE
() Plc/s)Ch/2
2.16. List the imponant blade terminologies,
2.17. Define (a) base profile, (b) camber line.
2.18. What is a cascade?
2.19. Whal is blade camber angie?
2,20. What arc chord, span and pitch for a blade cascade?
2.21. Dilferentiate between angle of incidence and deviation angle.
2.22. Air deflection angle is the difference beiween the . and the

2.23. What is stagger angle?

224, . ..o Bngle represcnts the angleo at which the blnde i set in the cas-
cade.

2.25. What is cascade testing?

2.26. Why do the results obtained from cascade testing nced comrections?

2.27. What is pressure loss coefficient?

2,28, The value of nominal deflection angle in terms of maximum dcﬁocuon angle
is
(a) 0.88 Emax

! (b) 09 Emax
{c) 0.8 €4y

2.29. What are the cascade losses?

2.30. What are profile, annulus and lip clearance losses?
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! EXERCISES L
v 2.1 [?erive the expression for energy transfer in terms of blade )ift and drag coeffi- g
cieals, '
. 2.2, Explain the blade lerminologies with a neat sketch. ' 3

" 2.3. Explain the various cascade nomenclatures wi

th a neat and i i
prove that €= 8 4 { — 4 neat and illustrative sketch

EEERER,

1.4, Wri 5 ing. : i i
Vair::;;:;;sﬂggﬂcan:?ti:i::g;g Draw the cascade curves, How is the nomina) - C EN TR| F U GAL C O M P RESSO RS —

\ 2.5. Enumerate and explain briefly the d;
] y the different cascade losses
+ 26, A 16 m diameter rotor is required to ift and ¢ i o AN D FANS
propel a 2500 kg hel ]
speed of 15 mis. Calculate power re ol e e
coefficient of 0.0056 based on the r
22°C.

BT

quired by the helicopter assuming & drag
otor area. Ambient condition is | bar and i
(MKU-April '96 & MU-April *99)

: [Ans: 2.24 kW) :

I
TS

INTRODUCTION :
Compressors as well as pumps and fans are the devices used 1o increase the pressurc lf‘uﬂ

of a fluid. But, they differ in the tasks they perform. A fan increases the pressure of a
_ gas slightly and it is mainly used 1o move a gas aroGiid. A Compressor is capable of z
‘compressing the gas 1o very high pressures. Pumps work very much like compressors a
except that they handle liquids instead of gases. ) B2
Centrifugal compressors and fans are turbo machines employing centrifugal effects
10 increase the pressure of the fuid.(Single stage centrifugal compressors have the
_pressure ratio of 4:1){The best efficiencies are generally 3 to 4 per cent below those _
obtained from an axial flow compressor designed for the same duty. However, 8l very E v
low mass flow rates, the axial flow compressor efficiency drops down rapidly.

The advantages of centrifugal compressor over the axial flow compressor are () :
smaller length, (2) widerange of mass.flow rate of gas. Although the centrifiigal éﬂ
compressor has been siiperseded by the axial Aow compressor in jet aircrafl engines. E’

{ it is useful where a short overall engine length is reguired and where it is likely that
deposits will be furmed in the air passages. Because of the relatively short passage
tength, loss of performance due to build-up deposits will not be as great as the axial
compressors) Therefore, the working Muid may even be a confiminated gas, like ex-
haust gas, The disadvantages are—larger frontal area and lower maximum efficiengy.
If the density ratio across the compressor is jess than about 1.05, the term ‘fan"'is
used 6 describe the machine. In that case the fluid is treated as being incompressible; m
otherwise compressible flow equations must be used. The term *blower’ is ofien used '
in place of ‘fan’, In this chapter, the centrifugal compressar and fan are considered to-
geiher as the theory applied (o both machines is the same. The centrifugal compressor

is mainly found in turbo chargers.

COMPONENTS AND DESCRIPTION

B =

Fig. 3.1 shows a typical centrifugal compressor.

o
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Collector {Volute) {3)
Casing
—
Diffuser
as v 4
Impeller —
—— ]
(_(;’; ! i /
! ) - ey )/J
Flpure 3.1 T}rp{cal centrifugal compg.;sar

~lor. '
The Mﬂnﬂgﬁ%me the 'mgelfe and fhe diffuser, Wiien the impeller is
rolating a1 high speed, air is drawn in through the éye of the impetler. The absolute
velacity of the inflow air is axjal. (The magnitude and direction of the entering relative

velocity depends upon the linear velocity of the impeller at the radial position of -

the eye as well as the magnitude and dlrecuon of the entering absolule velocuy.&[h

|mpeller vancs at the eye are bent so as to provide shockless less entry for the entering flow
at its relative entry angle “Theair air then flows radially through the impeller passages due
to centrifugal force; The total mechamcu.l cnergxdrivlng the compressor is transmitied
1o thc fluid streamt in tl\e impeller where it is converted into kinetic energy, pressure
and heat due to fncuon) The function of the thfuscr is to convert the kinetic energy,
of air that leaving the impeller, into pressure. The air leaving the diffuser is collecle:d
in a spiral passage (scroll or volute) from which it is discharged from the COmpressor.
The 1 pressure and velocity variatign ncross the comprcssor is shown in Fig. 3.2,

- oy
Jy
o 1 Syt i ey »):zr,-ww ¢
. b
r=g—m = ———
Diffuser
Radial _JL“__"" _________ .
distance U RO W Clearance
T T
Impeller
N
. Pressure and velocity

Flgure 3.2 Pressure and velocity diagram for centrifugal compressor

5‘/}’” -

nent Cy, equals Uz, Biit it is reduced due

< §
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VELOCITY DIAGRAMS FOR A CENTRIFUGAL COMPRESS.R

The gas cnters the compressor at the eye, in an axial direction with an absolute velocity
(€ and moves into the inducer section, which can be in 2 in 2 separale form or be a pant
of the blades. The inducer section transfers the gas onto the blades and enables it to
MOom]y into the radial direction. Energy is imparted 1o the gas by the rotating
b]ades thereby increasing its static pressure; as 1 moves from radius r to rg. and the
“gas moves the blade with absolute velocity Ca. :
It should be noted that the blades are ra- '

dial i.e. the blade angle 82 is 90° while
TThe Telative velocity vecior Wy is at angle

B because of stip. Ideaily, (he

u

frISLS //////@

10 slip. The relative velocity vector Wi is
obtained by subtracting U from Cy . The -
fluid enters the blade passages with an
absolute velocity Cy; here Cy = C;. So,
the impeller tangential velocity vector Uy
is at right angle to Cy. Where Uy = ary,
‘w’ being the angular velocity of the im-

peller. The resultant relative velocity vec-

b N, Y VL W . T L W, UL W, W W W . B

(b)  Outlet velocity triangle
Figure 3.3 Velocity triangles for a radial impeller

(refer Fig. 3.3(b) and Fig. 3.4). For zero slip situation, £; = 90° and 50 CB = U1
and C,, = Wy where C, is the radial component of the nbsolute velocity and is
pcmiﬁ'ﬁr'ﬁ) the fangent at inlet and outlet. C, is the component of the inlet
absolute velocity vector resolved into the tangential direction. W; and C; are often
called as the relative and absolute whirl_.compongnts, respectively. All angles are
measured from the tanigential direction.

When f; = ), this is referred to as the *no shock condition® at entry. In this case,
the fluid moves tangeritially onto the blade.

tor at the inlet is W, as shown in Fig. (a) Inlet velocity triangle
3.3(a) 7
G/ U <) ;-0,_0’ : Ba=Pe '—"O'C"J(.'}_ = U
K— xi—)i I ' e
€T v r'l"'l.-" B> —i> Ay e
. NN 1 ‘ '
ACx—k \1\\ ACt Wy =~ Noslip
) C2 ™ ——— Withslip
e
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Figure 3.4 Velocity triangles for a backward curved impeller

When g2 = f3, there is no fiuid slip at the exit where B refers to the angle of relative
velocity vector,

-SLIP FACTOR

The fiuid leaves the impeller at an angle £ ather than the actual blade angle ﬁz This
is due o *fluid stip*. Angle £, is less than angle £3.

In centrifugal compressors, the air trapped between the impeller vanes is reluclant
to move round with the impeller, and this results in a higher static pressurc on the
leading face of the vane than on the trailing face of the vane, This problem is due
to the inertia of the air, Then the air tends to flow round the edges of the vanes in
the clearance space between.impeller and casing. One explanation for this is that of
the relative eddy hypothesis. Fig. 3.5 shows the pressure distribution built up in the
impeller passages due to the motion of the blades. On the leading side of the blade
there is a high pressure region while on the trailing side of the blade there is a low
pressure region; the pressure thus changes across the blade passage. This pressure
distribution is similar to that of an aerofoil in a free stream and is like-wise associated
with the existence of circuladon around the blade, so that on the low pressure side
the fluid velocity is increased while on the high pressure side it is decreased, and a
non-uniform velocity distribution results at any radius. Indeed, the flow may separate
from the suction surface of the blade. So, the mean direction of the flow leaving the
impeller is 83 and not £ as is assumed in the zero-slip condition.

Slip can be reduced by increasing the number of impeller vanes and reducing the

clearance sp spacc ¢. Thus C Cx is reduced to €}, and the difference AC; is - defined as the

U NN

slip.

kY

wnﬂ%b
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U
Cxy
—i
Crp  _BG
..... fdeal (lwqul'ﬁp) &I
=—— Agctual {with tip) W, .t
'\ ('.Z'rl g
. Gy
._.' c
d a -1
. 5 tan B] - w
low pnm" Hagh presa

B~ Actual blade angle

f5- Angle st which the fluid leaves the impelier
C - Circulstion around a singla blade

Figure 3.5  Slip and velocity distribution in centrifugal pump impeller blades

Slip factor is defined as Alrz Casyw T no

cf
g’ = ._ﬂ
Cr,
Referring to the above figure, for the ne-slip condition,

Cra= Uy - Wy

and
Wi = cotfiz:Cea
Cra = = Cracol fp
Slip factor
_ €1 {Cra— AC)
gy = ——=-— "=
- Crz Cra
AC;
Oy = | —
! Cra eh

Stodola proposed the existence of a relative eddy within the blade passages as shown

in,Fig. (3.6). By definition, a fncuon]css fluid which ich passes ‘through- the blade pas-
sages havc no rotation. Therefore at the ouﬂgl_g_f__dls passage the rotation should be

e — R —

Ve

3 T

I
|SCENERN
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Figure 3.6  The relative eddy berween impeller blades

zero, Now, the impeller has an angular velocity ‘', so that, relative (o the impeller, the

uid must have ari angular veloeity ‘—e' to match with the zero-rotation condition.
[Tthe radius of a circle that Thay be inscribed between two successive blades at outict
and at a tangent to the surfaces of both blades is *e', then the slip is given by

AC, = we

The impeller circumference is 2y ahd therefore the distance between the blades
is 2mrra/z if we have ‘'z’ blades of negligible thickness. This may be approximated 10
2e/sinfy and upaon rearrangement

e = (mwr3fz)sinfiz
ACy = (Uafzrz)(rrysin B7)
= (Uarrsin f2)/2
equation (3.1) becomes
oy = | Uarr sin B2

- 2(Uy — Cracotfy)

For purely radial blades, which are often found in a centrifugal compressor, Az will
be 90° and the Stodola slip factor becomes

a; = 1 — m/z(since cot 90° = 0} |

With radial vanes, a very high pressure rise can be oblained, and are suitable for
high-speed machines.

The Stodola slip factor equation gives best results for the blade angle in the range

20° < B2 < 30°. For the range 30° < B; < 80°, Busemsn slip factor equation
may be employed.

_ [A — B{Cr2/Uz)co181)
T 1 = (Cr2/ Up)eotfa]

3.2)
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where A and B are functions of A3, z and r3/n.
The Stanitz slip factor is given by

To, = 1= 0.63n/1z11 — (Cr2/ Un)coifa)} |

is best used in the range 80° < B2 < 90°. -
If B2 = 90°, then oy == | — (D.63/z). Typically, slip faciors lie in the region of 0.9,
while slip occurs even if the fluid is ideal. .

ENERGY TRANSFER
By Euler's pump cquation, without slip
|
E = (UCa—-UiCnl/g
From inlet velbcily triangle (Fig. 3.3(a))
Ci1 =0

For ideal condition, Uz = Cy,, from outlet velocity triangle (Fig. 3.3(b))

UzCy - E&
14

E= 3.3)

and with slij). the theoretical work is

O Uz2
g

E= (3.4)

Although equation (3.3) has been modified by the slip factor to give equation (3.4),
_O‘,_U%/g is still the ‘theoretical work' done on the air, since slip will be present even
if the Nuid is friction-less (ideal fluid).

In a real fluid some of the power supplied by the impeller.is used in overcoming
losses that have a braking effect on the air conveyed by the vanes, and these mclﬁf{e
windage, disc friction and casing friction. The total power per unit weight of flow is
therefore medified by a power input factor. (

{POWER INPUT FACTOR })

The power input factor {or) the work factor

Actual work supplied
~ Theoretical work supplied

v

" typically takes vahies from 1.035 10 1.04].
So, the actual energy transfer becomes )
e eEle

E = yo,U}/g

s —e
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'Y’ is also known as ‘stage loading coefficiens’. Upon leaving the impeller the gas
enters a vaneless space where it moves in a spiral path before entering the diffuser,
in which the static pressure is further increased. The clearance between the impeller
blades and inner walls of the casing must be kept as small as possible to reduce leakage
and in some cases the blades themseives are shrouded.

MOLLIER CHART

Since we are dealing with a gas and since the rise in | temperature and pressure causes
the density to change, it will be convenient o examine the performance of the machine
in terms of the thermadynamic propertics of the gas and this is done through the

Mollier Chart. The & — s diagram for the compression process across the centrifugal
compressor is shown in Fig. 3.7.

Ry Py
02,4/ 03 4

C 1

C)

Ozj M 03s 2

03ss 3

71 3 [or]
P4 |7z

Enthalpy, h
L]
N\ >

|

Entrapy, s

Figure 3.7 Mollier chart for a centrifugal compresser

1. Inlet Casing

The energy equation along a suc.amlmc may be writlen as
Total enthalpy, hg = h + € - constant .

- Therefore, for the fluid drawn from the atmosphere into the inducer section, the total
cnthalpy is

hop = hg + -2

1
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Total enthalpy al section-1, i.e. inlet of the impeller, is
¢t
hoy =M + 5

and since no shaft work has been done and assuming that adiabatic steady flow occurs

hop = ko) [from §.F.B.E]
Thus,

c? ct
Jai Ry A bl § 3.5
ho + 5 1+ 3 (3.9

2. Impeller

Work is done on the fiuid across the impeller and the static pressure is increased from

P/ lo Ps. Wrmng the work done per unit mass on the fluid in terms of enthalpy, we

“get
w/m = hyz — hoy
From Euler's pump equation
wim = UCrz — U1Cry

Equating the two equations and after substituting for hg

ct c?
I =h + =1 - UGy, =h2+‘—z"'U2Cxl
where ‘I" is the impeller constant.
11e impeler constant,
In general
I = h+CY2-UC
= h+(C}+CHD-UC,
h+ (W= W24+ CH2-UC,
= R+ (W= (U—=C)r+CH2=UC
w? UZ C! sz
. = }i+2—"2—'——2—+UC; UC:+H5-
= h+W2/2-U?/2
or

1= ho.ret — U2

where hg.rel is the total enthalpy based on the relative velocity of the fluid. Thus

hy — iy = (U} = UDY/2) + (W] =~ W))/2) (3.6)

3

F

eurmace o
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Since f; = I3 in equation (3.6}, the chief con
from the term (U22 - Uf)/Z.

Usually, C;, = (¢ is assumed in preliminary design calculations. Although, this is

not alway {

s the case, {rom the actual energy transfer equation, the work done on the
fluid per unil mass becomes

tribution to the static enthalpy rise is

(w/m)y = Exg
hor ~hoy = yYo,U}

Substituting kg = Cp Ty and rcarrangirig the eqn,, we get

To1 — Tp1 = Yo, U2/Cpr

e e ey bt s e e D

where, Cp is the mean specific heat over this lemperature range,
Since, no work is done in the diffuser, hg; = gy and so
L Ton =Ty
TTY To - To =wo,Ui/Ch (3.7
Mnh—u--u\_u—\

) With reference to the h-s diagram and equation (3.7), a compressor's overail total-
to-total isentropic cfficiency ‘5.’ is defined as

_Total.isentropic enthalpy rise between inlet and outlet
‘ 7 Actual enthalpyrise between same total pressure limits

ho3,, — hoy
ho3 — hpy
where the subseript *ss” re

presents the end state on the total pressure line Pp3 when
the process is isentropic.

7 .

(Toa,, — Ton) -
20, T A

‘rk —“ (Toa — Toy)
E o {03,)/ Tor — 1)
; ol ——

i (To3 — Toy)
But,
o
) Poa/Poar = (Toa,, /Ton) 7!
= A+ 9e(Toy — Top)/ Toy J/r=0

E o = {1+ 0o, U NCeTo)y/T1 .

The slip factor should be as high as possible, since it limits the energy transfer (o the

fluid even under jseniropic conditions, and it is seen from the velocity diagrams that

Cx; approaches U3 as the slip factor is 1ncreascd. The slip factor may be increased
by¥ncreasing the humber of vanas but this increases the ‘solidity’ at the impeller eye,
resulting in decrease in the flow area at the inlet. To h

ave a same mass flow rate, the

Y

2 A
PR S i Ry xeg oA
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flow velocity C, at inlet must therefore be increased and this increases the loss due
to friction. A compromise is usually made; slip factors of about 0.9 are being used
for a compressor with 19-21 vanes,

[t may sci::m that increase in ¥’ increases the energy transfer, but the rate of decrease
of isentropic efficiency with increase in ¥ pegates (nullifies) any apparent advantage,
So, the ideal condition is to have a power input factor of unity (¥ = 1). :

The pressure rati¢ increases with the impelier tip speed, but mau:na! strength should
be more as centrifugal siresses are proportional to the square of the up'spcc:d; and for
a light alloy impeller, tip speeds are limited to about 460 m/sec, This gives a pressure
ralio of 4:1, Pressure tatio of 7:1 is possible with titanjum impellers. Equation I'0|"
pressure ratio can be written in terms of fluid properties and flow angles. '

Stnce ad = rRTp) and Cp = rR/(r = 1), then Py3/Poy = [l + nc¥ou(r = | ).
U2 az r—:[ -. . -

‘]2‘}{1: ?:Llange of pressure ratio with blade tip speed for various *n.° is shown in Fig.
3.8

340 o/ e
am= s 0. .
7 ¥=14
g=0.92
af
al
g
i
e
&
g
n- .
2 [
1 | 1 J o1 |
380 400 420 440 460 480 500 -
Blade tip speed (mv/s)

Figure 3.8 Overall pressure ratio versus impeller tip speed

' lSTAGE PRESSURE RISE AND LOADING COEFFICIENT

The static pressure nsc in centrifugal stage occurs in the impeller, diffuser and the
_volule,

. Nochange in stagnation enthalpy occurs in the diffuser and volute. In this section, the

pressure rise of pressure ratio across the stage for an isenstropic process is determined.
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Wark supplied

It

hOI: - hUI

= Cp (TOZ, - To) ‘
Toa, !
= Cplp (-—‘—1)
‘ ! n
. \ '_.:J .
| : Poa\ 7
, = CpTy (——-) -1.
[ o I

Figure 3.8 {a)  Velocity triangle

From Euler's cquation

=1 w
= CpTy [Rn' - I] ) (3.8) - = Uz % Crz = Ua(Lf2 — Cpy cot B2)
‘ W ,
. where Ro—stagnation pressure ratio = = Ui(l~drcofr)
From Euler's equation, o
Work supplied = UC e = Uil = ¢z cot f2)
" Ao 3
+ 5o y = —_
= UUz - Gracot ) 2L et LIS AN P Yo = (] = drCOUf) . G
' ¢ , ' . .
= U} (I _ @cm ﬁz) L 7 &*~P~ Substituting equation (3.11} in equation (3.10), we get
Uy
= sz(l —gzrcol Ba) ’ o C\{L (3.9) Ry = f[')_ll _ [1 + \[przz]'-‘L'I
 Equai = T = Pn | TCeT
- Equating (3.8) & (3.9), * . Po pToi
' . In terms of static pressures, following the same procedure, we get
CrTot(Ry™ — 1) = U3(1 — gy cot fy) :
where ‘¢7" is the fl i : ' ' | Ry vri]”
¢ flow coefficient at the impelier exit. 2 CrTh
C, . !
b = -2 These two ralios are known as stage pressure ratios.
%]
Pressure Coefficlent
(1 — 7 cotgy)U2 b= The pressure or loading coefficient is also defined as the ratio of isentropic work to
Ro= 14 ——F 2972 Euler's work.
CpTy (3.10)
The load.iﬂg or pressure coefﬁci“’nt is defined as ’ | (Pl‘cssu re coefficient @ =@;§c::r:r’sﬁw$ :
_ Work done/kg |
Vp = ——._.___Uzz : _ Ve = Cr(Tuay — To1)
: U2Cs2
From the outlet velocity triangle {Fig. 3.8(a)], For a radial vaned impelicr,
Cra=Uz~Crzcol fy ‘ \ Cra=1Us

-

L_.-

S S
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Cp(Toz —
Vp = r( 02."2 To1)
Uy
Now, isentropic work = actual work x isentropic cificiency

=Cp(Toz ~ Ty) x n,

Then.
Cr(Tps — T
. =rp,--—‘:~( 02~ o)
s
But

Cr(Toz = o) = Yo, U
Thus the pressure cocfficient may he written ag

2
Yrp = e M

Ui ‘ :
e N

. Another definition for yp is ,Uu G ! }
. e e n“"

W
Vp = urk(zlunc/kg
LA LL:
- (Ahg);
Uiz

where Ahyg is the ideal stagnation enthaipy change across the Stage

If the stage pressure rise is so small then the fluid can be treated as incompressible

. (8ho)s = APy/p
50 that

APy
(0U7/2)

has a numerical value twice that of the equation

This definition for y p

Wi == (1 - 3 cotfy)

DIFFUSER

1t plays an important role in
essor. The impeller imparts
converts this imparted kineti
the diffuser does compress a

the overall compression process of a centrifugal compr-
energy (o the air by increasing its velocity. The diffuser
c energy into pressure rise. For a radjal bladed impeller,
nd increase the pressure cqual to 50 per cent of the ovcr.
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{a) Volute or Scroll Collector

A simple volute or scroll collector is shown in Fig. 3.9 and consists of a circular
passage of increasing cross-sectional area. The feature of the simple volute is its
low cost. The cross-sectional area increases as the increrient of discharge increases
around the periphery of the impeller and it is found that a constant average velocity
arpund the volute results in equal pressures around the compressor casing. and hence
no radial thrust on the shaft. B o

Any deviation in flow rate from the design condition will result in a radial thrust,
which ultimaiely results in shaft bending. Of the available kinetic encrgy at impeller
outlet, 25~30 per cent may be recovered in a simple volute,

Iimpeller

Volute of
increasing
cross-section

Figure 3.9 Volute or scroll collector

(b) Vaneless Diffuser

Here diffusion takes place in a parailel-sided passage and is governed by the principk
of conservation of angular momentum of the fluid. :
The radial component of absolute velocity is controlled by the radial cross-sectional
area of flow 'b’. A vaneless diffuser passage Is shown in Fig. 3,10, . '
Mass Mow rate *m* ot any radius r is given by :

m'= pAC, = pQrrb)C, | -

where 'b’ is the width of the diffuser passage perpendicuiar to the peripheral area
of the impelier and is usually the same as the impeller width. Let the subscripted
variables represent conditions at the impeller outlet and the unsubscripted varisbles
represent conditions at any radius *r' in the vaneless diffuser, then from continuity
equation : :
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P Jia

. . , , +" " Fres vortex flow
.“;I"' te // in diffuser passage
Tab. -t : : o

Volute
e (0

Figure 3.11  Vaned diffuser

Figure 3.10  Vaneless diffuser The points (o be considered to fix up the number of vanes on the diffuser ring are:

1. Diffusion increases with the increase in the vane number. But increasing the vane
number increases the friction loss. } °
2. The number of diffuser vanes has no common factor with the number of impeller
vanes. But, 'when the number of diffuser passages is less than the number of
impeller passages, 8 more uriform total flow occurs,
3. The cross-section of the diffuser channel should be squared io give a maximum
hydraulic radius (cross-sectional area/channel perimeter). ’
Change from the design mass flow rate and pressure ratio will change the smooth flow
direction into the diffuser passage and will therefore result in lesser efficiency. This
may be rectified by utilising variable angle diffuser vanes, The velocity of air leaving

prbC, = mninCp
Cr = parynCrforb

~ If frictionless flow is assumed, then by conservation of angular momentum (mCyr)
Cxr =Cqn2
and Cy = Crany/r ' :

Bat C; >» C (usually) and so the absolute velocity 'C” is approximalely equal to
Cror :

K

cec the diffuser should be as small as possibie as this eases the problem of combustion
co wnfr H chamber. The diffuser outlet velocity is usually designed at about 90 m/scc.
. t The diffuser efficiency
i.e. Cor = Cryrz = constant (or) C = consten _ _
‘ : S gt Ideal enthalpy dro
Oor sim is o reduce *C". To achicve this, *r* must be large and therefore, for a large r’fU Clolerr nD = ol cntl?afy drpp’
reduction in the outlet kinetic energy, a diffuser with a large radius is required. - . Py plat
, A vaneless diffuser has wide range of mass flow rate. But because of long How path T . e
with'this type of diffuser, friction effects are important and the efficiency is low. From the /i — s diagram (Fig. 3.7),
(c) Vaned Diffuser o p o Mimhe
In the vaned diffuser as shown in Fig. 3.11, the vanes are used to diffuse the outlet - " h} - h2
kinetic energy at a much higher rate, in a shorter length and with a higher efficiency Ta(Tys/To ~ 1)
{Jength of flow path and diameter are reduced) than the vaneless diffuser. = -7‘_7_—
A ring of diffuser vanes surrounds the impelier at the outlet, and after leaving the ' . (T3 - : 2)
mpiclles;the air moves in logarithmic spiral motion across a short vaneless space .
. before catering the diffuser vanes. Once the fluid has eatered ihe diffuser passage, r P\T 1
thercontrolling varisble on the rate of diffusion is the divergence angle of the diffuser 2 P
pessage, which is in the order of 8 10°, and there should be no separation of boundary = 75
‘ layer on the pastage walls. : ‘ W_,,._u_:f} i v.a.-.;;.: o

e
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For adiabatic deceleration of the Auid from absolute velocity Cz to Cy with a corre-
sponding increase of static pressure from P lo Ps,

hoz = hgy (or)
ha+C2/2 = h3+Cin2

0{ ‘DEGREE OF REACTION
The degree of reaction of a centrifugal compressor stage is given by .

Change in static enthalpy in the impelier
Chunge tn siagnation enthalpy in the stage’

R

Hy—h
27N gy = hoy = hua — hoy 8 hga = hgy)
hipz — oy

If the velocity of the gns approaching the compressor inlet is negligible (C) =~ 0),
then Ay = Apy and hy = hg— C%/Z
(ho2 — hop) — C'%/é
o thoa — hot)
fioy —hgt = UzCra = Up(Uy — Wya)

SR

I

(U} — U2Cracot )

) c ) .
#rd r

1—-f 22 A2
Uy ( ( 7, ) cotﬁz) (3.12)
hoz ~ hoy = U3(1 — ¢ cot B2) where ‘¢’ is the flow coefficient.
From the outlet velocity triangle [Refer Fig, 3.8(a}],

2
3 = c+ch
and Cy = Uh-W,
€} = CL+(y-w,)?
and W, = Cncotf
€} = CL+ (U -C, e )’

= Cl + U1l - Cpy/Ua) cot fr)?
= CL+ Ui~ ¢acot fiy)?
) €} = U3[ClUb+ 1= grcopy?]
= Uj [cﬁ% + (1= qbz'éotﬂz)’] {3.13)

*
From the stage pressure rise expression {eqn. 3.9),

hoz — hoi = UF(1 — ¢y cot fa) (3.14)
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Substitsting equation {3.13) and cquation (3.14) in the cquation for degree of reac-
tion, we gel

R o Uiti—¢acotfa) — jUF [#] + (1~ grcot a)Y)
‘ U3(! — ¢ cot Ba)
_ ¢3+ (1 =~ dacot fz)? N
{1 — pacot f2) ‘

¢3 + 1+ ¢3 cot® B3 — 2¢ cot B -
B 2(1 = gz cot pa)

¢§(l 4 cot? A7) + | — 2¢; cot 2
- 2(1 — ¢rcot A7)

pdcosecfy + | — 22 cot B
- 2(1 — ¢z cot fy)
2 — 2¢n cot B — ¢lcosec?fr — | + 2pacol fa

2{1 — ¢ncot B1)

1 — gpZcosec?f,
21 — gacot B3)

= 1

=1

= ]

' 1

For radial vanes (f; = 90°).
——

1 2
R = —(]—g2
2“ 1)

and yp = |

because ¥, = {1 = ¢2cot f2)
Effect of Impeller Blade Shapg on Performance

The different blade shapes utilised in impellers of centrifugal compressors can be
classified as (refer Fig. 3.14)
(i) Backward-facing blades (ii) Radial blades (iit) Forward-facing blades
s o

5
(i) Backward:curved blades e

B < 90°

We know from the outlet velocity triangle, Cy, = Uz — Cry cot B2
The energy transfer E = UCy, /g
Then,E = Ux(Uy — Cycot B2}/

{or}, ' ‘

& P ’1(:—’;-;2);’

E = (U}[g) ~ (mUrcot B2/ pg A)
L (;‘-'{J/ b?,-iT

m
where — = C,,
pA
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The above equation is in the form £ = a ~ &m, wherc a = U}jg and

b=1Uh cmﬂz/pRA
" As ‘m"increases, £ decreases, The cha.ractcnsun:ls therefore fa]lmg

(i) Radial blades i
B = 90°
cot 90° 4]

The energy transferred is constant at all fow rates and hence the characteristic is
neutral.

Il

(iii) Forward-curved blades

ﬂz > 90:

When “m' increases, £ is increased, The characteristic will then be raising. 82 would
be typically 140° for a multi-bladed centrifugal fan.
These equations are plotted in Fig, 3,12,

ﬂz> 90

Ene —on
E"E)’ : ﬁz— 90
ﬁ2< 90

m—>
Figure 3.12  Theoretical characteristics for varying outles blade angle

Actual characteristics for various blade outlet angles are shown in Fig. 3.13.

For both radial and forward facing blades, the power s rising continuously as the low
rale is increased. In the case of backward-facing vanes the maximum efficiency occurs
in the region of maximum power. [f m increases beyond ‘designed m' {(mp), it will
result in a power decrease, and therefore the mator used to drive the compressor may
be safely rated at the maximum power. Thisis said to be a ‘self-limiting characteristic’

In case of the radial and forward-facing vanes, if the compressor motor is rated for
maximum pawer, then it will be under-utilised most of the time, and extra cost will
have to be incurred for the extra rating. Whereas, if a smaller motor is employed,
rited nt the design point, then, if mr increases abova m p the molor will be overloaded
and may fail. So, it is more difficult to decide on a choice of mator for these vanes.

CENTRIFUGAL COMPRESSORS AND FANS <4 B3

Forward-facing

m

Figure 3.13  Actual characieristics for varying blade autlet angle

Forward-bent bludes have higher pressure ratios, But the following disadvantages
are the hurdles lor its wide range of applications.
1. Low efficiency owing to large slip factor (between 1 and 2).

2. Operating range is closer to the surge line even under normal running conditions
thus narrowing the stable operating range.

Better efficiencies can be obtained from backward-bent blades than with radial vanes.

but the pressure ratio is lower. So, when a high compressor efficicney is desired,
machines with backward curved vanes are use.,

The radial-blade impellers are usually preferred because

1. Base ol manufucturing

2. Lowest unit blade stress for o given dinmeter and rotatinnal speed (henge lightea
weight.) .

Equal energy conversion in impeller and diffuser giving higher pressure ratios
with good efficiency.

a

Pue to these advantages the radial blade impellers are used in aircraft centrifugal
compressors. Experimental resulis show that the slip factor value for radial blade
impellers is about 0.9, Hence, where a large pressure rise is required for a machine of
small size, radial blades are uscd. The reason for the decrease in efficiency in forward-
beni blades is that, as the slip factor increases (€, increases), the energy conversion
required in the diffuser increases as a result of which diffuser injet velocity is higher
and the diffuser efficiency rapidly falls, Therefore it is very rare lo find machines with
forward curved vanes.

It should be noted that the exir kinetic energy C§/2 increases quite rapidly as A2

inereases. Butmachines with large exitongles (82 will be Jess efficient than machines

with small exit angles.

G.."_ oo L i L_ : E’ E .

B _
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Forwarding-facing vanes Radial'vanes Backward-facing vanes

Figure 3.14  Centrifugal campressor outlet velacity triangles for varying blade
outler angle

&. PRE-WHIRL AND INLET GUIDE VANES

To restrict the Mach number at inlél (o an acceptable value, pre-whirl should be

imparted on the air entering the eye. This can be done by placing guide vanes at the
inlet, R

Fig. 3.15 clcarly shows that the inlet guide vanes impart a whirl component Cy, to
the fluid, thus reducing Wy to an acceptable vaIuc However, :he work capacity is
reduced since Cy, is no longer zero. :

G

{E L ),)(_,x/))}ﬁ h)
W

I -—L/b1 2 /_(»U-)yJ Mo-

RRRTURRRRARRR Y

L’l"‘s}P J}&,\_f"l‘rlj a b )“',r”-'

————— Without guide vanes
& LI st :f”bu )

With guide vanes

.J}r'u “ 9,}(5.))/7
Figure 3.15  Effect of inlet piride vanes on the inlet relative velociry

It is nol necessary to impart pre-whirl down (o the hub, as in this region, the fuld is
nowhers negr konie conditions due io the lower blade speed. The pre-whirl is therefore
gradually reduced to zero by twisting the inlet guide vanes,

Aport from reducing the Mach number, the pre-whirl has another ndvnntngc ol
reduced curvature of the impeller vanes at inlet. Pre-whirl vanes have the disadvantage
of introducing additional parts and additional weights, which should be an imporiant
parameter (o be controlled in jet airplanes. Alsq there is a danger of possible icing in
the vanes under unfavourable operating conditions i.e. at higher altitudes.

Limiting values of Mach number are usually kept between 0.7-0.8, for flow over
the blades,

CENTRIFUGAL COMPRESSORS AKDFANS < 85
INLET VELOCITY LIMITATIONS

Controlling the Mach number at the eye of a centrifugal compressor affects the inlet
relative velocity Wy. Two cases may be examined for the same mass flow rate having

uniform absolute velocity Cy, with zero whirl velocity (C,, = 0) at the entry 10 a
centrifugal compressor,

Case 1: Large eye tip diameter From continuity equation the axial velocity
Ci shouldbelow (m = py Ay Cy). Blade speed is high. These are shown in the velocity
triangle. (Fig 3.16(a))

Case 2: Small eye tip diameter The axial velocity is large. but the biade
speed is small. It is shown in the velocity triangle diagram (Fig. 3.16(b))

Eye tip {or)
shroud

radius
‘(ﬁtﬂ‘ Hub radius

Hub
shroud } Eye

Figure 3.16  Velocity triangle for a) large and b) small inlet area

For both of these extreme cases, the relative velocity vector Wy is high. but it must
reach a minimum vzlue when moving from one extreme to another. Afier determining
this relative velocity by proper design, the Mach number cffects can be avoided.

Flow inlo the eye takes place through the annulus formed by the shroud radivs "R’
and the hub radivs *r'.

For uniform axial ﬂow into the eye,
m=pi A1y
From the velocity lrian'glcs (Fig. 3. 16). we get

C1 = Wcos By and U = W) sin By

.y
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The flow area is

Ay

and w

Som

o where *U) is the inlet langential velocit

is the angular velocity.

mwzfm.*rk

'
i

Far isentropic relationship

n.(RZ_,J) ot
7R} (1 — r2/RY
mR% '
pi{w R2k)C

= U/R

(nuﬁk)
= g s— |G
W= . -

Il

i

il

y of the impeller at the shroud radius and ‘e’

= U|2C|
= WGsin® ) - (cos gy) (3.15)

To P

LPI Py
= 5 X
7 Ty Pay v * T

Py r—1_ )R
= D, =l o, r—1i
Tm[ + Ml] [H— 5 M,"’]

Poy [ r-1 =51 I
= — 11 — M2
o 2 Ml}
Now M = F[/RT]
For r—1 2
o= (= —M
! (RTQ;)[I + 2 Ml]. (3.16)

Substinting for p; from equation (3.16} in equation (3.15)

3ar 2
nlcquTm_l;rkPm = Wi (sin Bi)(cos 8;)

Writing the relative Mach number based on the relative velacity W,

W =
meRTm
nk Py,

]

l o1 T (3.1
=+ 3 My
Miret - ay
M}, yai(sin® B )(cos fy)
(3.18)

[l " i;—-l-u,’}'h}'
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We know .
a = (I’RT|)5 and
ap = (FRTo)}
Therefore, N
Tor\ 1 ' (r = Hm? b
ag) 0l r- H
_— = — =1 e — "
RCRES S
CI  Wcos w
M = L= cmﬂ'and Myl = —
[+F] L ar
Wy M,
S — = =Ml.rcl
a cos iy
(or) M, = M) qcasf (3.20)

Substituting for a; and M from equations (3.19) and (3.20) respectively in cequation
(3.18). :

muw? _ M3 i (sin? B1){(cos B1) \21)
xkrPo(rRTa )2 r=1 4 2 Ir=1/20r—1) 3.
[1 + 2 My . (cos ,B,)]
Mach number
Cx,=0 . Fy=101.3 kPa
0.3
= r=14 Tyu= 28RBK
2 o025
g 02 Ml,i:l
g’ Q.15 0.9
s 0.85
g 0.10 0.8
= 0.05 0.75

v AN T ¥ ¥

0 10 20 30 40 50 &0 70 80
Relative flow angle B, at the shroud
{deg)
Figure 3.17  Optimisation of the mass flow funcrion

It shou!d be remembered that equation 3,21 is applied at the shroud radius 'R’ The
relative blade angle at radius ‘R’ is By. Al this radius *R°, the maximum value of
relative velocily onto the blade eccurs.

S0, fur a gus of known inlet stagnation conditions (e.g. the aimosphere). the right hand
side of equation 3.21 may be plotted with the change of blade angle 8:. From which,

£}




 F—
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the optimum vatue of both can be delermined. This maximum value is then eqtfaled
to the left hand side of equation 3.21 and the maximum mass flow rate is c_ielcrmmed.
Fig. 3.17 shows that the hlade angle is almast constant at 60° ?'nr maximum masy
tow, Su, hy specifying the retative Much number (M.rel), the maximum value of mass
flow may be calculated, -
Rclativ'c Mach numbers are usuaily restricted to about 0.8 10 ensure that there is no
shock-wave formation at the impeller inlet.

MACH NUMBER IN THE DIFFUSER

The absolute Mach number of the fluid leaving the impeller may excecd unity. Thereis
no loss in efficiency caused by the formation of shock waves as long as the radial Aow
velacity Cy, is subsonic, When the constant angulir niomentum with vortex motion
i malntained in the veneless space between impetler tip and diffuser, the supersonic
diffusion can tuke place in the vaneless space. This reduces the Mach number at inlet
to the diffuser vanes to about 0.8,

High Mach numbers at inlet to the dilluser vanes will cause high pressures al the
stagnation points on the diffuser vane tips, which jeadstoa variation of static pressure
around the circumnference of the diffuser. This pressure variationis transmitted radially
across the vaneless space and can cause cyclie toading of the impeller which may lead
to early fatigue failure.

CENTRIFUGAL COMPRESSOR CHARACTERISTICS

Using the groups of varisbles, the characteristics of compressible ﬂqw machines nre
usually described. ‘The characteristics are penerally given as a serics of curves of
v Tai

ol

m
Pga/ Poi plotted against the mass flow parameter

N/JTor

An idealised fixed-speed characteristic is shown in Fig. 3.18. .

Consider a centrifugal compressor delivering through a flow control valve situated
after the diffuser. There is a cer-
tain pressure ratio Ppa/ Por, even
if the valve is fully closed, and is 2
indicated by point 1. This pres-
sure ratio is solely due to the i
vancs moving the air about in
the impeller, The pressure head T,P—"a‘-

. ~ [}
50 developed is called “shut off™
head. As the flow control valve
is opencd, the air starts Towing
and the diffuser contributes to the
pressure ratio. Thus, at point 2, m fTor fPon 4
the aximum pressure ratio is
reached but the efficiency is just  Figure 3.18  Idealised fixed speed characteristic
below the maximum efficiency. of centrifugal compressor

5 Chuking point

for fixed speed intervals of °
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Further increase in mass flow reduces the pressure ratio to stale-3. But at this point,
the elficicncy is maximum compared with state-2. Thus the value corresponding to
point-3 is said to be design mass flow rate and the pressure ratio.

Further increase in mass flow decreases the pressure ratio and reaches zero pressure
ratio ot point-4, Corresponding to this point, all the power absorbed by the compres-
sor is used 1o overcome the internal friction and thus the compression cfficiency is,
zero, Point-4 could be reached only theoretically. So, the curve just described is not
obtainable practically.

But the actual curve is differing from the ideal curve due to the following reasons.

Surging
The phenomenon of a momentary increase in the delivery pressure resulting in un.
stendy, perindic and reversal of flow through the compressor is colled surging, Con-
sider a compressor operating at point-3 on Ppa/For — vs mm/ Py, curve, t.e. on
the negative slope of the curve. A reduction in mass flow rate (due to momentary
blackage) makes the point to move on to the left. Further reduction in mass flow rate
increases the pressure ratio until it reaches the maximum valug, Operating the-com-
pressor on the negative slope region (1~2) establishes ‘stable opcrali’on'. Because. the
delivery pressure *Pga’ increases, which'in turn will control the further reduction of
flow rate. Tt is sell-comrecting. , -

Now, the compressor is operating at point 6 on the positive slope (2—4) of the curve.
Upon mass fiow reduction the pressure ratio decreases, unti} it reaches the Ppa/For
axis i.e. zero mass flow rate. The mass flow even becomes negative through the
enmpressor.When the back-pressure Pyy has reduced ftselfl further sufficiently due
to the reduced flow rate, the positive flow becomes cstablished once again and the
compressor picks up until the “restricted mass flow rate” is rcached again. when
pressure reduction takes place once again. The compressor operates in an unstable
fashion. ' .

The pressure therefore surges back and forth, if the downsiream conditions are
unchanged. This phenomenon is known as "surging’ or ‘pumping’. Thus, when the
compressor has 1o operate ot reduced mass flow rates, the air surges and pulsates
throughout the compressor and the compressor does not give a steady flow of air.
Surging, if severe enocugh, could lead to failure of the compressor parts. Surging
occurence can be reduced by making the number of diffuser vanes an odd-number
multipie of the impelier vanes. In this way, a pair of diffuser passages will be supplied
with air from an odd number of vanes and pressure flucivations are more likely to
be evened out around the circumference than if exact multiples of diffuser vanes are
employed.

Rotating Stall

The phenomenon of a reduction in mass flow rate through the blade passage at higher
angles of incidence is known as rotating stall. It is a separate stall phenomenon. which
may lead to surging but can exist on its own in a stable operating condition. Figure
3.19 ilustrates the air flow directions in a number of blade passages.
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Incru;scd angle of attack . ‘
/ »  Decreased
l/ nng]a of
\/ aliack

/U

Direction of stall propogation

Figure 3.19  Air flow direction in rotating stalf phenomenon

If the air angle of incidence onto blade A is excessive, perhaps due to a parjial
blockage (or) uncven flow in the diffuser the blade may stall. Becouse of this, the
mass flow decreases which in turn increases the angle of incidence to the left of bliade
A, [due to the low mass flow rate through the passage, the entering air gets deflected,
resulting in large angle of incidence] whereas angle of incidence decreases to the right
of blade A, Thus blade B will be the next (o stall while blade 4 will be unstalled and
the process is repeated about the periphery of the disc.

Prolonged cyclic loading and unloading of the rotor blades ean lead to fatigue failure
or even immediate catastrophic failure, The stall propagates in the opposite direction

"o the blade motion at a frequency related 1o shaft speed. In compressor tests, rotating
stall may be audibly recognised as a high frequency ‘screech’. .
At low speed and starting the front stages are more likely to siall. Butat high speeds,

the stall occurs in the lost stages. Low speed und starting stall may be ¢liminoted by
‘variuble inlel guide vane rows,

Choking

. When the mass flow is mcrcased to the right of paint-3 on the ncgative slope of the
characteristic curve (as in Fig, 3.18) a point-5 is reached where no further increase in
mass flow is possible no matter how wide open the flow control valve is. This indicates
that the flow velocity in the passage reaches the speed of sound at some point wilhin
the compressor and the flow chokes. Choking means fixed mass flow rate regardless
of pressure ratio. Choking may 1ake place at the inlet, within the impeller, or in the
‘diffuser section. It will occur in the inlet if stationary guide vanes are fitied.

In stationary passages like nozzles, the velocity that is choked is the absolute velociiy.
In the rotating impeller, it is the relative velocity ‘W that is the chokcd velogity.

Now

1l

oo,
m+Clrz X,

hy + (W '@/2

hoy

I
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If choking occurs when the relative v

. ¢locity equals the acoustic velocit
(e Wl = at Y

= r RT}), the above cqualion becomes

J %QJ{}Tm =Ty + (rRT| - U,)/ZC
&nd dividing

To1 gives
) 2
| = D, rRTy O UP
2C, Ty 20, To
Ut 7 R
1 =L o L (l £
3¢, To 7o \' I,
Since c, = R
P r—
Ul T ~1
ot = a0
2C,To| Tol( 3
Lo 24, v
TU] - r+ i ZC;:T(“ (3‘22)

For isentropic flow,

Eﬂllpm = (Tl‘/‘ Ton)“'j]

From the continuity equation, :

m = pAa '
m/A = pa po1801(7} /Tu_.,)-"“’fz""“ (3.23)

il

la =ag x (T1/Ty)'/?) :
Since ua T2, Substinting from cqunuon 3. 22) nnd rearranging,

m/A = 'r[’mpm[Z(] +U2/ZC Tm)/‘ + 1]) H/e=h

tﬂ,.\x) [ﬂm = \/rRﬁ;;.L \/’T})OI/PDI]
Equation (3.24)
speed.

Maximum mass fldw rate equation for 1scntro
nozzle

(3.24)

plies that the choking mass flow rate increases with impeller

/
3

pic flow at the throat of a coverging

m)A = {r Propoal2/(r ﬂi.m(”f Dir =)' (3.25)

In the diffuser passages, cquation (3.25

Yfis also valid with the subseri
the impeller outlet conditions. . ripis changed to

VAN
/A= [’Pnzpoz&f(r + )¢+ D/ - l]'”

(3.26)
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The aress in equations (3.24),(3.25) and (3.26) refer to the flow areas at the respective

locations.
40
£ L
”
o
g o
i
g
20—
’ Canstant-effteiency
B Design mass flow
(1.53
4 S R R N T N D S 45 L

02 04 06 08 0 12
mTé?le(rclatiVe to design vahue)

Figure 3.20  Centrifugal ,c'or‘uprss.wr characteristic curves
CHARACTERISTIC CURVE

Fig. 3.20 shows the overall pressure ratio and efficiency plotted against m TJ{I/Pm al

fixed speed intervals of M/ Tu',"z. It is usual to transfer constant efficiency points onto
the corresponding constant speed curves of the pressure ratio characteristics and then

join those points together to furm constant efficiency curves, The following salient .
features can be observed from the graph.

1. At all speeds the range of mass low over which the centrifugal compressor will

operate before surging or choking occurs is quite wide, but this range decreases
as the spced increases.

Maximum elficiency {dotied line} occurs well within the surge point, making this
type of compressor relatively insensitive to mass flow changes.

For a particular speed, the mass flow rate decreases as the pressure ratio increnses,
For & given pressure ratlo, the mass flow rate increasestwith increase in speed.
Under such conditions, the efficiency however falls rapidly,

The onset of surge occuring at increasingly high mass flows, as the speed increases,
while the locus of the limit of stability is called the surge line. The limit of maximum
flow isusually set by choking in the impeller, while the surge limit of minimum mass
flow is set by stalling of the flow into the diffuser vanes.

2.

3.
4
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SOLVED PROBLEMS

Example 3.1 10 kg of air per sccond is to be compressed in an uncn?t-)lcd

centrifugal compressor of the single sided impeller type. The ambient air conditions
are 1 bar and 20°C, The compressor runs at 20,000 rev/min, has isentropic efﬁcit_:ncy

of 80%. and compresses the air from 1 bar static pressure to 4.5 bar total pressure.

The air enters the impeller eye with a velocity 150 m/s with no prewhirl. Assuming

that the ratio of whirl speed to tip speed is 0.95. calculate: i) rise in total temperature

during compression, if the change in kinetic energy is negligible, ii) the impeller tip

speed and tip diameter, i) power required 1o drive the compressor. iv) the external

diameter of the cye, for which the internal diameler is 15 cm.

Solution

i) Rise In total temperature of the compressor
m=10Kg/s P =1bar Tt =293K N=20000rpm 5. =08
Pg; =45bar C; =150 mfs Cu=0 Cpn/lh= 0.95
Stagnation temperature at inlet

T = T)+C%2C,

293 4 150°
2 x 1005

304.19K

N

I

Stagnation pressure at inlel

TOI )r/r-i
= Pl —
POI : (Tl

304']9 1.4/0.4
=, ’( 253 )

= 1.14 bar

The temperature afier isentropic compression from FPpy 10 Py; is

POI r=1/r
TO'(PO:) '
4.5 0414
304'19(_1_.1_4)

450.32K

i

Tozs

n

Actual risc in tota! iemperaturs is determined from the definition of isentropic effi-
ciency

ne = Tozs — T
¢ T - Ton
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or ‘
- Toxs — Ty
e
. = (450.32 — 304.192/0.8

= 827K

il) Impeller tip speed and impeller tip diameter
From Euler’s equation

It

Toze.— T

Wim = Cnlh
but 7
W/m =, xacwalrise in total temperature
= Cp(Toz ~ To1)
1.005 » 182.7
= 183.61 kI/kg

‘and

Cn
Uh

183.61 x 10?7 = 0.95U3 x Us
Uy = 439.62m/5

Thus the impeller tip speed is 439.62 m/s
If Dy is the tip diameter, then

= 0.5

TON
U = . 0
Us x 60
aN
- 439.62 x 60
% 20,000
= 04Zm

Dl =

" . Tip diameter = 0.42 m or 42 cm :

ill) Power required to a_'rlva the compressor
Power required = m x Work dﬁne/kg

10x l'83.6l

1836.1 kW

|
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iv) Eye external diameter, (D)
Density of air at entry,

Py [ % 10° 3
= = . = | [B0k
P RT T am o 1B ke/m
Eye annulus 4| = %(D,2 ~ Dp)
Now,
= pAIC)
10 = 1.189x ’-;-(93 ~0.15%) x 150
D, = 0306m

*. The eye external diameter D, = 30,6 ¢m

Example 3.2 20 m? of air per second at 1 bar and 15°C is 10 be compressed in
a cenlsifugal compressor through a pressure ratio 1.5:1. The compression follows the
law PV = constant. The velacity of flow at inlet and outiet remains constant and is
cqual to 60mV/s, I the inlet and outlet impeller diameters are respectively 0.6 m and
1.2 m and speed of rotation is 5000 rpm. Find (a) the blade angles at inlet and outlet
of the impeller, and the angle at which the air from the impeller enters the casing:
{b} breadth of impeller blade at iniet and outlet, It may be assumed no diffuser is
fited and the whole pressure increase occurs in the impeller and that the blades have

- anegligible thickness.

Solution
Oy =20m’/s P =lbar T) =288K
—Ef— =15 C)=Crz=60m/s Dh=d.6m
Dy=12m N=5000rmpm )
(a) Blade angles and flow angle
Penipheral velocity of impeller at inlet

Ty N
vy = 0
% 0.6 x 5000
B 60
= 157.1 m/s
From the inlet velocity vector diagram,
tanfd; = =
ne; = U|
' 60
= = f Y
orhr = n (157.1)
B = 209°

| RS
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». The blade angle at impeller inlet is 20,97,
Peripheral velocity of impeller top at outlet

Uy = ’“:;N = (r % 1.2 x 5000)/60
= 314.16m/s

Whirl component of absolute velocity Cy, is obtained from

Cp(fz —Ty) = Uiy,
n-b
T = T (E) " = 288(1:5) 18
P
= 329.68K
1005(329.68 — 288)

314.16
= 133.33m/s

Now

W = Us—-Cq
=" 314,16 - 13333
= [B80.83 m/s

From the outlet velocity vector diagram,

tanoy = gfz I‘—sz—+—sz—*|

1) (e] l.,’
p 1
or Cr, g
= tan-! 60 G !
o= W\ 13503
oy = 24,2°
~. The blade angle at inlet to casing is 24.2°.
. Cry
lanf; = Wi,
or
A2 = tan~! 60
27 A\ TR0
Br = [8.36°,

. The blade angle at impeller outlet is 18.36°

b) Breadth of impeller blade at inlet and cutiet
If ¢y is the discharge in m' /s then

Q) = 2nr1b1c)

CeNTRIFUGAL COMPRESSORS AND FaNs < 97

Or

h = 0
VT ook rx03x60
by = 017Tm :
.. The breudih of imf}ellcr blade at inlet is 17.7 em.
Now
L T 1
T2 - T
PV
- V2 = .L x E
7y Py
_ 1x10°x20  329.68
- 288 1.5 x 10° -
V; = 1526m3/s
Then
Q: = Va=2mrnbiCa
15.26
br = 2x 7 x0.6x60 '
by = 0.0675m

. 'Fhe bresdth of impeller blade at outlet is 6,75 cm.

Example 3.3  A'single sided centrifugal compressor is to deliver 14 kg/s of air |
when aperating al a stagnation pressure ratio of 4:1 and a speed of 200 revolution/sec,
The inlet stagnation conditions may be aken as 288 K and 1.0 bar. Assuming a slip
factor of 0.9, a power input factor of 1.04 and an overall isentropic efficiency of 0.8,

estimate the overall diameter of the impeller, {MKU Nov-1991) ‘ '
Solution
Given )
m= 14 kg/s Poy = lbar
PoafPy =4 Ty = 288K
N =200 rps a = 09 v=1.04 e =08

"
The pressure cocfficient may be written as ‘

Vp = o ¥y
09x1.04 x038
0.749

]
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r;!
P ¥
coml (82)7 1]

us
04
1005 x 288 x [(4)1?4 - l]
. U2 - - x o d
2 0.749
Uz = 433.6m/s
Us = mwDsN
. D — Uz
VY
_ 433.6
T %200
= 0.69 m
D = 6%9cm

Example 3.4

In a centrifugal compressor with inlet guide vanes, air leaving the

.guide vanes has a velocity of 91.5 nv/s at 70 deg. to the tangenuial direction. Determine
the inlet relative Mach number, assuming frictionless flow through the guide vanes
and impeller total head isentropic efficiency. The other operating condmons are

a) Impeller diameter at inlet — 457 mm

b) Impeller diameter at exit - 762 mm

¢} Radial component of velocity at impeller exit - 53.4 m/s
d) Stip factor - 0.9

e) Impeller speed — 11,000 rpm

d) Static pressure at impeller exit - 223 kPa (abs)

g) Take 7oy = 28B K and Py = 1.013 bar,

- Solution-
Ci = 915m/s
C; = Cj-cos70°
= 31.29m/s
Cat = Cyp-wn?0°
= 8398 m/s
Wi = U —Cy
U = rr?{;N
m %0457 x 11,000
= 60
= 203.21m/s
Wy = 263.21 ~31.29

= 231.92m/s

F—T.—Ul—j"l

Inlet relative Mach number

Work done = o, U] — U/ C,

Uz

and

C,;(n)} - TEJI)
" Tgr =T
To2

Cn
C:

*2

nC3

Ca

Tz

= 373.2_8 K

LY
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W}l +Cl
(231,92)% 4 (85.98)%
247,34 m/s
2
Tor ~ C}/2C, = 288 - - __
2% 1005
283.83 K
VrRT, = /14 x 287 % 283.83
3377 m/s
w
M|.J’ = ’_‘!'
ag
_ 247.34
T 3377
My, = 0732

DN o x0.762x 11,000

‘60 1 60
438.88 m/s

ti

(L9(438.88)% ~ (263.21 x 31.29)
164.297

= 164.297 + 288

= 452.29K

= 534m/s

gy - Uz = 0.9 x 438.88

394.92

c+ck

(394.92)% ++ (53.4)*

398.51 m/s
CZ
= Ty — 2
02 ic,
{398.51)2
2 x 1005

Il

o n

B

= 452.29 -

—

ET

r—
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and
L
Toz\ !
P = =
o & ( ) )
3.5
= 2.23(4_-‘}2_-2_9)
373.28
FPon = 4.37bar

Total head isentropic efficiency

r=l
Ty (@E)r —
Fo
e Tor — Ton
4.37 \0#¢
288 | —— _
((F2)™ -
- 164.297
14939
164,297
e = 90.9%

ngxample 3.5 In a radial blade centrifugal compressor running at 16,500 rpm,
the total pressure ratio is 4:1 when the atmospheric pressure and temperature are
1 atm and 25° C. The diameter of the hub at impeller eye is 16 cm. The axial velocity
at inlet and the absolute velocity at the diffuser exit are both 120 my/s. The mass flow
rate is 8.3 kg/fs. If the adiabatic total-lo-total efficiency is 787% and pressure coefficient
i5 0.7, find the main dimensions of the impelicr, static conditions at exit and required
power to drive the compressor. (MKU-April” 94.)

Solution
' P
N =16, 500 rpm F_ZA Py = 1bar To =298K
[1}}
Dy =016m Co=C1=120m/s W, =07 Ci=120m/s
m=8.3kg/s e = 0.78
(a) Main dimensions of impellers
c? 1202
Ty = To)— oo =208 ——
: o = 5c, =P i
= 290.84 K
7 N 290.84 \ 4
= P e =] :
hi o (Tm) X ( 298 )
b = 0.918har

P 0.918 x 103

= 20T T 10998 kg/m®
RT, _ 287 x 290.84 g/m

CENTRIFUGAL COMPRESSORS ANDFANS < 10

(i) Eye tip diameter (D;)

m = 25D}~ Dhe
; 4am
2. n? =
Dy = Di npt Cu
4)(8.3 1
T o 4016
DY = T%1.0098x 120
D, = 0325m

(i} Impelier tip diameter (Dz)

r_..J
Ta (-@1) ' -1
"I\ Py

e = To3 — To
. zgs[m)‘h‘ ~1]
Ta—-Ton = o3
= 1B56TK .
Also
Tos=Toy = Wo,U3/Cr
Vo, = Wp/n=0.7/078
= 0.897
142
1005(185.67)]
LU o= 0.897
= 456.1 m/s

Uy x 60 _ 456.1 x 60
ax N o x16,500

= 0528m

(iii) Blade angles at eye hub and eye tip
aDyN % 0.16 x 16500
Un = 6o 7 60

= 13823 m/s

Dy =

From inlet velocity triangle (Refer Fig. 3.3(a)),

L (C
Bn = un (Uh)

[ 120 )
138.23

I
B
1

i
I
[=}
e
h
o

Br
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DN _ = x 0.325 % 16,500

60 60
= 280.78m/s

pl = ftan™! (E‘U—:)
V n

B = .23.14°

U, =

{b) Static conditions at exit
.. 2
. 0= c,
Ton = Toy + 185.67 = 208 4 185.647
= 483.67K

120°

AR = 483.67 - —M—
; 3.67 2 x 1005

Th = 4765K

T rfr—1
- m(2)
- To3

) (476.5 b '
483.67
Py = 379G bar

Exit static pressure

I

I

(c) Power required

W o= mC,(To - Tor)
8.3 x 1.005(185.67) '
W = 1540mW

Example 3.6 The lollowing data relers to a centrifugal compressor: tip diam-
eter of the cye-250 mm, hub diameter of the eye-100 mm, specd- 120 s, Mass of
air handled-5 kp/s. Inlet stagnation pressure-102 kPa, inlel total temperature-335 K.
Determine the air angle at inlet of the inducer blade and inlet relative Mach number,
I 1GV is used then determine air angle and celative mach number at the exit of IGV.

[MU-Oct *96]
Solution :

D;=025m Dp=0I1lm N = 120ps
m=>5kgls Py =102kPa Tp; =335K

v

CENTRIFUGAL COMPRESSORS AND FANS « 103
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Since the density and axial velocity component at the tnlet of the inducer section are
unknown, their values are determined by irial and error methed.
Let
Po
£ = A= R_Tm—
102 x i0?
287 x 335

1.061 kg/m’
m

m (JT Dmb)

I

Cy

where D,y is impeiler mean diameter and & is the impetler blade height.

Dy+ D, 0.1+0325

= =0.175m
Dm = 2 -2
and
b = D'_—_L?i = M =0.075 m
- 2 2
5
OV = 1061 % (% 0.175 x 0.075)
= 1143 m/s"
Now,
Py
P= T 2
ci 114.3
o= To— o0 =335~ 37005
= 385K .
T\ 7 102 328.5)“
Py = Fo (-ﬂ) = 735
= 05.24 kPa’
95.24 % 10° 3
: = T = 1.01kg/m
C P T 58T X 328.5 8/
and
m 5
Ci = S @Dmb) 101 (w x 0.175 x 0.075)
= 1201 m/s
Then
N
f

=Rﬁ

{,—-—m" Y

—

.h\

r —
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c? 120.1
NI = Ty ~-—L = - -
: O, =P T To0s
= 3278K
7\ 327.8\ &
P = R Sl = 102 (—) .
: o (Tm) o 335
= 9453 %kPa
_94.53 x 107 1,005 ke /m?
P = BT xaz7g U0 ke/m
and
c m 5
4 = =
p(xDyb) — 1005 x (m x 0.175 x 0.075)

= 120.66 m/s

Since the values of py and C are approximatcly Lqun] to the last jteration values,
the iteration can now be stopped. Thus,

£ = 1.005 kg/m?
Cr = 120.66 m/s

Uy = nDuyN=mx0.175 x 120
= 65.97m/s
From the inlet velocity triangle (Refer Fig. 3.3(a)),
ta = —
n f 7,
120.66
= ! =22
A o ( 65.97 )
= 61.33°

This is the air angle at entry (o the inducer blade and sin g; = —5—,'-
: i

W, C\/sinf
120.66/sin 61.33 !

137.52 m/s

il

~1.4 x 287 x 3278
M = 0379

CENTRIFUGAL COMPRESSORS ANDFANS < 105 |

With IGV
Airangle at IGV exit

W Cy

lan oy = U_[ = Ul- u
an-! (120.66) !
o =
b - \65.97
oy = 61.33
Now,
C1 = Cufsina; = 120.66/sin 61.33
137.52 m/s
C'I
. - -
~ T . = Toi ic,
137.522
= 335 - 008
= 325.59K
Then,
W C
My = =22
@ ooy
B 120.66
T /1.8 x 287 x 325.59
My = 0334

MNuie that the inlet relative Mach number is reduced when 1GVs are used.

Example 3.7 Determine the absolute Mach number of the flow at the exit of a
radial vaned impeller of a cenrifugal compressor when the radial component of the
velocity at the impeller exit is 28 m/s and the slip factor is 0.9. The impeller tip speed
is 350 m/s. If the impeller area is 0.08 m? and the total head isentropic efficiency is
90%, determine the mass flow rate. Take Tg) = 288 K, Py = | bar,

(MKU-Nov *85)

Solution .
C,=28m/s o, =09 U»,=350m/s A=008m> n =09
T = 288 K '

(a) Exit absolute Mach number
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From outlet vclociiy triangle (Refer Fig. 3.3(b)),

Ca
Cr;

&Gy =

Since

Now,

or- Uy =09 x350=315m/s

VG5 +.(28)% = 31624 m/s

Ta—Tor = o U}IC,

I

. M

M3

(b} Mass flow rate

& Tz

m

m

P

0.9 x 3502

1005
1097 K

109.7 + Ty -
109.7 + 288
= 397.7K

rn

'l

‘ c?
Toz — —2
g,

316.242
3977 -
2 x 1005 .

34795 K
31624 .
1.4 x 287 % 347.95
0.8458

P
RT

T\ &
= Ppn (—i)
Toz

Pyz is determined using isentropic cfficiency value,

Poz
Par

Fo2

To2 — T
bR
[l + 0.9(109.7)
288

2.806
2.806 x 1 = 2. 806 bar

CENTRIFUGAL COMPRESSORS AND FANS < 107

From the isentropic relation,

A

347.95) 8

— 2806
Pe x ( 3977

1.758 bar

‘Therefore,

1.758 x 10%
287 x 347.95

= 1.76kg/m’
m = 1.76 x 0.08 x 28
m = 35424 kg/s

Example 3.8 A double-sided centrifugal compressor has impeller eye-root and
tip diameters of 175 mm and 312.5 mm and is to deliver 20 kg of air per second at
16,000 rpm. The design ambient conditions are 288 K and 100 kPa, Calculate suitable
values for the impeller value angles at the root and tip of eye if the air is given 20
deg. of pre-whirl at all radti. The axial component of inlet velocity is constant over
the eye and is about 152 m/fs. Alse compule the maximum Mach number at the eye,

Solution

In double-sided centrifugal compressor impeller, there is an eye on either side of the
impeller and the air is taken in on both sides, The double-sided compressor has the
advantage that the impeller is subjected to approximately equal stresses in the axial
direction.

Dy =0175m D, =03125m  m = 20kg/s
N=16,000rpm Tp =288K Py =Ii00kPa C,=152m/s

Annulus area of flow at the impeller eye
4
A = E(Drz - D};)
T 2 2
= ?4*(0.3!25 - 0.175%)

= 0.0527m?
(a} (i) Impeller eye lip speed

nDN
60
mox 0.3125 x 16, 000

60
261.79 m/s

U =




£

g 5. g7 g g
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{a) (i} Impeller eye hub speed

Uy =

From the veloeity triangle at inlet,

r x 0,175 x 16,000

la) = 90 - 20" = 70°)

=161.76 m/s

o BB X 3
RT, = 287 % 27408 — 078 ke/m

Uy = (Cu/tanay)

146.61 — (152/ tan 70°)

Cy = ,Ca
sina
152
T osin 700
n = Tg - & =
= 27498 K
T\
M = A (—-—) =
o T/, .
= B5.05%Pa’
o P
Sopr =
Cy
tan = =
ﬁl,h Uj', _ C_t
an ﬁ]_;, =
.BI.IJ = 59°
and
tanfy, =

l SBia =

(b} Maximum Mach number at the eye
Maximum Mach number occurs at the eye tip

W
Mr.l =
. \/rRTl
Wy = U -Gy

1l

il

O e

261.79 — (1527 tan 70°)

261,79 - {152/ tan 70%)
20647 m/s

CenTRIFUGAL COMPRESSORS ANDFANS < 109

AW o= W2 4 C2 = V206472 4 1522
256.39 m/s
T 256.39
mt T /1.4 %287 % 214.98 :
Mg = 077

Example 3.9 A centrifugal blower takes in air at 100 kPa and 309 K. It develops
a pressure head of 750 mm W.G., while consuming a power of 33 kW. If the blower
efficiency {ng) is 79% and mechanical efficiency is 83%, determine the mass rate '
and volume rate and exit properties of air. ‘

Solution

P =100kPa Ti=309K AH=0750m W.G.
input power =33 kW np =079 1, =083

(a) Mass rate

P 100 x 103
= E';r—. = ser a3 = 128 kg/m*
AP = pgAH =10 x9.8] x 0.750 .
= 7357.5 N/m?
Ideal work done/kg = AP/p
' = 7357.5/1.128
6522.61 Ifkg

Ideal work done/kg
ns
6522.61

0.79
W/m = 8256.471/kg

Actual work done/kg =

‘Actual power input = Motor power inpul x fm
33 x 0.83
W = 2739kW

Therefore, the mass flow rate

W
Actual work done/kg
27.39 x 10°

8256.47
3317 kg/s

m =
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(b) Volume rate

(c) Exit properties of air

Q = mjp
3.317/1.128
= 2.94m/s

PP = AP
7
Py = P 4+AP=100+ 3]?;5
Py = 10736k
Wim = CII(TZ - -
W o 8256.47

h = N4+ -——=309

2 v mCp * 1005

I = 31n.22K

Example 3. 10 A backward-swept cenmfngal fan develops a pressure of 75 mm
‘W.G. It has an impeller diameter of 89 cm and runs at 720 rpm. The blade air angle at
up is 39° and the width of the impeller is 10 cm. Assuming a constant radial velocity

- of 9.15 m/s and deasity af 1,2 kg/m3, determine the fan cﬂ'ctcncy. discharge, power
required, stage r;m.uon. and pressure co«.mc:cnl

Solution
AH-—OO’ISmWG
N.= 720 rpm
p=12kg/m’

{a) Fan efficiency

Ideal work done/kg

Actual work done/kg

Dy = (0.89m

B2=39°  by=0Im C, =915m/s

i

APlp

{(pugaH)/p

= (10% x 9.81 x 0.075)/1.2
= 613.13 J/kg

il

W/m = UsC,,

Fram outlet velocity triangle {Réfer Fig. 3.3(b)),

Uy - Wy,
Uz — (Cr/tan B2)
DN w x 0.89 x 720

.60 60
33.55 m/s

CENTRIFUGAL COMPRESSORS AND FANS < é i1

W C = 33.55-(9.15/wn3y)

22,

Il

W/m

26 m/s

33.55 x 22.26

= 746.823 1/kg

Fan efficiency 7

(b) Discharge

{deal work done/kg
Actual wark done/kg
613.13
746.823
= B2.1%

Q = aDibC,

m(0.8930.1}{5.15)

S = 2.558ml/s

(c) Power required

m = pQ=1.2{(2.558) = 3.07 kg/s

W

I

It

2292

m(W/m) = 3.07(746,823)
W

= 2.2927 kW

(d) Stage reaction

1 Cx,

2 U

! 22.26)
2.333.55

0.6683 or

= 66.83%

{e) Pressure cosfficient

C
= 25m
¥y U0

22.26
p ) feiias
(33‘55

1.327

UZng
Ul

since  yrp =

)

Example 3.11 A backward-swept (82 = 30°) centrifugal fan with impeller di-
ameler of 46.6 cm is required to deliver 3.82 m? /s (4.29 kg /s) of air at atotal pressure
ol 63 mm W.G. The flow coefficient at the impeller exit is 0.25 and the power supplied
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to the impeller is 3 kW, Determine the {an efficiency, pressure coefficient, degree of

reaclion, rolational speed, and impeller width at exit.

Solution
B = 30° Dj = 0.466 m @ =3.82mis
n = 4,29kg/s AH = 0.063 mW.G.
dr= 2025 WKW
th
(a) Fan efficiency
Jdeal work done = m (%—?)

= QAPy=Q(pgAH)
= 3.82(10% x 9.81 x 0.063)

2.36 kW
Actunl work done = 1 kW
. 2.36
.. Fan efficiency = =
{b) Pressure coefficient
' 26y,
Vp = 7,

From outlet velocity wriangle (Refer Fig. 3.3(b)),

Coy = U= Wy =Us—(Cry/1an B2)
Ix 10}

UsCyy = Us[Uz—(Crfunfy)] =W/im= T

Since Cr, = 0.25U; and fi; = 30°

A
Uz [Uz = (0.25U2/ an 30M)) = %0—
' 05707 = 699.93
Uy = 3503m/s
€, = 0.25U;=025x3503=876m/s
W Cry = Uz =(Cp,/tanfy)
= 3503 — (8.76/ tan 30°)
\ = 19.86m/s
2 x 19.86
Vo = T
= 1.134

CENTRIFUGAL COMPRESSORS ANDFANS < 113

(c) Degree of reaction

il

[
b3 —
—
(R
Lo
O‘m
=23
N

il

-3
“
R

{d) Rotational speed
Ua x 60 _ 35.03 x 60

N o= D T w0466
= 14357 rpm
(e} Impeller widlth at exit
b = e 3.82
P T ®DiC. 7 x 0466 x 8.76
= 0.298m
20.8cm

Example 3.12 A centrifugal blower runs at a speed of 3000 rpm. The impeller
auter diameter is 75 cm and the blades of the impeller are-designed for a constant
radial velocity of 57 m/s. There are no inlet guide vanes so that the absolute velocity
at the inlet is axial, If the degree of reaction is 0.58. compute the exit blade angle.
Also delermine the power input to the blower (1otal-to-total efficiency of 0.75) and
the exit stagnation pressure. Take the total pressure and temperature al the inlet as
{ aim and 25"c respectively. (MU-April "$8)

Solution

N=3000mpm D3=075m C,=35Tm/s '

Cy =0 C1=0C, R =058 . =075
(a) Exit blade angle
U = TN _nx0.75x3000
T Te 60
= 1178l m/s
The degrée of reaction is
Rl‘ = 11— Cn
2U, .
Cyy, = 2(1 = R)Up=2(1 - 0.58)117.81
= 98.96m/s '
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From the outler velocity wiangte (Refer Fig. 3.3(b)).

=

Solution
W, = U1-Cq Dy =018m Dy=02m Cy=2Im/s C:=25m/s
= 117.81 —98.96 - Wy =20mfs Wa=17m/s N = 1450rpm
= 18.85m/s i m=0.5%kg/s n, =078 p =125 kg/m?
and - (a) Stage total pressure rise
Cr,
tan iz = o ' APy = plhoa — hoy)
X3 . . ’
57 but
_ -1
Az = wn (18.85) oo
fr = LT o hoy ~ hoy = (hy — hy) + ———L
{b) Power input i
‘V el L
— = Uly vCq=0 - hz__hlz(u.}-uf) (W2 — W)
= (117.81 x 98.96)/10° 2

= |1L658 kW/(kg/s)
{c) Exit stagnation pressure

Therefore, the stage total pressure rise is

o D 2 e O e
P\ F b= AT YT TS
Toi (——) ~1 0.18 x 1450
[ Pan U= TEZZEZN S 1367w
N = T T, : 60
ipy ~ 1g1 mx0,2x 1450
T —Ta = W/mC, = 11.658/1.005 U = e 15.lgm/s
= 1. | ’ 15187 — 13,677 207172 257212
6K , afy = [ 2 3 3 :( x 1.25
. . =1 .
i [,.,_M] = [21.78 4555 4 92] x 1.25
" Py : Toy APy = 2116 N/m?
! [
0.75 x 1.6 |* (b} Degree of reaction
= (14— =
298
R = {A Peotar
= 1106 (Apﬂ)mgc
Py o= 1106 x 101,325 AP = plha—hy)
Poa = 112.07kPa _ p[Uf—U?+W|2—W§}
. 2 2
Example 3.13 A cenirifugal fan has the following dara: inner diameter of the 12512198 - 55.5
impeller—18 cm, outer diameter of the impeller —20 cm, he absolute velocity at eniry = L2512l 2+ -3
is 21 m/s and al exit is 25 m/s, relative velocity at inlet and exit are 20 m/fs and 17 ' = 96.6N/m
m/s respectively, speed —1450 rprh, flow rate 0.5 kgfs, and motor efficiency 78%. DR o= 96.6
. Determine (a) stage total pressure rise (b} degree of reaction and (c) power required ’ 9116
to drive the fan, Assume density of air as 1.25 kg/m®. (MU-Oct "98] R =

0.457
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(c) Power input ' SHORT QUESTIONS
__ Work done/scc
- M 31, Whatis centrifugal comprcssor"
Work done/sce = mlhoz — hor | _ : . 3.2. Centrifugal compressors and fans are cmploylng— elfects to increase
1 ) 2 3 e the pressure of the gas,
= m Uy - Ui S Wi " G -6 . 3.3. Centrifugal compressors can handle contaminated pas, {True/False’
2 2 2 vV 3.4, What src the advangntes and disadvantages of centrifugal compressors?
= {.5/21.78 4 55.5 + 92] 3.5. What are the applicalions of centrifugal compressors?
= B4.64W 3.6. Differentinle bcllwccn the following terms.
) . B4.64 {2} Compressor
S Powerinput = 078 . | (b) Blower
= 10B5W (c) Fan
E le3.14 ) . X ) 3.7. The impeller vanes at the eye are bent why?
Xample 3. A centrifugal fan rises the static pressure of air by 14 cm of water, 3.8, The dircction of flow of gas in the impeller of a centrifugal compressor is

while running at a speed of 650 rpm and consuming 85 metric HP as power, The static

pressure and temperature of the air at the fan intake are respectively 75 cm Hg and @ Am.ﬂ '
25°C, while the mass flow rate of air is 260 kg/min. Find the exit static pressure and (b) Radial .
the volume flow rate in m? /min, . (MKU - April '94) (c) Tangential
3.9, Impeller ol a ccnlnfugal compressor converts all the mechanical energy sup-

Solution plied into

Alf =0.14 m of HO N = 650 rpm (a) pressure energy only

Power = 85 MHP Hy =075 m ol Hg th) kinctic cnergy only

T =273+ 25=208K m = 260 kg/ min (¢) kinctic and pressure cnergics

Imetric HP = (0.735 kW

3.10. What is the function of a diffuser in a centrifugal compressor?
(a} Exit static pressure 3.11. Draw the pressure and velocity variation across a centrifugal compressor
Py = Py +AP 1.12. Itis conventional to measure blade angles {rom direction incentrifugal
COMPressors .
— - 3 . . . R ..
Py = puggHh = 13,590 x 9.81 x 0.75/10 3.13. The air{low angle at inlet, measured from the radial direction is
99988 kpﬂ (ﬂ) 45°
and h (b) 90°
| AP = p.gAH = 1000 x 9.81 x 0.14/10" te) 0
= 1.3734 kPa 3,14, Draw Lhe inlet and outlel velocily triangles for a centrifugal compressor with
v radinl/bockward-curved/forward -curved blade impeller.
©Pro= 99.98B 4 1.3734 3.15. What is no-shock condition?
Pa " = 101.36 kPa 3.16. What ix no-slip condition?

307, Angle 85 is than angle 83 due 1o slip.
3.18. Definc fuid slip in centrifugal compressor.

Q = m/p 3.19. How can the fluid slip be reduced in centrifugal compressors?
= 260/p: 3.20. Define slip factor.
o1 = P/RT; =99.988 x 10°/(287 x 298) 3.21, Wrile lhc'Sloc.lola slip factor'equalion. . .
' = 1169k '/m“ 3.22. The Stanitz slip factor equation for radial vanes is
o & ! () o, = | =063/
L Q = 260/1.169 (b) @y = | ~0.63:/

= 2224 m’/min ' (©) o, = {1 —0.63m)/z
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The Lheoﬁrelica] work done on the airin a ccntrifugal';compressor is
@) o Uy : 1 ’

by U3/2 - v

{c) o, UJ:

Slip occurs even if the fluid is frictionless. (True/False) :
Defline pawer input factor {or) work factor (or) stag‘c‘_ loading coefficiem,
The impeller constant is ’ -
() 1 = hype — U?)2

(b)Y 1 =hy~ U2

(€} = hy o= W32

Define overall total-to-1o1al isentropic efficiency.
Define pressure ¢oelficient.

The pressure coefficient and overall isentropic efficiency are related by the
following equauon, .

(@) wp =1, o, /p

th) ¢p = n; - oy

(€} e = op /o, N

. A simple volute recavers 25-30 per cent of the dvailable kinclic encrgy at
s .

impeller exit. (True/False)

. The diffusion efficiency of a vancless diffuser is higher than that of a vaned

diffuser. {True/False)

. In a vaned diffuser, a more uniform total Row oceurs when the number of

- diffuser passage is less than the number of impeller passages. {True/False)

V3.3,
3.35.
336,

RICYR
338,

3.39.
A40.
341,
342
343,
144,
345,
3.46.
347,

A, The divergence angle of the diffusion passage is in the order of

(a) 8 — 0~

(b) 20— 40° ) ‘

{c} 30 —45° ‘ -

Define diffuser efficiency.

Deline degree of reaction. '

The degree of reaction for radial vanes is

(a) R = (1+¢3)/2

(h) R=(1~¢)2

(c) R=(1-9pd

What are the difTerent blude shapes of centrifugal impellers?

It is more difficult to decide on a choice of motor for radial and forward facing
vanes impellers. Explain.

Forward facing vanes have higher pressure ratjos. {True/False)

Better efficicnciés can be obtained from backward facing vanes. (True/False)
Vane impellers are usually.preferred in centrifugal compressors. Explain.
What are the advanlages of inlet guide vanes?

What is surging?

How can the surging occurance be reduced?

What is rotating stall?

Rotating stall is a result of reduced mass flow rate. (True/False)

The stall propagates in oppasite direction to blade motion and its speed is fow
compared to the compressor speed. (True/False) )

15,
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EXERCISES

. Draw the sketch of a centrifugal compressor stage indicating the principal parts.
. Draw sketches of the three types of impellers and the velocity triangles at their

entries and exits.

. Draw an enthalpy-catropy diagram for a centrifugal compressor stage showing

static and stagnation values of pressure and enthalpy al various scclions.

. Prove that

U2 v
hﬂl.rrf - '2_I' = hO?..rtf - "'2"—"

What is fluid slip? Define slip factor. Give three {ormulae 10 calculate the slip

lactor.
Derive Stodola’s relation for the slip factor?
What is pressure coefficient of a centrifugal compressor stage” Derive

@p = 1 — Pacot fiy

Define power input factor and compressor overall isentropic efficiency.
Prave that

Pp = NePpo;

where g, -pressure coelficient, 1, ts compressar elficiency. o, - slip factor and

Lo

KRN

KNED
115,

@ — power input luclor.”

Write short noles on

{a) Volute or scrofl collector

(b} Vaneless diffuser

(c} Vaned diffuser

How is the degree of reaction of a centrifugal compressor stage defined.
Prove that '

1 - q‘:%coscczﬁg
T 2(1 — ¢acot Ba)

where ¢ is llow coefficient and B is blade outlet angle.

R

2. Deduce that the degree of raction R for a centrifugal compressor with radial

impeller vanes is given by

Rz (1 —¢3)/2

. Briefly explain the effect of each impelier vane on the performance of cen-

trifugal compressor. Why is the radial upped impelier most commonty used in
centrifugal compressor stages? '

Explain briefly the purpose ol inlet guide vanus.

How do the Mach numbers at the entries of the impeller and diffuser affect the
Now and cfficieacy of a centrifugal compressor stage? On what considerations
are the limiting values of these Mach numbers decided?
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3.16. Explain the phenomena of surging. stalling and choking in centrifugal com-

307

3.18,

.19,

320,

pressor stage? What is their effect on the performance? How 10 minimise or
prevent them.
A 580 kW mator drives a centrifugal compressor of 480 mm outer diameler at
aspeed of 20.000 rpm. At the impeller outlet the blade angle is 26.5° measured
from the radial direction and the flow velocity at exit from the impelleris 122
m/s. If a mechanical efficiency of 95 per cent is assumed, what air flow is 10 be
expected? Assume there is no slip. Whal are the eye tip and hub diameters if a
radius ratio of 0.3 is chosen for the impeller cye and if the velacity at inlet is
85 mfs with zero whirl? What will be the overall otal-to- total 1sentropic efi.
ciency il an overall total pressure ratio of 5.5 is required? Assume that the flow
inlet is incompressible and ambient air conditions are 101.3 kPa and 288 K.
|Ans: (a) 2.47 kg/s, (b) 172 mm and 51.6 mm (c) 81.8%]
A centrifugal compressor impeller has 17 radinl vanes of tip diameter 165 mm.
It rotates at 46,000 rpm and the air mass flow rate is 0.6 kg/s with no whirl ai
inlet, (a} Calculate the theoretical power transferred to the air, At inlet to the
impeller, the mean diameter of the cye is 63.5 mm while the annulus height
at the eyc is 25 mm, The stalic pressure and temperature at the impeller inlet
are 93 kPa and 293 K respectively, Determine (b) the blade angle ot the mean
dinmeter al impeller inlet (¢} the stagnation temperature at tmpeller exit, and
(d) the stagnation pressure at impeller exit If the 1otal-to-total ¢fficiency of the
impeller is 90 per cent.
[Ans: (a) 83.76 kW, (b) 35.4°, (c) 437.8 K, and (d) 338.67 kPa)
A centrifugal compressor is desired (o have a total pressure ratio 4:1. The inlet
eye 1o the campressor impeller is 30 cm in diameter. The axial velocity at inlet
is 130 m/s and the mass flow rate is' 10 kg/s. The velocity in the delivery duct is
115 m/s. The tip specd of the impeller is 450 m/s, runs at 16,000 rpm with total
head isentropic efficiency of 78% and pressure coefficient is 0.72. The ambicnt
conditions are ! bar and 15°C, Calculate (a) static pressure and temperature at
inlet and exit of compressor (b) static pressure ratio {c) work dane/kg of air
{d) thearetical power required to drive the COMPFEessor,
(MKU-April 1993 April 1995)
[Ans: (a} 279.6 ¥, 0.9 bar and 3.89 bar, 460.86 K (b) 4.32 (c) 180.34 kirkg
and (d) 1803.4 kW)
A single-sided cenmrilfugal compressor delivers 8,15 kp/s of air with o pressure
ratio of 4.4 1o 1 at 18,000 rpin. The entry 10 the eye for which the internal
diameter is 12.7 cm is axial and the mean veloicty at the eye section is [48
m/s with no prewhirl. Static conditions at the eye section are 15°C and | bar,
The slip factor is 0.94 and the iseniropic elficiency of compression is 78%.
Neglecting losses calculate (a) the rise in temperature during compression if
the kinetic encrgy is negligible (b) the tip speed of impeller eye and tip speed
of impeller outlet and {c) outer diameter of impeller eye.
. (MKU-Nov.'92)
fAns: (a) 202.2 K (h) 257 m/s and 464.95 m/s, and {¢)49 ¢m|

3.21.

3.25.
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The data of a centrifugal compressor are given below.

Cuter diameter of the impeller = 50 cm :

Tip diameter of the eye = 28 cm :

Hub diameiter to the eye = 14 cm

Speed 16.000 pm

Mass of air handled = 10 kg/s

Inlel total pressuré = 1.15 bar

Inlet total temperature = 20°C

Slip factor = 0.9]

‘Total-to-total efficiency = 75% for zero whirl al entry. Determine the 1otal |

pressure ratio developed and the power required to drive the compressor.

(MU/-Qct. 97

|Ans: (a) 3.3 and (b) 1596.7 kW]

. A centrifugal compressor has inlet guide vanes at the eye such that free voriex
flow is achieved atentry to the blades. Atthe tip radius of the eye the inlet relative

Mach number is not to exceed 0.75 and an impeller total-to-total efficiency of
0.9 is required. The air leaves the tip of the inlet guide vanes with a velocity
of 90 mfs, the impeller tip diameter is 0.45 m and the outlet diameter is 0.76
m, The radia! component of velocity at exit from the impeller is 50 m/s and ghe
impelier rotates a1 12,000 rpm. If a slip factor of 0.9 is a‘ssumed..ﬁnd the guide
vane inlet angle at the tip and the static pressure at impeller cutlet. Assume

Tm = 288 K and F0| = 101.3 kPa. . '
' [Ans: (a) 62.1° and (b) 247.2 KPa]

. A centrifugal compressor compresses air at ambient temperature and pressure

of 288 K and 101.3 kPa respectively. The impeller runs at a tipspeed of 365
m/s, the radial veloeity at exit from the impeller is 30 m/s and the slip factor is
0.9. Caiculate the Mach number of the flow at the impeiler tip. If the impeller
total-to-total efficiency is 90 per cent and the flow area from the impeller is
0.093 m?. Calculate the mass flow rate of air. Assume zero whirl at inlet and
radial blades.

: [Ans: (a) 0.876 (b) 5.13 kg/s|
A compressor operaling at a pressure ratio of 3.8 and a speed of 12.000 rpm _
delivers B kgfs of air. The slip factor is assumed to be 0,92, the power factor
1.04 and the overall isentropic cfficiency 0.82, Calculate the impeller outlet -
diameter. Assume zero whirl. The Mach number of the air leaving the impeller
vanes is 10 be unity so as to ensure that no shocks occur. If the losses in the ‘
impeller and the diffuser are the same, what must be the axial depth of the
impeller. Atinlet Py = 101.3 kPa and Ty = 288 K. .

|Ans: (a) 0.659 m (b} 23.5 mm|

A centrifugal compressor with an overall pressure ratic of 4 has an impelier
speed of 320 m/s and the flow area at impeller outlet is 0.12 m?. The radial
component of the velocity at impeller exit is 30 m/s and the slip factor is 0.9.
Calculate the absolute Mach number at the exit and the flow rate if the total-
to-total efficiency is 90%. Take Tor = 288 K and £y = | bar.

o [Ans: (a) 0.786 and {b} 9.87 kg/s)
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3.27.

A cenirifugal compressor works with no whirl at entry and has radial exit. The
slip factor is 0.91. The rotor tip speed is 625 m/s. The mass Row ratc is 15 kgfs.

The ambient conditions are 98 kPa and 23°C. The pressure rauo is 7. Calculae

(2) isentropic efficiency (b} work required per kg of air {c) power supplied for
a mechanical efficiency of 97%.

[Ans: (a) 62% (b) 355.47 k)/kg and (c) 5496.93 kW]

The following duta refer to o centrifugal compressor. lmpeller tip diameter =

FO e, speed = 5950 rpm, mnss flow rate of air = 30 kg/s, Static pressure i

P/ Py = 2.125: mmospheric pressure and temperature are | bar and 25°C. Slip

{actor = 0.90 and mechanical efficiency = 0.97. Find (a) the adiabatic efficiency

of the mmpeller, (b) the temperature of the air at th:. exit, (¢} the shalt power
input and (d) the pressure coefficient.

(MEU-April- 1994}

[Ans: (a) B2.3% (b} 385.3 K. (c} 2709.3 kJ/kg and {d) 0.742)

. A double-sided centrifugal compressor has impeller eye reot and tip diameters

180 mm und 300 mm and is 10 deliver 16 kg of air per second a1 16,0000 rpm.
The design ambient conditions are 17°C and | bar, Caleulate suitable vatues for
the mmpeller vane nngles at root and tip of the eye if air is given 20 measured
from the radial direction of prewhirl gt all radit. The axial component of inlet
velocity is constant over the eye and is equal to 150 m/s.
[Ans: (a) 57,33 and (b) 37.33"%
.- A cenwifugal blower takes in IB() m3/min of arr ot P = 1013 har and
f; = 43 C and delivers it at 750mm W.G, Taking the efficiencies of the blower
and drive.as 80% and 82% respectively, dctcrm:nc the power n.qum.d Lt drive
the blower and the state of air at exit.
(MU-April ‘97 & Oct'99)
[Ans: (a) 33.65 kW (b) 1.0866 bar and 324.2 K]

. A centrifugal fan with a radial impeller produces a pressure equivalent 1o

100 cm column of water. The pressurc and temperature at its entry are .98
bar and 310 K. The electric motor driving the blawer runs at 3000 rpm. The
efficiencies of the fan and drive are 82% and 88%, respectively, The radial
w..locuy remains constant and has a value of 0.2 Ua, The velocity ot the inlet
eye is 0.4 Uy, I the blower handles 200 m‘/mln of air at the'eniry conditians,

_ determine (a) power required by the electric motor {(b) impeller dinmeter (¢)
" inner diameter of the blade ring (d) blade air angle at entry and (e) impeller

331,

widths at eniry and exit.
[Ans: (a) 45.3 kW (b} 66.4 cm (c) 31.9 cm(d) 22.6% and
{e) 1595 cm and 7.66 ¢m|
A fan running at 1480 rpm takes in 6 m3/min of air at inlet conditions of
Py = 950 m bar and 1| = 15°C. If the fan impeller diameter is 40 cm and
the blade tip air angle is 20°, determine the total pressure developed by the fan
and the impeller width at exit. The radial velocity at the exit is 0.2 times the

" impeller tip speed. Stute the assumptions used.

- 332,

[Ans: (a) 50.67 mm W.G. and (b) 1.28 cm]
A centrifugal compressar runs at 15,000 rpm and produces a stagnation pressure
ratio of 4 between the impeller inlet and outlet. The stagnation conditions of air

\[ 334,

335,

[550
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at the compressor intake are 1.04325 bar and 25°C respectively. The absolute
velocity at the compressor inlet is axial. If the compressor has radial blades
at the exit such that the exit relative velogity is 135 m/s and the compressor
otnt-10-10tal efficiency is 0.78. Compute the stip. slip coefficient and absolute
velocity at (he compressor exit if the rotor diameter at the autlet is 580 mm.
[Ans: (a) 45,9 mv/s (b) 0.8993 and (c) 431.3 mfs]

. An nireraft engine is fited with o single-sided centrifygal compressar. The

adreeadl Nies with o speed of 850 km/h at an altide where the pressure is 0,23
bar and the wemperature 217 K. The inlet duct of the impeller eye contains
fixed vanes which give the air pre-whirl of 25°% ar all radii. The inner and
ouwter diameter of the eye arc 80 and 330 mm respectively. The diameter of
the impeller tip is 340 mm and the rotational speed 16,000 rpm. Estimate the
stugnation pressure af the compressor outlet when the mass flow is 216 kg/min,
Assume the isentropic efficiency (o be (L8, Take the shp fuclor as (0.9 and the
powur input factor as 1.04,
[Ans: 1.63 bar)

A centrifugal fon with an cfhiciency of 80% runs &t 720 rpm. Its impeller di-
ameter is 1 m, The impeller tip angle is backward curved 1o 51° 1angent to
the wheel, The densily of the air is 1.25 kg/m?® and mass flow rawe is 3 kg/s.
The impeller width at the exit is 10 cm. Determine the power reguired. pressure
cocllicient. stage reaction, pressure head developed. and Alow coefficient atexil.
Assume zera whirl al inletsnd the mechanical efficiency is 82%.,

jAns: (a) 4.35 kW (b) 1.34 (¢} 0.58 (d) 1.188 kN/m? and () 0.203]
Alr flows theough o blower where its il pressure is incrensed by 15 ¢m of
waler head. The inlet total pressure and temperature are 105 kPa and 15°C. The
total-to-1o1al efficiency is 75%. Estimaie

_{a) exil total pressure and temperature and

(b} isentropic and actual change in total head enthalpy.
(MU-April '96)
|Ans: (a) 106.5 kPa, 289.5 K and (b} 1.152 klkg. 1.536 kJ/kg|
A centrifugal compressor compresses 30 kg of air per see. It runs at 15040
rpo. The ar enlers the compressor axially, The radius st exit of blude 1s 300
mm. The relative veloesty of wr at exit tp is 10 m/s. The relative air angle at

exitis 8Oy L Find the power and ideal head developed.

(MU-April "96)
[Ans: t2) 6416.5 kW and {b) 213.9 kl/kg)

[Fels)
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AXIALFLOW COMPRESSORS
ANDFANS R

INTRODUCTION

Axial flow compressors and fans are turbo machines that increase the pressure of the
gas flowing continuously in the axial direction, Due to lack of knOWIedge of the aero-
‘iﬂ‘am'c behaviour, a reversed reaction turbine wa was ‘used a5 an axial flow COMPressor,

in carly days. The efficiency was less than 40 per cent. Then{study of serodynamic
behaviour helped in designing the blades for axial flow comprassors) Nowadays, the
efficiency of the axial flow compressors surpass the maximum centrifugal compressor
clliciency by about 4 per cent, But the efficiency of the axial flow compressor is very
sensitive 1o the mass flow. rate. Any "deviation from the desngn condition causes the
Lff‘cn,ncy to dmp off u‘rasllcaliy Thus the axial flow compressor is_idea) for constant
lon) applications suchi as in‘aircraft gas turbine engines. They are also used j in fossil
fucl power slallon_s_ whcrc gas turbines are used to meet the toad exceeding the normal
peak load. )

L]
i

Advantages of Axial Flow Compressors

I. Axial low compressor has higher efficiency than radial flow compressor.

2. Axial flow compréssor gives higher pressure ratio on asingle shaft with relatively
high efficicneies.

3. Pressure ratio of 8:1 or even higher can be achieved using multistage axial flow
COMPressors,

4. The greatest advanage of the axial ﬂow compressor s its h:gh lhrusl pcr unit

frontal arca

5. ltean handlc large amount of air, inspite of small frontal area.”
The main dlsadvamages are’its complexity and cost.

DESCRIPTION OF AN AXIAL FLOW COMPRESSOR

An axial flow compressor consists of fixed and movable set of blades/[ in alternating
sequence. Moving blades are attached (o the péfipiiery of a £otoy hiib followed by
fixed hiades atiached 1o the walls of the outer casing (Fig. 4.1) At the infeof the
COMIPRESSON, N extea Tow of ﬁxc(] vanes cailed infer guide vanes arc ﬁucd These do
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Figure 4] An axial compressor stage -

ot form pan of the compressor stage but are solely 10 guide the air at the correct

R i 4 2

- angle onto the first row of moving hlndgs{'f‘hcﬂ[udcs height is decreased as the Nuid

maves through the compressor. This is to maintain a constan! axial velocity through
'the compressor as the density increases from the low to high pressure regions. A
constant axial velocity is convenient from the point of view of design, bul this by
no means is a requirement. The flow through the stage is assumed Io take place at a
mean blade height. where the blade peripheral velocities at inlet and outlet are the
same. There is no Now in the radial direction. Whirl components of velocity exist in
the direction of blade motion. T T

WORKING PRINCIPLE
He ' ’
The Kinetic energy is iliﬁ’arlca to the air by the rotating blades, which is then con-
veried into a pressure rise: So, the basic principle of working is similar to that of the
centrifugal compressor. viaa o
Referring 10 Fig. 4.1, the air enters axially from the right into the inlet guide vanes,
where it is deflected by a certain angle 1o impinge on the first row of rotating blades
with the proper angle of attack. The rotating vanes add kinetic energy 10 the air. Thére
is a slight pressure rise 10 the air. The air is then discharged at the proger angle (o
the first row of stator biades, where the pressure is further incrensed by dilfusion,
The air is then directed 1o the second row of moving blades and the same process s
repeaied through the remaining compressor stages. In. most of 1the compressors, ane
to three rows of diffuser or straighlener blades are installed at the end of the last slage
to straighten and slow down the air before it enters into the combustion chamber.

(:‘,;f = '-:’—S
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VELOCITY TRIANGLES FOR AN AXIAL FLOW
COMPRESSOR STAGE

In swdying the flow of the fluid through an axial compressor, it is usual Lo consider
the changes 1aking place through a compressor stage. The analysis for flow through

The rotor and stator rows of a stage are shown in Fig, 4.2.

T -J.';(-r-‘»'/J( Sl et

N L
DU o)

\ \Stator row

' 3
. Li‘.. L t__}*-// Ca C3

Cx

3

Figure 4.2 Velocity iriangies for an avial flow compressor stage

A stage consists of a row of moving blades attached to the periphery 9[ a rotor hub
followed by a row of fixed blades attuched 10 the walls of the outer casing,.

The compressor is made up of a number of such stages to gi_vc an overall pressure
ratio from the inles 10 outle, ™ T . .

Air exits from the previous row ol stator bladers al an angle o) with absolute velociry
C|. The rotor row has tangential velocity U, and combining the iwo velocity vectors
gives the relative velocity veclor Wy at an angle 8y. At rotor row.oulllcl. the absolute
velacity vector Cy moves into the stator row where the flow direction is changed frpm
a7 10 3 with absolute velocity Cy. If the lollowing stage is same as the preceding
ane. then the stage is said 1o be nomalﬁqglplggrlafl_m__gi:

-i‘" -‘; ’,;7_, iy l_,
/ Ci=Cyand oy = a3 - Lo _LJ-W(J_)?

W> is less than 15:”‘. showing that diffusion of relative velocity has taken place with

some slalic pressure rise across the rotor blades. .
The air is tarned towards the axiol direction by the blade camber and the effective

flow area is increased from inket to outlet, thus causing diffusion to take place. Similar

£

¢ [T T £y €T €7
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dilTusion of the absolute velocity takes place in the stator, where the absolute velocity
vector is again lurned towards the axial dircctiun and a lurther static pressure rise
oceurs,

Mote that all angles are rcl'crrcd 1o the axinl velacity vector Cy, The diagrams are
drawn with a large gap (for clarity) between rotor and stator bladcs ‘But in practice,
there is only a small elearance between them.

ENERGY TRANSFER OR STAGE WORK

iven Lo the air per unit mass flow rate is given by Euler” ion,
The encrgy give e air p L mass flow g y Euler’s equation

T
1 W/m = UsCy, ~ UlC,tr| S AL [T/ .

or
E= (UZCJ; = Ulc.ri)/g “4.n
From the velocity triangles, C, is constant through the stage and Uy = U =

Coy=U-Cylanps

and
Cy = U-Ciumnp s
Ce; —Cxy = Cultan fy ~ lan B2) J* ""f”“d’
Therefore ”.:&)5 et
E = UC,(tan fi — tan f2)/g , ‘ (4.2)

The energy transler may also be written in terims of the absolute velocity low angles.

VPN 4.3)
Equation (4.2} or (4.3) may be used depending upon the information available.

E=UC (laners — lanwy ) /g

MOLLIER CHART

The flow through the axial flow compresser stage is shown thermodynamically on
the Mollier chart (Fig. 4.3) and is similar to that of a centrifugal compressor,

Assuming adiabatic low 1hruugh the stnge, hgy = higz, ond 5o equation for work
supplied is o

W/in = hgy — hoy (4.4)
Writing
» C2
oy = N4 —
10 2

h+(Cr+Cch

7

5l -
r‘),:_f ;
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Figure 4.3 Mollier chart for an axial flow compressor stage
Then hoy — oy = thy — by + (C2, ~ C2}/2 = U(Cy, — Cyy)
or (hl - hl) - (sz - CJ|)[20 (C.q -+ Cx;)llz =0
R
carrnnglng RV b—‘fL‘ .
]
thy — hy) = C/—a }[M)-l- (U~Ce)l/2 = 0
/&:'\/,/hl _hl)"‘(w.\'; - Wn)(w.r;'*‘wn)/z B

SF L tha-mwwi-whn = o

I
<

But ¢

(Wf2 - W}l) = (w22 —'WIZ)‘ since C is constant. Therefore " Y_:J.l'-j

w2 w = T

hy + —2‘ = fi + =+ \ﬁ""g ‘C,ar‘“? T4.5)

{,\-},\U— .
{or )h;]z rel = th ref

whcrc the relative total enthalpy is based on lhc relative vcloc:ly.

is con cunstanl across the rotor and this result is alsquﬁ:‘d?or the ‘axial flow gas turbine

rotor', 1t is already proved that the change in enthalpy for a centrifugal compressor
/'5 “ = hy et — U2/2]

e ,r,--/n-‘/w w’«—- hy = hy = (U7 —UH2+ (Wi - why2 (4.6)

A comparison of equation . 6) with equation (4.5) indicates why the cnlhalgy
change in a single slage axial § ﬂow _compressor is so low compared to the centrds

Sz 1T R

'I'ugnl cnmpressor “The refative velocities may be of the s same order of magmtudc but’

e

-
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the axial flow compressor receives no contribution from lhe change in tangential
velocity (U). -5

The isentropic or overall tbtal- (&tf a] efficiency is written as

' / Ideal isentropic work input
=
ok | Actual work Input

Total iscntropic enthalpy rise in the stage

Actual enthalpy rise between the same total pressure limils
h(l.'in - hO!

hox — hoy

which reduces 10

Ne = Tor(Toaes/ Tor — 1)/ (Toa — Tor) . 4.7

Putting Po.z/Po! = (Toser/ Toa )77 o Ll (Tanbn -1 a3 )
the pressure ratio becomes {

Po3/ Por = [ + n(To3 — Ton)/ T I/ (4.8)

Thegnergy inpui to the Duid will be absorbed in raising the pressure and vclncny of
- the air and some will be wasled in overcoming various frictional losscs

However, the whole of the work input will appear as a slagnauon temperature rise
in the air regardless of the isentropic efficiency.

Equating the work in lerms of temperature and air angles,

(Toy — o) = UC,(anfi —w@nf)/C,| . (49)

\WORK DONE FACTOR

In practice *C,," is not constant along the length of the blade and, 10 account for this,
a work donc factor is intraduced. It is defined as

—

. -
ol sie i e

-~

b {'Lﬂ wr? | Work done factor. A = Actual work absort'nng capac.::ly
- Ideal work absorbing capacity

) 21
Hence, 2

(Toz ~ To1) = AUC,(anfy — tanBz)/Cp (4,10}

. Ca
A graph is drawn between the percentage of blade length and -(-:—~——— (Fig. 4.4),

mean

It illustrates that it is only al the inlet of the machine that the ygj_gc,uy profile, i.e C,,
.is fairly constant. As the air moves lhmugh lhc compressor the change in C, is more.
This is due 10 the infucnce of the solid boundaries of the rotor. and stator,

e cf/w&*"’ o Carbsr r‘?,.uu Y

[P U

- .
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Figure 4.4 Variation af axial velocly along o blude

The variation in work done faclor (A) with stage number is shown in the Fig. 4.5. 1t
shows that A decreases as the number of compressor stage increases,

A </Iu?a,w Vb )\

1.0p
<0.95 - ol o Al QE a0
w 0.95¢
]3 ) J‘l’/ ’)K__, o p(_‘}’
Y 0.9f
=
3
¢ 0.85+
S
=
0.8 — e, —1 —l 1

0 4 8 12 16 20
Stage numbert, A¥

i Figure 4.5 Varlution of work dene factur with number of stages
- -
. -'J”" (J‘}’lﬂr!‘
STAGE LOADING (OR) PRESSURE COEFFICIENT
Stage lpading (W) p is defined as the ratio of the power input to the term mu?,
7

Work input
mis?

l,'.’] ’JL’///A‘:()JJ)M)J r“-’;

(-’ff ¥p = W/mU?=(hoy — hor)/ U*
‘ = MCy, - Cy MU 4.1
P RN = MC,/U)(tanas — tanary)
A Vp = A¢(lanwg — tana;) 4.12)

- . . {
. . ol ) p
where @ is the flow eoefliciens, =AY bl lag 20l
e e Lo T A

A

J

Sl B!



1
o

= A - A

132 3 Turno MACHINES
REACTION RATIO

The reaction ratio is a measure ol the static enthalpy rise that occurs in the rotor
expressed as a pereentage of the total stotic enthalpy rise across the stage. Itis defined
as

Slauc enthalpy rise ingoloe:
= Sutic enthalpy rise m‘st:'a_gg)

ha = I 4.13
hy — A (4.13)
Since hmr_,f = huy_”r then, ig — Iy = (‘»’V2 W;_Ug_,
Alsoif C) = C\ then, iy — Jty = {hipy — hipy) = U(C,, ~ C;,)
and substituting for (hz — A1) and (h; — h1) in cquation 4.13. ,
R = (Wl - Wz)/IEU(Cn - Cq)l (4.14)

(C2+W2)—(C2+ W)

- B [2U{C,, — Cx))]
(We, + Wi (W, = W) .
[ZU(C.!; - C:,)]

B C.y = U ~ W, and €y, = U — W, Therelore,

(C.l; - CA;) = WJ, - w.r;
Hence,
R = (W, +Wy)/2U (4.15)
= Cultan By + tan B3)/2U
= % tan 8,

= ¢lanﬂfﬂ (4]6)
TR TR AL

where, tan B, = (lan §) + tan ﬁz)/ﬁ
Bm — mean relalive veloeify vector angle and flow co-efficient

Cy axial velocily

¢ = U~ blade velocity

Similarly, the reaction ratio can be expressed in different forms as follows:
Substituting for W,, in equation 4,15

W, = U-¢C,
> R o~ U=CntWqy
U
A
=3t —w
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C,tan Sz — C,tana
+ U .

Cy {tan B2 —1an o) )
gk
R = |l +¢0anpr—tana;)}/2 (4.1

M= N e

Similarly. substiwting for Wy, in equation (4.15).

w.tz = U- C.\'z
; Wy +U = Cyy
R = t LM
U
* _ | Wn - C.\.v
= 2t 7w
_ I + Cytan 8| — C, tanars
T2 U
I Cy f1an fy —lancrg)
=3ty ( )
! tan 81 — lan a2 2 .
_§+¢ 5 )():-{’O/)-‘buﬂ_@*“i: ,..:IR
R = )4 ¢ltan fii—tano3)]/2 4.18)
g
For the case of incompressible and reversible flow. the cxpression used for reatlion
ratio is of static pressure rise in the rotor to the static pressure rise in thg slape / :

e L;
R=(Pi—P)/(P—P)] 2~ s !

In the case of compressible and irreversible flow, a more general definition of R is
in lerms of static enthalpies,

.

i

= (hy— hy}/(hy — hy)
EFFECT OF REACTION RATIO ON THE VELOCITY TRIANGLES

Case— T When R =0.5.
The reaction ratio R is

by — My
= (4.18(a
U )+ (ha — 1) an,
when R 15 0.5 ) s P : .
ha—hy) = =ha) e r‘f’)U’u Coartdipanzs

For a reaction ratio of 50 per cent, the stafic enlhalpy and lernpcmturc increase in the
stator and rolor are equal.

Also [rom the equation (4.17),

R =[1 4 ¢{tan 7 —tan;)1/2
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. y
When R = 0.5, “A/ °° $ b i gy WR

So. when the outlet and inlet velocity triangles are supt.nmposcd the resulting
velocity diagram 1s symmelrical (Fig. 4.6a),

Case — 2When R > 0.5, :

From the equation of reaction ratio {4.17), it is scen that 87 > oy, and from equation
4.18(a), the siatic enthalpy rise in the rolpe lim

Since B2 > aj. the superimpaosed velocity triangle is skcwe.d to the right (Fig. 4.6b)

Case — 3 When R < 0.5,
From the equation >n for reaction ratio 4. 18(a), it is found lhal the static enthalpy rise

Fr < a; So. the superimposed velocily triangle is skewed 10 the left (Fig. 4.6¢).
B, G2 & A,

and pressure rise are greater in the stator than in the rotor and from e 4.7, we pet

U
ta)y R=0.5

U
()R <05

Figure 4.6 Effect of reaction ratio an the velocity triangles

A reaction ratio of 50 per cent is widely used as the adverse pressure gradient over the

stage is shared equally by the stator and rotor. This choice of reaction minimises the
tendency of the blade boundary layers o sgparate from.he.solid surfaces, thus avoid-
ing large stagnation pressure losses. A reaction ratio of 50 per cent is the condition

for Wc and cfliciency.
STATIC PRESSURE RISE

The main funclion of a compressor is 1o raise the static pressure of air. The wea)
compressor stage 1s considered first, which has no stagnation pressure losses. Across

" the rotor row, Py, , is constant and the equation is

@, . , .
S e R-P= ip(wf ~ W3 (4.19)
| N .
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Across the stator row, Pg is constant and the equation is

| 2
Py—Py = 5p(c§ -CchH

(4,204
2‘. Adding the equation (4.19) and (4.20). the pressure rise in cach row and considering
. ":’.;\' .a normal stage (C3 = C\) . gives
o 2 .
_,]" (Pa—Px - = (C§-W§J+(W1‘—C,’) {4.21)
CRY P
&/:-‘ ' PQP)Smge = (AP)Ruur + (AP)SmmrJ
From the velocity tringles, the cosine rule gives
2 2 2 T
c? = Ul+w _2_UWcos(2 ﬁ)
und Wsing = W,
or
2wl uto2Uw, (4.22)
Substituting equation 4.22 in cquation 4.2
UPL— Pl = (UP =2WWa)—(UP=2UW,)
= 2U(W,, — Wsy) (4.231
From the velocity diogram, we gel ' “’fj\
<
7.
e Uy = Up=U
PN R &2 W, Gy = W+ Gy TR
{)‘2 “ Q 4 or W, =W, = Cp~Cy !\
\\q._' ) SPA= P = UGy ~Chy=hi-Mm (4.24)

;
/

Since, for an isentropic process. \

Tds =0=dh — {dP/p) and therefore (Ah), = AP/p.

The pressure rise in o real stage (involving irreversible process) can be determined.

if the stage efficiency is known,

STAGE EFFICIENCY

Stage cfficiency is defined as the ratio of the iscniropic enthalpy rise to the actual

enthalpy rise corresponding 1o the same finite pressure change.

Ok _(Al"/,ﬂ)
(AR e - (A},

Pl =

{4.25)

i
R

B

£

|
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Thus
(AP/P) = (A )
SAPalp = nUAC, {4.26}
ITCy = Ca.then ny is a very elose approximation of the total-to-taotal cliciency ny,.
d " ha, ~ My
! hy -y
h —h
M = 01, ol
frm -~ hm
IfC) =y
n = hy,, — Iy
YT hy =y (@.27)

Abthough the ahove expressions are derived for incompressible flow they ure nev-

ertheless, a valid approximation for compressible flow, if the stage temperature (and
pressure) rise is small,

PRESSURE COEFFICIENT (¥,)

hiis dcl?ncd as the ratio of the actual stagnation enthalpy change to the kinelic cnergy
ol a fluid. which has the samc speed as the blades. Thus

&l ™ i
N 0
7 N P 5D
w‘" = m \(-n/“ U (4-23)
20C,{tan B| —tan B2) A
u
= 2A¢(tan f —1an By) : ¢ {4.29)

If the stage pressure change is so small then the fluid can be considered as incom-
pressible,

Alg = (APYY/p (4.30)
—— T e,
So that
v, = (A FPo)
n= [_JDT/—E 14.31)

The pressure coefficient usually ranges from 0.4 (0 0. 7.
Thisdefinition §i » has anu i ice the o1 i i
foryr, has nL\umcncnl value (wice the numerical value of the equalion

Yp = Ad(ana; ~ taney)

-COMPRESSOR STALL AND SURGE

The most significant phenomenon affecting the performance of axial fow COmpressors
is the stall. The ‘?LEEE_S‘E‘,' is mainly due to the reduced flow rate (or reduced C,,) as
— : jo T

am e el —>  mTa Mo

‘SV C.\“_'C—\ =2 B\\é‘/fb\r\n = \F“b :

takes place. So, stalling leads to surging.
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this results in positive incidence. Al starting and low speed operation, Jittle pressure .

_rise takes place, Where 4s at the design point (i.e. at higher ) of the compressor,
large pressure rise occurs {rom first to the last stage. Thus in a low speed operation, the
absénce of pressure in the last stages leads to higher values of C, than the designed
onc, and this leads (o choking, Choking limits the flow rate and this in turn increases,

“the positive incidence in the first stage and hence there is a possibility of stall. Low
speed stall occurs in front stages. At high-speeds, the last stages are more likely to

Tstall becavse Their Sharacteristic is steep and a small reduction in flow rate produces
a considerable reduction of velocity and thus a large change of incidence.

All the blades are not stalled at the same time, but a stall is propagated from blade
to blade in a direction opposite 1o the dircetion of rotation. This propagaiion speed is
low compared (o the rpm (compressor). Thus the stall appears to be in the direction

“of roiation, This phenomenon is cafled ‘propagation’ or *rotating stall”,

Consider o portion of a blade row shuwn in Fig, 4.7, Let the blade A be sinlled. This
incieases the incidence to Lhe left of blade A, and reduces the Incidence of the flow
on 1o the blades on the right. The blade B will be the next to stall,

Increased Decreased L
incidence f incidence , ‘
B A '

—Uu

€—— Stall propagation

“Figure 4.7  Compressor siall

r

Sufficiently extensive stall results in a sufficient reduction of total flow and surging

ANCVETIN
RADIAL EQUILIBRIUM METHOD TN

. ~o
The assumption of two dimensianal flow is no longer valid when the ratio of hub/tip

is_less than 0.8. In the'case of air craft compressors, mass Now is high and fronta) LS}SPNA'

_area is_small, To meet this requirement, Jonger blades on a smaller hub s used. Se.

radial velocities set up in the blade row change ass.ftow and the outlet velocify

distribution. In such cases. the blades should not be desighed on two dimensiona!

principle. Radial flow is caused by a temporary imbalance between the centrifugal :
and radial pressure forces acling on the fluid. When these forces balance cach other, ' ‘z
there is no radial velocity and the fluid is said 10 be in radial equilibrium. This method

of analysis is known as the “radial equilibrium method'. This analysis cxamines the
pressure forces acting on an élement of fluid and equates these forces to the centrifugal
forces acting oo the Nuid.,



138 » TurBO MACHINES

e
RADIAL EQUILIBRIUM THEORY & &~ te

I the a!wsoltlnc v_clncuy C is resolved into three companents in the angential, uxial
and radial directions, - -

2
N | Cl=citclyC (4.32)
The stagnation pressure may be written as ‘
‘ AN Py = PspCip2
"\/& or

: .o

PO = P+ —1 i1} -
pz +,02 -i-p2 1.3

F{ci)r su:qdy Aow cunduinrfs along concentric stream iines, the velocity. atatic pressure
.'.m dc_n_.-.tly areconstant withtime andd C, = 0. Let *r* be the radius ol any concentric
streamline. Then differentiating with respect o r, we gcl" '

dPy dP ac, ac,
' -a"'r— = I +pC,|—‘;— +pCﬂE‘£ (4.3:”
But from fluid mechanices, lor plane circulatory flow and for radial vquilibrium,
d P c? '
dr pT
d Py c? dc, dc,
Saf Ty at« MLy
ar n o + nC, ar +pC"—n_;- {4.35)

The encrgy lmns{crrcd to the blades is al the expense of (he eaergy in the fluid and
‘ may'b.c expressed in terms of the stagnation enthalpy change dh,,.
Writing the Tds equation using stagnation propertics, we have

T[I.S' = dho — ‘.’%}!

Differentiating w.c1. *r°

Tds  dho dp
dr —  dr T~ E
mi@ _ dh, _Tds
‘ y s dar T ar {4.36)
Substituting equation 4.36 in equation 4,35 '
dh, T 2 '
W =S, =
To simph{y this equation the following assumptions arc‘made
dh,, .
= O (Since energy transfer is constant at all rudii)
Tuls
and o= 0
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2 dC, dc,
C +Cy =+ Cy—=L =0 (4,36a)
r dr dr .
This cquation is equivalent (o .
1 d d 5
s —(rCy ) i —(Cy) =0 4.37)
rzdr(r v} -i-_dr( ) (

Because. differentiating eqn. 4.37, we get eqn. 4.36a.

d dC, dC
are, c.90 v are,r - 995 2¢, 380 2
d dar

ri r dr
c? dc dc

224 20, i, —2 =0
r dr _dr

{or)

o dC, ac,

TR vGegr =0

TYPES OF BLADES
(a) Frea Vortex Blade

[n this case the tangential velocity distribution has o be such that

. | C,r == constani

With this condition, the equation 4,37 becomes
dCy

dr
~Cy = constant

= 0

So. axial velocity C, is constant along the blade height t.e. from rotor tip to stator
hub. And reaction ratio R varies with radius, i.e. it decreases from tip to hub.

Work and reaction ratio in free vortex blade From Euler's equation,

W= U(Cn - C.l]) = wr(C.I} - C.([)

Ior free voriex blude, the condiuon to be satislied 1s

C,r = conslan!

1e. the whirl velovily is inversely proportional (o the radius. Applying the conditions

hetween Llwo seclions,
Co-r = Cy, rm =& constan

Cr'r = Cry, - tm=.Xx1constant

where subscript m refers (o values a1 the mean radius .

-
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Then.

r r
wrm(Ce,,, — Cyp ) = wlxa — 5

= constant

Ml

Thus, a machine with free vortex blades is a eonstant-work machine.
Reaction Ralio

C,
R = ?.-;(lﬂnﬁ] + tan B3}
|
= _(WII + Wr;)

= 2U“U Tl =)
g (C\] —!-CI:)

2
and for free vortex condition

R=]_-\’l+-¥2=l__-l'r+x2
2Ur Zeorl

The reaction ratio varies with the radivs. “There
design reaction ratio can be obtained, This hi
that the highest Mach numbers occur at lhc r

fore, at one designed poin only the
ade design method has the disndvantage
otor tip and ai the stator huh,

(b) Forced Vortex or Solid Rotation Blades

For this type of flow the condition is

C.r| C.rz
—m = =% =y (constant)
ra

4

To achlcve the radial equilibrium the axial velocit
C\; is not constant along the blade height, it is dete
lhe following expressions.

Atinlet;

y deereases from raot 1o lip. Since
rmined atl a particular section, using

C:rl "K! _2(C”) °I'2

r

where r = section radivs and K| = c?,, +2c2
At outder: e 2ot

C.. 2
r ) +2( = ___C.n)wrz
r r

622_10—2(

Axia). FLow CoMPrssoRS ANDFANS < 141

h 2r N and
WNETE ) = —=——
¢ 60

Ky=C?

3.m

C
+ ZCE;, -2 ( Hm A ) wri

m Fim
For forced vorlex design, Cy, = rxz and Cy, = rx)
AW =Ur(x —xy)

In this type of blade the energy transfer increases from root to tip (Fig. 4.8(a) & (b)),
There is a limit to hub/tip ratio in order to provide a praciical minimum valuc of
axial velocity C.

(a} At hub (or root) (b) At tip
(o
aTT'
Cl w! C C1 C.
w, - !

Figure 4.8 Work done in a forced vartex blade

(c) Constant Reaction Blade

For true radml equlibrium, C, should vary with radius, but constent reaction blades
have becn commonly used with constant C,. As W, and Cz decrease only slighily
from tip to root, almost constant Mach number cccurs at different radii.

So. in constani reaction blade, the axial velocity C,, and the reaction ratio "R* are
consiant at all radii i.e from tip to root. 'R’ is equal 10 0.5.

MULTISTAGE.COMPRESSION

The 101al pressure ratio across a single stage is dcpcndcm upon the total lemperature
rise across the stage. whereas, in multistage compression. the rise in pressure across
cach stage for the same temperature rise per stage is not equal. For example, if * P,,.
is the pressurc | ratic for gne stage, then the total pressure ratio is gwcn by (P,,,)
where "N is the total pumber of stages. This condition is ng

The difference is seen in the Mollier chart (Fig. 4.9). For the same temperature risc
per stage, as the entropy increases, the pressure rise decreases,

Ii we compress in a single compression from 1 to 5, the iscntropic work done is

Wim = (hivsy, — 1)
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PN+1)

Figure 4.9  Compression process in a multistage compressor

and the isentropic efficiency of the compression is

-

e = (hevany, — 1)/ thys — h|)'

If we now compress from 1 1o 5 in a number of small finite sta

s ges, the isentropic
work done is ‘

Wtm = (has = hy) + iz, = h2) + (hag — h3) + (bss — ha)
and fur similarly designed swges, the efficiency "1, is the same, Henee
ns = (We/m)/(hyey ~ A))

where the numerator consists of a number of isentropic enthalpy increases. But, as
the enuropy increases through the compression, the constant

pressure lines diverge
and '

(hos — ha) + (Bas — ha) + (has = h3) + (hs; — ha) > (heweny, ~ hy)
and thus

That is, the overall single isentropic compression efficiency is less than the stape

clficiency, The difference also increases with pressure ratio and with the number of
stages.

The overall static pressure ratio of 2 multistage compressorcan be expressed in lerms
of small stage efficiency as

Pyni/Pr = (TN+|/T1)"P”"'£[
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I it v ussumed that we have cgual tnal lemperature rise in cach stage and denoling
PO e ! L P - 3 .
the tnlet conditions by 1 and outlet conditions at the last stage 4§ ON+1, then for *N
stapes

PON+|/P[]| = (TDN+|/’T0;)"FI“"'”
Al_so ‘
Tow+1/Tor = (Ta) + NATp)/ Ty

where ATy is the stoge total temperature rise. [Cis also usual 1o assume that the
polytrropie und wial-to-tomsl stage iseatropic effictencies are equal at a value of aboul
{)L.HY. .

Using this methoed, a very rapid calculation of pressure rise through the compressor
can be made. '

COMPARISON BETWEEN CENTRIFUGAL COMPRESSOR AND
AXIAL FLOW COMPRESSOR

The comparison between the main features of centrifugal and axial law compressors
are given helow :

{1) Direction of Flow across the Compressor

In centrifugal compressors, the; flow through the compressor impeller takes place
largely in o plane which is perpendicular to the axis of the compressor.

In axial low compressors, the low proceeds throughout the compressor in a direction
essentiolly purallel o the axis of the compressor,

(2) Pressure Rise per Stage

Centrifugal compressor has a high pressure rise per stage (4:1), The axial flow com-
pressor however gives o pressure ratio of only 1.2:1 per stage. To achieve the desired
pressure rise, the axial flow unit has (o be provided with a large number of stages which

makes the axial flow compressor less compact when compared with the equivalent
ceatrifugal unit. '

(3) Isentropic Efficiency

The isentropic efficency of centrifugal compressors is as high as 80%. Earlier axial
flow machines had a low isentropic efficiency, but with aerofoil blading, a multistage
axial flow compressor surpasses the maximurm centrifugal compressor efficiency by

“nbout 4 per cent. The efficiency in both cases however declines at high pressure ratios.

(4) Range of Operation

Centrifugal compressors have a wide range of operation between surging and choking
ftomits, A greswer flexibility in operation can be achieved by the use of adjusiable
prewhirl and diffuser vanes. High elficiency for axial low compressor is attained
only within a narrow range of speed at the design pressure.

-
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(5) Frontal Area

Centrifuga! compressors have a larger frontal area than that of an axial fow com-

pressar for the same rating. This makes the axial flow compressor more suitable for
aircraft work,

{6) Working Fluid

The performance of centrilfugal compressor is not much affected by the accumula-
tion of deposits on the surface of (low passage when working with coniaminaiing

fluids. Under such conditions, the performance of axial flow compressor is generally
impaired.

{7) Starting Torque

Centrifugal compressors need a lower starting torque than axial flow compressors for
the same capacity.

(8) Construction

Centrifugal compressors have a simple, rigid and relatively cheap construction and
also less prone to icing troubles at high altitudes,

{9) Multistaging

Multistaging is more suitable for an axial flow compressor where it gives an increase

in pressure with negligible losses. The number of stages for the axial flow compressor
varies from 5 to 14,

(10) Application

Centrifugal compressors have been successfully used as blowing machines in slee!
mills, compressors for low pressure refrigeration and industrial gases and turbocharg-
ers and superchargers in interital combustion engines. They have also been employed
as compressors for small gas turbine aircrafts,

Axial flow compressors are mostly used in gas turbines and high pressure unit for
indusirial and large marine gas turbine plants,

i

CHARACTERISTIC CURVE

Fig. 4.10 shows the characteristic curve of a multistage axial flow compressor. Com-
paring this curve with that of the centrifugal compressor, it is observed that the pres-
sure ratio of the centrifugal compressor is less sensitive to mass flow variations at a

given speed than in the axial compressor. The characteristic curves have the following
salient points.

1. The design mass flow and pressure ratio are at point 1, It is scen that the desigh
point is very close to the surge line (point 5) and if the mass Row is only slightly

+ reduced, the pressure ratio and density in the rear stages will both increase. Since
Cq = m/pA , the axial velocily will decrease and hence the incidence angle oy
will incrcase sharply in the rear stages, thereby causing stalling in (hese stages,
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Deesign painl

08 Surge line .
. Ve <

Constan-cfliciency S0

&l lines PAERAL

Stalling in
0.4 firgl stage

Fraction of design Ry, /p,
=)
S

R vy
sullin T e
g | muny front stages ~ | | L
- ¢ 0.2 0.4 0.6 0.8 Lo il

Fraction of dexsign mT:,'.'l' Por

Figure 4,10 Axial flow compressor characreristic curves

. A small increase in mass flow will lead to a sharp drop in pressure ratio to point 2,
The density also drops sharply so that C, increases. This rc.:‘.ulzs in .lhc .largc
decrease of the incidence angle in the rear stages, thereby causing stalling in lhc’ ;
rear stages with negative incidence’, _

3. The opgraling poirﬁ moves 1o point 4 if the specd of the compressor ls.raduccd. .
Both m and C, fall faster than the blade speed U resulting in an increased
incidence angle and possible stalling in the first stage. -

4. When the design speed is increased to point 3. the cha:'alclcnsu: cvcnluallglf be-
comes almost vertical. This will increase both the density and pressure ratio as
the increased speed allows more air to be passed through the comprcssor. Bfn al
the inlet, the mass flow increases faster than the density and choking at the inlet
is usually the first to occur.

All the limiting conditions discussed abave should be avoided at all times since they
lead 10 unstable or incfiicient operation.

SOLVED PROBLEMS

Example 4.1 The following data refers to an axial-ﬂ.ow compressor: §1 = 60°.
(urning sngle = 30° and AC; = 100 m/s, degree of reaction 30%. rpi;ﬂ 36,000, mean
blade diameter 140 mm, inlet pressure and temperature 2 bar anfi 57°C respccgw:l_y.
Find oy . the pressure rise, (he amount of air handled and ppwcr if the blade height is
20 mm.

Solution ‘ ‘
= 60° By — f2=30° AC, = 100m/s
-?I‘= 0.5 N = 36,000 D =0.140m
P, = 2 bar T, =273+ 57=330K b =0.02m
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(a) Air flow angle (ay) Since R =0.5. o) = f,

but, B2 = 2 —30° =30°
.'.cy = 30°

. {b) The pressure rise

Wim = uAC, =Cp(h - 1)
uac

T o= I-[-Tl
Cp

Blade mean speed

U = nD,N__zer.MxSG.OOO
= o = o
= 263.89m/s
263.89 x 100
ST =2 =T
2 1005 + 330
= 35626K

/f.ssuming that there are no losses in the compressor, the pressure ratio can be deter-
mined from
P (ﬁ)’/'"' _ (355.25) &
/ n 330
Pz

1.31 x Py = 2.62 bar

Pressure rise
AP =Py — P; =2.62 -2 =0.62 bar
(c) The amount of air handled
' m=p1A|1C,
Axial velocity, Cy, is given by

2U.R
tan B2 -+tan By
2 x263.89 x 0.5
1an 30° + tan 60°
= 11427 m/s

Co =

. Flowarea, A) = n Db

nx0.14 x0.02
8.797 x 10~ m?

it
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and
P| 2 x 105 3
= — =_——=211k
P RT, = ®T=330 _ >'1ke/m
mo= 211 x 8797 x 107 x 114.27
m = 264kg/s
(d) Power
W = mCu(Tz —-T)
= 2.64 x 1.005(356.26 — 330)
W = 69 7kW

Example 4.2 The following data refers 1o a test on an axial flow compressor.
Atmaspheric temperature and pressure at inlet are 18°C and 1 bar, Total head temper-
ature in delivery pipe is 165°C. Total head pressure in delivery pipe is 3.5 bar. Siatic
pressure in delivery pipe is 3 bar. Calculate (a) tolal head isentropic efficiency, (b}
polytropic eficiency, and {c¢) air Velocity in delivery pipe, (MEU-April "91)
Solution

£o = | bar Ty =291 K

T =273+ 165=43B K FPoa =3.5bar P =3 bar

{a) Total head isentropic efficiency
Toz, — Tow
Toz — Ty

Pz &
Ty, = T (—)

e =

= 41624 K
416,24 — 291

438 — 291
= B852%

o (22)
n —
Py

. 4 lﬁ(Tnz)
r—1"-\Tm

In3.5

1.4 (433)
— g [ —
0.4 291

= 87.5%

S =

(b} Polytropic efficiency

1l

i

i

[
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{c) Air veloclty in delivary pipe

T2

{ [
5 g
4] ~
i N
gle P
"—'__ S
- )

It

419.13 K

Now,
C2
Ty + 2
2+ 5C
NG o= J2I0p(Tn - T)
V2 x 1005 x (438 — 419.13)
= 19495 m/s

Exampla 4.3  An cight stage axial low cnmprcssbr provides an overall pressure
ratio of 6:1 with an overall jsentropic efiiciency 90%, when the temperature of air
at inlet is 20°C, The work is divided equally between the stages. A 30 % reaction is
used with a mean blade speed 188 m/s and a constant axial velocity 100 m/s through
the compressor. Estimate the power required and blade angles. Assume air to be a
perfect gas. h

Tz

If

)

Solutlen
Pow
N =8, -E =6.n, =09 Ty =293K, R=035, U = 188 m/s,
0
Co = 100 m/s.

For 50% reaction turbine, the blades are symmetrical and so the velocity diagrams
are identical. ) = £7 and a7 = f).

If the compression process were isentropic then the temperature of air leaving the
compressor stage would be

r=l

Py v
Towene = Tl (_leﬂ.)

= 293(6)%
= 4389K

The overall isentropic efficiency is given by

* . _ T9c~+n. — Tp
o= —2t e

T0H+l - Ty

T°l~+u, - Ty

!
STy, = p + T
L
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488.9 — 293

= ———— 4293
09
= 51067K
Work done/kg = Cp(Toy,, — To1) = N x UC(laneoy ~ lanrx|)l.
. 1005 x 10°(510.67 — 293)
lanoz —taney = (8 188 % 100)
= 1.45
Since aa = By, then
tan §y — tanay = 1.45 ' (-
From inlet velocity coﬁﬁgurallon (Fig. 4.2),
U= _C,I + W, = Ciftanc) 4+ 1anfy)
u 188
= = =88 2
. taner) -+ tan By o 100 1 2)
From (1) and (2),
.45+-1.88
tanfy = '—;1_ ~ 1.665 .
B = 59 =

Substiwting the value of tan §) = 1.665 in (1), we get

langy = tanf — [.45
1,665 — 1.45 = 0.215
Ly o= 12 = Bz

'Power required per kg of air/s,

= mCp(To,,, — Tot}
= 1 x 1.005(510.67 — 293)
= 21876 kW ‘

Example 4.4 A multistage axial flow compressor absorbs 4.5 mW when de-
livering 20 kg/s of air from stagnation condition of 1 bar and 288 K. If polytropic”
efficiency of compression is 0.9 and if the stage stagnation pressure ratio is con-
stant, calculate (a) pressure at compressor outlet, (b) the number of stages. (c) overal!
isentropic efficiency of compressor. Termperature rise in the first stage may be taken
as 20°C,

Solution
W =45mW Py = 1 bar T =288 K
np =09 ATy =20°C Tpa =Ty + ATp=288+20=308K
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The compressor power
W = mCpa(Tpy,, — To1)
W
RAYY = —
Opsy mCp + T
4.5 % 10°

= 20x1.005 T 288

= 12239+ 288
= 35119K

(a) Pressure at compressor outlet

Pressure at compressor outlet is determined from the following relaticn.

P0N+l _ TOH“ Rarrfr—I|
Py (Tm )
5009\ 09
- (5%)
6.12

. SPoy, = 6,12 x 1 =6.12 bar?
(b) Number of stages h

Since pressure ratio for each stage is same,

where N is the number of stages.

oy (Poz)N
P P
In ( P°N+I )
o N = %
In (—0—%)
_ Fo
where
fgg ~ (TOZ)?E; _ (308) gyx)d
Py Tos T\ 288
= l.?‘i
Then

In(1.24)
8.42

i

.. Number of siages is 9.

AXIALFLOW COMPRESSORS ANDFANS < 15]
.

(c) Overall isentropic Efficiency

Toeen, — Tor
TUN#E - T[)1

- (TO(N-HI. _ l)/(TOHn ~ 1)
. Tor Tor

:
but from isentropic relation

Ne =

Em.n. _ (P0N+l )r—lfr

T Poy
and
=1
Tows,  _ (Pom,)mn EL1E .
7o) Fo 248 '
-
e g2 = .68
Ton
1.68 — 1
= — =0.872
e 178 — 1
= 87.2%

Example 4.5 An axial low compressor of 50 % reaction design has blades with
inlet and outlel angles of 44° and 13° respectively. The compressor is to produce
a pressure ratio of 5:1 'with an overall isentropic efficiency of 87 % when the inlet

“temperature is 290 K. The mean blade speed and axial velocity are constant throughout

the compressor. Assuming a blade velocity is 180 m/s, and work input factor is 0.85.
Find the number of stages required and the change of entropy.

Solution
a) Number of stages

R = {5 B = o =44° B = =13
P0~+|
'P— = 5 e = 0.87 T{J[ = 290K
11}
U=C, = I180m/s A = 0.85-
[
Py T
= 290(5)1
= 4593K
Ty - Tu
Tog, = rietlns Ty
e
459.3 —- 290
= ——————— +290=484.6K
o1 "

‘T.\-? i

s | B  Bame] e

P

73
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NAUC (tenag - aney) = CriTon,, = Tn)
1005(484.6 — 290)

N =
0.85 x 18O x C,, x#(tan 44° — 1an 13y
The axial velocity is
v = lang| +1
C,,! = o) an )
_ U L 180
“Tanfr+wnf tan 13° 4 tandar
= 1504 m/s
N = 195573
16909.1
= 1.6
N =~ 12
The number of stages is 12,
(b) Change of entropy '
T P
Ay = Culn LTI ¥ P Y
Toy ol
484.6

= 1.005'“*-—-—- —0_287 r|5

Example 4.6 An axial compressor has a mean diameter of 60 cm and runs at
15:000 rpm., If the actunl temperature rise and pressure ratio developed are 30°C
nnd 1.3 respectively, determine (a) power required o drive the compressor while
delivering 57 kg/s of air, assuming mechanical efficiency 86% and initial temperature
of 35°C (b) the stage efficiency and (c) the degree of reaction if the temperature at

the rotor exit is 55°C (MKU-April '97)
Solution
D=06m N = 15,000 rpm
P
AT =Ty — T) = 30°C F-‘ =13  m=57kg/s
1

7 = 0.86 T = 150C T3 = 55°C
{a) Power required

Work done W = mCLAT
= 57 » 1.005 x 30
= [718.55 kW

Powerinput = W/,
= 1718.55/0.86
= [99R.314 kW
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(b) Stage efficiency

_ Ty -1 4 ,
e = _T3 _T '
=) :
P-‘ T
= - |
i [( Pl) ]
- h~-T
303[(1.3)?:1‘ -1]
= 30
n, = 79.92%
(c) Reaction ratio
'R - (Ah)mmr — (AT otor
- (BDh)snge (AT huage
_ -7 _55-35
e (D
R = 067

Example 4.7 The first stage of an axial flow compressor develops a pressure ratio
of 1:2. The inlet pressure and temperature are 1.01 bar and 30°C respectively. The
overall efficiency of compressor is 83%. The flow coeflicient is 0.47. The velocity
diagram is symnictrical and at the mean radius the ratic of change of whirl velocity
1o axial velgeity is 0.5, Determine the compressor speed if the mean diameter is 50
cm, Also find the absolute velocity of the air leaving the stationary inlet guide vanes.

(MKU-May *97)

Solution

-;51- =2 Py = 1.07 bar i =303 K 7. = 0.83
|
¢=047 AC/C,=05 D=05m

(a) Compressor speed

AC; = C—'Z - C_” =05 Cn
Cq
= — =047
) ¢ 7
C, = 047U
AC, = 050470
= 0235U
_ Tu=T
e _T3 —T

n[(2)7 -]

h-T = - "
¢
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303 [(2)% B ]] ~ Solution
—QE-S___ N =90000rpm ATp=20°C l—)f- =0.6 A=005%4 n, =09
79.95 K = o -

! .
: Ci=150m/s Py =lbar  Tp =300K M =052(atp)
The work done per slage is

Assuming nxial inlet (since no intet guide vanes), the velocity triangle al inlet can
w be drawn as shown in Fig. 4.12,
—~ =Cp(Ty =T} = U(Cyy = Csy) - ‘ 2
. m ~ G
: T = Toy— o=
— 2c
o (T —-T1) = Ullsy = Cu) = yacy ! 2
7905 — U(02350) = 2 % 1005
. = o5 . = 28881K :
U = 584.7m/s . wy = M1 (VrRT) W 3
Sped. N = UX60 5847 x60 — l
npeed, T mxD  ax05 B = 092 (”/I—d % 287 x ZSB'BI) Cr= Ca
= 22334 pm ‘ _ W, = 313.39m/s
(b) Absolute velocity of air Since, the velocity diagram is symmetrical,
R =035 . : Ac Figure 4.12
) BHT .
S WG, +Ch) Em = iahe gy o
R = DT i 'J' From the velocity triangle
' - TS T enfy ey, :
Cy+Cy = =0S5QUI+2U =U 3 - B = _L,Mn.:‘r’-w"aﬁ cos By = %‘- = %
- - ~ b 3.
C“ +C'_r3 = U =5847 m/s R-_—{( (,'{C-—\I';l -{J"c\h‘L \ -’-l,_“nL 50_?)1‘3{{; p 61I4;
LB o= .
. and Cp, —Cry, = 02350 = 1374 m/s - D oA
Solving for C;, and C,,., we get . Baet iy and ,
. | . U, = Wpsin g
Cr, = 361.05m/s : C;( ,‘ = ng‘c,ﬂd]:—, / = 313.39 x sin 61.4%
Cy = 223.65m/s '
o _ = 275.15m/s
Fram nlet velacity triangle {Refer Fig. (4,2)], . ‘-);’ ]
———— (a) Tip radius
) = i+ Ch Cu=047x584.7 = 274.81 m/s U, x 60
= V2781 ¥ 35,560 1T
o = 354.32m/s , o 2315%60  4a00m
. «* . ! 2n % 9000
: Example 4.8 The first stage of an axial flow compressor is designed for free
o vortex condition, with no inlet guide vanes. The rotational speed is 9000 rpm, and o= 0.292m
stagnation lemperature rise is 20°C, The hub-tip ralio is 0.6, the work done factor Now
is 0.94 and isentropic efficiency of the stage is 0.90. Assuming an inlet velocity of o C.AT
150 mv/s and ambient conditions of 1 bar and 300 K, compute {a) the tip radius and (tan A —tan B} = =2
corresponding rotor angles, if the Mach number relative to (he tip is limited 10 0.92, AiCa
(b) mass flow entering the stage (c) stage stagnalion pressure ratio and power required ' tan B2 = lan fy — CrtTo
and (d) the rotor air angles at the root section. an e AUCo
| 1 .
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(b) Mass flow

m =

s o=

P =

M o=

Al =

Dy =

(or) Flow area

h

1

- 287 x 288.81

= an61.4 — 1005 % 20 )
0.94 x 275.15 x 150
= 1316
S o= 52.77°

plAICa
Py
RT,

T\
e
Ty

(zss.si i
| { ——
300 )

0.87542 bar

0.87542 x 105 ,
= 1.056 kg/m"

b

7 (01~ 0})

0.6 Dy = 0.6(2 x 0.292) = 0.6(0.584)
0.35m

T 2_ 2

; (0.534 0.35 )

01717 m?
= 2nr,h
0.584 0.35
"+ (ﬁ i "_)
= atnm N2 0 2/
2 2
= 0.2335m
0.584
= nnm (25 0)
2 2
= 0.117m
2 % 0.2335 x 0.1 17
0.1717 i?
1.056 x .1717 x 150
= 27.197 kg/s

AXiaLFLOW COMPRESSORS ANDFaNs <€ 157

(c) Stagnation pressure ratio

Po3 [ n;ATo} 2
—_— = | 4 ——
Pot To
_ [, 09x 2018
- 300

= 1.226

Power required = mCpATy .
= 27.197 x 1.005 »x 20
= 546.60 k'W

(d} Rotor air angles
AN o X 0.35 x 9000

s = =
g 60 60
= 164.93m/s
Uy 164.93
tan' ,B! = -C_—l = 50
B = 41710
and
CpATy
= 3 ——
1an Ba n By AURC, "
1005 x 20
= 0 AT~ S X 163.93 » 150
= 0.235
~Br = 13.23°

Example 4.9 An axial flow compressor stage has blade root, mean and tip veloc-
ities 150). 200 and 250 m/s respectively. The stage is to be designed {or a stagnation
temperature rise of 20°C and an axial velocity of 150 m/s which is constant through-
out. The work done factor is 0.93, Assuming 50% reaction at mean radius, calculaie.
the stage air and blade angles at mean, root and hub and degre= of reaction for a free
voriex design,

Solution
U, =150m/s Uy =200m/s Uy =250m/s
ATy =20°C Cy = 150m/s A =093 Rm =05

(a) Stage air and blade angle at mean From the work done per stage
ekpression, we have

t tan By = CpATp 1005 x 20
a Prm =0 P = G, T 093 x 200 % 150
tan ﬁl.m — lan .Bz.m = 072 . (n
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and from the reaction ratio

2RU,, 2% 0.5 %200
tan -+ tan = =—
ﬁl.m ﬂl.m Ca 1570
an fi, +tan fom = 133 ) @)
Solving for 81.m and 2., t
1
1.33+ 0. .
tan Sy m = —E%—Zg = 1.025
..'.ﬂ[.m = 4571 %
E
Since ]
, ‘ Ry = 0.5
g =Bim = 45.71°

'> S 2w = 4571

Substituting B in equation (1), we get

-ooytan B = 1.025—*0.72

Prm = 1696

' Since R, =05, @im = fam
oy, = 16.96°

{b) Stage air and blade angle at root (or} hub  For a free vortex design,

Cxl-h th = C.n.m Tm ‘

(or) :
Colanaypry = Colanetym - fm
. rm
lanoy s = tanc) , - —
ry
r U, 200 !
2 = 2= =133
Ty Uy 150
oy = 22.1° :

From: velocity triangle [Refer Fig. 4.2],

. Uy = Caltano s +1anfig)
lan fry = -!—52 ~1an22.1 = 0.594
. 150 . '
By = 3071°

Similarly,

Cup*Th = Cu,.. tm

or

AxtaL FLow CompreEssors anoFans < 159

Tm
tangzy = ianoa g - —
- ry

and

— 1an45.71° x 1.33
1.363

oap = 53.73%

Uy
tan fay = - —lanwy

Degree of reaction
R =

Ry =

o

= -}E —1an 53.73°
150

= —0.363

Bay = —-19.95°

Cyltan By.g -+ tan fr.x)
2
150(tan 30.71° + tan{—19.95°})
2 x 150

0.116

(¢) Stage air and blade angle at tip For fres voriex condition,

Cxl.r'r.!: . fm
or
Cy-taneay;-rp = Cy-lAN0 1 m* 7 m
fanoy,;, = tanoym-—
4]
fmo o Um 200
n U; ) 250
taney, = tanl6.96° x0.8
SOy = l3.7in
and
{
t = — —lang
an By c. 1t
250 N
= — - 13.71° = 1.423
50 tan 13
R PRS- 1 B

-

he
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Similarly,
Fen
Nz = Wngy, - —
i
= tan45.71 x 0.8 = 0.82
Sy = 19.4°
and

Ur '
tan B2, = — —tlanoy,
1]

250
= = - 4° = 0.
150 tan 39 0.85

B = 4040

Degree of reaction

Cyltan 83, 4+ tan fiy) I

R =
ZU;
150(tan 54.9¢ 4- tan{40.4°))
= 2 x 250
R = 0682

Example 4.10 An alternative design proposal to that in example 4.9, is to have
forced vortex blade design. What then will the air and blade angles and degree of
reaction be. Take rulalidpnl speed as 5000 rpm.

Solution

(1) Mean section

‘The parameters are calculated in the same manner as in example 4.9. The values are
a1m = Pam = 16.96°
3 m = Bi.m = 45.71% and
R=0.35

(2) Hub section .

Uy x 60 150 x 60

7x N m »x9000
= 0.318m
Up % 60 200 x 60
7 x N wox9000
. = 0.424 m

Hub diameter. Dy =

Mean diameter, Dy, =

150 x 1an 16.96° = 45.73 m/s
150 x an45.71° = 153.76 m/s

Cryp = Co - tanam
Cry, = Cytananm

o

AXIAL FLOW COMPRESSORS ANDFANS < 16}

For forced vortex design

Cim 45.75 x 0.)59
Cxl.* 2‘ ::‘ Xr, =W51—=34.3|mf5
Crm 153.76 x 0.159
Gy = = S 11532 mys

Axial velocity at hub inlet

Cgu- =K - ZCEM

where

Ky = € 420

Mm Fim

= 1507 + 2 x 45,752 = 26686.125

~C 26686.125 — 2 x 34.317 = 24331.77
Cap = 15599m/s -

Axial velogity at hub outlet

£2.x

C C
C3, = Ko =20k, +2 (220 - Et ) ot

rh Th
where
C C
_ 2 2 Ilm £, .
Kz = Cﬂlm +2Cx3‘~ -2 (T -— —;:-,_-) &}f‘nz.l
. o 15376  45.75 27 x 9000y '
= 1502+2x153.76"—2( - :
0212 0212} 0 x 0.212
= 26621.32 :
. 11532 34.31
nCh o = 26621322 x 115322 42 - -
. +2( 5159 ~ 5159 % 942.5 x 0.159%
= 24303.8 '
"Cap = 13589m/s
(a) The air and blade angles
tanayy = Cap 3431
' Cays 15599
ayy = 124°
Uy~ C -
wnp, = Or=Cra_ 150 — 34.31
Cas - 155.99
Bia = 36.56°
C
nm, = 115.32
Coy, 155.89

gz = 36.5°
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tan fa 4

Ban
(b) Degree of reaction

R =

Ry

(3) Tip section

Tip diameier, D,

= 0.530m
c G oy o 3575 % 0.265 ~
ne = SN = o = 5718 m/s
_ Cyy,, 153.76 x 0.265

Cr,, = e Xn= 0212 = 192.2 m/s

Axial velocity at tip inler 7
Cgu = K- ZCXZLI
= 26686.125 -2 x 57.182 °
= 20147 ‘
Cqy, = 1419m/s
Axial velocity at tip outlet
€L, = Kr-2CL +2 (C”" £ ) ;
) = Ty Iy .
., .
= 26621.32-2x 19227 +2 ((')—92“?-’% - (5%) x 94275 x 1,265
= 2018551
AWCa, = 142m/s
{a) Air and blade angles
Ci, 5718
ey, =2 c = .l?i—‘)
L] .

Un — Cyyy . 150 - 11532
Cwy 15589
= 125° _ '

Wi — W}
WC, ~C)

Cus \? Carp \°
(Cﬂsﬂl.h) - (Cosﬁz.h)

2U}.(C,M - C-;\'l.h)

15599 \? 155.89 \?
(cus 36.56“) - (cus I2.5")
2 x 150 % (115.32 — 34.31)
0.5 -

U, x 60 250 x 60
:rx‘)()()()::rx‘)(}ﬂﬁ
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@, = 21.95°°
anpr, = Ur = Cry, _ 250—57.18
: Cany 141.9
By = 353.65°
fanoy,; = & = %
= Cap, 142
wr = 53.54°
wn e, = Up— Cayy _ 250 192.2
: Ca, - 142
B = 22.15°

(b) Degree of reaction

C"l.: ? Cﬂz.a ?
(cosm.,) B (COSﬁz,:)
2Ur(C.r1_, - C.r“)
1419 \? 142 2
(ZBTET&T) - (Enszz.lsn)

2 x 250 x (192.2 — 57.18)
= 05 a

Example 4.11 A single-stage axial flow blower with no inlet guide vancs runs
at 3600 rpm. The rotar tip and hub diameter are 20 and 12.5 cm, respectively. The
mass flow rate of nir is 0.5 kg/s. The wrning angle of the rotor is 20° towards the
axial direction during air flow over the blade. The blade angle at inlet is 55° If the
atmospheric lemperature and pressure are at | atm and 25°C, respectively, assuming
constant axial velocity through the machine, find (a) the tota! pressure of the air at the
exit of the rotor (the rotor total-to-total efficiency being 90% and the total pressure
drop across the intake is 0.25 cm of water), (b) the stalic pressure rise across the rotor,
(c) the static pressure rise across the stator, if the stator efficiency 1s 75%. (d) the
change in total pressure across the stator, (e) the overall \otal-to-total efficiency and
(f) the degree of reaction for the siage,

Solution ~
{a) Total pressure of air exit of rotor

N=3600rpm D, =02m Dp=0125m Py =1.013bar Ty =298K
m = (LS = o= 200 I = 557

The pressure changes involved are small so that the low may be treated as incom-
pressible. At the inlet, the density of air is

Po 1013 x 108

M=o

= —— = |.184 kg/m" '
RTy 287 x 298 g/m’ = p

.E__:

E
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Area of Now

b L] 4 R '
A — — D.. _ =} = _ 2 — 2
; (p?-p ) 7022 —0.125%)
= 001914 m?
The axial velocity
c, = m - 0.5
pA 1184 x 0.01914
= 22.1m/s
Mean rotor blade velocity
U = T(Dy + DN
2 x 60
T ox (O.!25_+0.2) x 3600
120
= 30.6m/s

The acwal towal enthalpy rise across the rotos is

(Aahy)onr = UACy = U(CX1 ~ C.\’,)

Since the flow atinlet is axiat, Cx, = Oand from velocity triangle at outlet (Fig.4.2),

Cx, = U-—-Wx}::U—-C',,lunﬂz
= 30.6 - 22.1 % tan(F, ~ 20)
= 30.6 - 22.1 x tan35°

: = 1513 m/s
' (BNM0Yesrer = 306 x (15,13 0} = 462.98 I /kg
The isentropic total enthalpy rise across the rotor
(Bho, door = e % (AA0) o
= 0.9 x [462.98}
. = 416.7J/kg
The total pressure rise across the rotor is
(8 Pk = P(Ahﬂ, Jeator
= |.184 % 416.7
= 493.35N/m?
= 5.03cinof H,0

Stagnation pressure at the rotor exit
»

= (A Py)owgr = Pressure drop at intake
503 -0.25

4.78 cm of H.0

i
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{b} The static pressure rise across the rotor

{(APhoor = (APoowr— P (C:.f - Cf) 2
Ci = C,=221m/s

o = Jciec,

V2217 11503
26.78 m/s

CABP) o = 49335 ~ 1.184(26.782 — 22.1%)/2
= 49335 - 135.43
= 357.93 Nym?
(AP ) e = 3.65 cm of waler

(¢) The static pressure rise across the stator
The actual statie enthalpy change across the slator is

{AR)star = (ng - C;-.) /2

(26.78% — 22.1%)/2
114.38 I /kg

]

The theoretical static enthalpy change across the stator is

(Bhdaaor = Tsater X (AN )gpai0r
‘ 0.75 x 114.38
= 8/5.791/kg

I}

The stativ pressure rise across the stator is

{(APluator =  pPLAR)stater
71.184 x 85.79
101.58 N/m?

= 1.04 cm of water

Il

{d) The change In total pressure across the stator

{4 Po)simiar {AP)aaior + £ (Cl2 - C%) /2
101.58 4- 1.184 x (—114.38)

—33.85 N/m*

I

That is, the total pressurc across the stator drops by an amount = 33.85 N/m?
or = 0.35 cm of water.
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(e) The overall total-to-total efficiency
Total pressure at stator exit

Poy

l

;Total pressure al stator inlet — (A Podsuge (oF at rotor exil)
4.78 —0.35

= 4,43 cm of waler

i

" Theoretical total enthalpy change across the stage '

(Ahu:)uaut = %’i‘f_ﬂf
443N
- 1000 x 9.81 x | —
_ ﬂuughm__ % (]00)
T e 1.184
= 367 J/kg

Then.

{AJs dyage _ Ay daagd
(Aho)siage B (&h0)rorr

= 367462.98 '
79.3%

D=1

() The degree of reaction for the stage

(A Proar
(A Plenge
357.93

357.93 + 101.58
= 77.9%

. R

- Example 4.12  An axial flow fan takes in 2.5 m3/s of air at 1.02 bar and 42¢C

- and delivers it at 75 cm W.G. and 52°C. Determine the mass flow rate through the
fan. the power required to drive the fan and the static fan efficiency. (MU Ocr. "97)

- Solution . .
@=25mYs P =102bar Ty =315K AH =075m W.G. T = 325K

{a) Mass flow rate ) » o
mo = pQ
p = —P-I-—I'02ij=l.]28kgjm3

RTy ~ 287 x 315
m = ] 128 % 2.5

= 282 kg/s

AXIAL FLow COMPRESSORS ANDFANS ~ 167
.

(b) Power required to drive the fan

W = mCp(lz=T))

= 2,82 x 1.005(325 — 315)
W = 28.34kW

(c) Static fan Efficiency

o n(®)7 ]

M o n T T hen
Pr = P+4P
10} x 9.81 x 0.75
= |.02+(T)
= 1.094 bar
s (42)" 1]
1,02
A= 325 - 315
= 63.66%

Example 4.13 An axial fan stage consisting of only one rotor has the fellowing
data: '
rotar blude air angle at exit: 10°; tip dia: 60 emy; hub dia: 30 em; speed: 960 rpm;
power requircd: | kW; flow coefficient: 0.245; inlet flow conditions: 1.02 bar and
e K, .
Determine the llow rate, the static pressure rise and the overall efliciency.
(MKU-April "95)

Solution

Fa1 =107 D, =06m Dp=03m N=9%60rpm Power = |kW

¢ = %’ =0245 P =102bar Tj =316K

(a) Flow rate

Q = ACH.
o = 2ot-0)

- % (0.62 - 0.32)
= 0.212miC, = pU
nDyN

0

.
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where Dy, is the mean rotor diameter

D, +D .
D, = _ﬁ_ﬂ — M__J_ = 0.45
2 2
7 x 0,45 x 960
[jm = —'—'_6(*}———'—— = 22.()2 m/ﬂ
Co = 0.245x 22,62 = 5.542 m/s
The flow rate, O = 0.212 x 5.542 ' I
Q= 1.175m/s

(b) Static pressure rise across the stage

(AP), = ;mw,f .7
but
wi=u?4C?
and

2 !

2 .
Wi =Ci+ Wi, =Cl+ Clian? B

Then

| _
(LP)y = 5p102+c,3—c3-c3lan?ﬁ21

! '
= ix"[U’2 ~ Clan? gy}

1 c? :
= EpUI[I —_ U—; lan2 ﬂz]

. ‘
= i-pUZH ~ ¢ tan? gy

102 x 108 -

o P/RT = _—2 = 3
=F 387 = 376 123 ke/m

!
SAP),, = 3 % 1125 x 22.62%(1 - 0.245% x tan? 10°)

"= 287.27 N/m?
= 0.029m W.G.

(¢} The overall efficiency

.‘ Wim = U(Cn - C.r.)
Since \C_,, =0,

Wim=UCs,, = Ul -W,)

= U(U —C,tangy)
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22.62(22.62 — 5.542tan 10°) '
489.56 J/kg

fl

m=pQ = 10125 x 1,175 = 1322 kg/s

‘ W.Ork done = m(W/m)
1.322 x 489,56
G47.198 W

il

Overall efficiency

Work done
Power required
647.198

1000
= 0.6472
= 64.72% -

n =

Example 4,14 Determine for the (an stage in problem no. 4.13
{a} rotor blade angle at the entry (b) degree of reaciion
Sofution

(a) Rotor blade angle at the entry From the infet velocity triangle for fan
siage without any guide vanes (Fig. 4.11),

u
tan gy = E'; W 4 -
22,62 Cr=Ca
— -1
A= tan (5.542)
B = 7623° : :
Figure 4.11

(b} Degree of reaction

- R= (ﬂp)mlurf(ARO)sugc

For an axial fan stage consisting of only a rotor,

{(APhotar = (AP)suge
= 287.27 N/m?®
p{W/m)
= 1.125 x 489.56
= 550.76 N/m?®
287.27

MR o= m =0.522 .l

= 52.2%

A PO)nlge
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- The degree of reaction can also be found from
Cau
R = E(lan B + lan B2}

, = §(lanﬂ1 + Lan f3)

0.24 '
= = 3 (1an 76.23° + tan 107}
C= (.5220r52.2%

1

Example 4.15 An axial blower supplies air 10 a furnace at the rate of 3 kgfs.

The atmaspheric conditions being 100 kPa and 310 K. The blower eificiency is 0%

. and mechanical efliciency is 85%. The power supplied is 30 I\W Estimate the overall
etliciency and pressure developed in mm W.G.

, Solution

m=3kg/s P, =100kPa Ty =310K .
o= 0.8 i = (.85 Power input = 30 kW

(a} Overall efficiency,

"o = np % g = 0.8 x 0.85
= (.68

(b) Préssure developed

(A PIP)
o miarin)
Power input
. p = P/RT =100 x 10°/287 % 310 = 1.124 kg/i*
‘ . a0 3
AP = Qh_m“ﬁa*% WL
= 7643.2 N/m?
AH = 779.12mm W.G.

'Example 4.16  An axial fan without guide vanes has a pressure coefllicient of 0.4
and delivers 3.5 kg/s of air at 750 rpm. Iis hub diameter is 260 mm and hub 0 tp
ratio is /3. The static propenties at entry 98.4 kPa and 35°C, determine (a) overall

efficiency. if gy = 0.9, (b} power required, (c) Now cacﬂ‘clcm {d)rmm inlet and exit
angle. {¢) AP in mm of WG if yy = 0.79.

Solution _
¢ = 04 m = 35kg/sc N = T50mpm T, = 35°C
Dy | L
D = el — - P = N:|
" 0.26 m D, 3 | ‘93 kPa
O = 09 ny = 079

AxIaL FLOW COMPRESSORS AND Fans < {71

(a) Overall efficiency

0 = fwxny=09x%x079
711%

(b) Power required _
‘ ' [ AP _ i
Ideal work, W m (—")

LPlp = - n Y

i

Mean velocity, U = ———

Dy + Dy

Doy

2
D = 3x026=078m

! 2

Il

gy PROSTXT0 o

60

Now

ap 204827 o4
p 2
= B3.3951/kg

pJ
“’tdcal = —;- ®m

= B3.395x 3.5
= 291.88W

v ) Widenl
Power required —
L

291.88
0.9
= 32432W

(c) Flow coefficient

m
Coe = ';'A'

) = P _ 98X
RT, ~ 287 x 308

A = ’%(Dg - Dl = %(0.783 - 0.267)

= 0.425m?

E;x. ~

=
R,
AT st



g

=

3

172 » Turno MACINNES

Co = 33 7.399

T T3 w0425 T IAPImis
C, 7.309

¢ = U = 2042 =036

¢ = 0.6

(d) Rotor inlet and exit angle
¥ = 2d(tanA; — 1angs)

04
tnfly - tanfh = _:é;} = . _i)—:‘if\ = (L56
2 2 % ()] :

W/m = U(Cyi - Cxy)
Cxp = 0. No intet puide vanes

Wim e UCrs = U] — ¢ tan i33)

83.395 = 20.42%(1 — 0.36 tan fy)
Ba = 6597
and " - !
tan fl; = mnﬂz—i-z—g

If

tan 65.77 + 0.56
B = 70231
(e) Pressure developed

ar

% 83.395
1.113 % 83,395
4282 N/m*

It

il

Al = APjpg
92.82/10" x 9.81
9.46 x 10~ m

= %46 mmofl W.G.

It

Il

SHORT QUESTIONS

4.1. What is an axial flow compressor?
4.2, 'Wh\m are the advantages and disudvantages of an oxial flow compressor?
4.3. The axial flow compressors are ideal for constant load applications. Why?

4.4, The efiiciency of the axial low compressor is very sensitive to the mass flow
rate. (True or False)

AxIAL FLow COMPRESSORS ANDFANS < 173

4.5, In the compressors, the blades [orm a diverging passage and the fluid is de-
celerated. (True or False) -
4.6. The advantages of an axial flow compressor are
ta) higher pressure ratio and mass {low rate
{h) high thrust per unit frontal area
{¢) both (o) and (b} .
4.7. The blade height is decreased as the fluid moves through the axial flow com-
pressor. Why?
4.8. In axial low compressor, there is no flow in the radial direction.(True/Falsc)
4.9. What is the basie principle of working of an axtal flow compressor?-
4.10. What are the [unctions of the diffuser (or) straighiener biades tha are installed
at the end of the last stage of an axial flow compressor?
4.11. What is an axial flow compressor stage? .
4.12. Draw the inlet and outlet velocity diagrams for an axial flow compressor stage.,
4.13. What is a normal axial low compressor stage? ' '
4.14. Inlet relative velocity is greater than the outlet relative velocity, (True/False)
4.15, 1nthe rotor of an axial flow compressor,
(a} horrer = Mozret e
(5) horeer < hozret
{c) horret > hozrer

. . *
4.16. Draw the Mollier chant for an axial flow compressor stage.
4.17. The axial low compressor receives no contribution from the change in tan-

gential veloeity. (True/False)

4,18, Define and express the total-to-1otal axial flow compressor efliciency. o
4.19. What is work dona-foctor? ‘ '
4.20. Work done fuctor —— as the number of axial flow compressor stage increases,
4.21. Decfine stage loading.

4.22. Define reaction ratio.

4.23. Reaction ratio of a axial flow compressor stage is

(2) R =¢tan ﬂ,,,/Z
th)y R = ¢wun f,
(c) R=2¢tan By

4,24, Define flow cocflicient. )
4.25. Define reaction ratio for incompressible flow machines.
4.26. For a reaction ratio of 50 per cent

(a) the static enthalpy and temperature increase in the stator and rotor are not
equal. '

(b) the superimposed velocity diagram is not symmetrical.

{c) none of the above. ‘

4.27. For a reaction ratio of more than 50% the static enthalpy rise in the rotor is

greater than in the stator. (True/False)

4,28. When reaction ratio is less than 50%, the static pressure and enthalpy rise arc

greater in the stator ‘than in the rotor. (True/False)

4.29. A reaction ratic of 50% is widely used. Why?
4.30. A reaclion ratio of 50% is the condition for maximum temperature rise and

efficiency. {True/False)
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431,
4.32,
4,33,
434,
. 4.35,
4.36.
4.37.
438,
4.39.
4.40.

441,

4.1
4.2

4.3,
4.4.

4.5.

4.6,

4.7.

4.8,

4.9,

4.10.

Define compressor stage efficiency.
Whal is compressor stall?

What is rotating compressor stall?
What is compressot surging?

Why are longer blades used in aircraft cornpressors" ;"

Define radial equilibrivm in compressors. B

What are free vortex blades? )

In free voriex blade degree of reaction decreases from ifp 1o hub, {True/False)
What are {orced vortex blades?

In multistage campression. the slage pressure rise for lhc same (emperature rise
18 equal. (True/False)

Cverall total pressure ratio of a multistage axia] flow compmawm is c.qual o
Ir=13 1
{a) (ATﬂ averalt) ]"“ ' '

(h) (ATq, m:rrrlH)"" &=n
() (ATg.averutt)? _]

EXERCISES
Draw a sketch of an axial low compressor with inlet guide vanes and explain
the working principle of the compressor. '
Draw velocity triangle at the entry and exit for the axtal compressor stage.
Draw the h-s diagram for a complete axial low compressor stage.
{a) What is the work done factor for an axial compressor stage? How does it
vary with the number of stages?
(b} Defline: (n) flow coefficient (b) stage loading and (c) pressurc cocl'ﬁut.nt
for an axial compressor stage.
Define the degree of reaction for an axial flow compressor stage. Prove the
following relations.

{a) R= %tp(lan Bi 4+ tan B2)

(b} R =11+ ¢tan fa — tana)}/2
(c) R=[1+¢(tan §) —tana3)]/2 .
Draw superimpased velocity riangles for the following axial compressor stages.
() R=05MIR<0S5(c)R>05

Prove that

(&) fj—;—’& = ¢{lanar — AN}

(b} ']tp_' (A Plouge/ U Cy(tanaz — lana) )

What is surging in axinl-liow compressors? What are its effects? Describe
bnelly

What is stalling in an axial compressor stage? How is u developed? Why is it
called rotating stall?

What is radial equilibrium method? Explain briefly.

'

4.19.

4.20.

4.21.

4.22.
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. Prave that the condition for radial equilibrium is

d . d, .
ZE(rCr) +3‘;(Cﬂ) =

. What is lree vortex blade? Derive the work done and reaction rauo for a free

vortex blade.

. What is a constant reaction blade?
. What is a forced vortex blade? Draw the velocity triangles at the root and tip

of a forced vortex blade.

. Prove the following Tor a multistage compressor,

() Msrage ™ Oemnpressor

by T _ ("'bu”)""’“’”
T

. Compare a centrilugal compressor with an axial flow compressor,
. Describe the fields of application of centrifugal and axial Now compressors,

Explain why nowadays axial flow compressors are largely used for aviation
#as turbines.

. An axial Now compressor stage with 50% reaction has the following data. Air

inlet stagnation temperature —290 K, relative flow angle at rotor outlet mea-
sured from the axial direction —32°, fipw coefficient —0.55, relative machine
number on to the rotor —0.75 If the stage is normal, what is the stagnation
temperature rise in the first stage of the compressor? {Ans: 26.1 K]
An axial low compressar stage draws air from with the stagnation conditions
of 1 bar and 35°C, Assuming & 50% reaction stage with a flow coefficicnt of
0.52 and the ratio AC; /U = 0.25. Find the rotar blade angles al the inlet and
the exit as well as the mean rotor specd. The total-to-total efficiency of the stage
is 0.87 when the stage produces a tolal-to-total pressure ratio of 1.23. Find also
the pressure coefficient and the power input to the syslemn, assuming the work
input factor to be 0.86. The mass flow raie is 12 ky/s. {B.D.U Aprit "96)
[Ans: (a) 50.24°,35.79° (b) 317.5 m/s (c) 0.43 and (d) 260k W}
An axial low compressor stage is to be designed for a stagnation temperature
rise of 20 K. The work done factor is (192 and the blade velocities at the root,
mean radius and tip are 157.5,210and 262.5 m/s respectively. The axial velocity
is constant from root to tip and is 157.5 m/s. If the reaction ratio o1 the mean
radius is 0.5, What are the inlet and outlet air and blade angles al the root, mean
radius and tip for a free vortex design? Calculate also the reaction at the root
und tip.
[Ans: (a) &) oy = Baw = 1B.78% vy = 81y = 44.8° @), = 15.21°
By =58.37° oy = 38.45° B2, = 40.9°. o, = 24.38° By, = 2B.68°
oy, = 52.94° Ba, = —17.95° (b) Ry = 0.68 and R, = 0.112}
An alternative design proposal 10 that in the above problem is to have 50%
reaction along the whole blade. What, then will the air and blade angles be?
[Ans: o)y = B2, = 29.64" o2, = By, = 47.64° o1, = By, = 3AX
oz, = fiy, = 43.23°)
An axial flow compressor under test in a laboratory exhibils o stage loading of
0.4 for a reaction ratio of 0.65 and flow coefficient 0.55. It is decided 10 reduce
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the mass flow by 7 per cent while the hlade speed is kept constant and it is
assumed under this new condition that the relative flow exit angles for both the
rotor and stator remain unchanged. What is the slage loading and reaction at
the new condition? Assume the work done factor is 0.9,

[Ans: 0.435 and 0.64]

4.23, An axial flow compressor delivers 2 total pressure ralio of 6, the total head

pressure und lemperature st entry being 0.408 mPa and 300 K respectively, and
the overall isentropie efficiency being 82 per cent. The degree of reaction is
30 per cent and all stages contribule an cqual amount of work. At a particular
stage, the blade speed at the mean height is 203 m/s. and the axia] velacity is
171 mfs. If the absolute air angle entering the rotor at this stage is 157 and the
work done facior is .92, determine., (a) the rotor air inlet angle. (b) the number
of stages required. (c) the static temperature of the air 2t entry to the rotor and
{d) the rotor inlet relative machine number,

[Ans: () 42.6° (b) 12 (c) 284.4 k and (d) 0.687]

4.24. A multistage axial compressor is required for compressing air al 293 K through

a pressure ratjo of 5 to 1. Each stage is to be 50% reaction and the mean blade
speed 275 m/s. flaw coefficient 0.5, and (he slage loading factor 0.3 are taken
as constant for all stages. Determine the ow aigles and the number of slages
required if the stage cfficiency is B8.8%. Take Cp = 1.005 kKi/kgandr = 1.4
for air. Also, find the overall efliciency of the compressor.

; [Ans: (3) oy = f3 = 35° and 3 = B} = 52.45° () 9 {c) 86.3%]

4.25. An axial Now compressor has 10 stoges and the rollowing.dam apply 1o each

stage at the mean diameter, Blade speed —~200 m/s, reaction ~@,5, polytropic
eflicicncy —0.48, aage ciliciency --0.84. Angle of absolule air velocity ot
rotor intet —13%, and at rotor outlet —45° , work done [actor —~0.86. Stagnation
pressurc and temperature ot inlet are 99.3 kPa and 15°C respectively, Determine
the total pressure ratio of the first stage and the overall stalic pressure ratio,

[Ans: (a) 1.24 (b) 5.46)

\/4.26. Each stage of an axial Now comprissor of 50% reaction, has the saome mean

blade speed and szme flow outlel angle of 30° relative o blades, The menn flow
cocflicient is 0.5 and remains constant, Al entry 1o first slage the stagnation
condition of air is 101.3 kPa and 278 K and static pressure is 87.3 kPa and
Nlow area is 0,372 m2. Using compressible Nlow analysis, find mass flow rate
and Mow velocity. Find the shaft power when there are 6 such stages when
mechanical elficiency is 0.9, (MU-April 97

[Ans: (a) 56.1 kg/s (b) 132.1 m/s and {c} 11021 kW)

4.27. Anaxial low compressor has constant axial velocity throughout the compressor

of 160 m/s, a mean blade speed of 244 m/s and delivers a pressure ratio of 5:1.
Each stage is ol 50% reaction and the relative outlei air angles are the same, 30°,
for each stage. If a polytropic efficiency of §8 per cent is assumed, determinc
the number of stages in the COmpressor. [Ans;: 14)

4.28.°A helicopler gas turbine plant consists of a four stage axial flow compressor,

The axial compressor has stage temperature rise of 30°C, using symmctrical
stages with a stator outlet angle of 20° If the mean diameter of each stage is
250 mm and each stage is identical. The polytropic efficiency is 92 per cent,

4.29.

Jaso.

4.31.

4,32,

. 4.33.

\( 4,34,

4,35,
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Calculate the rcquired rotational speed, Assume a workdone factor of 0.86 and
2 constant axial velocity of 150 m/s. Estimate the tolal pressure rise across the -
con;prcssor. _ [Ans: (a) 19,070 rpm (b) 3.07]
A huliisiage axia) flow compressor is to have constantaxial velocity qf 150 m/fs
and 50% reaction. The pressure ratio developed is 4 and the inﬁm'u:sfm:] stage
efficiency is 85%. The temperature at the entry is 20°C. The mean diameter of
the blade ring is 35 cm and speed is 15,000 rpm. The exit angle of the blades
in each row is 27°, Calculate the blade angle at inlet, the number of slages .and
pressure ratio of each stege. ‘ (MRKU-April '56)
[Ans: (2) 52,92° (b} 6 and (c) 1.38) ‘
A ten stage axial flow compressor has a pressure ratio ol" 6.6 and isemro?ic
efficiency 90%. The compressor has symmetrical stages and the compression
process is adiabatic. The axial velocity is uniform across the stage at 125 m/s
and the mean blade speed of each stage is 200 mv/s. If the air at 27°C enters the

.compressor at the rate of 3 kg/s, determine the direction of air at entry and exit

from the rotor'and stator blades, Also compute the power supplied to air.
(MKU-April "92)
(Aps: (a) oy = f7 = 17.8° and oz = ) = 51.97° (b) T18.17 kW)
An axial compressor stage has a mean diameter 55 cm and runs at 15,000 rpm.
If the actual temperature rise and pressure ratio developed are 32°C and 1‘.4 .
respectively, determine (a) the power required to drive the compressor while
delivering 57 kg/s of air. Assume mechanical efficiency as 85 per cent and.an
initial temperature of 35°C (b) the stage efficiency and {¢) the degree ofn:if\c‘uon
if the temperature at the rotor exit is 55°C. (MKU-April *98)
: [Ans: (a) 2156.6 kW, (b) 96.8% (c) 0.625) '
An gir compressor has eight stages of equal pressure ratio 1.35, The flow rate
through the compressor and its overa!l efficiency are 50 kg/s agd 82% respec-
tively. If the condition of air at entry are | bar and 40°C, dclcrm.:r?c {a) the slate
of air at the compressor exit, (b) polytropic efficiency, {c) cﬂ:c:ur.u:y of cach
stage and (d) the power input assuming overall efliciency of the drive as 90%.
(MKU-Nov. '96)
[Ans: (2} 11.03 bar and 689.8 K, (b) 87.1% (c) 86.5% and (d) 21.03 mW]
A fan takes in 2.5m3 /s of air at 1.02 bar and 42°C and deliversit at 70 cm W.G.
and 52°C. Determine the mass flow rate through the fan, the power reguired 10
drive the fan and the static fan efficiency. ‘ (MKU-Nov. "96)
[Ans: (a) 2.82 kg/s, (b) 28.34 KW and (¢) 59.5%]
An axial ducted fan without any guide vanes has a pressure coefficient of 0.38
and delivers 3kg/s of air at 750 rpm. Its hub and tip diameters arc_?.s cm and_75
cm respectively. If the conditions at the entry are 1.0 bar ar-ud 38°C. deternmine
(a) air angles at the entry and exit, (b) pressure developed in mm WG, (¢) fan

elficiency and (d) power required to drive the fan if the overall efficiency of the

drive is 85%, L : .

[Ans: {(a) 70.85%, 66°, (b) 8.36 mm of WG, {c) 86.3% and (d}) 299.3.6 W}
An axial fan consisting of rotor only has the following data. Hub andl tip di-
amelcrs are 30 and 60 cm respectively. Speed 1000 mpm. rclaliye air exit gn;lc :
12°, axial velocity 6 m/s. Inlet static properties: 101 kPa and 315 K. Determine
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(a) rotor blade angle inlet, (b) static pressure rise, (c) ovérall efficiency for a
power input of 1.15 kW, (d) degree of reaction and (e) pressure coefficient.
[Ans: (a) 75.7° (b) 59.7 mm WG, (c) 65% (d) 52.6% and (e) 1.89)

\/4-36. Inan axial fiow fan the rator and inlet guide vanes are symmelrical and arranged

for 50% reaction. The hub and tip diameters are 45 cm and 75 cm respectively,
Speed is 960 rpm. The motor power is § kW, The static properties of air al
inlet are 100 kPa and 305 K. If the fan efficiency is 82% and the mechanical
efficiency of the drive is 87%, find, the rotor angles at inlet and exit and pressure
cocfficient, if the quantity of air handled is 6 m3/s.

[Ans: (0) f; = a2 = 52.5%, fia = o, = 6.6° and (b) 1.37]

4.37. The first stage of an axial flow compressor develops a pressure ratio of 1.2:1.

Theinlet pressure and temperature are | bar and 31° C respectively. The overall
cl_'ﬁcicncy of the compressor is 83%. The flow coefficient is 0.47. The velocily
dmgr-um is symmetrical and at mean radius, the ratio of change of whirl velocily
to axial velocity is 0.5. Determine the compressor speed if the mean* diameter
iy 50 cm, (MKU-April '93)

[Ans: 11056 rpm)

4.38. The condition of air at the inlet of an axial air compressor is P = 768 mm

af Hg, T} = 41°C. At the mean blade section, the diameter and peripheral
veloeity are 500 mm and 100 m/s respectively. 8| = 51°, o) = 7°, B2 = 9°,
mass flow rate is 25 kg/s. Work done factor is 0.95 and mechanical efficiency

. 15 92% slage efficiency is 88%. Determine (a) air ahgle at the stator entry (b)
. blade height at entry (c) hub to tip ratio (d) stage loading coefficient. (e) stage
pressure ratio () power input and (g) relative machine number at the rotorinlel,
[Ans: (a) S0.2° (b) 0.19 m {c) 0.45. (d} 0.75 (¢} 1.08 (f}204.7 kW

and {g) 0.33)

\/4.39. An axial compressor stage has mean diameter 600 mm and runs at 250 ps.

* The actual temperature rise is 30°C and the pressure ratio developed is 1.35.

Inlet lcmpcralurc is 35°C and the temperature rise in the rotor is 20°C, Mass
ﬂuw.ralc is 50'kg/s and the mechanical efficiency is 85%, determine, (a) power
required o drive the compressor (b) degree of reaction (c) loading coefficient
{d) stage efficiency. {(MU-Oct. '99)

[Ans: (a) 1773.5 kW (b) 0.67 (c) 0.136 and (d) 91.9%]

4.40. The conditions of air at the entry of an axial compressor stage are Py = 768 mm

of Hg and 71 = 314 K. The angles at the mean blade sections are ap = 7°,

A =51% 1 = 9. The mean diameter and the peripheral speed are 500 mm

and 100m/s respectively. Mass flow rate through the stage is 25 kp/s, the werk

done factor is 0.95. mechanical efficiency is 2% and stage efficiency is 88%.

Assuming free voriex flow, determine () air and blade angles of rotor, (b) flow
co-eflicient, () loading co-eflicient at the hub, mean and tip sectians.

lAns: (@Yo, = 7" a2, = 50.2°, A= 51 g, =9,

a1y =50 ey = 4099, 8y, = 60.7". Ba, = 45.2",

®Le = 11.21° 03, = 62.68°, i, = 32.75°, fa, = —47.58¢°

(b) 0.74,0.53,1.18 and (c) 0.75, (.395, 1.96]

4.41. Anaxial flow compressor comprises a numberof similar stages with equal work

done per stage. The axial velocity remains constant throughaut the compressor,

AXIAL FLOW COMPHESSORS ANDFANS < 179,

_ QOverall 1o0ta) pressure ratio —3.5, total inlet temperature —333 K, relative air

Jaa.

4.43.

Va.aa,

4.45,

‘/4_4(1.

angle at rotor inlel and outlet are respectively 40° and 10°, blade velocity
—185 m/s, overall total-head isentropic efficiency —87%, degree of reaction
—0.5. Compute (a) Total cuilet temperature and (b) no. of stages.

‘ : [Ans: (a) 497,7 K and (b) 8]
Find the polytropic efficiency of an axial flow.compressor. with symmetrical
stages from the following data. Total head pressure ratio —4, overall (otal head
isentropic efficiency —85%. lotal head inlet temperature ~290 K, The inlet
and outlet air angles from the rotor hlades are respeciively 45° and 10°, the
mean blade speed is 220 m/s, and the work done factor is 0.R6. The axial
velocity remains constant throughout the compressor. Find the nuinher of stages
required. Also find the inlet machine number relative to rotor at the mean blade
height of the first stage. [Ans: (a) 87.6%. (b) 6 and (c) 0.8)
The velocities for upstream and downstream of an open propeller fan are 5 and
25 m/s respectively, The propeller diameter is 50 cm, If the ambient conditions
are 1.02 bar and 37°C, Determine for the mean flow velocity through the pro-
peller, (a) low rate () total pressure developed and (¢) the power required if
the overall efficiency of the fan is 40% (MU-Oct. '98)

[Ans: (a) 3.37 kg/s, (D) 35 mm of W.G and (c) 2.52 kW]
An axial fan consisting of rotor {(no IGV) has the following data: hub dia =
280 mm hub-1ip ratio = 1/2, speed = 1000 rpm. relative air exit angle = 107,
axial velocity = 5.5 mv/s, inlet static properties, 102 kPa and 310 K. Deter-
mine (a} flow coefficient (b} rotor blade angle at inlet (c) static pressure risc
{d) overall efficiency (e) degree of reaction, The power inpul is 1.2 kW,
An axial [low compressor stage is designed on forced voriex principle. The
following dala refer Lo the stage at mean radius: mean diameter-0.5 m, periph-
eral speed-100 m/s, mass flow rate-25kp/s. o) = a3 = 7°, 02 = 50.18%. | =
51° and 8z = 90°. Calculate (a) air and blade angles (b) specific work (c) load-
ing cocfficient and {d) degree of reaction at hub, mean and tip scetions. The air
enters the stage al Py = 768 mm ol Hg and Ty = 314 K.

[Ans: {a)a|m =T o2 = 50.18° By = 31° B2, = §F
oy p = A4.31% gy = 37.04° By = 37.19° By 4 = 5.69°
oy = 973 oz, = 58.33° 8y, = 59.94° f2, = 12.09°

(b) 7929 J/kg, 3048.2 Ifkg, 15099.27 Mkg, (¢) 0.7929, 0.7929. (0.7929,
(d)(1L513.0.555,0.5]

An axial compressor stage has the Tollowing duta: pressure and temperature o
entry are 1.0 bar and 20°C, mean blade ring diameter—36 cm, speed-18,0(K)
rpimn. blade height at entry—6 cm. degree of reaction—50%, axial velocity—-180
m/s. Air angles at rotor entry and slator exit—25°, Assume forced voriex, flow.
Determine {a) rotor hlade air angles (h) degree of reaction (c) specific work
{d) Now coefficient and (e loading coeflicient at the hub, mean and tip sections.
[Ans: (a) @y, = Ba = 25Y, 2w = fra = 54.82% a1y = fay = 20057,
wry = e = 4799 a1y = oy = 30.64%, a2y = B, = 60.98

(b) 58561 kg, 40389.4 I/ke, 79164 Jikg,

{c)0.531, (1678, 0.418, 0.7929, (d) 0.505. 0.505, 0.505,

{1 0.5. 0.5, 0.5]
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INTRODUCTION '

Axial flow steam and gas turbines are turbomachines that expand a conlinuously :
flowing fluid essentially in the axial direction.
Development of the axial flow steam and_gas turbine was hindered by the need 1o
oblain botha hlgh flow rate and compression ratio from a compressor to_maintain the E
.E‘.E‘W and subsequcnl expansion of the exhaust
gases. Initially, the air was provided by centrifugal comprcsm_m_f
Howcomprussors were developed and used insjorbojet engines, in which _lh_e_gL;r (
developed by the-turbine is.panly uscd_{g_n_m the axial flow compresso ( O r__m_ﬂ l
Axlal flow wrbine has very wide applications ranging from aircralt pﬂgulsmn 1o
industrial and marine plants. In this chapter, steam and gas turbines are considered | .
. 5 oy’ e
‘together, with the assumption thal the same € theory applies to both types of machines. Ly P2 S
This is only valid..when the nature of the steam usedin steam _{urbine exists in the SE‘ ol o
— e e e ;
superheated state which is assumed to behave as an ideal gas. Nowadays, 1 ays. the pe power
outpuy ol steam lurbines varies from few kilowalts (o 660 kW, {To huve & high power
outpul, superheated steam using superhcater is made | _QEMML tu below
nlmnsp_m.ﬂ__g;gs__gr"g"l_njhg_@gﬁcnser. toextract the maximum energy from the slcam)
Gas turbines are used as lhe_power unit for Iargc]cl aircrafl propulsion. because they
have a very high power to welghl ratjo. In the case o@ct propulsion, 1o have |
encugh ot thrust, high axial velocities are desirable. Usually@ne, or at the m moSLIWY
aows of nozzles and blades are requireth But/gasturbings Which art used in indusirial
“ormaring planisrequire large number of stages. This is required 1o reduce the carry-
over loss, and (o reduce the Joad on the blades fo give the rbine a long, workmg life.
Steam turbines are rc used | in fc fossd guel ggw_‘;g,smlpns and for sleam driven pmpulsmn

n ships. a[ihough gas wrbine propulsion units are often fitted in the smaller class of
naval vessels.

DESCRIPTION

The principle ol encrgy extraction from the gas is gradually reducing the high presstire
energy by converting it inlo kinelic energy. This is accomplished by passing the gas
alternately through rows of fixed and moving blades. The kinetic cnergy of the gas is

/
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" reduced in the moving blades. which are attached 10 the turbine hub and recovered in
the fixed slalionnry blades autached to the casing (Fig. 5.1).

Stator blade
(\,ﬁde/DU ;9’(__);_“_? ' )
e
] \ Steam in \‘ A ’lUL ,L,uw/—r——uf L._/IL,QJ,,
e AN
Syt !
Spmsmett. 22850 3 N o]
- . L

U"“'J 8l wg—— Shafi

\/G"‘F(fﬁbi/ C/U"/-"

Stator (or)
casin -
e & Steum ouwt

. Figure 5.1 Axial flow rurbins Y os ?V—(

The density of the gas gradually decreases as the gas moves through the turbine, and
_ lo maintain a constant axial flow_velocily, the blade height is increased towards the
low pressure end. -
‘The stator row is often termed as the nozzle row and in certain types of steam turbine
the nozzle row consists of a set of converging nozzles spaced around the drum.
- While examining the ﬁow-lhrough the stage, the following assumptions will be made.

. . Flow condltmne. are cvelualed at the mean radius, unless otherwise stated.
2 Blade he:ghl/rnean radius is small, allowmg two-dimensional flow theory to be

used,
3. Radial velocities are zero.

VELOCITY TRIANGLES FOR AN AXIAL FLOW TURBINE

A single wrbine stage and velocily triangles are shown in the Fig. 5.2. ‘ '
Cor ‘-FJ/) 2 WL ,:’\ ‘,".f‘!

Ca 7
—‘-|Z e e 1"{)'”’)
g™~ ‘

Kﬂllor Tow & \
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} Rutor mw;)— /
L—__I A7 JBSL
ﬁ W W v
Ci<C —= pas (_-,/fuu,_

hgu.re 5.2 Velocity trinngles for an axiel flow gas (or stear) lurbine stage
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‘A row of stator blades lollowed by a sel of rotor blades is considered to be a stage’.
The inlet o the stator blades is designated by the subscript 0. Inlet to the rotor sectionis
referred by subscript-1 and outlet from the rotor section is indicated with subscripi-2.
All flow angles are measured from the axial direction and care must be taken when the
flow angles are measured from the direction of blade motion i.e. tangential direction.

The gas leaves the stalor blades with absolute velocity € at angle o) and by
subtracting the blade velacity vector U, the relative velocity vector atenlry to the rotor,
Wiis is determined. In moving across the rotor blade, the flow dm.clmn is changed and
“the pressure reduced while the absolute velocily is decressed and the relative velocity
__increases. The gas lea leaves the blade tangentially at angle f; with relntive velocity Wy,

" Nectorially subtracting (he blade speed results in the absolute velocity €, This is
now the inlet velocity (o the next stator row at angle a2, which for a normal stage
equals Cq al ap. o 7 '

Fora_ nnrmui slubc

-

oo -
! [*'!u" (__J(_r,/:ﬂa‘-' (_g,l,},yo {,‘7

[Cz Copeand ey = uqJ

STAGE WORK AND DIAGRAM EFFICIENGY

The two velocity iriangles are superimposed upon each other in Fig, 5.3. The energy
transfer is given by the Euler's wrbine cquation,

Work done .

C'xl , (.',')(J
1":‘;‘:' Lw-"UDIJc"I')\.l
Figure (5'3 Superimpased w!m:rrv rrmnglr:

l‘,ﬂd

and since Cy,y is in the negative x direction, the work done per unit mass flow is given

by Can =(_a.'i
Eg=W/m = [J(C: +Cy) (5.2
. = UMW Wy g (53)

B}
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p
IfCyy # Cus there' will be an axial thrust in the Aow direction. However. it is assumed
that the axial velocity C, is constant and therelore

. W/im = UC,,(tana. —+ tan cvg) (5.4)
or . 1—‘77' LJ‘Q'?O’/’ Lj'/ l
Wim = UC,{lan gy 4 tan f2) {5.5)

Fquation {(5.8) is ofien referred to oy the dingrum work per unit mass flow and
associated with this is the diagram elliciency. Diagram efficiency (or)

Blade efficiency = Diagram work done per nnit mass flow
age. ¥y = T’gorﬁ available per unii mass {Tow
= U(Wy, 4 W) /(CE/2) (5.6)

The diagram efficicacy is aiso called the *utilisation-factdt’. The utilisation factor
is high in most modern rbines and has & value beiween 90% and 95%.

h-s DIAGRAM FOR AN AXIAL : Lo
FLOW TURBINE ) Poo Je,ﬁ’utu.—

The Mollier or h-s diagram [(or an axial / Pa .
flow turbine is shown in the Fig, 5:4. Total 00,7~ -9 L N o 2hoo
pressure Py and total enthalpy figg refer j/ &

to the stator inlet conditions. For adiabatic ﬂ 9 [

flow through the stator row or nozzle ring
hge = ho) but owing to irreversibilities,
the tatal pressure drops to Ppy at stator
outlet {or rotor inlet). Expunsion to Py
and total enthalpy fip3 takes place in the
rotor similar to the axial flow compressor.
In this case also

cin

—

[t}
(128 I
+ The work done per unit mass flow by the 0285 =" kS

gus is given by Py

25 1
' 2
W/im = hog — hoz = hor —hoa (3.7) TS%/ . .

or
W/im = Cp(Tm Toz) 5.8 . s
—e T T Figure 5.4 Mollier chart for expansion through
an axial flow steam or gas turbine stage
Substituting for W/m [rom equation (5.8) in equation (5.5)

: ch,(rm ~ Ta) = UC,(tan B + tan ﬁ;)) (5.9)

It should be noted that the work done facior{}) is not used in cquation (5.9). This
is because, in o gas or sleam turbine, flow through the blade passage is accelerating

P, CAnS Ve

1 R .

"‘U/j(""}é))’ it }’QLL‘;‘U‘: L":uy’,’tél'.ﬁby_’/-’. L
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as opposed to decelerating, The effect of boundary - lajer growth in the turbine is
.acgligible. For a normal stage in which Co = Cg,'the stauc tcmpcraiure drop across
the siage equals the lom! temperature drop. .

ie. ‘ﬂTg—Tz Toa — Toz[Co-—Cw] ‘

The turbine stage total- lO—lDla! isentropic efficiency is defined as \,\a.

T Actual work done by the gasJ hw "l”lil-
Mot =

Isentropic work done i'ua ~here
Mot = (Too = To2)/(Too = Tous) (5.10),
Thus '
Too—Tor = Me—1Tooll — Toass/ Too)
Two—Tor = m=iToo [1 = (Poa/ Po)'"' | (511

To prove that, across the turbine rotor hoi.ret = hoa.rer, we proceed as follows
The work done per unit mass flow rate is

W/m = hpy — hoz [hoo = hor)
Writing i

CZ
hd=h+—2—=h+(c§+cf)/2

: €2 -2 '
Then hpy — hgz = (I — B2} + (_‘_iz__l) = U(Cy, + Csy)

C
]Il —-hz = -(:‘ﬁ%—r-'IZU - (C:. - CA;)]

C“ - U = Wxt
C‘x: + U WI]

Il

w
hi—hy = %‘%—ﬁiw ~ €)W+ Call

hy—h = 1 = +» Cy = constant

Hence,

hotret = ho2rel



186 » TURBO MACHINES

STATOR (N?EquI;E) AND ROTOR LOSSES

SR T 1 e e e bk

wo isentropic efficicncies commonly used in axial flow twrbine work are
L. Total-to-total efficiency
2. Total-te-static efficiency

1. Total-to-total Efficiency (y,,)

This is used when the kinetic encrgy atthe outlet of the stage is utilised far producing
_work. Examp]cs for such cases are the propelling nozzle
any ifucrmcdialu stage of a mulii-stage turbine where (he leaving kinetic energy is
used in the following stage. In delining the efficiency, the temperature limits are taken
between total temperatures and hence it is referred to as total-to-total cfficiency,

oo~ - ?
— (7 ’ - -
[m, = h”i_hﬂ_z_ AT e Corpinpi
00 — fQ2ss ~ T = ) - I
s hO _ l‘lz [f (WI’}}}UJ) r:/,__[’ A ga-rt 4.4
= f‘to . or a normal stage Cg = C;) _ (5.12)

. f— | -
2. Total-to-static Efficiency (n,,) S =l

This is used when the leaving kinetic ener y is was(ed, andjgnkb_il is not utilised (o
. generate work, N is defined as N

o Tee >
_ hoo — ha /55
i = h()() _ ’11__”- &yz} (5.!3)

For a normal stage
——ER

. pg_‘,_ﬂ-‘(_}'j"/;(—kc'/’/‘b“co =

L

and @p = a7 and

Upon rearranging ';L);J(_r_r‘yr’{':-'?—_d/‘)
M = Che = h2)/lthe — ha) + (ha = hao) + (hay — hyss)] (5.14)

But considering, the slope of a constant pressure Jine on the h-s diagram given by
@h/ds)p =T
Tds =dh — 0dp
when p = conslant -
T = (3h/ds)p
For a finite change of enthalpy Ah at constant pressure

' Ah > TAs

of a turbojet exhaust, and

AXiAL FLOW STEAM AND GAS TURBINES € 1‘87

Therefore, (fizs — h2s5) = Talsa, — 5255)
And (hy — hp) = Tilsy — 5y,)

'By examining the Mollier char, it is clear that
(5, ;st:) = {$) — 511)
So. substituting this in the above equation, -
(hay = Ayy) = (To/ Ty = hyg) {(5.1%)
The dimensionless loss cocfﬂpienls may be defined in lwo ways.

() For the nozzle
The enthalpy loss coefficient

Lty L, c_ﬂyiz__uf? Ly = (= hi:)/(0.5)C} | (5.16)
(or) the pressure loss coefficient

Al Ctolie Yy = (Pog = Po/{Por = P1)

s

1
= . (Fpy — Pol)/ (EPC%)

- e e AT

{ii) For the rotor,

The enthalpy loss coefficient

L = (h — h1,)/0.5W2 | (5.17)

{or) the pressure loss coefficient

P Yp = (Pg],-,.,_ :,fDQ?ffi,?/.(.{Joz"’ - )

-

e e T I
‘ g = (Poy,, — Pm,_,,)‘/_(_'z'ﬂwzz)

The value ol L{or) Yinthesla d rotor gives the percentage drop of energy due to
friction in =5, which results in a total pressure and static enthalpy drop across
the blades, The Josses are usually in the order of 10-15 per cens and in proportion
with flow coeflicient. Losses can be lower for very low values of flow coefficient.

Total-to-total cfficiency is calcutated in terms of blade loss coefficient, equations
{5.15), (5.16) and (5.17) being substituted in (5.14})

2

: . F 2 2
v : LaW. T C
i _,1:?'1 "L; 4. sty = (ho ~ ha)/ l:(ho —ha) + LR + (_ILN_l):‘z (5.18)

n"2

&

D‘ék -
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If the exit velocity is not uscd, the tatal to static efficiency.in terms. of blade loss
coefficients 15 given by '

fgo — hoa
The = ,——
itog — ltass
For a normal stage Cp = Cy. Hence,
/I[) -J'l2

iy = mem oy

c
hn -+ '2‘1 - hBJ.t

Upon rearranging

ho - hz C‘g .

s = o~ ha) + (g — higs) + (hgs — gy | 2

From equations 5.15. 5.16, 5.17 and the above cquation, we get

LgW? T C} '
| nes = tho — ha}/Ithe — h2) + RZ 2 +'7'.ELN7'+C§/2} % (5.19)
: |

BLADE LOADING COEFFICIENT

The work capacity of the stage is expressed in terms of a temperature drop coefficient
{or) ‘bladc loading coefficient’ !

. é/i‘;/b
” . w Cp(To1 — Toz2)
O Gl o (W= = T (5.20)
{tdv_)'\:‘m") - u ]
or Co_ b Yot
. u’ - - ‘ -
¥ = Cylan g +tan o}/ U
l‘l’f = ¢{ian f -Han.Bzﬂ (5.21)

where ¢ {5 the low coelficient.

The implication of a low Mow coefficient is that the frictional losses are reduced in
the stage, since, C; is low. yy decreases with the decrease in @. This implies that only
a small amount of work is done per stage. Hence, [or a required overall power output,
a large number of stages are required,

Tn stationary industrial power plants where the specific fucl consumption is of prime

blade lopding, giving a high efficiency, would probably be accepted{ Whereas, gas
wurbine used in ajrcraft propulsion have minimum weight and a small Tronta] area as
chief factors. This means using higher values of flow coefficient and blade loading
factor 1o give a shorter compact turbine, But as a consequence, the efficiency is lower,
The foregoing discussion is summarized in the following lable.

1

ALY Ve F AU
A—
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T
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Table 5.1 _
S.No Category Prime factor ¢ and Yy Turbine size
' and n
1. Stationary  Specific fuel Low ~ L‘argcand
industrial’  consumption high
turbine ‘ .
2. Aircraft gas  Minimum weight and ' Compact .
turbine a small frontal area”  High and low
) _ o
Ko Kﬂf,ﬂ"f#’&”t"?‘()}(&x/)
2.5 090 ~h J e

c{“ﬂjdw 01l g
‘ fj”‘—”

'

PR T U N R
1.5 _
Ve F gl Gy AP e =™

- T PRI
Figure 5.5  Blade looding coefficient versus fiow coefficient o { f? L Py KIS

From' the graph of blade Joading coefficient versus flow coefficient (Fig. 5.5). itis 2,0 (52 L

coen that, for a high lotal-to-total fﬁ;;igncy.ﬁmrblgggjoadipg fgs;l‘or should be as ]P‘W ‘oi L;»; 2]
as_possible. [T blade loading factor is low, the fow coefficient will be low, resulting -

“in a high blade speed (U_= Co/2). which is consistent with allowable blade stresses. «; f, 5 - 4

inli y with sli iation i P small. This
However, the varintion of T with slight_vanation-in the @ is very small. Thi }
is true for wide choice of re Zion ratlos. In contrast,\the total-to-static cm_cif:m.;y uy_/b/ L;i/,ﬁ!sb
heavily dependent upon the reaction ratio-and *n.;” can be optimised at a given ¥~ -
by choosing a svitable value of maction) ,

: e L
-

Steam turbinesare usually impulseor -amixture of impulse and reaction stages whereas
_ Steam turbinesarn P

as turbines tend to be alway, .
The pressure ratio of steam wrbines can be of the order of 1000 : 1 but for a gas

turbine it is usually within ihe order of 10 : 1. So it is ebvivus that a very long steam
_urbine with many reaction slages would be required 1o seduce the pressure by a
ratio of 1000: 1. If the pressure drop per stage is made large 10 rcducF the number of
stages, the blade Ica%gemdlm cfﬁcncncyZ'Ihcrcforc‘
reactionstages are used where the pressure drop per Stagg is low and afso where the
‘overall pressvre ratio of the lur‘twaine is relauvely low (as ml an aero-engine in .whlch .
three (or)four reaction stages of {or) near 5Q) per cent reaction at the mean radius are

employed). Se, the shape of the blade varies with the different types of stages.
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|
IMPULSE BLADING UJ“J’ Uy

The entire pressure drop of the gas_eccurs
w.the stator. In the rotor the gas velocity
changt.s the direction but not magnitude.
Impulse blading is employed successfully
al the high-pressure end of steam turbines.

Nozz-

N
TPy

B @-

R
';LW*/(-\,-'I/Q,_;

Moving blade

Ty

"-"U L - _f"(_))

The velocity of the steam is increased in the Inlet i ']_c" s
convergent nozzle raw Lo perhaps 800 m/sec Pr-— e d el

bc[ommmumh_mﬂw and passing
through them ol constant pressure, A simple
impulse wrbine is shown in Fig. 5.6,

Disgram efficiency is given by equation

Exit velocity
bt

- 5.6. o
. Co ln}clT Exit pressure '
2 5L g e LRyl velecy ) , ST
Figure 5.6 Pressure velocity diagram ¥

for a simple impulse turbine

ot

AR Ul ot 7

uw, W, “ ’
ADiagram = ‘L—%LI-Z) s/
2 - - . ' L
icl L_)-*'Ueﬂ—-q_: LT AR 3tp)

Wt + W2 can be rearranged as
Wi+ W= Wysin g, + Wi sin fy

(\_}?"L:'] LLJ lrj‘_.)’,- ;");('.)b(")

putting 8y = £ for impulse or zero reaction -
Wet + Wez = Wy sin 81(1 + Wg) LA
Where *Wg' is the relative velocity ratio
_,8—-* WyW,
Wai + Woa = (C) sin ey — U1 + Wp)
Therefore, -
VPR P
Tongan = 2U(C) sin aq—zU)(l +Wgy ¢ "?"-:V'r Corr
Cl . .""'U"‘ 3
- ‘ ‘ s
= 2[(U/c,)sm o - (U/C|)2](I + W) o (54 “’W,
For maximum diagram efficiency, differentiate the above A
s equation with -~
{U/C. ) and equate to zero, Then sin a; — 20/Cy =0o0r K N respect o
o =U/C) = sin /2 (5.23)
where & is blade (o gas speed ratio, Thus, '
4 | Mmaraiag = [sin? /2] x (1 + W) ba
.For an ideal wrbine, Wg = | ‘
)?,, [ Hmar.ding = sinzm [~ {5.24)

e
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This equation indicates that the npzzle angle o, )
should be as high as possible, the ideal being ﬁ/
BuLgl_iiﬂrlilLd_bLg,, Large oy means
smalter *C,," resulting in_longer blades 1o ac-
commodate the required mass flow rate, Typi-
val nozzle angles arc between 657, and 78° The
rotor blade passages are ususlly of constant-
area symmetrical cross section (Fig. 5.7) with
inlet angle (#) and outlet angle (#2) of 45°.
Delaval turbine is an example of impulse wr-
bine. Figure 5.7

Constant-
arca passage

(i§!
lenpulse turbine blades

: 'f')’(_}jfejj‘) c__L»f‘
COMPOUNDING {(OR) STAGING ﬂ—“’w()/-"‘f"f‘ D}/

The WH entering_the. tgr_bim;_b,&dc_b‘:g very high, i.e. in the order of
L300 mis, if the entire pressure drop from boiler pressure to condenser pressure is
carried oul in a single stage nozzle as in simple impulse turbine (Delaval wrbine).

Wum_mwﬂrccllxgmmﬂl\TWam velocily, the turbine speed

is increased as a result of high steam velocity, Speed may be in the order of 30,000

Ipm, Such high rpm of the turbine rotors are notuseful for_pracllca_purposes and a

reduction gearing is necessary belween the turbine and the generator driven by the

wrbine., There is also a danper of structum]_[aﬂnn:&_@lg_h]_adg_ due 10 excessive

centrifugal stress, Therefore the velocity of the blades is_ L:mncd o about 400 m/s.

The velocity of the steam at the exitof the twirbine 15 also high, when & single stage of

bades are used. This gwcs riscto a cons:dcrablu loss of kinetic encrgy of aboul 10
to t2%.

These difficullies associated with the use of single stage \urbine for large pressure
drop and high speed is solved by compounding i.e. the use of more than one stage.

The types of compounding or staging are

{a) Pressure compounding: The total pressuge drop of steam is divided into stages.

{b) Velocity compounding: The total enthalpy drop is converted into kinetic encrgy

in one stage but the conversion of kinetic energy of stcam into mcchamcal eneIgy is
divided inlo stages.

{¢) Pressure and velocity compounding: The total pressure drop of sicam 15 divided
into stages and the velocity obtained in each stage is also compounded. This has the
advantage of allowing a bigger pressure drop in each stage. Consequently less stages
are necessary and a compact turbme will suffice for a given pres.sure drop.

(_j"Lnu)

TWO STAGE PRESSURE COMPOUNDED /
IMPULSE TURBINE (g2 .o - 2 LU A a Ap ) f‘")w

A number.of si : impulse wrhines stapes, arranged in series is known as pressure

_compounding. In lhlb. two stage pressure compounded impulse turbine, two impulse

wrbipe (simple) are placed in series {The twrbine is provided with one row of ﬁxcd

blades which work as nozzles at the entry of each raw of moving blades. The total

B 0 P G S s

)

Lwﬂi 1 * g_u:u::i‘ %.‘_‘-:_._«I i}.._u—_.z{?"*’

£

£
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pressure drop of the steam takes place in all the rows of fixed blades since they all

work as nozzles. o a
ATIG ey _gk,fa o )'4-(1_’].\; ¥
MNozzle M F M

rlezzie (2

—

—= -

Inlet
preksure

|
/

/- ~ Specific volume

W
\\ L__J —lp C‘onalm

| i :r, Condenser

- pressure

!
[

1

Exit velocity

\ -
Velocity of e
stear at inlet

Figure 5.8 Presmra. velocity and speclfic volume diagram for ¢ two stage pressure
compounded impulse turbine

As_t_ljg_p_:gas_uggmggt_g_am gradually decreases, the specific volume of the steam
gradually i increases. Therefore, the blade height has to be increased towards the low

The pressurc and velocity variations across the turbine are shown in Fig. 5.8,

Examples for this type oflurb/ines are 'RATEAU TURBINE' and ZyELL‘{ TUR- '

BINE' —- P B
e S A GC e (oo

TWO STAGE VELOCITY COMPOUNDED IMPULSE TURBINE

The arrangement of a two stage velocity compounded impulse turbine issshown in the
Fig. 5.9. There is only one set of nozzles and two or more rows of moving blades (in
this case two rows of maving blades), There is n row of fixed blades in between the
moving blades as shown in Fig. 5.9. The function of the fixed blades is only to dircet
the stcam coming from the first moving row (o the next moving row. So, these are aiso
known as ‘Gulde blades’ | The enthalpy drop takes place only in the nozzie at the first
stage and it {s converted ihto kinctic enerpy. The kinetic energy of the steam gained
in the nozzles is successively absorbed by the rows of moving blades and finally the
stcam is exhausted from the last row of the blades.

The varlanon of pressure and velocity of the steam along the axis are also shown in
the Flg 5.9.

[}
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w wrde Liades

Nozzie M F M

] ~]
e

e Nolzile (22

mmizg, Llader a__ﬁ-'._”‘

T [ Luc@ ."r“c»f(t 2t
L]Ii ]

ah:-—-b FIM Liu;:-;, P . - . .
1 Ly 1#)$‘”’Ju1u}”d)u,)w
' & -
T L }L”I}/"-"’(;—-"'DL(/J’H } \.AJ‘L.)—’LI
o s S Specific volume '
ol steam
alentry \
X Jflnlc—f . E ~ Exit velochy
welociky

Condenser pressure

Figure 5.9  Pressure, velocity and specific volume diogram of iwa siage velocity
compounded impulse turbine

Example for velocity compounded impulse turbine is ‘CURTIS TURBINE'.
The specific volume of 1he steam remains cnnmm_as_thc_m:am_ﬁnws along the axis
of the turbine. Hence, the blade height-ds same:in-all-rews.
{The velocity con_lpoundcd turbines are mainly used as drives for ce -
pressors, Eumgs.small generators and {or driving feed pumps in big power units. J

L A
4 (J/“’ LA AN .

—

PEATT LY e (4 : %

Figure 5.10  Two stage velocity compounded impulse turbine
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VELOCITY TRIANGLES OF THE TWO STAGE IMPULSE TURBINE

The velocity triangles for a two stage impulse lurbine are shown in Fig. 5.10. Fig.
5.1(¢ay and (b) show the combined velocily triangles of each stage.

e ’
k Work done B b

‘J(ﬂ‘\l l‘-"“/lﬁ-u_;'
- i, -y
P p b e Wy W ‘
. | / |
')«"J J/
- ot b,
e ISR

Figure 5.10(a) Superimposed velocity rrmng!e.r far first smg

JL*{ 6
There is always a certain loss of ve- .

\L,,.l«",_;,-,v"*g)y 4 ‘l J‘ e

k4

locity during the Now of steam over the ¢

blade and this loss is taken into account
by mlmducmg a facior callcd blade ve-
HWHY CO ﬂ'l‘
Blade wvelocity coclicient (Wg) is
piven by, We = Wi/,
(The nlalW{,ﬂLam in the
impuiseturbine blade remains constant
as the steam glides over the blades (or}
is reduced slightly due to [riction.

Figure 5.10(b) Superimposed velocity
triangles for second siage

In reaction turbine blades the steam expands as it flows over the moving blades. This
increases the relative velocity of steam, ;
W. > W,  (Reaction-turbines) S S T .
Wi < W forlmpulse wrbines) I e s Dol o [y
Power fur the two rows of blades = mU{AW,, + AW,,,) T,ﬂ Yy
where ‘
AW, = change of velocity of whirl of blade row | {(W; ~ W)
AW,,, = change of velocity of whirl of blade row 2 (W) ~ W))

W(AW,, +AaW,,,) k.

"’L’L}/)/w 3 T
ST c; e

Blade (or) diagram efticiency =

Note that the r_uferencu here is still to the kinetic energy of the input steam (C"'/Z)

End thrust = m(AC,, + AC,,,)

wheére
AC, = chnngt. in axml veloeily of blade row 1.
NCa,p = change in axial velacity of hlade row 2,
Nute that enther ¢, (nr) c,.,, cun hv.. m_liv; {or) n;buuvc

ey st
'

N
ﬂ sVl P T
AXIAL FLow §TEAM A;UGASTURBINES < 195
DIAGRAM EFFICIENCY OF A TWO STAGE @RT@TURBINE
Waork done per untt mass flow from the first row of moving blades is given by
(W/imn = UGy +Cqy)
,»-.,, »nj: Cj = U(C)sinx) -+ Casinag) .
N Ul(Wysin gy + U) 4 (Wasin fy — U] {5.25}
Assuming symmectrical blades with no friction loss, W) = W2 and ) = B2
(W/my, = 2UW;sinf
) : = 2HC sing) — U] (5.26)
AU . o
. Woark done from the second row of moving blades,
e b ) .
(s ),‘/' (W/m)z = U(C1\+C‘2)
o o = U{C)sina) + Cysines) {5.27)
Assuming that €] = Ca, &| = a1 nnd ‘:_‘_:"._f_g_g_.
- = U(Ch sina) (5.28)
Yo f l_%j
Equation (5.27) can be writlen as
= U[(W, sinﬁ; + U) + (Wysin g3 — U))
If” 1= ﬂ"(symmamcal blades} and W’ = Wj__sno blade friction), then
e T
(W/m)s = 2U W/ sin f|
Wysin By = C) si_nu; -u
But from cquation 5,28 (C'[ sing = Ca sina
And
Casingr = Wisinfly - U
= Wpsinfi) —
= (C #in'm -uUy-u
/ ¢
= C l —_ 2U
W= 3'3’.:-1 ]b;alce o Ya, 0 7. G
Therefore, R AT
(W/m)-:;i—ZUW! sinf; = ?.U[Cl singy — 3U) (5.29)
The wtal work dane per uait mass flow T
(Wimia = (W/m)) & {(W/im)
' = 2U|C)sinay — U]+ U C sinay — U] (5.3
= 2U|2C) siney ~4U|
1
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For a two slage turbing,

. .
d“ @3/): 2U12C singy — 4}

cir

Uy . U\
B(E)nmm - Iﬁ(a) (5.31)

= Hosing, — 1602

U
wherc g = s is the blade speed ratin.

o
For maximum efticiency,

drh”u
— 0
da
SBsingy — 320 = ) {5.32)
. sin oy
U(:pl = 4

e e op NI B TS I e

The maximum diagram efficiency is

e T 8sin®a 16si‘nzcn (5.33)
dig g )= e = 16— .
(e a 16
' = sinfmy

e T i)

The maximum work done is

@m" 2w [26, (flcg) —4u]
!
= 2U14U} = 8U° (5.34)

From the foregoing analysis, we can write, in general, for *n' rows of blades the
optimum blade speed rtio

oo (5.3da)
In

~0-2 A U}__f Gapt =

. !
Work done in the lasl row = = ol total work.
——_—‘-n_—--n.—-—'-"'-—ﬂ——L

0 . . . sin o
I'vus for a three row velocity compounded turbine, the ideal ¢ = s
Tow wmm;; 18 of thc tatnl work,

sino

and the last

Comparing the relations ¢ =

for a single stage impuilse turhmc and
siner

for a two row impulse turbine, we find that for the same blade speed
and the sgme nozzle angle, the steam velocity at the nozzle exit (C)) of two rows
velocity compounded impulse turbine is twice that for a simple impulse trbine.
Since blade work is proportional te kinetic energy, theorctically the work of a iwo -

row CURTIS stage is four times that of a simple stage, for the same blade speed.

AxiaLFLOW STEAM AND GAS TURBINES < 197
REACTION BLADING

The_pressure reduces through succeeding stator and rotor rows, the velogit

creased at the expense of pressure dro and this necessitates a blade passage 1hal is
convergent lowards the outlet. .
T

For 50 per cent reaction _the statar and rotor blades will be the same, (whercas zero

reaction implies impuls ith co_rlsl_nﬂw:uca passages and
no change in flow velocity. ] cncuon of 10Q per cent implies that the stator biades are

MMW ype. The inlet angle £; for the reaction blade is almosi
zero (f1 = 0) while thé profile of the back of the blade is almost linear.

Xy 2 £ ’/
B, (smal angle)

A

Convergent gas
path Ay > Ay

Almost straight
al trailing edge

Figure 5,11 Reaction blading

Reaction blading is often shrouded at the tips, especially if the blades are long. This
aids in prcvcnuncr cxcesswe  vibration by tying the blades mgclhcr and 7 and thus ciumgmg
them from cantilevers to blades {ixed at both ends (Fig. 5.11).

7 P S
THE REACTION TURBINE — 7.7 ALl ﬂ),a PhrPo A

Consiruction of the reaction turbine is somewhar different l'rum that oof the impulse
turbine.

ﬂ/A/luLg;/ UsGen® o

/7
; l—Turhingcasﬁng ; ] > Dircetion of d@w)/ ~L—;, % IJU,J_S
n ﬂ }AIU steam flow
: B St.;gc | Z"d Stage
Sgtm Fixed blade Moving blade ! ! d

:Figure 5,12 Reaction surbine

(E;scntially. the reaction turbine consists of rows of blades mountedon a dru(m. These
drum blades are separated by rows of fixed blades mounted in the casing.

Sl A A0

Joer;
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Unlike the 1mpu§s¢: turbine, (no nozzles as such, are mounted ip a reaction turbine.

The fixed blades 4ct as nozz]cs in which the velocr_y of the steam is ipcreased and

they also. dlrct:L_lhc_sleam correct_ly onto the m lgg_pjg_d_cs_,,_.
The diameter of both rotor and casing varies (increases) towards the low pressure
side. This is mainly due 1o increase in specific volume, as the pressure of the steam
' decreases.{ The steam velocily in a reaction turbine jg.not very high and hence the
speed of the turbine is relatively ]DWQ
A reaction wrhine is illustrated dingrammatically in the Fig. 5.12.

~Inthis wrkine, the power is obtained mainly by an lmpulsivc force of !he incoming
/ steam and small reactive force of the outgoing steam. ™~ T
WS UU‘,J»_ e gt@o koM

\

umm‘U?(_p-//v ,L.j (_LL;’,’,J

N

A S
l:‘EJ?Q'Jjw L/’_/f'Y Inlet

pressure

I

e T oy
Pl ety ot
./V':,u%j‘_/" A’J’;UH L!Lf 0;" J"

. 4
oA - {?J?.?’J':r} }P"Uﬂ;/a’{f / \
- - [nlet Exit pressure

velocity

b

Exit velocity -

Figure 5,13  Pressure and velocity variations across a reaction iurbine

The shape of the moving_ blades is_so designed to have the reactive foree of the

él_cn‘vklﬁlcam. To accomplish this arca of the outlet between the two moving blades
will be réduced than that at the inlet Fig . 5.13(a).

_%}%_ 2'%

<
Maving blades of

h ; Moving blades of
' impulse turbine reaction urbine

Figure 5.13(a)

This pressure and velocity variations across a reaction turbine is shown in the Fig.
5.13.

The steam also expands in the moving blades)cf a reaction turbine with consequent

© pressure dropand velocity increase in these moving biades. This is unlike the impulse

turhine where the pressure drop takes place in the nozzles only and not in the wrbise,

1
=J!J

e o G

Al

b”’“”fd”wv by s §\§§ SR S
_ \ )
I

e
| ‘
Jl_f ?;Jd‘j/o)»ﬂ .

AXtaL Frow STeaM aNn GasTurames < 199

. J ’
’,'ij{_‘:)(;? L.

This, cxpansion in the moving blades of a reaction turbine gives an extra reaction
to the mqving_b_lgd}cg over that which would be obtained if the blades were impulse.
This extra reaclion gives its name to the turbine, the ‘reaction turbine’.

(in a reaction turbine g stage is made up of a row of fixed blades lollowed by a row
of moving blades. Steam acceleration usually occurs in both the fixed and moving
blade rows and hence the slcam passagc between the blades are nozle shaped. So,
the bludes of reaction tarbine differ fram that of the impulse wrhine.

There is_pn_enthalpy drop in 1 the

- steam during ity pdbsng_lhmugh the c D

blades which produces the accceler-
ations The extent 1o which the en-
thalpy drop ovcurs in the moving
bludes is called the *degree of reac-
Hon', T

Ir 50% of the enthalpy drop occurs
in theaTBving Blades; the stage will A u L
Qgh_uld_S_QZr___r;,_aﬂmn..hLagc A —5—(—):72 Figure 5.14  Superimposed velocity iriangles
reaction stage i3 more commen in a for a reactian, urbine
reaction_turbine, But in_an impaulse Keaediv?! 50/
twrbine, the entire eathalpy deop aceurs in the fixed blades,

'_‘(""’....'J(IL_JLJP "\‘/Y\jl

VELOCITY DIAGRAM FOR REACT!ON TURBINE STAGE

B

The velacity diagram for a reaciion turbine stage is illustrated in the Fig. 314, The

diagram ilustrated is symmetrical, showing equal accelerations in_both ﬁ:_r.g.d and
movine blades and hence this dingeam iHustrates the condition of SO0% reactiog,

Due (0 aceeleration in the moving blades Wi > W and thus, other things being
cqual. there is a greater change in velocity of whirl over thal, which would be obtained
with impulse blading. Velocities are however, lower than that, which would be found
i mpulse turbines,

With the symmetrical diagrani iBustrated, there is no change in velocity of flow and
henee no end thrust due 1o this phcnnmcnnn)

However in o reaction turbine, there is a pressure drop across each stage and due o
this. together with the blade annulus area presented, an end thrust will result,

As with the impulse turbine

W)Wcr = mU {change in velocity of whirl)

End thrust (due to velocity change) = m{change in velocity of [low)

Huwever the stage efficiency must be related to the energy available o the stage.
In this case energy available 1o the stage is given by Al = Sp. enthalpy drop in stage.
Stage efficiency

Ny Wark done in stuge
Enthalpy drop in stage

B

E_..
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- mU(W.n + W.rz)
m{Aah)
U(W,, + W)
Ah

STAGE EFFICIENCY OF A REACTION TURBINE

-+ | Stage ‘cfﬁckicncy

The stage efficiency of a reaction lurbine is the ratio of work done to the energy input

Us[gs — U(W\w + W,l‘g)
.=
ct { W3 W} 539
i
Rewriting, |
' Nsiage = UtWe, + sz)
cl-c? [wi-wl\ 2 536)
+ =2 Ly 22
2 2 2
For a twrbine of 0.5 reaction,
Cy = Wrand G =W,
e = frandaz =4
Considering the numerator of equation 5.36 U(W,, + W,,),
W.\. + W.rz = (Cx| - U)+ w;z
= Cysina; — U 4 Wysin 2
{or)
Wy + W, = Crsingg — U+ Csinag
= 2C|sinay — U
L UWe + W) = 2UCsing - U? (5.37

Considering the denominutur of equation 5.30,

2 __ 2
cl -3 . Wi — wi + E_g_ wi-wl wi-wiz w?
2 2 2 2 2 2

AXIAL PLOW STRAM AN GAS TuRBINES < 201

(or)
2wj - w}
= —t 5.38
2 { )
Substituting equations (5.37) & (5.38) in equation (5.36),
202UC siney = U?)
= 5.39
Nstage 2W12 — W;I { )
Using cosine rule,
' wi = Cl+U?=2UC sine
and W = €
Equation (5.39) becomes
_ 22U C siney — U?)
Mstoge = 3CT (CT+ U - 2UCsinm)
. 2[2UCy siney — U
T (C}-U242UCsine)
_ 22UCysinen — U+ cl-c}
- (C? - U2 +42UC sine) v
- oo 2C7
(C} - U+ 20Csine)
or
2
I‘«' f' 3 —
[ Nt z,('f e = 2_l U)2+2U '
; . - = — sine
o t ; ek AL SRS AP e M T Cl« — .-C.'.‘J,’_\-.A._‘.,_l,,___
o S (5.405
' - | —o?4 20 sine) E
' 7,
where g = & called the blade to gas speed ratio,
1
Maximum Stage Efﬂclency
This is found from the term 1 — o2 = 20 sinen.
This term should be maximum for the g o be ma:umum
" gﬂ = =20 -2sinay =0
do
g = sinm (541

So,
2

1 —sin?ay + 2sin’ o

Maruz siage
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2
—
1 +sin?q,

2Si|.'|2 [s4]
Ty —
|+ sin? o

X%

= 72

Urmr L}

REACTION RATIO

T-hc_rcaclwp rotio of an axial flow turbine
as the reaction ratig of an nxial n
stage,
Rt .

The reaction ratia & s given by

1ao Slﬂlll'c enthalpy drop agrosy rotor
Static enthalpy drop across stage

Al
o — ha

= Ap — ha
R
:-:( ")

ck 2
C..
~ [hgs = 22

( 02‘ 3 )

hpg — =8
0=

‘But for a normal stage Gy = € and since
b = i

‘ R M-t
hgl - /102 . .

Rcmcmbering thathy,,,, = hoa,,, then by, 1 —hor = (," o)t
fri crel = | Rt

."md sghslitutmg forhiy — hyin equation (5.44),
Wi —w}?
[2(hp) ~ hga)]
Wi — Wi
| 2U0(C,, + C 1]
15 assumed to be consiang through the slage, then

R

v I

Irc,

2
Wy = clyw?
’ g
W = C,f—i-w;"
.
R = Wo - wi

L WEowp

2U(U + “,-"l + H’.r; - U)

(W ~ W )Wy, + W, W, - w,
WW Wy = gt

ft

(Wl -wly
-"———2-——:_ -_—

{5.43)

hoo = hoy in the nozzle

(5.44)

=1

(3.45)

AXIAL FLOW STEAM ANDGAS TURBINES < 203
.

Cultan B2 —tan gy}, -
2U
¢(tan f2 — tan f1) (5.46)

Equation (5.46) can be rearcanged into o second form

Wiy - Wy,

R =
2U

Put Wy, ={C, -

Then, R = (Cutan fa) [C,. taney U ]

U Wy U

Co(tan B2 = tane )
. 4
0.5+ [ 2 ] (5.47)

i

And a third form is given by substituting for

U+C,
tan fiy = EZ—') = (tanory + U/Cy)
. [ .

" Equation (5.47) then becomes

1

U
/ = 14 [Cﬂ(lanazgu—- lanm):l (5.48)

/d}“” (_)JCTD/) Ml riete et ¥t ean " n T "1,_— JI-\'_-L
{8) Zero reaction stage Il R =0, lrom cqualion {5.46), B2 = B and from
L e 0 e
Equation (5.45) Wa = W, f- c_rf e
The conditions of gas through the stage, and the accompanying velocity triangles

are shown in the ligure 5.15 (a).

Ca (lanag + CE. - tanu,)

R = 05+

o

h
L Qlrei_ | O2rel

C-’ﬂfh-c.
o hy<hy |-

Iss 23
(1) (b)

Figure 5.15(a) Zero reaction axial gas turbine

The velacity triangle is inclined more towards the left.
[deally, fur reversible adiabatic ltow, the points 1,2 and 25 on the Moilier chart should

coincide, snd in that case no pressure drop occurs in the rotor,

T — R
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(b) Pure impulse stage 1nhis stage by def-
inition there is o pressure drop in the rotor. For
reversible adiabatic flow, the points 1,2 and 2s will
coincide (Fig 5.15 (h)).
(¢} Negative reaction stage Idcally, forre-
versible adiabalic flow, the points 1,2 and 25 on the
Mollier chart coincide in the zero reaction stage.
Dcrcfore. with iseniropic ow conditions prevail-
Ing the zeto reaction stage is cxactly the same as
the impulse stage. However when the flow js irre-
'versihlc. they are not same and in fact an increase
in.enthalpy gceurs in the rolor of the impjusc stage : ’
fplg._ﬁ. 15 (¢)). This stuge is referred go as negative g o S ()
reaction slage. S S EO
Fornchnliyc resctionstage, Wy < W, (fromequa- ir"’}(’(
tion (5.45)) thereby causing diffusion of the the rela- 25 2" {: -
tive velocity vector in the rotor and a subsequent rise #
in pressure. This condition should be avoided, since
adverse pressure gradients causing Nlow so aration ' is

on the blade surfaces results in poor efficiency.
—— T ArEsTesull

Figure 5.15(b)  Pure impuise
stage in an axial gas turbine -

5

(d) 50 ) ' Figure 5.15(c) Negative reaction
percemnfreactionstage When R = (151, i =

B m s, Also o W 2ge | _,_“‘U.i romcqu-uuon(.'i.d-'iggz =,

i) = =W L2 = Wi This results in a symmmetrical veluci

.I.hcf'ﬂéf.’ in enthalpy in the siator and rotor are cqual {Fig. 5.15 (d)).
\ 0 - :

ly diaggln.

L\Q“"I’I = L\ '-_J\?

#1 e 0

Fipure 5.15(e)

. Figure 5.15(d) |

Figure 5.15(d) A 50 per cent reaction Stage in an axial gas turbine
Figure 5.15(e) A 100 per ceni reaction Stage in an axial gas wrbine '

[:{:'-' —-‘—P’qli‘yt

P

ho 111 = @

<t SO
AXIALFLOW STEAM AND GAS TuRBINES < 205

{e) 100 per cent reaction stage
When R = | (equation 5.48) gives o) = a2
and &= Ca. The velocity diagram is in-
clinédTothe right. Thereis no static enthalpy
drop in the stator (Fig. 5.15 ().

(O' R@écﬁbn more than 100% In. R |

creasing the reaction ratio o greater than |

v

—-

_..111_‘/!’_'3 “-—2"“’”(‘-’-’1'} &

,LQ - L”
Vs

il

gives rise 1o diffusion in the Statér passages L e )
ornozzles with C; < Co (Fig. 5.15(1). This e e i
situation should also be avoided because of  Figure 5.15(/)  Stage expansion with T,

reaction more than 100 per cent

the likelihood of flow separation on the sta-
in an axial gas rurbine

tor blade surfaces.

STAGE EFFICIENCY, TURBINE EFFICIENCY AND
REHEAT FACTOR :

Fig. 5.16 shows the expansion of steam through & number of turbine stages. A, B,
represents the isentropic expansion in the first stage, The actual state of steam with
frictional] reheating is shown by point Ay. So the actual heat drop is A1 C). Similarly,
the isentropic and acteal stages of heat drop for the succeeding stages are shown in
Fig. 5.16 by A1B;. A383 and A3C5, A3C; and so on, .

The drop A D represents the overall isentropic heat drop (er) Rankine heat drop
between the Inlet and outlet state of steam. ‘ Co

The sum of the isentropic drops in all stages of the turbine (A | B + A3 B2 + A1 By 4-
...) is called the *Cumulative enthalpy drop’. The cumulative enthalpy drop is always
greater than Rankine enthalpy drop (Ay.D) as the constant pressure lines diverge from
left 1o right on the Mollier chart.

N
VNN ’f'\}
D
M
L
1“[‘/
a0

S—

Figure 5.16 Expansion process in a mul.ris:ag(‘mrbine

.
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The stage efficiency for the given stage is

Actual enthalpy drop

iy -
, 2| Isentropic enthulpy drop

A Cy
Ay B).

A C
22 and so on.
Az82 !

ey =

I

and 1y

The reheqy factor is defined as the ralio of the cumulative enthalpy drop 1o the

Rankine c_;ilhalpy drop and it is given by,

_AIB + A Bt

R.F =
AD
n=3
ZlAan
For 3 stages = > £5.49)
or 3 stages D -

The wrhine interal efiiciency is defined as (he ratio of the total actual wrbine work
10 the Rankine work. : .

AIC) +A2C + - Q}J"/PJO)/'_L’

ArD
=1
2 AnCy
n=|
= (5.5M
AaD
My, = 0,y = 4, 18 assumed
n = MG AG AG
" A1B; T A8y T AiB3 )
_ AIG+ A + AG
T ABi+ A1Br + A3B:
n=3
Z AqCa -~ - . L
e o= S — s ) 1! (5.51)
3 AnB,
e =1.

From equations (5.50) and (5.51),

AxIAlLFLow STEAM ANDQAS TURBINES ~ 207
.
e
R.F
n, x R.F

=
£

=
|

FREE VORTEX DESIGN

Free voriex principle is used for the design of long blades.
o\t sbres

. Edho ‘ ) .
Far constant stagnation enthalpy across the annulus | — = ¢ | and constant axial

velogity ( lig—' =1 ! the whirl component of velecity C; is inversely proportional
. L

to the radjus. Radial equilibriuem is achieved in free vortex design only when

along the blade height.

CONSTANT NOZZLE ANGLE STAGE

- pared 10 twisted nozzle blades, For a constant absolute airangle (o) stage and radial

cquiltbrium, the relationship between mean section and any sectjon at radius, 7, 1%
. e > [ =sl, e

Ci.om T C

C

if oy

Ty C“ _ C“I =(22)sm:ul
T

Vm

IMPULSE TURBINES VERSUS REACTION TURBINES

The salient differences between an impluse turbine and reaction turbine are stated
below.

(1) 1o impulse urbine. the fluid is expanded completely in the nozzle and it remains
at constant pressure during its passuge through the moving blades,
In reaction wrhine the fluid is only partially expanded in the nozzle and the
remalining expansions take place in the rotor blades,
(2) In impulse wrbines when the fluid glides over the moving blades, the rela-
tive velocity of lluid etther remains constant or reduces slightly due to friction
(ie, Wy < Wy
In reaction wirbine, since the Nuid 15 conlinuously expanding, relative veloeity
does increase (W2 > W),
Impulse blades ure of the plate or profile types and are symmetsical us shown in
Fig. 5.17. Reaction turhine blades have acrofoil section and are asymmetrica!.
The blade is thicker at ane end {Fig. 5.17) and this provides a suitable shaped
passage for the Huid to expand.

{3

—

1)

cd— i AT
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Dil‘c_clion ‘of RCBC.licm
motion of l\urbme

“blades ﬁ -

Figure 5.17

{4) The blades of an impluse turbine are only in action when they are in front of the

- nozzles. whereas blades of the reaction wrbine are in action all the time

{5) Impulse turbines have the same pressure on the two sides of the rolor'bladcs
whereas different pressures exist on the two sides of the moving blade of al
reiction turbine.

(6) Because of smal) pressure drop in each stage, the number of stages required for

a reaction turbine are much greater than those for an impulse turbine of the same

power,

(7) The Auid velocity and the blade speed for a reaction turbine are low as compared
witht those of an impulse wrbine,

Im%ulsch -
turbine

-

(8) The variation of dingram efficiency with blade speed ratio is shown in Fig. 5,18,

On comparing both impulse turbine and reaction turbine, it is clear from the graph

that, for a reaction turbine the efficiency curve is reasonably fat in the region

of maximun diageam efficiency. This point is of great significance as the small
S Y

variations in the blade speced ratio (E‘-‘ » can be accepted without having much
!

variation in the value of diagram efficiency.

|8} !.'—_,-‘P m%: S"“ﬁ YC{ \ i .
4+ )
i) S|
2sin?q, KJD’ A
"dia 1+5in? a,
__S.i_'lz_”'_l_ Reaction
- turbine
Simple . / ,
impulse -
rbine ’ f (—"‘-“’"f’ﬂ el
J/}J);P:
Sin &) Sin a;
2
U/Cl"‘%

Figure 5,18 Variation of diagram efficiency with blade speed ralio

INTERNAL LOSSES IN TURBINES Cne? tads

An ideal lurpine would develop work equivalent 1o the isentropic heat drop of the
steam. Bull. in practice, the actual work oblained from a turbine is much less than
the theoretical work (or) isentropic work. This difference is due 10 the various losses

enumecrated as follows,

—
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(a) Governor valve fasses Usually all turbines are fitted with governors for
the purpose of speed regulation, The first loss occurs here in the form ol “thwiling.
at the main stop valve, This loss may be of the order of 510 10%

(b) Nozzle friction Josses  The friction and eddies cause some pressure drop
in (e nozzle but The most significant Joss occurs in the. velocity.of the jer at the exit
of the nozzle. This loss may amount to another 5 to 10%

(c) Blade friction Josses Due to this loss, the relative velocity of steam at the

/, inlet Lo the blade is correspondingly reduced at the exit of the blade’

| - w ,
.,;)< Akols ),-")(,Jl’/"’ O{'u)/d_ o <y e U

W ,
where Wh,a coelficient which varies from 0.7 to 0.9, which takes inio sccount the .
. MO N LBl .

/ loss in velocity due to friction.

et (d) Dise friction losses  When the disc (or) the turbine wheel rotales ina dense
- tor) viscous medium like steam, certain fluid resisiance is experienced by the wheel.

2?00 As a result, the moying, steam creates a drag on the steam which sgis it in motion.
| /.fr - ¢ = Also.acertain definite “circulation” of steam within the wheel openings is developed,
("” M- hereby increasing the frictional losses. [tis difficult to reduce the losses due to such

drag forces. kn'owr; as ‘disc friction losses’, in wrbines. This loss is about 10%.

. (@) Partlal a(?{n';‘gsion losses |n the [irst stage of a high pressure turbine, -
- owing (o comparatively Sall area fequired for the nozzies, the latter extend over
the whole periphery of the stage and thus a few blades remain pantially filled with
steam, in which the low also gets disturbed considerably. There will be centaip eddies
produced in the channgls of the idle blades. Since the casing is full of stcam, even
these blades which are not under the direct influence of jets will chum (shake) the
steam eddies and thus produoce ‘fan fosses® (or} *winduge losses’ which are known
as partial admission losses, Altempts may be made (o reduce these losses by fitung
stationary shiclds around the moving blades which are not receiving the steam.

(f) Gland fgakage losses Thereis a small loss of energy in cach stage of the
turbine, owing 1o the leakage of steam from one wheel chamber to the next through
the glands. Here some space helween the djaphram and the shaft may be existing and
_ead 1o leakage. Actually, the function of glands at high pressure end is 10 check the
leakage of steam to the atmosphere, while that at the low pressure end is Lo prevent
in-leakage of air (o the wrbine, However, even a best type of glund is susceptible 10
leaks and causes such type of lusses. Two types of glands nre in general use.

| o2

Atelsy

o

SUE Y. (i) The carbon ring glands
’ {ii) The Tabyrinth packing glands, which minimise the gland leakape losses,
(g} Residual velocity loss In the final stage of a urbine, the kinvtic encrgy
corresponding to the final absotute velocity of the steam as it leaves the wheel is lost
wholly {or) partially. Arrangement may be made to recover a part of the energy by
reducing the velocily between the last stage arid the exhaust branch, This type of 1683
is known as the_residual velocity oss, and may be reduced also by providing guide
vanes in the exhaust hood (o perform some diffuser action, This loss is equal 10 the
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C‘é[ where Cz is the absolute velocity of the steam at the blade exil. - When this

kinetic energy is passed over to the nexi stage, it is termed “carry over’,
“In addluon to these losscs there may be some loss of heat enegy duc to *radiation’

h Loss due to moisture. In the lower stages of the turbine, the steam may
become wet as the velocity of water particles is lower than that of the steam. So a part
of !he kinctic energy of stcam is lost to drag the water particles a]ong with it.

GOVERNING OF TURBINES . 127 /5 »u’ff”’

In a normal turbine driving an alternater, the energy outpm will vary in accordance
with the load. The ebjeclive_of a governor is to maintain the speed of the turbine
constant irrespective of the lond. The performance of the turbine ilself depends, 1o a
large extent, on the pariicular method employed for controlling the supply of steam Lo
the turbine so that the *speed of rotation' will remain constant. The chief governing
methods are

(a) Throttle governing, The principle of this method basically requires ‘thmi.

__{mg._ot‘ the steam, so as 10 reduce the steam fow whenever there is a teduction
LR AL

of load on the wrbine. In addition to a stop valve, the wrbine I'Es_a_galg_bﬁ_b’egr
P_a,Lu having seats of equal or nearly equal areas, so shaped tha n the

valve due 1o slatic_pressure an namic action are nced. This doublc beat vajve

‘actually throties the steam (Fig. 5.19). It is operated by a servo-motor controlled by
a centrifugal’ governor, which is driven by a worm gear at a speed less than that of a

—

twurbine.

v

Governor
housing Fly bar

Turbine, .,
shaft

/mer arm X g 7

Double bekt sibam
valve -

Figure 5,19 Throntle governing with double beal valve

(b) Nozzle control governing. In this method the nozzles of the tusbines are
grouped in two, three (or) more groups and each group of the nozzies is fed with
the steam supply controlled by valves (Fig. 5.20). Different types of arrangements of
valves and groups of nazzles may be employed. But the nozzle contro! is necessanly

e e

oS Ut
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restricted 10 the first stage of the turbine, the nozzle arcas in the other stages remaining
constant. [t follows that, providud the condition of the steam at the inlet to the second
stage is nol materially effected by the changed condition of the first slage, the absolute
pressure of steam in front of the second stage nozzle will be direetly proportional to
the rate of steam low through the wrbine., .

i T-‘:Slcam nle

Figure 5.20 Nozzle conirol governing

(c) Bypass governing ‘I'the modern high pressure turbines consist of a numbcr
of stages of comparatively small mean diameters of wheel, Owing 1o small heat droy

in the first stage, employing nozzle contral governing is not advisabie. Further, in
case of higher loads the extra steam n.qum,d cannol be admitted through addintonal
nozzles in the first stage, due to various reasons. These difficulties of regulation are
overcome by the use of by pass governing (Fig. 5.21){ In this method, the steam enters
the turbine ci1c51 through a vave.controlled by a speed governar, For higher loads o
hypass ling’ is Emwdui in such a way that sleam passcs from the first stage nozzle
box directly into that of, say, the fourth stage. Such ‘bypass’ of steam is automaltically
regulated by a valve controlled by the steam of the first stage which senses the load

variation,
P

W U
< 9322”3 El_‘ < nguss sleam
—
':‘ T \—*TO
- a lower
N stage
il
==
- Throttlé
val (4 r_I]
c

77

. rrs

|LC;'

Figure 5.21 Bvpass gaverning

SOLVED PROBLEMS

Example 5.1 The data pertaining to an impulse wrbine is as fullows:

Steam velocity = 500 m/s, blade speed=200 m/s. Exit angle of moving blade =25
measured from tangential direction, nozzle angle = 20°. Neglecting the effect of
friction, when pussing through blade passages, calculate: (a) inlet angle of moving
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blade (b) exit velocity and direction (c) work done per kg of steam (d) axial thrust and
power developed for a sieam {low rate of 5 kg/s and (e) diagram or blade efficiency.

Solution

Cy=500m/s U =200m/s
fa =90 = 25" = 65"a) = 90— 20)° =70

The velocity diagram is constructed as follows (Fig. 5.22).

(a) Select a suitable scale (mostly reduced scale).

{h) Draw AB cqual to blade speed U.

{e) Draw BC with its inclination with AB equal (o nozzle angle {or}) and set off BC
cqual to the steam velocity (Cy) on the same scale, :

(d) Join AC 10 complete the inlet velogity triangle ABC. AC = W),

(e} Set off AD at moving blade exit angle to AB. With A as centre and radius cqual
to the percentage of AC, drow an arc o cut the line AD at D, AD = W, In this
probiem sinee the effect of Triction is neglected, AD=AC,

(N Join BD ta complete the outlet velocity triangle ABD. BD = Cs.

The velocity diagram is shown in Fig, 5.22.

W.=w, . Scale I : 50

W =3ion

tyw 57"

Wym W, =5 min
Cy= 160 mss
a, = 5
W, 2210 mns
p W sSms
Cy=lismn
Ca= 1 15mn

ZatilUr M. A
oAt U'lnﬂmuq‘ W

- ’ Figtire 5,22

The following results are obtained from the veloeity veetor dingram,

{a) Moving blade inlet angle

. B =33
(b} Exit velocity
Cz=160m/s
and direction of steam at exit
oy = 56°

(c) Work done per kg of steam

W/im = (W + W)
= 200(270+ 285)
= 1NkW/kg

i AL U

(LAY Ot v/

Lo

1
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(d) Axial thrust
=m(Cyy — Cm2)
Change in flow velocity = Cay—Caz
’ ) = 175—-135=45m/s .
Axial thrust = 5 x 45
= 215N
and power developed
W = m x (Work donc/kg)
= S5x 111
= 555kW

(e) Diagrarﬁ (or) blade efficiency
- U(We + Wea)

Ndia =
- cij2
Kinetic cncrg} supplied 1o the blade
. C} s
! o2 72
Work done/kg = U{W; + W,s) !
= 111 x 10° W/kg
e
Ndia = 5__003/2
= BB.B%

Example 5.2 The bliade specd of o single ring of impulse bluding is 300 m/s and
the nozzle angle is 20°. The isentropic heat drop is 473 kl/kg ond the nozzle elficiency
is 0.85. Given that the blade velocity coefficient is 0.7 and the biades are symmetrical,
drow the velocily diagrams and calculate or a unit mass flow of steam (a) Axial
thrust on the blading (b) steam consumption per kW if the mechanical efficiency is
90% {c) Blade or diagram efficiency, siage efficiency and maximum blade efficiency
{d) energy loss in blade friction.

Solution
W

U=300mfs, o« =20° (Ah) = 413 kI/kp, ny = 085, W_; =07, f

il

B (blades being symmetrical)
Useful heat drop which is converted Into kinclic energy
Ah = nn AR
= 0.85x 473
= 402kl/kg
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Velocity of sleam at exit [rom the nozzle

el -

-2—‘ = 402 x 10°- L

¢y = /2000 x 402 )
= 896.7m/s

From this data, the vciocily-:dingram (Fig. 5.23) can be drawn and the following
results arc obtained. Draw AB = U. Set off BC = ) at er) to AB. Join AC. Measure
~ By(LCAE). Then set off AD = 0.7 AC (W, = 0.7 Wy) at B2 = f1 to AB. Join BD.

CP =M ER, W, =620ms
Coaeilimie  Wy=43dmh

Comomn uye 4
s Niinin W =580 ma -
W,p = J80 mis

Scale b1 100

Figure 523
~a) Axial thrust per kg
= Cq1 = Cuz
= 310-210
‘ = |00 N/kg
(b) Power developed pér kg of steam/sec,
Work done/kg of sicam/s, -
= U(Wyx) + Wyxz) ,
= 300(550 + 380)
roo= 279 kW /(kg/s)
Power developed per kg of steam per sec.
= 279 x09
= 25L1kW/ke/s
Steam fale Jewhr = }—6—0—0
251.1
= 143%g

I Qpee ey L e,
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(c) Blade efficiency

U{Wx + Wxa)
cip2
279 x 10°

B96.72/2
= 69.4%

Hdia =

Maximum blade elficiency under optimum condition

=sinda; ' @ = 90" —20°

AP = sin® 70° =70°
J3" 5,2 o o $In
oy Tz = 8H.3%

Work done on blade
Total energy supplied to blade
279
T an
= 58.98%

Siage efficiency =

It can also be found from

Nstage = Wdia X ONogite
0.694 x 0.85
58.00%

If

(d) Energy loss in blade friction

wl -~ wl
2
620° — 4347
2
98022 J /kg
98.022 kJ/kg

It

Il

Example 5.3 In a single row impulse turbine stage, steam is supplied dry and
saturated at 5 bar and the exhaust pressure s 2.8 bar, There is carry over velocity
of 75 mis. from the previous stage and the kinetic energy at exit lrom the nozzle is
only 90% of the theoretical available energy. The nozzle s inclined a1 20° with the
direction of blade rotation and blade speed ratio is 0.4, The blade exit angle is also
20°, For a steam flow rate of 2.5 kp/s the output of the stage is 206 kW. Estimare
{a} velocity of steam at exit from the nozzle (b) diagram efficiency {c) the relative
velutity ratio, (d) stage efficiency.

Solution

Pi=5bar P»=3bar Cyp = 75mis. ‘&1 =20° U/C1 =04 f =20
m=25Kkgls W=200kW

. @‘" -

o
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{a) Steam velocity at exit from the nozzle -

Since the werbine is impulse, the total pressure drop will occur orly in the nozzles.
Assuming iscntropic expansion, the enthalpy drop can be lound from the steam table.
At Py=35bar h) =h, =2747.5ki/k

51 =35, =6.819ki/kg - K :

Far isentropie expansion, sz = 5 ‘

At P2 = 2.8 bar, sg,, < 528 therefore, the steam is wel

51= 57, 6819~ 1.647

T TS, sae
0.964
hae = hp+xahy,
= 551.540.964(2170.1)
= 26435 kifke

Isentropic heatdrop (Ahyy =l — kg

1

27475 — 26435
104 kl/kg

Now,

Eiain in kinelic energy = Useful heat drop

ci-cl
2000

= nal{Ah,)
ar
Ci = V2000 x 0.9 x 104 + 752
= 439.12m/s
{b) Dlagram efficlency
U{Wyg, + Wy,)
ci2
/ = 04C, =04 x439.12
= 175.65 m/s

Tiiu

and
W 206 x 103
Wa+Wor = S = 35 % 175.65
» = 469.]2 m/s
175.65 x 469.12
(439.12)2/2
= 8547% '

M =
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(c) The relative velocity ratio o ‘
Fram the given and calculated data, we can draw the vector dlag.ram as shown‘m Fig.
5.24. After drawing the inlet velocity triangle ABC, locate point E by drawmg;h;
perpendicular CE and then set off EF = (W;;.-‘ + Wy,) 10 locate point F. Seto
at Az to AB and let AD intersect the perpendicular FD at D.
- Seale 1:50 ,

C ) . Wy =280 m’s

Wy = 240 ms

D

E A yni7sesmvsB

. r_—w,,:rwﬂ:m.lz ms——>

Figure 5.24

By measurement from the velocity diagram
Relative Velocity at inlet,

Wy =280 m/s
Relative Velocity at outlet,
W, = 240 m/s
) W2 240
.. Relative Velocity ratio = W, = 380 = 0.857.

(d) Stage efficiency
Work done/kg

Rerrge = Energy Supplicd to nozzle '
Cs
Energy supplied/kg == (Ah,)+ 500
04+
= 2000
= 106.81 ki/kg
175.65 x 469£
Tataze = 10681 x 10V
= 77.15%
{or)
Ndia X Mnozzle = 0.8547 x 0.90

Msiage
B 76.92%
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Example 5.4 The steam in a two row cuntis stage leaves (He‘nozzles at 600 m/s
and the blade speed is 120 mis. Before leaving the stage, it passes through a ring
of moving blades, a ring of fixed blades and another ring of moving blades. The
nozzle angle is 16°, while the discharge angles are 18° for the first moving ring, 21°,
for the fixed ring, and 35° for the second moving ring, all measured relative (o the
plane of rotation, Assuming 10% drop in velocity during passage through each ring
of blades, draw the velocity triangles and determine (a) blade inlet angle for each row
(b) driving force and axial thrust for each row of moving blade (c) diagram power

- perkgls sicam flow and (d) diagram efficiency, What would be the maximum possible
_ diagram efficiency. :

+ Solution
C) =600 m/s U=120m/s oy == 16° b= 18°
@ =21"and f; =35° W =04

a4
The velocity diagrams are drawn as shown in Fig.5.25and are constructed as follows,

Scale 1:50

T A

. ' Un120 ov
o Figure 5.25

. (a) Blade inlet angle foi“ each row

Draw a horizontal line AB representing U set off BC at o
Join AC which represents W) and caluculate W2 W2 = Wg W): Then set off AD
equal to W3 at B2 to AB. Join D with B. This completes the velocity diagram for the
first stage of the' two row curtis impulse turbine (Fig. 5.25). :

|

By measurement from the velocity diagram

1 10 AB and equal to Cy.

W, = 485 m/s
W2 = 09 x 485 = 436.5 m/s

AXIAL FL.OW STEAM AND GAS TURBINES < 219

LY

W, = 460m/s C,, = 170m/s

Wy, = 410m/s C, = 135m/s
g = 20° €; = 325m/s

i i : oving blade is 20°.
That is, the blade inlet angle for first row of moving . .
Measure BD representing C; and calculate C;. C; is the steam velocity at the inlet
10 the second row of moving biades.

C) = Wg-Cz =09 x 325 =292.5 m/s

- The blade speed for each moving blade is same and so lakc. A'B" = U. Sclloﬂ'
B'C' = Cjata) o A'B', Join A'C', Measure A’C’ representing W{ and calculate

Wy,

Sctoff A'D' = W3 at By to A’B’ and join B’ with D'. This completes the velocity
diagram for the second stage of two row curtis'impulse turbine (Fig. 5.26).

Scale | : 50

D
N
C,nl - Cng
: Ta Ty ¢
L’ 120 mis
Flgure 5.28
Fd

By measurement, Wy = 190 m/s

Wi = 0.9 x 190 = 171 m/s

W, = I185m/s  C, =110m/s
K W, = 140m/s  Cl, =100m/s
B = 35°

The blade inlet angle for the second row of maving blades is 35%,

(b) Driving force and axial thrust
Driving lorce for first stage is given by

AWy = Wy, + W, = 460+ 410 = 870 m/s
Driving force for sccond stage is given by

AW, = W;l + W_:z = 1554+ 140 =295 m/s

.!:._,E, |
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For unit mass flow rate of steam,
Total driving force = (870 + 295y x 1 = 1165 N

Axial thrust for first stage = (C,, — Cuyd =170 =135 = 35 m/3
Axial thrust for second stage

(Cay = Chy) =110 =100 = 10 m/s
Axial thrust per unit mass Now rate =54+ 1Y x 1 =45N
(c) Diagram power
= mu{AW,, + aw.)

x 120(1165)710°
= 139.8 kW

(d) Diagram efficiency

It

HAWy + AW,))
cire
120(1165)

i

= T1.7%
(e} Maximum diagram efficiency
Mdia = sin? o)

sin?(90 — 16)
= 92.4%

I

Example 5.5 A parson's reaction turbine having identical blading delivers dry
saturated steam at 3 bar, The velocity of steam is 100 m/s, The mean blade height
is 4 cm and the exit angle of the moving blade is 20°. Al the mean radius the axial
flow velocity equals 344 of the blade specd. For a steam flow rate of 10,000 kgir,
calculate. (a) the rotor specd, in revimin (b the power vutput of stage (¢) the dingram
elflciency (d) the percentage increase in refutive veloeity in the moving blades due 1o
expansion in these blades (e) the enthalpy drop of the steam in the stage.

o , _ 25
Solution R Saf " O(J__;___};_L- -
(o) =.|00IT'I/S h =004 m A2 = 20° D(';_: 1 =
3
Co=gU m = 1000 kg/hr Ci=wa
= v
(a) Rotor speed Co \

The flow velocity
Sy

CIM

1080 cos(90 = 20y
34.2m/s

M Cﬂ

fl
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3
=45.6 m/s

-4
o, The mean blade speed () = - x G,

. A X Cr:
Mass flow of sleam. m = —=———

where A is the annulus area and & s the specific volume of steam from the sieam
tabie. At 3 bar and with dry saturated steam

¢ = 0.60553 m3/kg

mo
oo Annulus arca = —
u

(10.000/3600) x 0.60553
34.2

0.04918 m?

Now. annulus arca, A = 7 Dh. ‘
where 'D* is the mean blade diameter and *h* is the mesn blade height
h 0.04918
wDo= Almh=om 0.04
= 039m

U x 60

7D
45.6 x 60

7 x0.39
= 2233 rpm

Rotor Speed. N

I

{b) Diagram power -
Since the blades are identical, the ‘inlet and outlet velocity triangles will alsv be
identical, From the dow ‘

1 lj’ =45.6m/s o =20° C; = 100 m/s the velocity diagram may be dr:_awn as
shown in Fig. 5.27. Draw AB = U, Selt off BC al oy to AB and f:qual u? C\. Join AC,
Then set off AD = W, = ) (identical blades) at A3 10 AB. Join D with B

Scale 1:10

Figure 5,27
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‘By measurement from the velocity diagram Wy = 50 m/s Wo + W, = 142 m/s.

Diagram power = mu(Wy 4+ Wy -
10,

000
= W x 45,6 x 142

= 17.99kW
(?,j) Diagram efficiency

Work done/kg
Mia = ——————
. Encrgy input/kg
Work done/kg = U{W,, 4+ W)

and |

¢ wi-wi
P .
Since "Wy = (. then o
207 - Wi

2

.. 45.6 x 142
“hiia = oo X182 g ag
: ia (2(100)2 -592)
. _'_-_2-_""-

(d) Percentage increase in relative velocity
W2 — W, 10059
w59
. = 69.5%
(e} Enthalpy drop in the moving blades

Energy input/kg =

wi - w? 100? — 592
ST T T3
3.259 k) /kg
Total enthalpy drop per stage = 2 x 3.259 = 6.518 kl/kg :

I

Example 5.6 Sicam enters a 0.5 degree of reaction turbine at 14 bar and 313°C
and is expanded to a pressurc of .14 bar. The turbine has a stage efficiency of 75%
- for cach stage and the reheat factor is 1,04, The turbing has 20 suctessive stuges and
the total power autput is 11,770 kW. Assuming that all stages develop cqual work
calculate the steam flow rate. At a centain place in the turbine, the steam has a pressure
of 105 bar and was dry and saturated. The exit angle of the blade is 20° and the blade
- speed ratio is 0.4. Estimate the blade speed mean diameter of the annulus at this

point in the turbine, and the rotor speed if the blade height is 1/12 of the blade mean
. diameter. ,

v

AXIAL FLow STeam ANDGAS TURBINES ‘-t 2:33

Solution
R =05 A = ldbar Ty = 315°C P = Oldbar
Msage = 075 RF = 104 N = 20 W o= 11,770kW

(a) Steam flow rate

From Mollicr chart the isentropic enthalpy drop when steam expands from 14 bar and
315°C100.14 bar is

3080 — 2270

810 kI/kg

Ahs

i

1

We know that
Evcrall cfficiency (n;) = Stage clficiency (Nstage) * reheat factor (R.F)

ny =075 x 1.04 = 0.78

Thus, actual enthalpy drop

aAh = g % Ahs
= 0,78 x 810
= 631.Bkl/kg
o - Ah 6318
Enthalpy drop pér stage = 5=
' = 31.59kl/kg

Diagram power (W) = mAh the mass {low rate of steam

w [t,770
"= AnT ess
= 18.63 kg/s
(b) Blade speed
Work donefkg = U{W,, + Wy,)

U (Cay = U 4+ Wy
U{Cysing) — U -+ Wiysin 7]

since o) = fA7 and €| = Ws for a 50% reaction turbine

= U[2Csinay — U]
Now U//Cy =07 o Cy=143U

U2 x (1.43U)sin(90 — 20) ~ U]
160U

Work done/kg

it
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This work done equals the enthalpy drop bcr stage. Therefore,

.69 U2 = 31.59 x 107
or U = 136.7m/s
(c) Blade mean diameter ,
Flaw velocity C, = C)cosog ‘
‘ C, = 143 x U =143 %1307
Ci = 1955m/s
Cy = 1955 x cos(90 - 20°)
= 669 m/s

From slcam table, at 1.05 bar, the specific volume of dry steam is given by
B, = 1.618 m?/kg .

Now,

WValume I'l’uw rale
Specific volume

Volume flow rate = (a DAYC,

Muss llow rate

where D - blade mean diameter and A - blade height

D
12

D
nD (E) x 66.9

1.618

h =

18.63 =

(or)
D =132
(d) Rotor speed

U x 6l
mD
136.7 x 60
7 x 1312
= 1990 rpm

Example 5.7 The data for a free vortex turbine blade are given below.

Blade dp diameter - 75 cm, blade roof diameter - 45 cmy, inlet angle of the rotor blade
at mid height - 45°, out let angle of the nozzle blade al mid height - 76°, outlet angle
of the rotor blade ot mid height - 75°, speed - 6000 rpm.

Axial velocity remains constant across the rotor. Determine for the hub and tip
{a) nozzle exit angle (b) rotor blade angles (c) the degree of reaction,

AXIAL FLOW STEAM AND GAS TURBINES < 225

Solution
rh = 0.225m 'r = 0375m . v
ﬁl.m = 450- &).m = 760. ﬂ!.m = 750. N = 6000 mm
Ca = constant :
The mean radius,
ro+r 0.22540.375
o= = =03m
2 2
The mean blade speed
21 rmN
Un = %
_ 2x{0.3) 6000
N 60
= 188.5m/s
From inlet velocity triangle, at the mean radius, refer Fig, 5.2
Unm
Cy = —mF———
“ lanati,, — lanfim
188.5
m ————— = 2.6l m/s
1an 76° — tan45° -/
Cx,m = Colanoy, = 62.61 x tan76"
= 25L12m/s

and from outlet velocity triangle at

the mean radius, refer Fig, 5.2

Ceyy = Wy, —Un=Chtanfom — Un

I

For the hub

For a free vortex design, Cx « r =
radius and the hub

62.61tan75° — 188.5
45.16 m/s

const, at all radii. Thercfore, between the mean

Al the hub inlet

CX].m ‘P

thh

LC.rm crm = Cxp orﬂ

Cx\h-Th
Cxypm ' Im

Fh
251.12 x 0.325

A 0.225
= 33483m/s
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From inlet velocity triangle at the hub, refer Fig. 5.2

nr . = Cxun _ 33483
T e, T 6261
oy = 19.4°
' . U
andanaqy — tan By 4 = Eh-
a
U 2mraN 2 (0.225)6000
h 60 €0
= 141.37m/s
Us
{ = (& —- =
an B4 ney, c.
. 14137
= tan79.4° — 6l
frw = ¥

From the outlet velocity triangle, refer Fig, 5.2.

U,
Zh — tan B2y —lanaz sy
Ca :

But tanazpy = C;:'h
At outlet
Crxap -ty = CXim Tm
45.16 x 0.3
A o = —
L 0225
= 60.21m/s
‘ N _ U}. Cxan
coanfay = . + "'a-
_ 141,37 4+ 60.21
h 62.61
Baw = T2.75°
Forthetip
Similar equations as above are used. At inlet
Cxiyrrn = CximIm
c 251.12 % 0.3
A 0375

I

200.896 m/s

AXIALFLOW STEAM AND GAS TURBINES X 227

From inlet velocity triangle at the tip, refer Fig. 5.2.

Cxy, 200.896

1 = =
anay Ca. 62,61
@y, = 72.69°
U
and —— =tanag, — tan Bis
or ]
lﬂnﬂl.l = lano)|, — 25'
i
y - nN _ 2r(0.375)6000
r = 60 60
= 235.62m/s
235.62
. = 2. ¢ -
. . tan By, 1an 70, 69" - Soer
By = =29
At outlet
Cxaptr = Cxomtu
4516 %03
c = — e 4 e s = . 5
Py 0355 3613 m/s
U' C-f'z.:
tan = edT
ﬂ].l Cu Ca
_ 2356+ 36.13
- 62.61
ﬁll‘ = 77°

The degree of reaction at the hub and tip are

. Ch
R = — —
4 20, (tan fiz 4 ~ tan B 5)

62.6!
= — 172.75° — °
2“41'37){“1:1 75 tand2%)

= 3.16%

and

C R
R = 2_(;"([3“»82.!"'13“.31.:)

- o2 (tan77° — ran(—29%))
= 3(235.62) an

= 64.9%

e

ey d

c . E
R i = . Fos i e w

£
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Example 5.8, The axial component of the air velocity at the exit of the nozzle
ol an axial Mow reaction slage is 180 m/s. The nozzle inclination to the direction of
rotation is 27°. Find the rotor biade angles ‘at the inlet and outlet, if the degree of
reaction should be 50% and the blade speed 180 mis,

Also for the same blade speed, axial velocity and nozzie angle, find the degree of
reaction, if the absalule velocity at the rotor outlet should be axial and equal to the

axial velocity at the inlet. MKU-April '94
Solution

Co = 1B0m/s o) =90-27=63" R=0.5

U = 180m/s

AXIALFLOW STEAM ANDGas TurBINES < 229

(b) C; = C, = 180 m/s,
Ca is axial. Therefare, the outlet velocity triangle will be as shown in Fig. 5.28(b)
U 180
t =
2 by G T80
nBz = 45°

As there is no change in the conditions at the rotor inlet, 8y is the same.

Hr =439°

Thus, R ‘.ﬁ(lan B2 —tan g)) = 1 x (1an45° — tan 43.9°)

2

2

(a) Blade angles

‘Ej:—""—:r@;rﬂ-ﬂ

E_Fm

[

T ETA

5

C.\| Cu lan o) '
180 x (an 63°
353.27 m/s
W 'y = 353.27 -
tan f, ?‘,E.J - E-'ICH - 353.27 ~ 180
S 439"
[\
C .
C, 1 w g
? C;=Ca '
v U
{a) )

Figure 5.28(a}  Inler velocity triangle  Figure 5.28(h)  Exit velocity irlangle
‘chrcc of reaction,

R = ¢(1anﬁz—tanﬂ|)
2
b = Cy _ 1RO _
Ty Tase
2R
Slan = .?-Hnnﬁl
2x05
= xl + tan 43.9°
= 1.962

fli = 02.99" ~ 63"

Since R = 0.5, B2 = o; = 63° which is gi;aen in the problem.

0.0188 (or)
1.88%

1

Example 5.9 The blade speed of an axlal flow turbine is 300 m/s. The mass flow '
rate is 2.5 kg/s. The gas temperature at turbine inlet and outlet are 500°C and 300°C
respectively. The fixed blade outlet angle is 70°C. Axial velocity remains consiant at
2K m/fs, Dcicrmmc the power developed, degree of reaction and blade efficieney,
MU -~ Apni ‘96, Oct, 97, Oct. "99 and Apn! ‘99]

Solution
U=300m/s rm=25kg/s Tp=500°C
Ty = 300°C @) = 70° Ca=200m/s
(a) Power developed
W = mCyTo—-T)
= 2.5 x 1.005 x (500 - 3000
= 5025 kW

(b) Degree of reaction

R= Eﬂ“f"—' The stage work done/unit mass flow is
W/mlU(Wyy + We) = CulTo—T2)
= 1.005(500 — 30Q)
201 x 10°
Wy + Wy, = _3_:0__ = 670 m/s

From inlet velocity triangle, refer Fig. 5.2 -

Wy = Ce~U=Citane —U
= 200100 70° ~ 300

" 549.5 - 300

= 24%5m/s
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AW, = 670—2495=4205m/s
Therefore ‘
' 420.5 — 249.5
LT Tawae O
R = 285

' (¢) Blade efficiency .

Work done
- Energy input
U(W,, + W)
ct wi-wi-
. et 1.
a 2 o2

ny =

Since wzl _ wll
72U Wy + W)
= 2U(W;, + W,)R

201 x 10° x 0,285
= 57285

I

and
C| = Cafcosa) = 200/ cos 70° = 584,75 m/s

- 201 x 10°
R T
584.76%
6 + 57285
= 0.8806or
‘np = B88.00

Example 5.10 Steam enters a 50% reaction stage at a pressure of 2.2 bar and
170°C of temperature. The rotor runs at 2400 rpm. The rotor mean diameter is 0.5 m
"and the symmetric rotor and stator blades have inlet and exit angles respectively of
36° and 19°. Find the actual stage power output. If the stage efficiency is B8% find

alsa the enthalpy drop at the stage. (MKU-May '97)
Solution

R = 0._5 Py = 22bar Tp = 170°C

N = 2400mpm Dn = O05m o = 36° oy = 19°,

- SinceR=035 o)=Fandar=Hf

AXIAL FLOW STEAM ANDGAS TURBINES < 23]
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{a) Power output

W = mUC,{tana +lanayz)
U = anN_rer.Sx2400
-6 60
= 62.83m/s
R = Cyltan fz —tan 5y)
h W
c. = 2UR _ 2 x 6283 x 0.5
. @ T Yanpf; —tan B;)  tan36° — tan 19°
.= 164.38m/s
. Power output for 1 kg of steam per sec
W = .| x 62.83 x 164.38(tan 36° -+ 1an 19°)
W = 110.59kW

(b) Stage enthalpy drop

Wy
an = ¥m
s
_ 11059
T 0.88
Ah = 125.67kI/kg

Example 5.11 Hot gas at 800 kPa and 700°C enters & simple impulse lurbine
nozzle and expands adiabatically to 100 kPa with an efficiency of 90%. The nozzle
angle is 73° to the flow direction. Assuming optimum conditions, find the rotor blade
angles, flow coefficient, blade loading coefficient and power developed for a mass
Row rate of 35 kg/s.

Solution
Py = BOOkPa T, = 973K
P, = 100kPa @, = 73°
. 0 . 2 U siner .
For oplimum condilion, Pmardic = SN0 and gupr = = = . Velocity

C
triangles for a single impulse stage with maximum diagram cfdcicncy (or) utilization

facior is shown in Fig. 5.29.

20 = Cysingy = Cy,
W, = C,-U=20-U=U
Wising, = Wy, =U

Since W, = W and By = B for an ideal impulse stage,

Wysingy = Wisinf=U
C.T.'z = 0, i.c.C;:Cu

" .
Ry

s
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W

Flgure5.29 Velocity triangles for a single impulse stage with maximum utifizaiion Juctor

(a) Rotor blade angles

wnfi = W, =£_: Csiney _ fane
Ca Ca  2Cpcosa 2
_ lan73"’_1635
= 5 = 1.635.
A = tan~1(1.635)
= 58.55°
Bt = p2=5855
(b} Flow coefficient
¢ = &=C1cosc¢1 _ 2
u Cisina)  tana
2
2 .
b= tan 73° :
¢ = 0.612

{¢) Blade loading coefficient
* W

¢{lan B -+ tan B)
0.612(tan 5R.55 + tan 58.55)
2

n

)
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(d} Power developed

; W = m(hg— h2)
= ho—ha _ (ho—hy)
= =
hg — b2, Tz_,)
CpTo (l T
1 ?—i
’ P\ : 100
iy —ha=n;CpTp [l—(-ﬁ;) ] = 0.9x 1.005 x973 [l_(ﬁ) ]
= 394.24 kl/kg

W = 35%x39424=38mW¥W

Example 5.12 The initia] pressurc and temperature of steam entering a multi-
stage lurbine are 100 bar and 500°C respectively. The turbine diameter is | m and
speed. is 3000 rpm. The exit angle of the first stage nozzle is 70°, The stcam flow
rate is 100 kg/s. Assuming maximum blade efficlency and equal stage efficiencies of
78%, determine the rotor blade angles, power developed, final state of sieamn and the
blade height if the turbine is 1wo stage Rateau turbine. State the assumptions used.

Solution
Py = 100 bar Tp = 500°C D=1m N = 3000 rpm
= 100 kg/s o) = 70° nsy = ns2 = 0.78

(a) Rotor blade angles blade angles are assumed to be equal, The blade gas
specd ratio for maximum blade efficiency is

v sino
= =3
C)sinay = 2U
TDN  mox 1 x3000
= = = 157.
U 0 50 157.08 m/s
. 2 % 157.08
O = :in i =334.32m/s

The velocity triangles for a two stage Rateau turbine with maximum blade efficiency
and assuming axial exit is shown in Fig, 5.30. For the first stage.

Cisiney = Cp =2U .
Wy = C~U=2U0-U=U
adCy, = 0.C2=C, B

W, U taneg’
wp = TGt

_ - Lan70°)
B = tan ( 2

B = 5195 = By
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Figure 5,30  Velociry triangles for a rateau turbine with maximum uiilizadon factor

Similarly for the second stage 8] = p; = 53.95°,

—_—— -

For first stage

AXIAL FLOW STEAM AND GAS TURBINES < 235

hn

sy
ho ~ h2
ho — A2

Figure 5.31

hg—Hy .

hg — hay .
Wi /m =208 = 49.35 kl/kg
ho = hy, _ 49.35
n, 078
= 63.269 ki/kg

'
i

15__. @__r‘ E__‘

e

£

(b) Power developed ‘ From Meollier chart, Pg = 100 bar Ty = 500°C
Work don.e‘in fiststage = MmU(Cy +Cyy) ho = 3370kl/kg
‘ W, = mu? hy = 3370 - 49.35 = 3320.65 kJ/kg
Work d ) - hay 3370 — 63.269 = 2306.73 kI /kg
ork done in second slage = mU(C, +C' ) ' :
= n'IU(ZLxIl + 0;2 ' From charl state of steam at first stage exitis P = 82 bar T3 = 470°C
87 = 0.041 m3/kg
Wir = m2u?
Therefore, . For second stage
‘ hs — hy
Total work done = W, _!.’w” ) : My = Py
= m(ZI;' + 202 hy—hy = Wp/m=2U%=4935K/kg
= il ‘ . ha ~ hy 49.35
: - = —— = = 03,269 kI /k
= 4 x 100 x 157.08% ha = hus o8 © OO9kIke
= 987mW ' | hs = 3320.65 ~49.35 = 32713 kJ/kg
hy;y = 332064 — 63.269 = 3257.38 ki /kg

(g) f';il;él'il state of steam The expansion procc;.ss is shown on & — 5 diagram
(Fig. 3.31). From Mollier chart Ps = 65 bar Ty = 445°C, 94 = 0.05 m?/kg.
K This is the final state of the steam at the turbine exit.

A A

&
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(d) Blade height
mox P
T mDC,
At the first stage rotor exit
h = mox @2
ro= rDC,
Co = Cicose; = 334,32 x cos 70°
= 114.34 m/s
100 x 0.041
f = - = .
Y 7ok Tx 11438 = 00N4m
All the second stage rotor exit
he - MXPa 100 x0.05
= mDC,  mx1x11434
= 0.013%m .

Note that the blade height increacs through the turbine stages.

Example 5,13 For the above problem, if the twr-
bine is two stage curtis turbine with slage efficicney

of 65%, determine the parumeters,
Solution

(a) Rotor blade angles For maximum blade R
efficiency, the blade-gas speed ratio is cs N
sina u
Topr = ] = E_—-;-
orCysing) = C,, =4U
4 x 157.08
Cl = —— " = 668.64
sin 70° 88.64 m/s
Cy = Cicosa) = 668,64 m/sxcos 70°
= 228.69 m/s

This velocity triangles for the first stage of a two
stage curtis impulse turbine with maximum blade ef-
ficiency is shown in Fig. 5.32.

Figure 532 Velocity triangles for
a curtis turbine with maximum
utilization factor
. W.r; = C_r]—U=4U—-U=3U
W, W 3x157.08
tanfly = — =T "7
Cq Ca 228.69
S = 6dale

*
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Since, the rotor blade angles are assumed to be equal.

B =/ = 64.11°
Assuming frictionless flow over the blades, we have
o r N
Wy =W, C] =Czand Wy = W, . ci
From the first stage velocity triangle at inlet

Wysin g = 3U , le—u
' > I(——Cx." U
Since Wy = Wy and 8, = 53

Wysin 8y = Wasin 8y = 3U ﬁ—’u

From [irst stage velocity triangle at cx'it.

Wysings = C,+U=3U Cy=C,
5 Cyy = 2U =Cysinm
] . . U
i i hown in
;hge \S.'c;gcny triangles for the second stage is sho Figure 5.33
ig. 5.33.
Since €} = Cyond ap = o) (assumed)
Cysingy = Cjsine) =2l =Cy
"= 2 =Wsing +U
x1 3
Wisingy = U
Since W = W and g] =
Wisinfl; = Wsingy=1U.
ieWi=UC, = WLU=U-U=0.
R C;z = C; = Ca
. U U 15708
Lnfy = G T C T e
LBy = 34.48°
Since. f; = B
By = B} = 34.48°
(b) Power developed
W= W, + Wy,
W, = mU(Cyy + Cx2) = mU (AU 4 2U)
= meUY
Wi = mlU(Cy + Ci) =mUQU + 0
= MUY
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LW =" ABUY = 100 x 8 x 1578.082
W = 19.74mW

{(¢c) Final state of steam The expansion process is shown on it —~ 5 diagram
(Fig. 5.34). '

h M
0_~Fo
4
' P4
' 4
4s :
2
Figure 5.34
hg - hy
o= hD“h-t.r
ho—hs = |9.74><103_|9,] K .
T dgo T PTak/ke '
ho—hy = T4 303601
T T g5 TOO0KI/ke
“hs = ho—197.4 = 3370 - 197.4 = 3172.6 kl/kg

hag = 3370 - 303.69 = 3066.31 ki/kg

" From Mollier ch.‘-m e
P4 = 2Tbar, Ty = 365°C and 04 = 0.105 m?/kg

(d) Rotor blade height

- mey 100 x 0,105 -
‘ rDC, mx1x228.69
= 0.0146 m

:

Ex'arr!ple 5.1:4 Air leaves the nozzle of an axial flow turbine stagé at an angle of
30°. with an axial velocity of 180 mis. If the rotor blade speed is 280 ms, Find the
rotor blade angle for the reaction of the stage to be 50%, {(MU-0Ocr. '98)

Solution '

The nozzie angle (ay) measured from axial direction
o =% -3 =60° C,=180m/s U =280m/s R =05
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{a) Blade angle at infet

Coy = U
fan = —
B c,
Ci =Cataney = 180 xtan60® =31L.77 m/s
- _ 311.77 - 280
Ly o= 180
A= 10°
" (b) Blade angle at exit
Since R = 0.3
B = oy =60°

Example 5.15 The conditions of hot gas at the inlet 1o a 50% reaclion turbine
with a stage efficiency of 85% are 800 kPa'and 900 K. The blade speed is 160 mv/s.
The mass flow rate is 75 kg/s and the absolute air angle at first stage nozzle exit is
70°. Assuming maximum utilization factor, Determine the rotor blade angles, Power
developed and isentropic enthalpy drop across the stape.

Solutlon
R = 0.5 ns = (.85 Py = B0OkPa
Tp = 900K U = 160m/s m = 75kg/s
o) = 70° ' .
. For maximum utilisation factor condition, blade to gas )
speed ratio is Ci
P : wl=Cl
Fym — — = SINg
ot P 1
u 160 U=C
Ci=z——= ——— =170.27 X
sinay  sin 70° m/s '
Cu = Ccosey = [70.27 x cos 70°
—>U
Cy, = 5824 m/fs
The velocity triangles for a 50% reaclion stage at W
maximum utilization factor are given in Fig. 5.35, ! Cy=C,
C, =Csino)y =U, . W, =01i.e W =C,and
B =0"
Sincey Cy = Wy and a1 = f v
- Figure 5.35 Velociiy triangles
Cisinay = Wisinfa=U= Wy for a 50% reaciion siage with
LJCy = Die Cr=0C, maximum utilization factor

(a) Rotor blade angles

oy = ,Bz=70“and
ar = Py =0°

b

fo. i
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(b) Power developed

W = ml(C: +Cr2)
MU + 0)

75 x (160)?
1.92 mW

Il

(c) Isentropic Enthalpy drop

, _ -A_h_ _ hg — hy
N Y
w
Ah, = -A—h = /m
- s Hs
1.92 x 10%/75
.0.85
= 30.12kl/kg

Example 5,16 The dala at mean radius of an axial wrbinc stage are as follows.
Rotor blade angles at entry and exit are 46" and 75 respectively, Nozzle angle at
exit is 75°. The hub to tip rado is 0.6. Mean rotor speed is 7,500 rpm, Assuming (rec
vortex flow conditions determing ot menn and roml section (a) degree of renction and
blade londing coeflicient, Take hub diameter as 450 mm,

Solution
Bim =46° frn =75 o), =75 -%{1 = 0.6
[}
N=7.500rpm D, =0450m.
Al mean section:
(a) Degree of reaction since
Cym = Prm = 75°R,, = 0.5
{b) Blade loading coefficient
- mDyN
Un = =5
, Dp+ Dy Dh+ DhjOG
Dm = =
2 . 2
_ 0.45+0.45/0.6
N 2
.
= 06m
b x75
Uy = 200 60"—' 0 23562 mys

Since
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Up = Caltan o) m — tan f1.m)

C, =

Flow coefficient. ¢ = TIE =5

S

¥

Un .
1anay, = en S, -
- 235.82
tan 75° — tan 46°
87.38m/s

87.38

= 0,37
562

= ¢{tan §; -+ tan f7)
0.37¢tan 46° + 1an 757)
= 176

At root section, for free vortex flow,

Cel " tm

Co-lanaym rm

 lanaph =

o), h =

Uy =

= Cxth-rn

Cp-tana p - ra
r

tan a[_m—m
Fh

L. 0672
tan 75° % 4572
4,976

78.64°
mDyN _ ®m x045x 7500

60 60

=_l76.72 m/s '

Since Uy = Cy(tanay s — 1an Biz) .

tan Bis

Bra
Similarly, ‘

tanaz,a

034

Uy
lan oy p ~ —

=] Ca
a4 1672
= 1an . §7.38
= 296 :
= 71.33°
} rm
= langym—
ry
0.6/2 '
= ° = 1,381
tan 46 0.45/2
= 54.1°
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"And .
| tan 8 lana = ﬂ-
2.k Lh = Ca
176.72
_ 4, = L
l1an fa.5 — lan 54.1 3738
76. !
tan B2y = l—g:,-:;gz- + tan 54.1
= 34
o = T73.63°

_ (a) Degree of reaction

\ {lan 7.5 — an By )

\ R, = .
¢ = % = 18776'.3782 = 0.495
Ry = 0.495 (tan 73.63° -; tan 71.33%)
o Ry = O
. (b) Blade loading coefficient _
WYra = ¢utan By +tan Bra)
= 0.495{1an 71.33° -+ tan 73,63°)
Yin = 315
Example 5.17 The following particulars relate to a single stage luri:inc of free’

vortex design,

“Total head inlet temperature — 973 K, total head inlet pressure 4.5 bar, static head
.outlet pressure — 1.6 bar, gas flow rate — 20 kg/s. Nozzle outlet angle ~ 28° (measured
from blade velocity), mean blade diameter to blade height ratio — 10, Nozzle loss
coefficient — 0.1. Determine'the gas velocities, temperatures and discharge angle at
the blade riid, root and tip radii. Assume C, = 1.1556 kg/kg-K and r = 1.333.

Solution .
= 973K Pog = 45bar P = l.bar m =20kg/s
T —T -
@y = 90-28=62° Dn/h =10 . HE o
. e . c?j2¢,
(a) At mid section
(B (19
= =973 ="
mo= w(gm) " =m(53)
= 75149 K ' '
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Assuming that there is no pressure drop in the moving blade,(T2,, = 71,) from
Mollier chart,
Toyp =T = (Toy =T+ (T - Tiy)
1- 2
07375149 = 2L 415
2C, 2C,
1LICE = 2% 11556 x (221.51)
Cim = 06822m/s
Gas lemperature
ct 682.22
Ty = Top—--+ =973 ——
' " "2, 2x 11556
T = 716K

(b) At the hub

Hub diameter is determined as follows

m = pAC,
LI et
P R T xTng oy
Culr =1
R = f—_) = 0.289 kl/kg
Co = C coscrl = 682.2c0562 = 320.27 m/s
A = xrD,h=nr(l0Mhk
A = lomht= '
pCq
h2 = —.__._.....20 ¥ _1_
0.718 x 320.27  10n
h = 0.053m and
D,,, = 0.53 m

Hub diameter Dy, = D, — h = 0.53 — 0.053 = 047Tm
For free vortex design
Cilom-ry = Cn_,, Th

or
tan o = o no 0.53 62°
e Y5 R
ary = 64.43°
Gas velocity,
C 320,
¢ = a_ _ 20.27
conaryy - Com 64,43

Cy = M2m/s

Br) Bl
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Gas temperature,

T, = To— C_? '
c,
= om- T parsk
2 x 1155.6

{c} At the tip

Dy =Du-+h=053+0053=0583m
Gas discharge angle,

AXIALPLOW STEAM AND GAS TURBINES < 245

{a) Absolute and relative air angles
Nozzle exit angle, ey 5 = 75°

Car = Crp-cosap =2927] x cos75°
= 7576m/s
Cep b = Cip-siney =292.71 x sin75°
= 282,74 .m/s

From iniet velocity triangle
Wik Cri A~ Uy

anm, = r—r':—' tan ary B
0.53 628 _ 28274 —141.37
iy tan 75.76
Ly = 59.68° . ﬁLf, = 61.81°
Cy = Co _ 32027 _ 634.4 m/s For zero reaction section, _
cosey,  cos59.68° :
) : Py = PBia
an . Cf on 634. 42 < far = 6181°
i = Tyt
2C, T 2x 11556 (b} Blade to gas speed ratio
= 79R.86K ) ; _ Uy _ Sinay _ sin75°
Example 5.18 An axial trbine with constant nozzle air angle (75°) and zero wreeT o 2 2
reaction at the hub runs at 6000 rpm. lis hub and tip diameters are 45 and 75 cm ' = 0.483 ‘

respeclively. All sections arc designed for maximum utilisation lactor. Assuming
radial cquilibrium conditions, determine for the hub, mean and tip sections (a) absolute {c) Degree of reaction
and relative air angies (b) blade to gas speed ratio (¢) degrce of reaction. Assume axiai Ry = ©

T

781

exit from the stage at all sections,

Solution
oy =75%. Ry=0 N=6000, Dy=045m, Dy=075m

{1) Hub Section
Hub speed,

U = TDaN _x x 045 x 6000
T Te0 60

141,37 m/s

1

Since Ry = 0 and for maximum utilisation factor

Uh. siney

. = a2
Uy _ 141.37
(sine)/2) ~ {sin75°/2)

292.71'm/s

Ce =

@) Mean Section

or a constant nozzle air angle,

2

Cin _ Cxivh - Carh _ (rm)"" “
Crm Cri,m ~ Copam  \ry
045 075
m+n Nz T7T
m = 3 = ) =03m
sin? 75° 0.933
(r_"') = (._(i) = 1.308
h 0.225
Cip 292,71
. C = — = —— = 2237
hm 1308 ~ 1.308 378 m/s
. Crin 282.74
C _— b _ =
stm = 7308 = 3o - 21616m/s
- C 75.76 '
Catim = -—-,;Bg= T308 = 57.92 m/s
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(a} Absolute and relative air angles
Nozzle exit angle, o), = @14 = 75°.

wxl.m Crtm — Up

a0 Bl = _Cal.rn - Carm . ’
' DL N 7 x (2 x 0.3) x 6000
Un = —65 = 60
= 188.49 m/s
: 216.16 — 188.49
L fie = 57.92
Bwm = 25.54°
For an axial exit. Cy3x = 0.
s anpr, = Un o 188.49
' Catm  57.92
ﬁlm = 72.92°

(b) Blada-to-gas speed ratio

Un 188.49
T = @ é——=
Cim 223.78°

= 0.842

(c) Dejree of reaction

Cat.m(f3n 2, — 120 B1.m)

Ry =

22Uy,
_ 57.92 x (tan 72.92° — tan 25.54)
N 2 x 188.49
= (.427
{(3) Tip Section
’ 2
Cra _ Cata _ Caus _ (rﬂ)sln a,
Ciim Cam  Caim Fy
sind 75° 0.933
=Y = (—aci) =0.812
rr : : 0.375 ‘
‘ S Gy = Clinx 0812 = 22378 x 0.812 E

Cals = Crim x 0812 = 21616 x 0.812
Catyr » Curm x OR12 & 5792 % 0.812

1l

L=

181.71 m/s

175.52 m/s

A47.03 m /4

AXIAL FLOW STEAM AND GAS TURBINES & 247

(a) Absolute and relative air angles

Nozzle exit angle, oy, = oy = .4 = 75°
C:l.l - Ul
1 = ——
an B4 Car it
aDy N 1 x0.75 x 6000
U, = = = 235.
f %0 %0 235.62 m/s
an g _ 175.52 — 235.62
L AR AL = 47.03
,B].‘ = —51.96"

Since Cza =0

an g, = U, 235.62
WO = o T 4103
' Bar = T871°
(b) Blade-to-gas Speed ratio
Lo s
¢ 181
S = 1,297

{c) Degree of reaction :

5.7,
5.8,

Cyraltan B2, —1an B))
2U,
47.03 x (tan78.71 — tan{—51.96))
2 x 235.62

Rf:

0.627

I

SHORT QUESTIONS

. What is an axial flow steam {or) gas lurbine?
. What are the advantages of an axial flow turbine?
. Why is single or two stage axial flow compressor preferred in aircrafi jet

propuision?

. The blade height is increased towards the low pressure end why?
. Draw the velocity triangles for &n axial low turbine slage?
. The diagram work per unit mass flow is given by

{a) UCy(tan By + tan )

{b) fécu(lan Bi — tan 81}

(c) -U'—'(lan B 4 1an B2},

Pefine IHagrom or blade efficiency {or) Utllisation {octor,

Draw the Mollicr diagram for expansion through an axial low turbine stage.

5 Ko {geas

P
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3.9.

5.10.
5.11.
5.12.
5.13.
5.14.

5.15.

5.16.

5.17.

5.18.
5.19,
5.20.
5.21%.
5.22.

3.23.

5.24,
5.25.
5.26.

5.21.
5.28.
5.29.
5.30.

5.31.

5.32.

In the rotor of the axial flow lurbine -
(a) si{ — h2 = conslant.
w2 Wi
— o fy e L
by M 5 12 -
c? c?

(@ hi+ =5t =kt 22
For a normal stage, the static temperature drop across the stage equals the total
temperature drop. | True/False)

Define Turbine stage tolal-to-total isentropic efficiency.

When is the total-1o-1otal effiiency used?

Define Blade loading coefticient.

The size of a stationary industrial turbine is larger than that of the aircrafi gas
turbine, [ True/Falsc)

Rateau turbine is an ecxample of

(&) Two stage velocity compounded impulse turbine.

(b) Simple impulse wrbine

(¢} Two stage pressure compounded impulse turbine.

In pressure compounded impulse turbine, the blade height has to be increascd
towards the low pressure side. Why?

In velocity compounded impulse terbine, the blade height is same in all rows.
{True/False)

Define Biade velocity coefficient.

The relative velocity of fluid increnses across a reaction turbine, (True/False)

What is compounding or staging?

Why is compounding necessary?

The reaction turbine has

(a} nodiffusers.

(b} nonozzles,

(c} no fixed blades.

The steam velocily in a reaction turbine is low and hence the speed i is low

relative to the impulse turbine. {True/False)

Differentiate between impulse and reaction turbines.

The steam expandsin the movings fixed blades of areaction turbine. {True/False)
In impulse turbine the pressure drop, unlike the reaction turbine, takes place in
the nozzles only. (True/False)

Why is the term reaction used in reaction turbine?

Define Degree of reaction,

Whalt is zcro reaction stage?

With isentropic flow conditions prevailing, the zero reaction stage is exactly
the same as the impulse stage. (True/False)

What is an impulsc stage?

The following stages should be avmded due to the adverse pressure gradients
causing flow separatjon

{a) Negative reactive stage only

(b) Reaction more than { (0% anly.

(c) both (a) and (b)

5.33.
5.34.

5.35.

5.37.

5.38.

5.39.

5.40.

5.41.

5.1.
3.2,
5.3.
3.4,

5.5.
5.6.
5.7.
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Gas turbines tend to be always of the reaction type. Why?

Steam wirbines are usually impulse (or) a mixture of impulse and reaction stages
becuase of ’

{a) High pressure ratjo,

{b) Low ovecrall pressure ratio.

(c) Type of working fluid.

The maximum diagram efficiency of an impulse turbine is

(a) colia-,

(b} s:n2u1

(c) sine,

. The blade to gas speed ratio for maximum diagram cfﬁcncncy is

{a) sina

{(b) 2sinec

(c) sino/2

The blade o gas speed ratio for maximum diagram efficiency of a reaction
turbine is

(a) sineon

(b} sina/2

(c} 2sina)

The maximum stage efficiency of a reaction turbine is

(a) 1+sine

(b) 1+ sin? oy /25in%e

{¢) 2sinta /) + sinle '
The stage efficiency, turbine efficiency and reheat factor are related as
(a) ;# = xRF

by ne =R.Fxmy

{c) RF=mn xn

Annulus flow area interms of hub dizameter and blade height is

(a) w{Dy — h)h :

{(b) wh(Dy + h)

(c) m(Dy + h)?

What is Governing of turbines? How is it done?

EXERCISES

Describe the working prineiple of an axial flow turbine with a neat skeich,
What is an axial fow turbine stage?

Draw the inlet and outlet velocity triangles for an axial flow turbine stage.
Prove that the axial flow turbine stage work

W/m = UC,(tan B\ + tan £2)

Define Diagram efficiency. What are the other names of it?

Draw the h-s diagram for expansion through an axial flow turbine stage.

The work done factor is not uscd in axia! flow turbine but it is used in axial
compressor why?
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5.8,
5.9,

Prove that fig), rel ="hyz, rel. acrass the lurhine rotor.
Defline ‘
(a) total-to-101al efficiency

. (b} total-to-static efficiency.

5.10.

S.11.
5.12.

513,
5.14.
5.15.

5.16.

5.19.

5.20.

5.23.

5.24.

Define ‘

(a) Nozzle loss coefficient and

(b) Rotor ioss coefficient

Define blade loading cncfﬁcucnl" What is it's sngmﬁcancc"

Prove that

¥ = ¢(ian 8; + 1an ﬁ-.

Why are simple impulse wrbines not so common?

What is compoundmg or staging?

Explain briefly a two stage pressure compounded impulse turbmc and show the
pressure and velocity variations across the turbine.

What is a velocity compounded turbine? Draw a (wo stage curus turbine
indicating the pressure and velocity variations across it

. Draw the infet and outlet velacily triangles of a two stage impulse turbine.
- Define blade velocity cacflicicnt. How does it vary bc:wc:.n an impulse and

reaction lurbine.

Explain with a neat diagram the operations of a reaction turbine.

Define: Reaction ratio for an axial flow turbine stage. Compare the degree of
reaction for axial low compressor and wrbine.

. Derive the following relations.

{a} R = i¢ {tan B2 — tan 8))

) R = 1 C,,(mnﬁg —lanoy)

2 U
Cu(tanas — tan e )
y R=1+ ~
(e 20
- Draw the velocity triangles and h-s diagram for the following axial flow wrbine
stages. |
(a} R =0 (bYR <O

(©)R=05 (R=10 ()R> L0,

Prove that for an xmpulsc wurbine

(a) ¢ =sjna /2

(b} Tmar-dia = Sinzﬁq.

Prove that for a reaction turbine

{a) o =sinay R

b)) mazs = ﬂ:ﬁ— !
I 4+ sin~a

. Prove the following

o=, X RO

26. Explain the various internal losses in axinl flow turbines,
5.27. What is wrbine governing? What are the different methods of governing of

turbine? Explain briefly.

5.28.
"/5.29
5.30.

53.31,

5.32,

5.33.

5.34,
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A single wheel impulse steam turbine has equi-angular rotor blades that develop
175 kW and prodece a torgue in the disc of 1.62 Nm at a mean radius of
132.5 mm. The rotar receives 0.014 kg/s of steam from nozeles inclined a1 707
to the axial direction and steam discharges from the wheel chamber in an axial
directien. 1%ind () the blade angles (b) the diagram efficiency {c) the end thrust
on the shaft {d) the tangential thrust on the blades.

[Ans: (a) 60,7 (b)0.62 {c)?2.04 N and {d) 12.23 N}

. A 50 percent reaction steam turbine, running at 450 rpm develops S MW and has

a steam mass flow rate of 6.5 kg/kW.hr. At a particular stage in the expansion
the absolute pressure is 85 kPa at a steam dryness fraction of 0.94, If the exit
angle of the blade is 70° measured from the axial Now direction, and the oullet
relative velocity of the steam is 1.3 times the mean blade speed, find the blade
height if the ratio of rator hub diameter 1o blade height is 14.

[Ans: 0.131 m]
In a zero reaction gas turbine, the blade speed at the mean diameter is 290 m/s,
Gas leaves the nozzie ring at an angle of 65° (o the axial direction while the
stage inlet siagnation lemperature is | 100 K. The siagnation pressure at nozzle
enury and exit ore 400 kPu amd 390 kPa respectively. Static pressure at nozele
exilis 2(K) kPa snd that ot rotor exit is 188 KPa, Assuming that the magnitude
and direction of velocities at entry and exit of the stage are the same, determine
the stage total-to-total efficiency. Take Cp = 1148J/kg — K. [Ans: 87.3%]
Show that for a free vortex turbine blade with negligible degree of reaction at
the hub, the degree of reaction R al any radius *r’ is related to the hub radiug

ry by
R (2)

Steam with a velocity of 600 m/s enters an impulse turbine row of blades at
an angle of 25° to the plane of rotation of the blades. The mean blade speed is
255 m/s. The exit angle from the blades is 30°:There is a 10% loss in relative
velocity due to friction in the blades. Determine (a) the entry angle of the blades
measured from the axial direction (b) the work done per kg of steam/sec (¢) the
diagram cfficiency (d) the end thrust per kg of steam/sec.
[Ans: (a) 48.5° (b} 150.71 kWi(kg/sec) (c)}83.7% and (d) 78 NAkg/s)]
The nozzles of a simple impulse turbine are inclined a1 an angle of 20° 1o the
direction of the path of the moving blades and ihe stcam leaves the nozzles at
375 mv/s. The blade speed is 165 m/s, Find suitable inlet and outlet angles for
the blades in order that there shall be no axial thrust on the blades, allowing
for the velocity of the steam in passing over the blades being reduced by 15%.
Determine also the power developed for a steam flow of one kg/s at the blades,
and the kinelic encrgy of the stcam finally leaving the wheel,

[Ans: (a) 56°, 49°  (b) 52.8 kW/(kg/s) and  (c) B.778 kJ/(kg/s))
Al a stage in a reaction turbine the mean blade ring diameter ts {m and the
wrbine runs af a speed of 50 rev/see. The blades are designed for 50% reaction
with exit angles 60° and inlet angles 40°. The wrbine is supplicd with steam at
the rate of 6,00,(0 kg/he and the stage efficiency is 85%. Determine, {a) the

B
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5.35.

5.36.

5.37.

5.38.

5.39,

5.40.
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power cutput of the stage, (b) the specific enthalpy drop in the stage in kl/kg
and (c) the percentage increase in relative velocity.

|Ans: (2) 11.33mW, (b)) 79.98 kl/kgand  ({c) 50.89%]
Anaxinl flow gas turbine has adegree of reaction of 30%. The blade speed at the
mean diameter is 300 mps and the mass flow is 2.5 kg/s. The gas temperature at
the turbine inlet and outlet are 500°C and 300°C respectively. The fixed blade
outlet angle is 20" measured in the same direction of blade speed. The axial

velocity remains constant at 200 mps. Draw velocity diagram and determine

the relative velocities and power developed. Take Cp = 1.005 kI /kg K.
(MKU-Nov. "96)
. [Ams: (a) 348 and 472 m/fs, (b} 502.5 kW]
Two rows of a velocity compounded impulse turbine have a mean blade speed
of 150 mfs and a nozzle velocity of 675 mfs. The nozzle angle is 20°. The
exit angles of the first moving row, fixed and second row of moving blades arc
257, 25° and 30" respectively, There is o 10% loss of veloeily due o friction in
all biades. The steam flow is 4.5 kg/s. Draw the velocity diagram and determine
(=} the power output and (b) the diagram efficiency,
{Ans: (a) 796.5 kW and (b} 77.7%])
The nozzle angle in a velocily compounded impulse wrbine is 20° to the mean
blade speed which is 100 m/s for each moving blades row. There are two rows
of moving blades with exit angles 26° and 30°, Between these rows there is a
row of fixed blades with exit angle 28°. The relative velocity of steam drops
by 10% during passage through ring of blades and the final discharge is axial.
Detlermine the veloeity of steam leaving the nozzles and the blade efficiency. If
the nozzle efficiency is 95% and the kinetic energy of steam leaving the stage
is available as heat cnergy, estimate the state of steam enfering the next stage,
The conditions of the steam at nozzle inlet is 8.5 bar and dry saturated.
[Ans: (2450 n/s (b} 62% and  {c) 5 bar, X = 0.96]
In an impulse turbine designed {or free vortex flow at the rotor inlet, the blade
root radius is 25 cm and the blade height is 6.3 cm. The absolute steam velocity
at the rotor inlet is 450 m/s, the fluid being directed so as 1o make an angle
of 15° with the whecl tangent at the blade root. If the speed ratio is 0.4 at the
tip, the blade velocity coefficient is 0.97 and the difference between the rotor
inlet and outlet angles is 3° all over the rotor, draw the velocity triangles for
the blade tip and find the degree of reaction at the same position.
) (MKU-May '97)
{Ans: —4,9%)
What is the percentage of reaction of a single stage wurbine operating with a
total pressure ratio of 3 and top lemperatere of 1100 K, if the velocity out of
the stator blade is 550 m/s, and velocity aul of the turbine is 300 m/s.
(MKU-April '97}
|Ans: 1.64]
The blades of a free vortex turbine rotor have inlet and outlet angles of 60 and
65 degrees at a mean diameter of 100 cra. The corresponding nozzle angle is
70°. The hub to tip ratio is 0.6 and the turbine runs at 3600 rpm. Calculate for

-

5.41.

/ 5.42.

5.43.
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the hub. mean and tip sections of the blades (a) the blade angles, (b) degree of

reaction (c) blade 10 gas speed ratio. . .
{Ans: mean section By 60° B = 65°ay =70

R — 204%ando = 0.35. , ,
hub section 8 = 71.0° 2 =66.3% o) = 74.8
R = 4ld%ando =02. ‘
tipsection By = 431°% B = 65.4°, o) = 65.6°
: R = 49.2% and o = 0.54]

An axial Mow gas turbine has root and tip diameters of 600 mm and 75.0 mm.

Rotor speed is 7500 rpm. Rotor blade design is based on frec vortex principle

and absolute velocity is axial at exit. The actual change in total temperature at

mean scction is 110°C. Caleulate the air and blade angles, reaction ratio and’

blade loading coefficient at all sections. Take R = 347.2 Jkg-k and r = 1.3

[Ans: @1; = 72.25°  fi1m = 60.93°. fom = 5296%, Rm = —-17.808‘1-
‘J’l’.m =216 oy h = 74,12°%, ﬂi.h = 66.83%, ﬂl.h = 49.670.
Ry = —49.17% v, =298 oy, = 70.42°, By, = 53.24°%,

Ba, =55.82°, Ry =455% . =191]

A gis turbinc stage has an initial absolute pressure of 350 kPa and temperature
565°C and negligible initial velocity. At the mean radius 0.3(? m, the cond_mon:
are nozzle exit absolute static pressure is 207 kPa, nozzle exit flow arllglc is 68

and stage reaction is 0.2, Determine the flow coefficient. stage loading fz\ctf)r.
‘stage reaction and air and blade angles at the mean, hub and Up. The hub rafilus
and ;pccd arc respectively 0,31 m and 8000 rpm. Assume that the stage is to
have a free vortex swirl at this speed. Take Cp, = 1.148 Wikg-Kandr= 133,

Neglect the losses. U':f{({}:g‘:-‘: g;
(Ans: oim =68,  Qom = —103° fin =30.2° fom =559%
¢m = 0602, Rm = -02 Vim =138 o4 =7082".
arp = —11.9% Py =5531° Py = 50.63° ¢n = 0.7. .
Ry = —0070 yug =176  ary = 6529° oy, = =9.I".
By = 1575° PBa, =59.9° ¢ =0528. R = 038
¥ = 1.06]

The data for an axial wrbine stage are: hub diameter = 450 mm, 1ip diameter
=750 mm, rolor speed = 600 rpm. At the mean section, &y = B2 =T75° 1=
@y = 0. R = 0.5. Assuming radial equlibrium and constant nozzle .3“8‘?-
determine for the hub, mean and tip sections (a) the absolute and refative air
nngles (b) blade-to-gas speed ratio (¢) degree of reaction, Assume axial exit
from the stage at all sections.

- = o ° 54. 0.218
|Ansz oy, = 75° fin = 5787 By = 65:'. 0.554.
A = 75° Brm = ° Bim = 75° 0.966. 0.5
oy = 15° P = —63.58° By = BO.13°, 1.487. 0.675]
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. ‘ o ~ INTRODUGCTION

- e )b ) 1,0 L ' o )
A= Uff il fJ d /) ) L{} S22 ol LJ/JJ"’ P The inward flow radial gas lurhines are used for applications where the flow rate is
- . ' / very low, for example, wrhochargers for commercial (diesed) engines and fire pumps.
Ca b diameter being about 0.2
' A e ; L’(_f'l.x'/ . . The radial gas wrbines are very compact, the maximum di ing about 0.2 m
A ’ ’ u LbC) /J S ¢ I and speeds_are high, ranging from 40,000 to 1,80,000 rpm. They are usually of the

290 type, the blades being L o the tangent at the periphery of the rotor outer infet.
The gas enters the turbines in thc radlal d:recuon and Icavcs axially at the outlet.

— o —————— S

DESCRIPTION

' ! R (_)»f)u(—'(_, [ Uug

AS0inward Now radial wrbine is very similar (o the centrifugal compressor and the
only dillerence heing that the gas low is in the oppusite dircction (Figs, 6.1(a) and
i 6.1{b}). The gas enters the scroll casing, whose croa:.-su:uuﬁa'l arca is decreasing as
ngMasscs through it. Th15 ku.ps the VL.locuy at the entry entry to the nozsle vancs
constant as the gas is gradually drawn off on’its circumferential path, The nozzle
vaneb are converging lg_mgcw of the gas and they set the gas

angle “angle for entry into the rotor. This angle, measured from the radial direction is usually
e ——

L= \"‘L N 'CJ ! [1 C_”l W 'l‘, :,,J" ’}.? (_)/{/U/w uj‘
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Figure 6.1(a) Inward flow radial (IFR} turbine
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Figure 6 l(b) Radial inflow turbine Figure 6.2 Velociry irlangles for an inward flow rudiol turbine

and for radial relative velocity at entry i.e. for a 90° /FR wrbine. §; = 9()"’}} e '."‘"“"J""f'

l@gﬁd_cﬁ_a_qggs___n some turbines, there m may be no vanes at all, bul a passage similar
to that of the vaneless diffuser (discussed already) is fitted. A vaneless space exisls
between the outlet tip of the vanes and the rolor. This space is being utilised by the I
gas for futher low adjustment and helpmg in the rcducuon of vibratory disturbances

PR p—

" W/m = Ul [since Cy, = U] 6.1y

The head or stage nlggfir_xggqgfﬁg‘_e_m is defined by

within the turbine, : _ WOdeOne/kg e  Cy
Some of the common ap&eallons of lhe radial turbines mre. in the ln.ldt. of tur- . W = U’ vl UL
bocharging. -aireraft and m:ssnﬁ; e_muxiliory drives, cryogenics, and gas Ilquct‘aclmn ! e ! e
_;_a.ngm_(mward ilow radial) turbine has been in use since a long time forhydropow : From the velocity triangle, Coy = Cr cotey
generation, The Ljungstrom (outward now radial} wrbine is used in steam power '
generation. Y= Cneote @ colar c (6.2)
The rotor which is usually manufactured w1th cast nickel alloy, has blades that are ol 7 ' .
curyed 10 change the Nlow from the radial 1o the axial direetion. The shrouding for o
the blades is formed by the casing. and & diffugér can be fitted at the outlet to further . w#:fj-’;rf known as the flow c‘aeﬂ'ic;enr }:0; 3090 {FR turbine, Uy = C;,.
reduce the high kipetic energy at that point and thereby increase the enthalpy drop ' 22020 L ’
across the rolor— MMH‘—#_"_ . U!
'h'P _J"L-Jy g (-}":. r= UZ =1 . o I {6.3).
VELOCITY DIAGRAMS ! S FE ot TG 2t o

The velocity triangles for the 90°%inward flow radial gas turbines are shown in Fig.
6.2. Section -2 refers the rotor and ‘o’ subscript indicates the point of entry to the
nazzle vanes and section 2-3 indicates the diffuser outlet section.

-+ work done per unit mass flow in the rotor is given by Euler's wirbine equation

| W/im = (U!C';, - Uz_ngﬂ

»

(;‘J.j‘p):’fdf'fif)ﬁ-/’
""" CAonz v
W/m - U.C,,

v .ﬁ, Juereas THE THERMODYNAMICS OF FLOW

;l'hchthcrmm'iynamxc path followed by the gas is shown on the Mollier chart {Fig. 6.3).
n the nozzle, no work is done, Therefore, fing = ho1. although th

0 the nozzle, no work is done, ol. ough the total pressure
drops from pgg 10 po1 hecause of § :mmlbm?{(

Ji.»fu (’—’ e ‘f“”"ﬂa Jisr ho—iy =(C? - Chp2 16.4)

Ly ’. )! /(_| T The work done is given by

Wim = ho1 ~ hpa (6.5)

—_ 7 )
”’()Jt-/d»'l— .
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Figure 6.3 Mollier chart for expansion in a 90° inward flow radial gas turbine

Fquating the two expressions

hoy = hoz = W Cyy = U2Cyy (6.6)

Itis already shown that the quantity ‘I for a centrifugal compressor is given by

l—hOrcl“U /2

S o L A Sk

where °I' is a constant

Therefore,
| hy = hy = Wi - up ;(W'z — Wl (6.6a)
IfC,; = 0, then (W} — U}) = C3and
Iy =hy= g-'z—:-‘%’:iﬁl (6.7)
In ;hc tiiﬂ'uscr hoa = hoy, Thus, ’
hy = ha = ¢ ; ch (6.8}

If the losses in the diffuser are neglected., then

To3,, = Toz,,and

’){f [ :J." (.20

RabIALFLOW GASAND STEAM TURBINES ~ 239

Total-to-(otal isentropic efficiency is given by

oo — Toz)
(Too - Toz,,) _

Ny = 6.9)

M 15 in the range of 80-90 per cent.

The losses in an /FR rbine can be expressed in terms nf[hc nozrlu and rotor loss

coefficients as defined for the axial stages.
From the b — 5 diagram, these coefficients are

Ly = h_‘:_hﬁ ¥
. cire
and
he —
Lg=hy
W;i/2
STAGE EFFICIENCIES
The actual work output of the stage is
w
— = oo — g2 = oy — Ao
m

= 'lUlC.n = Ul + Wx|)
= Ulz(l + @icotB)
From the velocity triangle (Fig. 6.2)

Ci, = U+, cot gy

Ce, o
or =1+
v + Ui cot
Bui
C,, Cr
= = and — =
U, 7 0, #1
Y o= l4gicotfy
Then W/m = l,lr.l(._{lz‘ .
For o perfect gus
' W/m = Cp(To) ~ To2) = UM + ¢y cot By) = h (6.10) -

The iscntropic work output between the total conditions al the entry and exit of the
slage is

%, = CplTor — Tog,,)

W, = hey—hg
=]
P ]
C,,Tm[l—(i’l) J (6.11)
Puo

If

]

130
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The total-to-tinal efficiency

W hop = hpa
V. - hm—hngu

Ul"'(l 4-gyeot f)

Py \ T
CpTon ':1 - (PUU) ]
e X
I /L) S (6.12)

=1
N ' P\ o |
CpTon ]l -~ —
- (52) |
The isentropic work between the total conditions at the emry and stalic condmons at
the exit of the stage is given by Jj’/ ’L:’f

Soop? ﬂc}“

By =

W, = hm——fu“:Cp(Tog—-Tz,,)

|

The tatal-to-slatic efficiency is given by

w hg{; —_ hgz

LT W, T heo — by,
Ui -!‘xi’l*-'ﬂlﬁa’_):J _ WUt - (6.14)
C,.ﬂm[‘ - (ji,:”i) ' ] C"T"”[l - (%)ﬂ ]
SPOUTING VELOCITY

The isentropic total enthalpy drop in the turbine is given by

{hoo ~ ho,,)

when the di dlﬂ'uscr is nol fitted. The expression becomes (figg — hoy,, ) when the diffuser
is fitted. -

T

Conditions Total-to-total Total-to-static

1y with diffuser

Y . C'.Z C‘Z

¥y without diifuser —zi = (hpg — hoy,,) = (hpg — h3,,)

Lryx)

e=1
P\TF .
CyToo [a - (i) } (6.13)
P |

b] 2 /
%‘= (hoo — hoa,,) & g

5 = Chon — M13,,) —pm —*tr'_‘”?"-‘jf,f '

RADIAL FLOW GASAND STEAM TURKINES < 261

The encrgy change may be related to kinetic encrgy where the associated velociny
term is known as the spouring velocity designated as C;. Thus four spouting velocities.,
with and withouwt a diffuser and lor total-10-10tal or loln! to-slatic condittons moy he
defined as follows

The appropriate definition would be used dcpcndmg upon the efficiency being dL
termined.
For isentropic ﬁowne waub)

—

. , swm—m_cn

—— ot
m—

-~ ,’ C:Q
Jrep! s U /€, = 0.707 e

In practice, U\ / C ties in the range 0.68 10 0.7. This biade to gas speed ratio is denoted
as g;.. . —

or

DEGREE OF REAGTION

Degree of reaction for 2 radial flaw turbine is defined by

u’/)éc) L2

Static enthalpy drop in the rotor ’ |
Slagnauon enthalpy drop in the stage e A rete PR
2P At

- hy—h;
hoo — hpa
= Juzh ' 618
’ hoi — ho2 ' o2
}
. {hor =~ ho2) — -i(c:,z -ch)
- ho — hoa
2 2
I
' ‘ 2(hgy — hoz)
_ ¢} -
- 2(UIC:; il UZC,\';)
— 2
] — 2 .
——-*——-ZUIC“ {6.16)

s LR p——

[1f the whirl velogity C,, is zero atexit and C3 = C'g_l
Assuming constant radial velocity -

. E_,:E'.r; e
nCl-Ci=Cl-cl=ct-c?
=c}|

Figure 6,3(a)




/ / }‘/ / / !, o o
_(/3/:,.,1»)//){_»/\5 -U(f(,,t/p)[ ““'/(0”‘“,(-:u”"(,‘4-JUL, . e |

”(’Jp"")(-"d-/’r A ,’7;)4"' e 21h) 0 %
| 267 > TURBO MACHINES o - RADIALFLOW GASAND STEAM TURBINES (< 263 :..}.
c? i , " The hall-degree reaction {R=0.5) has the advantage of having a constant value of )
LR = _ X1 ¥ ./ the reaction at all values of the flow coefficient. - n
2\ Cy, _ _ : The degree of reaction increases with the increasing values of the inlet blade angle :' S
R o= 1= &_‘_ _ 1,';, 6.17) (ﬂl) Thus for a given value of the llow cocflicient (¢)the forward curved vanes gwc i s B
2 2 ‘ \ ‘a higher degree of reaction compared 10 the backward curved vanes. : - R
‘ . L “The degrec of reaction of the backward curved vanes decreases with lncr-.asmg -
. From lhce mlel;elicg triangle F:g. 6.3(n} { “ vaiues of the flow cocfﬁcnenl The converse is true for the forward curved vancs. tRL
n =i X ’ A=A TRII S : it
I 1 " L
= Uy + CycotBy 7 ) AN OUTWARD FLOW RADIAL TURBINE {LJUNGSTROM TURBINE) E
" +:C cot W Lijungstrom turbing js an ontward low radial wrbine (Fig. 6.5¢a)) in which the fluid =
1 + Cr cot B 1 in which the Huid
S~ R=1- — 20 (6.18) Cy=Cry centers the turbine in the axial direction and leaves radially at the exit. Thearcaof flow
: . N increases towards the exit which accommodaies the expanding gas. The most com- |
[ -+ ¢y cot B ‘ o v : monly employed L_;ungstrom turbine consists of rings of cantilever blades mounlud " +
=1 — on (wo discs rotating in opposite directions, The counter rolating blade rings of a
L Flgure 6.3(b) - Ljungstrom turbine is shown in Fig. 6.5(b). Each row of blades forms a stage.
. 1 - ;
P o R = —[l '—¢'|cot,6|] . | <. P Exhaust casin ’
‘ _,{ o ' ! é}”""uﬂ’/?’ ))"--’/«"“-A_f""’J U‘_’? o E( vl L_'tcwf
K " ' When B1 = 90°(angle measured from the plane of rotation) i.e., for radial vancs. D &’ b S}i’é‘!é‘m
‘ Rotor disg 2 is
‘ | cot90® = (; zo,pr,, f;) Rotor disc : |
VMR = = (6.19) - Steam inlet A e
! 2 | . I . - Darnla e
' BT of M- Ty :
‘ Consider the expression (6.17) . 22l Pae/ e S
' Cxl ) B . ' - 8w f
R= l —_ i—g— , ))’U Y J
| 1 . R o . , ) . - /)J) (.0 })2/9 “‘“-"f,
When R = 0 i.e. for an impulse stage Cy, = 2U) and hence Yy = 2 and R = }/2 Y St CER AR

SRR
i.e. for the fifty per ceni reaction stage Cy, = U and therefore, Y = 1 NS A S
Fig. 6.4 shows the variation of the degree of reaction (at various values of the flow

coefficient) with the rotor blade inlet angle,

1 v
1.0 .
e . ; . . )
ik ay= ) Figure 6.5(a} An ourward flow radial turbine (Ljungstrom turbine}
Tk Cn"?u 0.8
10 . 0.6°
0 B =90
n 0.4 '
T el E!lckw:jni i
“ o { o7p et 0.2 1
: i ‘ R 06} -
0s R=05 ht :
» " Fooward | | row-2
L o 03 . iy m row-|
Ll T . “@4 08" 45 "
b 0.1 Lo 1 Lt 1
20 30 40 50 60 70 80 90 IOGIIOIIODOMDISOIGO

Figure 6.5(d) Counter rotating blade ::t'ngs of Ljungstrom turbine 7-

By, degrees —e '
Figure 6.4 Variation of degree of reaction with rolor blade inlet angles .
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VELOCITY TRIANGLES AND STAGE WORK

The velocity triangles Tor the first two stages are shown in Fig, 6.6, Various velocities
a1 the inlet of the first slage arc designaied by the suffix o.

Second
binde ring

First
blade ring © !
EA
Up

Figure 6.6 \elocity triangles for the Liungsirom turbine stages
£ ) 8 g, )

The relative velucity at the exitofl the first stage ls Wy which alonp with the peripheral
velocity U gives the absolute velocity Cy. The relative velocity Wa at the entry of the
second stage is obtained by subtracting Uy from C,. Thus the exit velocity triangle
of the first stage and the entry velocity triangle of the second stage are superimposed
on each other. The same velocity triangle applies (o the following stages. The relative
velocity at the exit from the second slage is Wy and al the entry to the third stage
is Wa. The common absolute velocity at this scetion is Cz. The air angles (8) of all

stages are assumed to be the same. The peripheral.velocities of the two rows at a given
scclion are also assumed (o be equal.

Stage Work

The fitst blade ge. Therefore, any other stage, can

be considered for the purposc of analysis. For the second stage, the work dqu:l]-.g is
~ given by

»

rW/JJl =hpr —hgr = UhCry + U Cyy (6.20)

Sinee €, is in the opposite dircction.

RADIALFLOW GASAND STEAM TURBINES < .‘265:
From the velocity tﬁa;ﬁg!cs,
Wim = U (W) cos —Lh)+ LUa(Wicos 8 — Uh)
AssumingMndMl

W/m = 2U(W; cos B ~ Us)
2(U, W3 cos B — U3)

Mulliplying and dividing by W;, we get

U UZ . ‘

= 21&{%(—% ,s—-—-) 6.21)
'l

= 2‘W3(cr, Dsﬂ——a) J

where o, is the ratio of the pﬂnphcm] velocity of blades 10 the relative vclocny at thc
exil and is assumcd to be constant. i.e.

o=t _U constant
= e—— = ———— am )
- :- LW Wy
For maximum work,

aw

ao, )

cosf—20r = 0
{or)
cos
Grapy = zﬁ (6.22)

This is the optimum value of o for the maximum work. Then

Wicos 8
Wicos 8

22U,
2Us

The maximum work is obtained by substituting the value of Oy, 0 equation (6.21)

1
Wax /m = 5 W] cos”

But

]

. 20,
Therefane,’

. Wi cos B
/ _ (6.23)
{ Woax/m = 20}

‘The above two equations show that the outward flow counter Totating radial stages

behave like an impulse stage of the ax1allpc Bulth:s:mprcssxon is notiruc Because,

s s e
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Hic true or equivalent blade velocity is 2U2 on account of counter rotation. Therefors,
the actual blade to gas relative velocity ratio should be

u
O, = =22~ cos B
opi W3

This is same as in the fifty per cent reaction stages of the axial type. In this sense, the
outward flow counter rotating radial trbine behaves as a [fifty per cent reaction stage
of the axial type.

F‘or ideal flow, from equauon {6.20)

!
hy —hy = UiCx, + UrCry — i(c:,2 -ChH (6.24)
From the velocity trianiges at the exits of the {irst and second rings
' C} = Ul +WE-2UWicosfandCr, = Wicosf— U,
€} = Ui+ W]-2hWicosfandCy, = Wicasf —Us

* Substituting these relations in equ. 6,24 and assuming Uy &= U3 and Wy = W;, we

‘get

: :
i~ hy = S (4UW, cos 8 —3UL — U} - Wi+ Wd

i ~ From the combined velocity triangles, at the exit of the first ring

Wi = Wi+ QU -2WQUy) cos 8
W cos B = WE44aUl - W}
Therefore, ‘
I 1 . Y
ho—hy = i(WE-f-dUE— Wi - 3uf - Uf - Wl wi)
h-hy = [(v}-v})~ (Wi~ w,)]/z (6.25)

~ It should be noted thatin i inward flow radial turbines (Jl > Uz', So, the enthalpy drop

- (hy — hy) increases by an amount: (_LTZ - Uz)/2 {equ. 6.6a). But, in outward flow

radial turbines Uy < th, therefore cnlhalpy drop (hy ~ A3} dt:creascs by a quanmy
(U" —_ U-})/Z (equ. 6. 25) Therefore, for the iz}Te su.c and specd inward flow radial
turbmcs develop higher power compared to the Biitward flow type.

SOLVED PROBLEMS

Examplie 6.1 A cantilever blade type IFR turbine receives air at Pgg = 3 bar,
Too = 373 K, Other data for this turbine are rotor tip diameter = 50 <m, rolor exit

. diameter = 30 cm, speed = 7200 rpm, rotor blade width at entry = 3 cm, air angle

at rotor entry = 0%, air angle at nozzle exit = 25°, nozzle efficiency = 97%, stage
pressure ratio (Pgo/ P2) = 2.0. The radial veloeity is constant and the swirl al the rotor

. exit is zero.!

' 4
RADIAL FLOW GAS AND STEAM TURBINES < 267

Determine {a) the flow and loading coefficients, {b) the degree of reaction and stage
efficiency, (c) 1he air angle and width at the rotor exit, and (d) the mass flow rate and
power developed.

Solution

Poo = 3 bar Tw = 313K

r = 05m r = 03m N = 7200rpm

b = 003m pf = 60° ay = 25°

Pw/P2 = 20 C, = Chp=C an = 097
(a) Flow coefficient and stage loading coefficient

C
Flow coeflicient (¢) = “l.fi
U ndi N 7 ox 0.5 % 7200
'T 60 60
= 188.5m/s

Figure 6.7(a)

From the inlet velocity triangle

Uy = Cy—Wy
= C,fcolxy —cotBy) .
i _ 188.5
~6o= cotay —cot B cot25° — cot 60°
= 120.3m/s
. C, 120.3
Flow coefficient ¢y = a—-‘- = 1385
= 0.638
Loading coefficient o= |+ oty
= 1+ 0.638co160°

1.368

(b) Degree of reaction and stage efficiency

R = 1~ ¢ycotf

2
1 —0.638 cot 60°

2
31.58%

347

.g"

E B
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Stage efliciencyy,, =

wUj

=l
P T
C,.Tim I - (—2_)
oy

1.368(188.5)2

1\
1005 < 373 1 — (i)

72.17%

(c) The air angle and width at the rotor exit

Cy =
Uy =

Cr = 1203 m/s
TN

60 o

__H'x
- 60 ' U

I

From the oullet velocity triangle (Cyy = Oy (Fig. 6.7(bY)

Rotor width at exit

113,

lan gy =

0.3 x 7200

Y
rg

Bs

I m/s )
‘Figure 6,7(b)

&
U,

5 = mn_,(IZO.J)

M =hr_haise

UICM ’

0.3158 x 188.5 x (C, cotary)
0.3158 x 188.5 x 120,3(cot 25%)
153K

= Cpl{Ton ~ Toa) = U\C,,
188.5 % 120.3 x co1 25°
1005

= 4B.J39K

R =
Cp(Tl - T
- =
From the workdone/kg
W/m
Too — Tz
~Toy
L
T

= 324,61 -

= 3734839 = 32461 K

C'Z 2
= Tp~ o=t =T - L
2( " ZCP

120.32

2 % 1005

T
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= 374K
1534+ 3174 =3327K

It

The nosale efficiency is piven by

N

TDO - T].I
o

A TDQ b Tl:

Density of air at rotor entry

i

cir2
Cp(TDO =T}
cijz -
Cp Xy
= g /cosm
= Creoley = 120.3 cot 25°
= 257.98m/s
= 257.98/cos25° '
= 284.65m/s '
284.65%/2

1005 x 0.97
= 41L56K .

=l
Py 4

= T P — = 41.56
m[ (Pou) :l

41567
= [1 - _l:rlf’] = (0.89)63 = 0.67
Too '

= 0.67 x3=2.0l bar

Pi/RT) = 2.01 x 107/287 x 332.7
2.105 kg/m’

The mass Mlow rate through the rotor is

m =

i

At rotor exit
m

2
P

T2

~p

s 11.93

mAIC,

2,105 x (r x Dy x by) »x 1203 ]
2.105 x (r x 0.5 x 0.03) x 1203 |-
1193 kg/s

= prACa

PR ' 
Poo/2 = 3/2 = 1.5 bar

3174 K

1.5 x 10%/287 % 317.4

1.65 kg/m*

= 1.65(; x Dy x by} x 120.3

Il

I
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or

b = 11.93
o " T 165 xm x03x 1203
) ’ ’ = 0.0638 m

by = 6.38cm

K . (d) The mass flow rate and power developed

m = 11.93kg/s . )
Power W = mU;C, = 11.93 x 188.5 x 257.98
580.15 kW

Example 6.2 A single stage 90° /FR wrhine fited with an exhaust diffuser has
the following data.
Overall stage pressure ratio = 4.0, temperature at entry = 557 K, diffuser exit pressure
='| bar. mass flow rate of air = 6.5 kg/s, flow coefficient = 0.3, rotor lip diameter
=42 cm, mean diameter at rotor exit = 21 cm, speed = 18000 rpm.

Enthalpy losses in the nogzle and the rest of the stage are equal. Assuming negligibie

© veloeities at the nozzle enwry and diffuser exit, determine (a) the nozzle exit air angle,

_ (b} the rotor width at entry, {c) the power developed, (d) the stage efficiency, (e) the

. rotor blade height at the exit, (£} Mach numbers at nozzle and rotor exits and (g) the
« nozzle and rotor loss LGLlecﬂlS

Solution
Py/Py = 4 “t Tee = 557K Py = 1bar
m = 65kg/s ¢ = %’i‘-:o.s N = .18.000 rpm
D, = 042m Dy = 02im

{a) The nozzle exit air angle
* DN xox 042 x 18,000

Uy = =
'~ 760 60
' =1395.84m/s
-C,, =@l =03 x 39584 = 11875 m/s
‘ o o
. From the inlet velocity triangie o
1% ' #
fano; = L. -—C-ﬂ o
. U Uy e
. o = wn-! 118,75
‘ ST 395.84
o = 16.69°

W = mU? =65 x (395.84)
W o= 1018.5KkW.
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(c) Stage efficlency
_ hoo — Ao
e hoo — h]u
Since, kg3 = hpa
n, = hoo — ho2
f hoo — hln
From isentropic relation
(23} e
T (_Fi) ‘ _(_I_)“
Toa - Poo 4
CThs = 0673 % 557 =3747K
and
By = 1018.5
Wim = hw~hon= 25
= 156.69 kl/kg
Therelure,
156.69
0 = ooy
Cp(TOQ — T345)
_ 156.69
1.005(7557 - 3714.7)
= (.8552
ne = B8552%
1
{(d) Rotor width at the entry
Total enthalpy loss
hgy — ha,, = Cp(Ton — Tass)
T Ton = T id
o3=Tlo2 = lo mCy
1018.5
= - Esxi0m
M = 4011 K
Then,
CplToz — Taee) = 1.005(401.1 — 374.7)
= 26.53ki/kg

Given cathalpy losses in the nozzle and the rest of the stage are considered equal,
enthalpy loss in the nozzle is given by

26.53
)u —hys = 5 = 13.2635 kJ/l\b
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we can wrile,

hog — hyy = hoy =~ hyg

= (hoy —h)+ (I “‘[’llﬂl

2

S +13.265
= o X

fi

W, 118.75
Cy = = —— _ =4134
l Sin oy 5in 16.69° 13.48m/s
Then.
413.48?
= ——— +13.26
2000 + 3
op —hyy = 9R75ki/kg
98.75
TU] - Tl.y m—s‘ = 9826 K
Since,
Too = Ty :
s = Ty~ 98.26 = 557 - 98.26
= 45874 K
Now,
,
EANNN ST VIS
Poo  \To
h.4
458,74\ 4
ap o= 4 (__f‘__)(m
557
= 203 bar
and
c?
no= T g
”
N 413.48°
- 2 x 1005
= 471.94 K
Then,
: P 203 %108
PI=RT T Wixarioa

1.499 kg/m"

The width of the rotor at inlet

h =

RaADIAL FLOW GASANDSTEAM TURBINES & 273

m

a1 Wi{n Dy)

6.5

1.409 x 11875 x r x 0.42
= 0.02767Tm

b = 2.767cm

{e) The rotor blade height at the exit

CZ
2
ho2 = ha + 3000
ur
¥ = T —
.o T ‘ '+ 2000 % C,.
Ci=C,=C, = [BI5m/s
Tps = 401K :
A 11875
T = 40[.]—-5—)(—]6(3‘
= 394.08K
P ( T2 )”’“' B (394.08
Poa Toa T\ 4011
= 0,94 ‘

Since Poy = P3 (negligible diffuser exit velocily), Pos = | bar

S P =094 % 1 = 0.94 bor

The Aow area at rotor exit is given by

' m 6.5
Ay = =
_ 2C  paCa
2 0.94 x 107
o=

RT: 287 x 394.08

= 0.83] kg/m?
C 6.5

Ay

0.831 x 118.75

= 0.0658 m?
0.0658

nD3m T x021

= 0.0997Tm _
ha = 9297cm

12
)ﬁ'.l
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(9 Mach numbers at nozzle and rotor exit

and

M =

M

A!:‘..rtl‘

MZ.r‘rf

MZ.rrI

SRS

413,48

ai ~ JrRT,

“0.9495

JC +U7?

JI’DL,..N

ar JrRT
n % 0.21 x 18, O

T /ldx28Tx 47104

.

60

= 9742 m/s

a0

V118757 + 197.922

J 1.4 % 287 x 394.08

230.8

397.92
= 0.58

' g) The nozzle and rotor loss coefficients
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{a) The impeller tip speed

- ut
POJ r=l/r
Coon [‘ ~(7)

160
. oppl - —
~u —-0.9[|I47xl!50x(l (3 )

{/y = 532.2m/s

';;;)]

{b) Flow angle at nozzle outlet

Since Ty = Tyraad i
2 Yi
i

T T+C
o =1 2,

Oy o= JZOOOXC,,X(TQ[ T\)

Wy

s ; = /2000 x 1.147 x (1150 — 1013) re 6,80
. Ly ll!;h|, _ l3.265><2i0’ . = SE0.61 m/s ’ . Figure 6.8(b)
. cin 413.482/2 ) , o )
. From the inlet velocity triangle, Fig, 6.8(b}
Ly = 0.1552 .
Uy
and ! ‘ cosay = —
' Gy
L. o HMazha 13265 10’ J | { 532.2
k= Wiz 1308272 - : or & = €05 ( 560‘61)
Lg = 0498 ) | a; = 1831°
! {c) Mach number at nozzle exit
Example 6.3 AnIFR gas turbine operates with a total- to-total efficiency of 0.9. i
© At entry to the nozzles, the pressure and temperature of the gas are 300 kPa and f M, = 3 - Cy
. 1150 K respectively. At the outlet of the nozzle the static temperature of gas is 740°C : ay rRT,
and at the outlet of the diffuscr the pressure is 100 kPa. The gas has negligible velocity | 560.61
at the diffuser exit, Find the impeller tip speed. flow angle a1 the nozzle outlet and , = g

4133x2845x IUl3
“M; = 09]

_ Mach number at novzle exit. Assume that the gas enters the impeller radially and there
is no whirl at the exit, Take Cp = 1147 J/kg — K, r = 1.33 and R = 284.55/kg - K.

Example 6.4 A smull /FR wrbine run by exhaust gas has the following design

Solutlon data. Rofor inlet tip diameter = 9 em, rotor outlet tip diameter = 6.2 cm, rotor outlet
s = 0.9 © Py =300kPa Tgo=1150K - ! hub diameter = 2.5 cm. -

T, — 740°C = 103K Po3 = 100 kPa : Ca/C; = 0.447 and U/C; = 0.707. Blade speed = 30,000 rpm. Determine (a)

volume flow rate at impeller outlet {(b) the power developed and take density of
exhaust gas at impellers exit as 1.8 kg/m?

o
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Solution
Dy, = 009m Dy, = 0.062m
Day = 0025m N = 30.000pm p = L8kg/m?

a N o= .09 x 30, 000

U = “% < 60
U, = 141.37m/s
G o= 141.37/0.707
= 199.96
C; = 0447 x C,
= 0.447 x 199,96
= 89.38m/s

Power developed = mu, where m = py O
Y

(a) Volume flow rate at impeller exit

02 = A0
Flow area at impeller exit
b
ar = Tiod, -0 -

= %(0.0622 ~ 0.0252)

= 2.528 x 10~V m?
0; = 2.528x 107% x B9.38
Q1 = 0226m’s

The rawe of mass flow is

M = p07=18x0226
= 0.407kg/s

(b) Power developed Is given by

W = 0407 x 141,373
8134 W
8.134 kW

Example 6.5 A 90° inward flow radial turbine has the following data. Total-to-
static En:ssurc ratio { Poo/ P2) = 3.5, exit pressure Py = | bar, inlet 1otal temperature
{Too = 923 K, blade Lo iscntropic speed ratio = 0.66, rotor diameter ratio = 0.45,
Speed = 16,000 rpm, nozzle exit angle 20°, nozzle efficiency = 0.95 and rotor widlh
atinlet = S5cm. Assuming constant meridignal velocity, determine (a) rotor diameters
{b) rotor blade angle at exil {c) mass flow rate (d) power developed (e) hub and tip
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diameters at exit () total-to-static stage efficiency {g) Nozzle enthalpy loss coefficient’
and (h} rotor enthalpy loss coefficient.” ’

Solution
» - - U
Moo= as P = lbar T = 923K — = 066
52 C:
D_3 = 045 N = 16000mpm a = 20° 15, = 095
1 . .
B = 0.05m Cry = Crp=Cr
(a}) Rotor diameter '
Uy = 0.66C, . . '
C: = \ICF(TN"TZH)
ezl 01
P2 T 1 r
P = To(zn) " =9 (53)
= 64528K
A0 = 2% 1005 x (523 — 645.28)
= 747.14m/s
~Up = 066x747.14=493.11m/s
Rotor inlet diameter :
D, o Ui1x60_493.11x60
VT TaNT T rx 16,000
D) = 0.5%m
Rotor outlet diameter
D; = 0.45x059
Dy = 0266m Cry=C: NG
(b) Rotor blade angle at exit '
Cra . |.J1.
tanf; = — U;
. Ua 7
Cra = Cry=Ujtano,
= 403,11 x tan20° ¢
Cry = 179.48m/s o
' ' ' Figure 6.9a) & (b)
D 0.2 16,
v = "6;”-_-""‘ 620" 6.0 _ 12284 mys »
gy = 11248
: T 22784

p1 = 3885
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(c} Mass flow rate for a 90" IFR turbine, R = 0.5

hy — ha
R = = =0.5
 hg—ha
Colh = T2) = 05C,(To—-T2)
but -
: CplTo—T2) = W/im=U?
| 0.5U2
2T = Ty— o
lnnd
: W/m = Cpli — Toa) = Uy?
Ul 493.112
nTn = T-01—-—=L =923~
” TG, 1005
‘ = 68lOSK .
L c? 179.48%
ST = T~ 2_C; _681'05-2—><_TOT)§
= 665.02K
Now,
o L u? 0.5 x 493.112
= T»+0.5=L =665 —_—
T 3+ SC,, 665.02+ —— s
Ty = 78599K
Nozzle efficiency is given by
Towo— T
= ——— =095
w Too — Ty
. T -1
Ty = Tw—- ——
s w0 ( 0.95 )
923 — 785.99
= 923 - —F
- (P )
= 77878 K
From isentropic relution,
C I (B
. T Py
11 '—:1
= Pyl —
i % (Too)
_ as (778,78)&1
923
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= 1,931 bar
) Py 1.931 x 10° 3
TP = BT T T x8se0 ~ OB36ke/m
Mass Now rate
m = prACry
= 0.856 x (m =% 0,59 x 0.05) x 179.48
moo= 14.24kg/s
(d) Power developed
W= U} = 14.24 x (493.11%)
W = 31463 mW
(e) Hub and tip diameters at exit
Rotor width at exit
by = I}
2T g DaCra
Py 1 % 10° s
oy = —— e = (0,524 :
P RIS = 287 %6500 = 0024 ke/m
b = 14.24
TP T 0524 x m x 0.266 x 179.48
= 0.181Z2m
Now, hub diameter at exit
Dih = Di—b;=0266-0.1812
00848 m

and uip diameter at exit

Dy, = Di+b=0266+01812
) 0.4472 m
(D Total-to-static efficiency _
14 _ 3.463 x 109
M= mCo(Too — Tar) 14,24 % 1005(923 = 645.28)
= 87.13%

(g} Nozzie enthalpy loss coefficient

Ry —
Ly = ljhls
/2
Cy = U)fcosc; =493.11/cos20°

: B

-

-E‘_“"s
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Cp(Ty = Ty;) _ 1005(785.99 — 778.78)

(a) Total-to-static efficiency
Referring to the Mollicr Chart, -
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L =
g cj2 524.762/2
Ly = 00526
(h) Rotor enthalpy loss coefficlent
ha — hy
Lo Ny
w22
Wal = U2+ Cry = 179.48% 4 222.84° .
Wy = 286.13m/s
CplTz =T
Ly = Crilz—To)
wis2
=1 04
P2 T 1 ) T3
Ty, = T1{= = 785. —_
o ‘(P.) 83 99(:.931
= 651.28K :
L. _ 100566502 — 651.28)
ER= 286.132/2
Lg = 03373

Example 6,8 For aradial turbine stoge the pressure and temperature through the
stage at design conditions are; Total pressure and temperature upstream of nozzle are
respectively 700 kPa and []45 K, Static Pressure and temperature downstream of
.nozzle are respectively 527 kPa and 1029 K. At rotor exit, static pressure is 385 kPa,
static temperature is 915 K and stagnation temperature is 925 K, The ratio of rotor
exit mean diameter to rotor inlet diameter is 0.49 and speed is 24,000 rpm. Assuming
relative itow at rotor inlet is radial and absolute flow at rotor exit axial determine
(a) total-to-static efficiency (b) rotor diameters and (c) enthalpy loss coefficient for

nozzle and rotor. Take r = 1.67 and molecular weight of gas as 39.94 (d) total-te-total
eficiency. ’

Solution
Pyg = 700 kPa Too = 1145K P) = 527kPa
Ty =1029K . _ Py = 385kPa Th =915 K
Toz = 925 K D3 quf/Dy = 049 N = 24,000 rpm
Wy =G, Cz = Cr r =167
E B34
R = —=—=020 kg-
m . 39.94 Bkl/ke-K
rR 1.67 % 0.208
Gp= 7= "—pg — =0518kI/kgK

M-z =

Too — Toz
Too — Tzn

Poo

=1
P e
Ty = Tw ("’")

(b) Rotor diameters

(385)?53
= 145| —

700
= S008K
1145 = 925

M=s = 1145 - 900.8
M- = 80.1% -

W/m Cp(TOO - Toz) = Ulz
~ U, = /518 x (1145 -925) = 337.58 m/s
Uy x 60 _ 337.58 x 60
b= N mox 24,000
D = 0269m
Drpwg = 0.49 x 0.269
0.132m

(c) Enthalpy loss coefficients

For nozzle
L - Cp(Tl -Tis)
T cin
Ci = J2Cp(Tar~T)
= /2 x518(1145 - 1029)
= 2346.66m/s
¥l o
T, = Two T’;
as (32) ™
B 700
= 1021.75K
' 518(1029 — 1021.75)
Ly = 3
‘ 346.664/2
Ly = 0.0625
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: For rotor

.\

Lp = Cp{Tz ~ T3y)

4
Ch

o4 (R)
: X

= 80722 K
‘ ~lg

- 60 60
Wi o= O} 4 UP = VIOTIRT ¥ Tes i
62 mys :

wisz f—"
‘ . G = ‘/2Cp(Toz-Tz)

e
V2 %358 X (925 — 915) = 101.78 m/s
DN

7 x 0.132 x 24, 000" S
T g = 16588 m/s

[

£zl [LX-Y}

' =‘1029(38—5 o
527/

S18(915 — 907.22)

194.6222

Lg = 02128
(d) Total-to-total efficiency

L. r_9g
. Lt/ s z_l-f?
_ P 101782
0.901 2 x 337582
-1 = 93.05%
SHORT QUESTIONS

6.1. What is a radial flow gas turbine?

6.2, What are the applications of rad

.7 6.3. The flow rate in a rad

6.5, How are the load change
' 6.6, The rotor blades of a radj

- 6.7. The workdone
. blade velocity. {Truc/False)
~. 6.8. The rotor constant of an IFR is
©(a) hg, rel
(b} ho,rel - Y22
{c) hy
- 6.9, Draw the velocity diagrams for

1al flow gasg turbines?

ial flow gas turbine |
64, Cana90° JFR turhine be used as o ot o e False)

centrifugal compressar? Haow?

s elfected in radin) low turbines?
X . al flow gas trbine are cu
the radial 1o the axial direction, {True/False)

per unit mass flow in a 90°

rved o change the flow from

IFR turbine is equal 10 square of the

equal 10

a 90° IFR 1urbine?

6.110.
6.11.
6.12,

- 634,

0.5,

6.16.
6.17.

6.18.

6.19.

6.1,
6.2
6.3
6.4.

6.5

6.0,

Raniat FLOW GASAND STEAM TURBINES < 283

Draw the Mollier chan for expansion in a 90° IFR wrbine?

Define degree of reaction :

The degree of reaction of a radial flow gas turbine with rauial vanes is
(a) 0.5

(b)y 0.25

(c) 0.1

. The degree of reaction increases with the increasing values of the inlet blade

angle. (True/False)

For a given value of the flow cocfficient, the forward curved vanes give higher
degree ol reaction compared 10 the backward curved vanes. (Truc/Falsc)

As the low caeflicient inerenses, the degree of reaction of the backward curved
vanes and the forward curved vanes,

{(a} Increases and decreases respectively

{b) Decreases and Increases respectively

{c) remains constant '

Ljungstrom wrbine is a ———— turbine.

The oplimum ratio of peripheral velocity of blade 1o the relative velocity at
exit for maximum work is

(a) Tt = 28 .

(b} Tragpr = sinf

(e} Tyt = L‘ﬂ.‘iﬂ/z :

The maximum work output from a Ljungsirom outward low reaction turbine
is twice the square of the exit blade velocity. (True/False)
An outward flow radial turbines behaves as a

wrhine.

stage of the axial

EXERCISES

Draw the sketch’ of a 907 IFR turbine stage showing its main components,
What are the applications of IFR wrbine?

Draw the entry and exit velocity triangles for a 90° IFR wrbine

Prove that for a 90° IFR 1urhine '

{ay W/m = Ul2

{h) ¥ =1

Draw an enthalpy - entropy diagram for flow through an inward-flow radial
turhine stage fitted with an exhoust diffuser.

Prove that

o, = 11203 = hay,, = 1/2U]

. (a) How is the depree of reaction of an IFR turbine stage defined?

(b) Prove that

P o L
yALN

R = =(l~grcof)

ko= -t
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6.8. (a) Define spouting velocity
{b) Prove thal gy, = 0.707
6.9. Show the skeich and describle the working principle of a double rotation out-
ward flow radial steam turbine siage. :
6.10. Draw the entry and exit velocity triangles for a Ljungstrom turbine.
6.11. Derive the lotlowing relations.
cos fi
{8} Opups = "2_{'
(b “’mu‘\/m = ZU'_?

6,12, The design dota of an inward Row exhaust gas turbine are as follows:
Stagnativn pressure and temperature at nozzle inlet = 700 kPa and 1075 K,
Siatic pressure and temperature at exit from nozzle = 510 kPa and 995 K.
Static Pressure and temperature at rotor exit = 350 kPa and 918 K.
Stagnation temperature at rolor exit = 920 K.

Speed = 26,000 rpm.
Mean rotor cxit radius to rotor tip radius = 0.5, R ’
Tr- flow into the rotor is purely radial and at exit the flow is axial, Calculate.
(a}total-to-total efficiency (b) outer diameter of the rotor (c) the nozzle and rotor
loss coefficients and (d)} The blade outlet angle at the mean diameter (measured
from the radial direction). )

[Ans: (a) B0 % (b) (.29 m () 0.1625 and 1.15 (d) 72.27]

6.13. A 90° IFR turbine has the following dnta: Rotar diameter eatio (D, /92y,) = 0.45,
rotor speed = 16,000 rpm, nozzle exit air angle = 20°, nozzle efficiency = 0.95,

.rotor width at eniry = 5 cm, blade to spouting velocity ratio = 0.66, total-to-static
pressure ratio {FPgo/P1) = 3.5, exit pressure = { bar. stagnation temperature at
entry = 650°C, .
Assuming consiant radial velocity and axial exit, determine {a) the rotor di-
amcler (b) the rotor blade exit alr angle (¢) the mass {low rate {d} hub and tip
diameter of tip rotor (¢) the power developed (f) the total-to-total efficiency (2}
nozzle and rotor enthalpy loss caefficients.
[Ans: (3) 59 cm {b) 38.9° (c) 14.2 kg/s (d) B.4 cm and 44.6 cm () I458 kW
(N 92.5% (g} 0.126 and 0.338)
J 6.14. An IFR wrbine impulse stage with a flow coefficient of 0.4 develops 100 kW.
The total-to-1otal efficiency is 90 % at 12000 rpm. If the flow rate of air is 2.0
kg/s at an entry temperature of 400 K, determine the rotor diameters and air
angles atthe entry and exit, the nozzie exit and angle and the stagnation pressure
ratio across the stage. Assume zero exit swirl and constant radial velocity. Take
rotor exit diameter is 0.8 times the rotor inlet diameter.
[Ans: (a) 35.6cm and 28,5 cm. {b) 1 = 21.8°, a; = 11.3° and
82 = 26.6° (c) 1.68]
6.15. A small IFR gas turbine, comprising a ring of nozzle blades, a radial vaned
* impeller and axial diffuser, operaies with a total-to-total efficiency of 0.9, At
inletto the stage the stagnation pressure and lemperature are 400 kPaand 1 {40 K
respectively. The flow leaving the turbine is diffused to a pressure of 100 kPa
and has negligible exit velocity. The nozzle angle at the exit is 16°. Determine

6.16.

J 6.17.
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the impeller peripheral speed spouting velocity and the Mach number at nozzle
exit. (MU-April "97y
‘ {Ans: (a) 580.7 m/s (b) 865.7 m/s () 0.973]
The design data of a Ljungstrom turbine arc speed = 3600 rpm. inner diameter
of the blade ring = 12 cm, blade width = lcm, blade exit angle —ZC_F. flow rate
= 10 kg/s. Determine the power developed and the enthalpy drop in the blad¢
ring for ideal fow and optimum conditions. )
[Ans: {a) 12.0B kW and {b) 1.2 kJ/kg|
Determine the pbwer developed by a°90° IFR turbine which has the following
data, Impeller diameter at entry =40 cm, impeller diameter (mean)atexit = 20
cm. mass fow rate = § kgfs, rpm = 18.000, isentropic efficiency = 85%. Mow
coeflicient at entry = 0.3, static pressure ratio across the stage = 4. pressure
at the impeller exit = 1 bar, temperature at the entry of the stage = 600 C.
Assume hall the static pressure ratie to oceur in the nozzles and the volute. The
discharge is axial. Wha is the nozzle angle and width of the impeller at entry?
‘ [Ans: (a) 710.65 kW (b} 16.7" and (c) 3.7 cm|

'



DIMENSIONAL AND MODEL

~ANALYSIS

INTRODUCTION

Dimensional analysis is a mathematical technique used in research work [or design
and model testing. It deals with the dimensions of the physical quantities invalved
in the phenomenon, A dimension is the measure by which a physical variable is
expressed quantitatively, Forexample, Lengthis e dimension associated with variables
such as distance, displacement, width, height and deflection. A wnit is a particular
way of attaching a number to the quantitative dimension. Ex: Meter and centimeters
are both numerical units for expressing length.

Dimensional analysis is a method for reducing the large number of variables in-
volved in describing the performance characteristics of a turbomachine to a number
of manageable dimensionless groups. For example if a characteristic depends upon
*r* dimensional variables, dimensional analysis will reduce the problem to only *y*
dimensionless variables. Generally (x — y) equals the number of different fundamental
dimensions which govern the problem.

Fundamental Dimensions

The three basic or primary or fundamental’ dimensions are length (L), time (T}, and
mass, (M). In compressible fluids, one more dimension, apart from the independent
quantitics ML & T namely the lemperalure # is also considercd as a fundamental
dpuenston. I is referred in short ns the M T L ¢ system, when these quantities arc

* used as the fundamental dimensions. There is no direct relationship between these

dimensions,

Derived Dimensions

The dimensions which possess more than one fundamental dimension are called
derived (or) secondary dimensions, For instance, velocity is denoted by two basic
dimensions i.e. distance per unit time (L/7)), density is denated by mass per unit
volume (M/L") and acceleration by dislance per second square (L/TY). The ex-
pressions (L/T), (M /1Y) and (1./ T sre called disensions of velocity, density and
aceeleration respectively, They are called secondary or derived dimensions,
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The dimensions of mostly used physical quantities in turbo machines are given in
Table 7.1

Table 7.1  Physical Quantities used in turbo machines

Physical Quantity Symbol  Dimension

1. Arca A L?

2, Volume v i}

3. Angular velocity w 7=}

4.  Discharge Q Lrr-!

5. Acceleration due W Gravity g LT

6. Kinematic viscosity v= % Lir-!

7. Torce F MLT-?

8. Weight w MLT=?

9. Specifie weight w ML-2T-2
10, Dynamic viscosily u MpL-ir-l
11.  Work. Energy W. E MLIT-2
12.  Power P MLAT?
13.  Torque T MLET-?
14, Momenum M mMLT-!
15. Angle {1 None
16.  Temperature T ]

17, Speeilic heat Cp, Oy L !
18, Mass Flow rate it Mr-!
19.  Efficiency i None .

ADVANTAGES OF DIMENSIONAL ANALYSIS _

The imporiant advantages of dimensional analysis besides its main purpuse 1o reduee
variables and group them in dimensionless form, are

1. An enormnous saving in time and money.

Supposc, force £ on a particular body immersed in a stream of fluid moving with
velocity C is a function of hody length L, the flutd density p, the stream velacity C.
and the luid vucosny W, itis expressed as

F=/(.Con)| (7.1

where * /" means “a function of* and is to be determined experimentally. Generally, it
takes about 10 experimental points to define a curve. To find the eficet of body lenpth
in equation 7.1 we shall have to run the experiment for 10 lengths £, For cach 1. we
sholl need 10 values of C. 10 values of p and 10 values of 2 making a grand total of
10,000 experiments. Al a rate of Rs 200 per experiment, the total expenditure would
be in several lakhs. However, with dimensional analysis, we can lmmedlalcly reduce
the equation 7.1 to an equivalent form -

DIMENSIONAL AND MODLL, ANALYSIS & JBY

F pCL
= 72
pC3L? g( u ) (2
or C;=glRe) (7.3)

that is the dimensionless {orce coefficient F/pC2L? and it is the only function of
dimcnsionless Reynolds number (pCL/u). We shall learn exactly how to make this

] . N . .
reduction in the following sections,

“The (unctivn *g* is different mathematically from the original function * £, but o'
contains all the same information. Nothing is lostin a dimenstonal analysis. ‘
The lunctivon “g* cin be established by running the experiment for only 180 values of
the single variable called the Reynolds number resulting in huge saving of time and '

moncy

2. The predictivn of a protorype performance from tesis conducied on u scale modrl

The dimensional analyms provides “scaling laws® which ¢an convert dala from a
chu:p small mode! intd design information for an expensive large prototype. For
cxample, one necd not build a turbomachine and see whetber it has the maximum
desired cfficicncy. One can measure the efficiency on a small model and use a scaling .
law 1o predict the efficiency of a full- scale protolype turbomachine, For example, we
don’t huild a million rupees air plane and see whether it has enough lift force, We
measure Lthe 1ift force on a small model and use a scaling law to predict the lift on the -
[ull scale protolype ﬂl!’ plane. .

. The deterniimtion of the most snituble type of machine on the basis of macimun
efficiency for u specified range of head, speed and fiow rute.

DIMENSIONAL HOMOGENEITY

Dimensional homogencity means that the dimensions of each term in on equation |

on both the sides are equal. Hence, if the dimensions ol each term on both sides -

ol un cquation are the same, the equation is known as dimensionafly Ilamnxrunmr
equation. The powers of fundamental dimensions (L. M. T) on both sides of the
cquation will be identical for a dimensionally homogeneous equation. Such equations
are independent of the system of units (metric, English or $.7)

Consider the following equation

C=28H

where *C’ is w.!ocny His hclght of any fluid column and g is acceleration due o '
gravily. :
Dimension of L.H.5 of the above cquation is given by

C=LT"!

Dimension of R.H.S of the equation is

V2gH

Il

\/(L'}'T"'#).‘I; = Jiii}fl)
L7!
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Since. Dimension of L.H.S = Dimension of R.H.S = LT
" equation C = /2g fl 'is dimensionally homogeneous and can be used in any system
of units. '

DIMENSIONAL ANALYSIS METHOD -

-Buckingham P! Tﬁeorem .

The Buchimgham Plhearem is one of the dimensional analysis methods of reducing o
_number ol dunenstonal vanables into  smaller number of dimensionless groups, The
name pi comes froim the mathematical notation . meaning a product of variables.

If there are *n* variables in a physical phenomenon and if these variables contain *m”
fundamental dimensions.(M, L, T), then the variables are ‘arranged into J{= n-m)
_dimension-less werms. Each term is called a wr-ferm. The reduced J equals the max-
imum number of variables which do not form a pi among themselves and is always
less than or equal te the number of dimensions describing thc variables.

Typically. there are siv steps involved,

t
. List and count the *n* variables involved in the problem. Dlmc.nsmnnl analysis
©owll el 1 uny tmportant variables are missing,
For exumple, Let X)) be the dependent variable and Xa, X3.---, X, are the
independent variables on which X depends in a physical problem. Thea X is a
function of X1 Xa,- -+ X and mathematically it is expressed as

Xy = f(X2 X300, Xa) (7.4)

cquation (7.4} is a dimensionally homogeneous equation, It conlains 'n' variables
{including dependent vanablc) equation (7.4) can also be written as

HXy X, X3 X)) =0 F

2. Lastthe dimensions of each variable accordlng o MLT8. Determine the number
of fundamental dimensions (say, there are *m"* fundamental dimensions).

3. Fund I, according to Buckingham's m- theorem equation (7.4) can he wrilten
o tenna of number of dimensivnless groups or 7 terms in which number of
T~ terms is equal to (n-m) J. Hence, equation (7.4) becomes as

fl("{l-nlv"'-’rnum):"o-

~or) ;
Wy = g2 M3, Taem) (1.5)
4. Selecy J variables which don’t form a Pi product. Each - term contains m -+ |

varnables, where “m* is the number of fundamental dimensions and is also calted
the repeating variable,

A
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For example, in the problem considered, X2, X3, and X4 arc rcpeating variables if
the fundamenial dimenston m(M, L, T') = 3. Then each 7 term is wrillen as

ny = Xg' Xhl x:' Xy
n = X‘:” X?““ X;z Xs
..................... . (7.6)

Ru o = xl_:n N X T X:‘" " Xn

Method of Selecting Repeating Variables

The number of repeating variables are equal to the number of fundamental dimensions
of the problem. The {ollowing points govern the choice of repeating variables,

a. As {ar as possihle, the dependent varioble should not be selecied as repeating
variable.

b, ‘The repeating variable should be chasen in such 8 way that one varishle 15 &
geometric variable, ather variable is a flow variable and the third variable is a
fluid property variable
Geometric variables— Length(l), Diameter (d), Hetght (h) elc.

Flow variables ~ Velocily {c}, Acceleration etc,
Fluid property variables
Kinematic viscosity (), Dynamic viscosity {42}, Density {p), etc.

c. The selected variubles should not form a dimensionless group.

d. The repeating variables together must have the same number of fundamental
dimensions.

¢. No two repeating variables should have the same dimensions,

5. Add one additional variable o the selected J variables and form 8 power product.
Each m term (as given in cquation (7. 6)) is solved by the principle of dimensional
homogencity.

6. Write the final dimensionless funcuon by substituting the valuesof 7y, ma - - - Ty _
in equntion (7.5) and cheek whether all pi groups are dimensionless.

MODEL ANALYSIS

To predict the performance of turbo machines such as turbines, compressors, pumps
ctc. Model Analysis is employed. That is, before manufacturing the real or actual
machines, modeis of the machines are made and tests are performed on them 1o gel
the required infarmation, }

The model is the small scale replica of-the actval machine. The actual machine is
called protorype. The study of models of actual machines is called as model analysis.
The model analysis is actually an experimental analysis of finding out solutions of
complex problems using models of the netual system.

.E,_'_-
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The advantages of the dimensional and model analysis are
. The performance of the actual wrbomachine can be easily predicled. in advance
from its models. The reliability depends on the degree of SImilanly that cxists
between the model and the protolype.

2. With the help ol dimensional analysis, a relationship between the variables in-
Nuencing the problem in terms of the dimensionless parameters is obtained. This
relationship helps in conducting tests on the model,

3. With the help of model westing, the most econamical and safe dcsign may be
selected.

SIMILITUDE

Similitude is delined as the similarity between the model and its prototype in every
respect. Three types of similarities must exist between the model and prototype. They
are:

1. Geometric Similarity

2. Kinematic Similarity

3. Dynamic Similarity

1. Geometric Similarity

A model and prototype are geometrically similar if and only if a]l body dimensions
in all the three coordinates have the same linear-seale ratio,

Let

Ly - Length of madel

1,y - Breadih of meodel

D,y - Diameter of mode)

Vi - Volume of model
. Ay - Area of model
and L. Bp. Dy, V,, and A, are the corresponding values of the prototype. For geo-
fneiric similarity belween the model and prototy pe, the following relation must exist,

Lp _ By _ Dy
Lo @ D

where G, is callcd the seale ratio. .
For area ratio and volume ratto, the relation should be as given bc]ow
A L LexBr o6 2

Am L.nr b Bl’!l

and
Vv

m () = () = () =<
‘/Jll Ll’ﬂ Bﬂ‘l . Dﬂl "
. All angles are preserved in geometric similarity, .

2. All Now directions arc preserved.

3. The orientation of the model and protolype, with respect to the surroundings
must be identical,
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4. The homologous points (The points which have the same relative location) must
be related by the same linear-scale ratio,

Fig. 7.1. shows a prototype and & one- -tenth scalc model of & bladc The 54::1]:: ratio is
also applicable to the fasteners used.

The linear dimensions of the model are all one-1enth of the protolype blade. But s+
angle of atlack with respect to the free siream is the same 10° not 17, All physeal
detalis on the model must be scaled. i.c., the nosc radivs. the surface roughness ete.
Any departure will lead 1o the violation of geomeiric similarity. Models which appear
sinvikar in shape but violale geometric similarity should net be compared, :

Homologous points
7\ e

2m

c@é

e

Figure 7.1 Protorype and its model with geometric similariry

2, Kinematic Simllarity

A muodet and pmlm}:]x_ are kinematically similar if and only il they have the same
veloeily seale ralia, i.e the motion of two systems are kinematically similar if homo-
logous particles lie at homologous points and at homologous time (refer Fig. 7.2},
Let '

Cm; = Velocily of fluid at point 1 in model.

sz = Velocity of fluid at point 2 in model.
and Cp,. Cp, are corresponding values at the corresponding points of fuid velocity
in the protolype.

For kinematic stmilarity, to exist

2 Cn g,

Cm, Corz
Similarly for acceleration
a a .
po_dm g
am. am;

where C, is the velocity ratio and a. is the accelartion ratio.
The directions of the velocity in the model and the prototype should be the same.

3. Dynamic Similarity

A model and prololype are -dynamically similar if and onty if they have the same
force-scale (or mass-scale) ratio. Thus dynamic similarity is said to exist between
the model and the prototype, if the ratios of the corresponding forees acting at the
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corresponding points are cqual. Also the directions of the ccrresponding forces at the
corresponding pomls should be the sam:. (refer Fig. 7.2).
"Let
(F,)p = Inertin force a1 a point in the prototype. -
- {Fy)p = Geavity foreg at the point in the prototype.
cand (F)n. (Fy)m are corrcspondmg forces at the corrcSpondmg paints in thc model.

Fplg(Fa) Mo ¢
I—
- p ;. P (Fgim
(Ff) (F,
(Fip P SR (Fi}, 4

Fi igure 7.2 Three similarities-protorvpe rmd mndcl of a disc

Then, for dynamic :.xmllaruy. we have

(Fl)p — (Fg)p = F
: (Fdm — (Fdm

where F; is the force ratio.

Mathematically, Newlon's law for any Auid particle rcqulrcs the sum of pressure
force (Fp). gravity force (Fy), and friction foree () equal to the acceleration lerm,
or the inertia force (F;)
ie,

| o+ Fe + Fr = Fi|

CLASSIFICATION OF HYDRAULIC MODELS

The hydraulic models, are clussified, based on the scale ratio for the linear dimensions,
as follows:

1) Undistorted Models

I the scale ratie for the lincar dimensions of the model and'its prototype are same,
or if the model is geometrically similar to its protatype, the maodel is said.to be an
undistarted madel,

2) Distorted Models

If the scale ratios for the linear dimensions of the model and its prototype are different
or if the model is not geometrically similar to its prototype, then the model is called as
distorted model. For distorted models two different scale ratios, one [or the horizontal
dimensions and the other for the vertical dimensions are adopted. -
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NON-DIMENSIONAL NUMBERS "

MNon-dimensional numbers arc those numbers which are obtained by dividing the
inertia force by the viscous force or the gravity force or the pressure force or surface
tension force or the elastic force. As this is a ratio of one force 10 anather force,
it is a dimensionless number. Thesc non-dimensional numbers are also called ay
dimensionless numbers, The following are the important non-dimensional numbers
which are used as a criteria for the dynamic similarity between a model and its
prototype,

1. Reynold's Number (Re)

It is defined as the ratio of inertia force of a lowing fluid and the viscous force of the
fiuid. It is named after Osborne Reynolds, a British engineer who first proposed it in
1883. 11 is expressed as

Inertia force (F;)

Re Viscous force (Fy)
pAC?
()4
PAL
Re = pCLérg
In ¥

where 0 = p/p

In case of flow through pipes, L is taken as diameter D,

The law in which the models are based on Reynold's number is called Reynold's
mode) law or similarity law. i.. (Redmouer = (R€) protorype-

2. Euler's Number {Eu)

It is defined as the square root of the ratio of the incnia force of a lowing fluid 10 the
pressure force. This is named alter Leonhard Euler. Mathematically, it is expressed
us

‘

———

- in’&:r-ua Force (F;)
Pressure Foree (F,)

Fu

pACE

P
C .

Plo

h S

" The law in which the models are dcsignéd on Euler's number is known as Euler's

madel law i.e (Ed)mader = (Eu)proturype

3. Froude's Number {F,)

It is defined as the square root of the ratio of inertia force of a flowing fluid to the
gravily force. Itis named afier William Froude, a British naval architect. It is expressed

E- 1 & [ -V TR T T - T

|

Lo
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as

{"nertia Foree (F)

Fe = _—
Gravity Forte (Fp)
_[pAC?
nALg
S C
Fe = —x
vig

'.I'hc law in which models are based on Froude's numberi.e. (Fe)pudet = (F €} prorurvpe
is known as the Froude's model law, -

4. Weber's Number (W)

It is defined as the square root of the ratio of the inertia force of a flowing luid to the
surfgcc tension (orce. It is named after Moritz Weber of the Polytechnic Institute of
Berlin, It is given as

W - Inertia Force (F)
¢ Surface tension Force (F;)

pAC?

of.

where o = surlace tension per unit length and A = L2

c .

W, = ——
Jaiel

Webrer's model law is the law in which models arc based on Weber's number, Ac-

cording to this law there is dynamic similarity between the model and its prototype
Henee, ‘ .

( (Wedmmter = (Wf)pmnuvm

5. Mach's Number (M)

M:!r:h number is.dclincd as the square rool of the ratio of the inertia force of a lowing
fluid 1o the clastic force. Mathematically, it is defined as

: M Inertia Force (F;)
. TSN
Elastic Force (F,)
pAC?

KA
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where K = Elastic stress and A = L?

M=__W )

' . . . c
But /K p = a{velocity of sound in the fluid), M = —
a .
The Mach number is hamed after Ernst Mach (1838~ 1916), an Austrian physicist.
When the forces due to elnstic compression predominates in addition’to the inertinl
force, the dynumic similarity between the mode] and prototype is obtained by equating ‘
the Mach number of modet and the prototype. i.c. (Mdmudet = {M}pronvpe ‘

SPECIFIC SPEED

The specific speed is the parameter which does not explicitly contain the diameter of
the runner or impeller. It is denoted by the symbol N;. The specific speed is used in
comparing the differenl types of turbo machines as every type of turbomachine has
different specific speed. ‘

1. Pump Specific Speed

The speeific speed ofa centrifugal pump is defined as the speed at which'the pump
delivers one cubic metre of liquid per second against a head of one metre. It is
expressed as '

NJC

Nj = (__HM)J/"' ' . '

where N is the speed in rpm, Q is the discharge in (m?/sec) and Hp is the manometic
bead in metres. The dimensipnless specific speed is given by

NQI/2

Expression for pump specific speed

The disciiarge for o centrifugal pump is given by the relation.

Q =nDbBC,
where

D-Diameter of the pump impeller : .
B-Width of the impeller : \

We know that Do B
Qa DC,
The flow velocity, langential velocity and manometric head (Hn) are related as

VaCro Hn amn
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We also know that

| UaDN s , (7.8)
Frqm the above two equations 7.7 and 7.8 we have o
Da ______JF,,. -
. - ‘- N
- The discharge equation then becomes
. H, X
Qo N_; AV Ham)
or
32 fr
@ = (constant) "™ (7.9)

L
From the definition of specific speed
N = ‘N, when H,, = Im and g=1 m"/:.
Substituting these values in the a

. . bove equati '
tionality is determined, quation 7.9, the value of constant ol propar-

The discharge O is
or

The pump specific speed is

H,;‘,“ﬁ L . {7.10)

2. Specific Speead of Turbine

The specific speed of a wrbine is defined

. as the s ik -
unit power when working under unit head ° speed at which the wrbine develops

. Itis expressed as

where N is the speed in

m, H is th i - L
The dimensionless speci v @ hiead in (m) and P is the power in kilowalts.

fic speed (or) the power specific speed is given by
NPI}? ' )

Nep o= %
P P gy
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The table 7.2 shows that each type of wrbomachine works in 4 narrow range of
specific speeds. The specific speed is the parameter expressing the variation of all the
variahles M. @ and & or M, P and 5 which cause similar flows in turbo machines that
are peometrically similar. '

Derivation of the turbine specific speed

The puwer developed by any wrbine in terms of overall efficiency is given by

Pa(Q HMas ng. p and g arg¢ constants)

ar

The absolule velocity, langential velocity and head on the turbine are related as

C'cm/ﬁund
UaCor
UovH (1.11)

But the tangential velocity 'U" 1s given by
nDN

U=
60
UaDN (1.12)

ar

From equations (7.11) and (7.12), we have

JH

The discharge through the turbine is given by

@ = Area x Velocity
= AxC

' But Arcaafl x D whc.l"c B = width since Ba D

. Ae D?

or from equation 7.16
1

Ao —s and
N2

Cau/?
HJII
GegT

Substituting for Q in the power equation, we get

HJ/Z
Po (N—z) < H

13

wal

-
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{or)’
115/2
.Pﬂ' W-f_
{or)
HS/!
P = (constant) 3 , (7.14)

Constant is called the constant of proportionality.

According to the definition of specific speed. -
N=Nowhen 7 = 1 kWand I = | 1 the above equation 7,14 reduces o

conslant = N,2

N Hﬁfz
P=N —5
or
N2 = NZ.p
Hif2
The turbine specific speed N, is
N = Nt P
s = (7.15)

N isintpm, P isin kW and #1 is in metres,

Table 7.2 Ranges of specific speeds of turbo machines

S. No.  Turbo machine . Dimensionless
specific speed
I Pelton Wheel 0.02 - Q.39
—Single jet 0.02 - 0:19
~Twin jel 01 - 03
~Four jet 0.14 - 0.39
2. Francis turbine 0.39 - 2.5
~Radial (slow speed) 0.39 ~ (.65
~Mixed fow (medium — express) 0.65 ~ 2.3
3 Kaplan turbine 27 -~ 54
4, Propeller turbine (axial) 1.6 - 36
5. Centrifugal pumps {(slow-high speed) 0.24 - 1.8
6. Mizxed flow pump 1.8 - 40
7. Axial flow pump 32 - 57
S 8. Radial flow compressors 04 - 1:4
]90. Axial flow steam and Gas turbines 0.35 - 1.9

Axial compressors, blowers 4 - 20
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MODEL TESTING OF HYDRAULIC TURBO MACHINES

Before manufacturing the large sized actual machines, their models which are in com-
plete stmilarity with the actual machines (also called prototypes) are made. Tests will
be conducted on the models and the performance of the protatypes will be predicied.
The complete similarity between the actuzl machine and the mode! will exist if the

following conditions are satisfied.

1. Specific é.peed of the Model = Specific speed of the prototype

(Ndm = AN, Iy

or s

NJDY _ (N/D o
(), = (5), e

2. Flow coefficient is the same for the model and the prototype

The discharge @ for a hydraulic machine is given by the relation
Q0 = Area x Velocity of flow
Area = xnDB ~

where
D - diameter of the turbo machine impeller
B - width of the impeller
and 8 e D, hence

A=nD?
Therelore.
; Q ==D'C, (7.17)
We know that the tangential velocity is given by

aDN
. U=
60

or

"Ug DN
The wangential velocity (U') and low velocity are related 1o the diameter and speed as

. UaCroa DN ) ' ;
Substitting for C; in equation 7.17 yields
Q = DYDN)

(or}

QaDjN

' % = constant
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1

Q .
and NDT is known as the flow coefficient and denoted as @

Applying the flow coefficient for the model and the prototype

or

[N

3. Specific power of the model and prototype are same
Pawer of the hydraulic turbomachine is given by N

where K is the head of the machine, We know ) o
) -

Qa DN and i
VHa DN [ Ua Cra V]
PapD*N (D*NY)
PapDin?

{or)

or
P

———— = consia
oND3 nt

' oNIDS D5. is known as the power coefficient or specific power and denoted by P for

model testing |
£ P C
NS/, (:vw),. (710

WHETE Do = ).

4, Specific head of the model and prototype are same
Tangential velocity (U) is given by
T DN
_ 60
p .-Unqs/ﬁ (g is dropped since it is a constant) '

U= also "

VHa DN
or
' H

D_ZIG—?- = constani

~ DIMENSIONAL AND MODEL ANaLYsIS € 303
4

is culled the Head coefficient or specific head and represented by o for model

DINZ
testing
(ﬂ) =~(~’_ﬁ) 7.20)
DN DN
m P
tor) T
H f
(D3N3)m = (m—),, .20
- UNIT QUANTITIES

The guantities of a hydraulic turbomachine working under a unit head are called the
unir guantities. The following are the three important unit quantities which must be
studied under unit head.

1. Unit Speed

The speed of a turbomachine working under a unit head is termed as unit speed. It is
denocted by (N, ). - : :

The expression (or unil speed (N,) is obtained as follows.

Let, N-Speed of a wrbomachine under a head H

H-Hcad under which the turbomachine is working.

U-Tangential velocity

The tangential velocity, absolute velocity of water and head on the turbomachine

are related as

UaC where C o VH
The tangential velocity (U} is given by

aDN
60

U=

For a given wrhomachine, the diameter { D) is constant.
sUaNoNal
(or)
NeavH
N=KJH (1.22)

where K is a constant of proportionality,

If head on the turbomachine becomes unity, the speed becomes unit speed .i.¢. when
H=I,N =N,

Substiluting these values in equation 7.22, we get N, = X

i |
e ey

E_.

...

€
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Substituting the value of X in equation 7,22 end rearranging the equntion, we ohtain

N .
Ny = —~ : o 1.3
" \/][ ]

2. Unit Discharge

The discharge or flow through a turbomachine working undur a unit head (i.e
termed as unit flow or wnit discharge. 1t is denoted by the symbol (G, ).

The expression for unit discharge is given as:

Ler H-Head of water on the turbomachine

@~Discharge passing through the machine when head in it is *Hf*
a-area of flow of witer

The discharge passing through a given turbomachine under a head

Q= Arcaof flow x velocity

For a given wurbomachine area of
JH

tmyis

“H* is given hy.
flow is constant and velacity is proportional 1o

o zr velocity eV H
(ar) :
Q=KVH (7.2

When H =1 m, Q=0,,. the constant (K) value is & = Q.
Substituting the vaiue of K and rearranging equation 7.27, we get

&, = ‘\TQ?; (7.25)

3. Unjt Power

The power developed by a turbomachine working under & unit head is culled the unit
power. It is denoted by P,

The expression for P, 15 obtained oy follows,
Let, H-Head of waler on the wrbomachine
P-Power developed by the turbomachine under the head *4°

Q--Discharge through turbomachine under the head * 4*
The averall efficiency is given as

- Power developed

Power input
.I"

pQH
WPo= pipQH)

mw o=

{or)

Pe(QxH)
Since Q & JH
Pa HY
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ar . ‘
: P = KHW : (7.26) . -

When H=1m, P=pP, ,‘,:'-‘.K
Substituting the value of X in equation 7.29, we get

P

Pu= 7

(7.27)

USE OF UNIT QUANTITIES

‘The behaviour of a hydreulic wrbomachine working under different hcn:ds can bcl
casily known from the values of the unit quantities,
Let ‘
H,. H2 be the heads on the turbomachine,
Ny, N3 are the corresponding speeds,
{21. Q3 are the discharge, and
Py, P, are the power developed by the turbomachine
Using the defining equations of unit quantities

N N M
Y ) R >
2] 02
Qu i 2
PP
Po = H1m = Hzm

Hence, if the speed, discharge and power developed by a turbine undc.r a particular
head are known, then by using the above three relations, the speed, dlscha'rgc. and
power developed by the same turbomachine under a given head can be obiained.

SOLVED PROBLEMS

Example 7.1 Determine the dimensions of the following quantities in M-L-T
system. :

I.Force  2.°Torque 3. Momentum 4, Power

Solution '
1. Force = Mass x Acceleration

2. Torgue = Force x Distance
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3. Momentm = Mass x Velocity

Length

Time
= MLT™!

M x

o Waork .
d. Power = _grkdum_

seC .
Force x Distance

Time
(MLT Yy x L
T
MLYT?

' Exan}ple 7.2 The efficiency of a turbomachine depends on densily *p', dynamic
viscosity *p’ of the Nuid, angular velocity ‘w*, diameter *D* of the rotor and the
discharge Q. Express *n' in terms of the dimensionless parameters.

(MU-April '98)
Step-1 . -
The efficiency of a wwrbomachine () depends on i) p i} p iii) w iv) D and v} Q.
Hc;ncr: 5" is a functionof p, . w, D, Q. Mathematically, .

n=flp.p.w D, Q) (7.28)

oritcan be writtenas

Al o . w. D, Q)=0 ‘ (7.29)
Hence, the 1otal pumber of variables {including dependent variable) n=6,
Step-2 . A

The vx.il‘ue ot'_ ‘'m' i.e. number of fundamental dimensions for the problem is obtained
by writing dimensions of cach variahlc. Dimensions of each variable ore

y = Dimensionloss g = ML-I7-
o = ML, Q = L¥T-
D = Land w = 77!

Hence, number of fundamental dimeansions,

. m=1J
. Step-3 .
" The number of dimensianless x -terms is given by

J=n-m=6—3=3

Thgs three m-terms say 7y, 7 and x3 are formed. Hence equation (7.29) is written
a :
. ! T

Hr(m,m,m3) =0 . N K ¢)]
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Step-4
Each sr-term contains m + | variables. where m is equal to three and is also a repeating
variable. )

Qul of six variables 5, p, &, w, D and Q, three variables arc to be selected as repeat-
ing variables, 'y" is a dependent variable and should not be selected as a repeating
variable, Qut of the five remaining variables, one variable should have geometric
property, the second variable should have flow property and the third one have Mluid
property. These requirements are fulfilled by selecling B, w, and p as repeating vari.
ables. The repeating variables themselves should not form a dimensionless term and
should have themselves fundamental dimensions equal 10 m (i.c. 3 here),

Dimensions of D, w and p are L, T™!, ML~ and hence the three fundamental
dimensions exist in D, w, and p and they themselves do'not form a dimensionless
group. ‘ '

Step-5

Each m-term is written as

D wh A pﬂ '

m =
7 = D", wb: . pr) ‘u
mo= DM.wh gt Q

Each m-term is then solved by the principle of dimensional homogeneity. For
First n-term ’

J’;'| =D .. gty
Substituting dimensions on both sides of m;

MPLOT® = Lo (T~yor (ML= . MoLeT®
Equating the powers of M,L, T on both sides,

Power of M, 0 — ¢ 0 Sy s )
Powersof L, O=a;+0 Lar =10
Powersof T, O0=-b1+0 by =1

Substituting the values of a1, ) and ¢; in 7y, we get
m =Dwpp =y

If a variable is dimensionless then, it iself is a w-term. Here the variable 'g' is o
dimensionless and hence *n' is a w-lerm. As it exists in first w-term, ‘) = 7, there
is no need of equating the powers, the value can be oblained directly,

Second r-term ‘
m = D P pft
Substituting the dimensions on both sides,

MELT® = L (T Y (ML) ML= T

Bl

B_.
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Equaling the powers of M, L, T on both sides.
Powerof M. 0=+ 1 L eaa=-I

Powerof L.O=a3—-3c2—1 ra3=3c2+1 az=-341=-2

Powerof TW0=—-b1—1 o ba=-—I
Suhstituting the values of az, b2 and ¢ in 3.

my o= D’z.w"'.p_'.,u
B
Dz.flJ.[J

Third m-term

my = D™ pS.0

Substituting the dimensions on both sides.

MD.LGTG - Lnj.(T_‘)b’,(ML;_3)cJ.LJT_l

Equating the powers on M, L and T on both sides.
Powerof M.O0=¢3 S ca=0

Powerof L.O=ay—¢3+3 La3=3c3—-3, a3 =-3
Powerof T,0 = —&3 -1 . by = -]

Substituting the values of a3, b3 and 3 in m3

1 = D e lpta
2
Do

Step-6
Substituting the values of my, 3 and 3 in equation (7.30)

no 0,
f] (nvml D.‘Lt)) =0

or

Example 7.3 Friction coeflicient (pressure drop per unit Icnglh) of a pipe de-
pends on Average speed ( V), pipe diameter (D), Viscosity (), density (p) and inside
roughiness {€). Using Buckingham's m-theorem, express the friction coefficient of

pipe as a function of dimensionless guantities.

{(MKU-Nov. '98)
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Solution
Step-1
Friction cocfficient Cr is a function ol' V.D. u, p and €,
~Cr=f(V,D. . p. E)
or  fCr. V.D,u.p. €)=
Hence, total number of variablesn =6
Step-2
The dimensions of each variable
Cr =dimensionless V=LT~' D=L
p=MLIT  p=ML3 and e= L.
. Number of fundamental dimensions
| m=3
Then, numberof r-terms=n~m=6-3=3,
Now, equation {7.31) can be written as
NGy i, my=0
Step-3

(7.3

7.32)

Each m-term contains m + | or 3+1 = 4 variables, where m is equal to the number
of repeating variable. Choosing D, V, p as the repeating variables, the three -terms

are
m = DAvhiptic
* = pY2 Vbz P
. m o= DBVhpa g
Step-4

Each r-term is solved by the principle of d:mensmna! homogencity.

First m-term

my o= DM YR ot oy

Sinve the voriable Cp ls dimenstonless, It itself is a r-term, Therefore,

=CF

Second w-term

m = D% yh P

1

Substituting dimensions on either side

MeLeT® = LoyLT~ Yo (ML~ ML~ T
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Equating the powers of M, L, T on both sides

o+ 1 ..Cz-—[

! Powerofl M, 0 =
- Powerof L, 0 = a1 b2 —~3c2—1
a b =-2
Powerofl 7,0 = =p1—1 . b= =1

and m=—2—-b=-
Substituting the values of a3, bz and c2 10 712, we gel

m=D"' vy

{or)
S
DVp
Third Jr-t‘erm
ma=DMVh e
" {or)

MO LPT° = LY (LT (ML L

+

Equating the powers,

i

ForM 0 = 3 ey =0
ForL,0 = a3+by—3c3+ L
ay+ by =—1
For 7.0 = -b nby=0
and ay = —1

Substituting the values of a3, by and c3 in 3,
- 3 = D—i‘valpo €
(of) ‘

Step-5

Substituting the values ol‘xn. w3, and m3 in equation (7.32), we get

- €
F (CF. DV’ D) =

(or)
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' 1 '
Naote that, BN and — is called roughness factor. Then, Firiction coefficient
DVp Re D

of a pipe is a function of Reynold’s number and roughness factor,

Example 7.4 The drag force exerted by o flowing luid on a solid body depends
upon the length of the body, L, Velocity of flow, V, density of fluid p and viscosity
w. Find an cxpression for drag force using Buckingham’s theorem.

Solution . -

- Step-1

"The drag {orce Fp dependsupon, L, V, pand,u. Therefore, Disafunctionof L.V, p
and g. Mathematically,

[Fo=f(L.V.p..u)

{or)

HiFp, L. V,.p,uy=0 (7.33)
‘Total no. of variables, n = 5.
Step-2
Dimensions of cach variable are
Fp=MLT™Y L=M, V=LT!, p=ML3andpu =ML 'T!
Hence, number of fundamental dimensions, m = 3.
. Numberof m-terms=n-m=5-3=2,

Step-3
‘Equation {7.33) can be writien as

film, ma) =0 (1.34)
Step-4
Each rr-term contains m + 1 variables, where m is number of repeating varinbles and
is equal w 3. Choosing L, ¥V and p as repeating variables, we have
. moo= LY Vé'p“ Fo
my = LAyhpcay
Step-5

Each m-term is solved by the principle of dimensional homogeneity.
For the first 7-term

wy = L® Vb;pn Fp

substitnting dimensions on both sides of &,
MPLeT® = L (LT~ V(ML) MLT?
Equating the powers of M, L. T on bath sides, .
Powerof M,0 = ¢+ 1 sey= -l
Powerof LLO = ay+b~3c1+1 ay=-b -4

P

-
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Powerofl T.Q0 = —~b~2 b =-2
and ) =2 —4=-2
Substituting the values ol ay, by, and ¢ in 1y, we obtain
M o= L"z\’_zpﬁl.F,r)
or
{or) ] Fp
h= plivl
For the second rm-term
iz = Lﬂz Vbzp':z[l.

MPLOT® = Loy (LT Y (ML- Yy ML= T-!
Equating the powers of M, L, T on both sides

Powerof M.0 = c2+ | ey = —1
Powerof L.0 = ay+b3-3ec3—1 Layp=—-by—2
Powerof T,0 = -b; -1 soba = —landa; = -1

Substituting the values of a3, &; and ¢3 in 3, we obtain
my= L'Vl

or

(or) "

iy = —
2 oLV

Step-6
Substituting the values of m, and m; in equation (7.34), we get

n(-te_ j_)_
pL2VY pLv ] T
Fo 7
pL2vi 8\ oLy

o
Fp=pLivig|
b= pL? g(pw)

(or)

(or)

Example 7.5 One-filth scale model of a pump was tested in a laboratory at 1000
rpm. The head developed and the power input st the best efiiciency point were found
(o be Bm and 30 kW respectively, If the prototype pump has to work against a head
of 25 m, determine its working speed, the power required to drive it and the ratio of

the flow rates handled by the two pumps.’
»
Solution

One-fifth scale model means that the ratic of linear dimensions of a model and its

prototype is equal to /5.

DIMENSIONAL AND MODEL ANALYSIS < 313

Speed of model N = 1000, Head of model Hn = 8 m, Power of model

Py = 30 kW, Head of prototype H, = 25m

() Speed of prototype (Np)
Equating the head coefficient for the model and prototype (equation 7.20)

(35~ ()

H D
J_prme

.mm DI‘
. ﬁ?.S 1
= -EXEXIOOO

-1

= 353.5rpm

Np =

(if) Power developed by the prototype

Equating the power coefficient for the model and the prototype (equation 7.19)

(&), = (55
DSN3/,,  \DSN3/,
5 3
Pp = Pux (%) % (%)
m m

k]
30,37 (225)

1000

l

4143 kW

(fil) Ratio of the flow rates of two pumps (I.e. model and prototype)
Equating the flow coefficient of the model and the prototype (equation 7.185

(Dgw),,, - (Bgﬁ)p
& = (%) (%)

- s (353.5)
1000

44,1875

ar

Example 7.6 Specifications for an ax:a] flow coolant pump for one loop of 2

pressurised water nuclear reactor are

b
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Head=85m Flowrate =20, 000 m?
/h Speed=1490mpm  Dj =
)%ter density = 714 kg/m*  Power= 4 mw (eleclncal)rp ‘amem H00mm
pow:rrr:gn;g;cr&cr Plans to build a model, Test conditions limil lhc available t.lc:.trlc
| Power und flow to 0.5 rnJ/s of cold water. IT the model and prototype
cies are assumed equal, find the head, speed and scale ratio of the maodel. o

Solution
Equating the head, power and flow coefficients for the model and prototype

gﬂ:(ﬁﬂ) by}
Qe Npt 5;)

or
Noo _ ( 20. 000 Dy\3
Ny 0.5 x 3600) ('DT,)
3
= 1Ll (P_"_'
. Dp
Also ' .

f£=(f_e)’(ﬂp (oo
i) (5) (%),

Substitute for Np/ Ny, then

4
55 = (1111)‘(D—) (—— il
. D Dy 1600
| ( ) (Ill1)3x0714)
Scale ratio
Dy,
-— = {1
.~ Then
: Np/Nem = 11.11 x (0.3)
Speed ratio
Nn/N, =33
Also LI (Np)?' AN
o T\, (52)
. _ (] 2,04\
, - (&) ()
Head ratio
HafHp = 1.0

[
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Example 7.7 A geometrically similar modcl toscale 1 : 6 of a large cr:ntnfugn]

- pump is tested, The prototype parameters are speed = 400 rpm, dlschargc = 1.7md/s,

head developed = 36.5 m and the power input 720 kW, If the model is tested under a
head of 9 m, determine the speed, discharge at which it should be run and the power

required o drive the pump model.

Solution
Dn | b
— = -, - Np=400cpm, @, =17m’fs, Hp,=365m
D, 6

Py =T20kW, Hn=9m
{a) Speed of the model Eaqualing the head cocfficient for the model and

prototype
VAN _(VE
on) ~\ow)

Now =

N = 119175 pm
(b} Discharge of the model Equating the flow cocfficients of the model and

prototype
(), = (o)
D3N/, = \DW/,
Do\’ _ Na
Qm = ('b—”') XF;pr

1IN 119175
- 1.7
(6) * a0

0.0235 m*/s

I

Il

(¢) Power required by the mode! Equating the power coefficient for the
mode] and prototype

(w), = (5
D3N3/ \ D3N3
2e) (”’")’

— ] xP
(D,, Ny P
1\ 71191753
(6) ( 4005) % 720

= 245kW

Fn

§

b |

HE

L
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Example 7.8 Two geometrically similar pumps are running at the same speed of
1000 rpm. One pump has an impelier diameter of 300 mm and lifts water at the rate
of 0.02 m?/s against a head of 15 m. Determnine the head and impeller dismeter of
the other pump to deliver a discharge of 0.01 m?/s. :

Solution

For pump-1:

Ni=1000rpm, Dy =03m, O, =002m's, H =15m
For pump-2:

Nz = 1000rpm, Q; =0.0lm3/s:

(a) Impeller diameter of pump-2
(255)
DINJ,
()
Dy

I

Dy, = (0.5)7'l x Dy
= (05} x03
= (.238m

(b) Head developed by the Pump-2
(), - (%)
oN) ~ \DN
1 2
&)
H

- £0.238\2
Hy = [2%°°
2 (0.3 ) x H)

Example 7.9 A wrbine modet of | : 10 develops 1.84 kW under a head of 5mof
water at 480 rpm. Find the power developed by the prototype under & head of 40 m.

Also find the speed of the prototype. Assume efficiency of both the turbines to be
same. Find and verify the specific speeds.
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Solution L ,
%=T16 P =184KW Hp=5m Nep=480pm Hp=40m
D, RN '

(a) Power developed by the prototype

DP 3 NF)J
! = { = — P,
re=(z2) (%) =

(b) Speed of the lprotql"yp._s o
M = (-,’j—); (%:)N
(5)' ()

= 135.76 rpm

135,76\
Py = (10)5(———480 ) 1.84

= 4163kW

(c) Specific speed of the prototype
Np/Pp

=M

135.76 % (416312
(40)5/4

(N:)p =

= 37.1

Specific speed of the model

NP
H*
480/1.84
(5)5[4

= 87.1

(N))p = (Ny)m =87.1

(N

The specific speed of the model is equal to the prototype end thus it is verified.

Example 7.10 A model of 2 Kaplan turbine, one tenth of the actual size is tested
under a head of 5 m when actual head for proto turbine is 8.5 m. The power to be
developed by prototype is 8000 kW. When running at 120 rpm at an overall efficicncy
of 85%, determine (a) speed (b) discharge and (c) power of model.
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Solution
%“-‘.—:T’a Hy=5m Hp=85m Pp=B000KW . N,=120mm
- D, ,
' (a) Spead of the model 5
Ha\'? D,,) .
= (=2 e Y YR
N (Hp) (32)w
5\ /2 -
= (ﬁ) (10)120
= 9204 rpm

(b) Discharge from the mode!

DaY? M,,
Om = ('5;;) (‘ﬁ;)‘"ﬂ

_Pe_ 8000x10° ‘
2 = pgnoHy 103 x 9.81 x 0.85 x 8.5
= 1128Tm/s v
1\* /9204 :
= [—=) [Z=}x11287 "
O (10) ( 120 ) x 3
= 0.866m°/s

(¢} Powar of modal

Prn

S s PR
(P_'r:) (_N_m_) ?,
D, N,
1\? 79204\°
— ) ==} 8000
(xo) ( 120)

36.1 kW

Example 7.11 A wrbine develops 6600 kW, when running at 100 rpm. The head
on the turbine is 30 m. If the head on the turbine is reduced to 18 m, determine the
~ speed and power developed by the wirbine.

Solution
_ Power developed Py = 6600 kW Speed N) = 100rpm  Head H; = 30m
For the head Ha=18m Speed = N2 and ~ Power= 5
Using the unit speed equation - .
N M :
V H) ~ H .
100 x /18
Ny = ——e— 1
_ /30
' Ny = 77.45mpm
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Using the unit power equation

P - Py
Hllll Hzlll
p. o G800 (18)3/2
ete T (30)3/2
= 3067kW

Example 7.12 A wrbine is o operate under a head of 25 m al 200 rpm. The
discharge is 9 m? 7y, 1f the efficiency is 90% delermine the performance of the turbinc
under 8 head of 20 meters. (BDU-Nav. *'97)

{(MU~Oc1. "99)

Solution
Head on turbine  Hy = 25m, Speed Ny = 200 rpm, Discharge @ = 9 m'/s
Overall efficiency ng = 90%.

Performance of the turbine under the head A3 = 20 m, means to find the spsed.
discharge and power developed by the urbine when working under the head of 20 m.

For the Head A3 = 20 m, Speed = N3, Discharge = (2 and Power = Py '

Using the unil speed equation

Ny = NVHy
_ VH,
200 x /20
= =75
= 17B.88 rpm
Using the unit discharge equation '
0 = -——-—lez
VH)
_ 9x V0
Y3
{2 = B8.05 mJ/s
l:lsing the unit power equation
py = P1tH2"
(H1)3?
Now, P,
LYY Iy
S Po= 0.9 x1000%9.81 x9x25
1986525 W

= 1986.525 kW
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and

. 1986.525(20)/2 (f) Power
F (25)772 : Py = Pu(HDV?
= 142144 kW = 1.265 % (160)?
Example 7.13 A Pelon turbine produces 5000 kW under a head of 250 m and = 2560.2 kW '

has speed of 210 rpm. Overall efficiency of turbine is 85%. Find the unit quamiticsl. 1§) .
the head falls to 160 m what are the new values of speed, discharge and power. Find (g) Spacific spaed
also Lhe specific speed.

N2/Py  167.987560.2

. N, = =
Solution - (Hp)*/4 - (160)>/4
Py =5000kW, H;=250m. M =210rpm, np=0.85 Hy=160m. = 14.04
(a} Unit speed
N 210 13.28 , ' SHORT QUESTIONS
Ny=—= = —=u = . . .
JH /250 '
1 7.1. What is Dimensional analysis? '
(b) Unit power . 7.2. What is a Dimension?
. ' 7.3, Whatis Unit?
P, = it = 3000 = 1,265 ] 7.4. What are fundamental dimensions and derived dimensions? Give examples.
H:ﬂ {2503/ 7.5, The dimension of power is
(a) ML2T2
{c) Unit discharge _ (b) ML2T-3
P () ML3T-2
e = pg Q1 Hi 7.6. The dimension of work is ————.
000 x 107 7.7. There is no dimension for efficiency (True/False)
S0 = > o 7.8. Match the following
0.85 x 10F x 9.81 x 250 (a) Force - o MLT-!
= 2.399m'/s (b} Dynamic viscosity - none
{c} Angle ~ML-1T . . .
0 2.399 (d) Momentum -MLT"?
Qu = J—Til = /350 =0.152 7.9, What arc the important advantages of dimensiona analyis?
— 160 7.10. Whal is dimensional homogencity? Give an example. .
when H; = m 7.11. Dimensionally homogencous equationsare———— gf the system of units.
7.12. What is Buckingham x-theorem? '
d} Discharge : ! , ‘ ‘
(a) g o .7.13. Number of dimensionless terms in Buckingham’s m~theorem is equal to
Q1 = Q,xVH, ' (a) The sum of total no. of variables (n) and the no. of fundamental dimensions
= 0. Jig (m) .
0.152 ’: (b) The difference between n and m ‘
= 1.92m'/s {¢) The productof nand m !
7.14. Each m-term conlains
(e) Speed ' (a) m-1 variahles
* Ni = N, xH; {b) I+ m variables
; (c) m variables
13.28 x ~/ 160 .
- X where m is the number of fundamental dimensions.
= 167.98 pm 7.15

- Enumerate, the points governing the choice of repeating variables.
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7.16.

717,
7.18.
7.19.
7.20.
7.21.
7.22.
7.23.
7.24,

. 7.25.
7.26.
7.27.
7.28.
7.29.

7.30.

7.32.,
733
7.3,

7.35.

. Weber's number is the square root of the ratio of

¥ Turpo Macilives

The number of repeating variables are equal to the number of fundamental
dimensions of the prablem. {True/Fulse)
if & variable is dimensionless, it itself is a ¥ —term. {True/False)
The product of two 7 —terms is dimensionless, {(True/False)
What is model analysis?
What arc the advantages of model analysis? 1
Define: Similitude
List the types of similarities.
What is Geomelric similarily?
The following paints should he considered in geometric similarity.
{a) Flow directions and ail angles must be preserved.
(b} COrientation should be preserved
{c) both{a}and (b)
What is kinematic similarity?
What is dynamic similarity?
What are non-dimensional numbers”?
Define Reynold's number.
Mach number is the square root of the
(2) ratio of inertia force to the pressure force '
(b} ratio of inertia force to the gravity force
(¢c) ratio of inertia force to the elastic force
Froude's number is the square root of the ratio of
- foree,

1

force to the
force (o the
- force.
What are undistorted models?
When is a mode! called a distorted model?
Detine: Speeific specd of & pump and write the units of cach quanuly in the
expression.

Define: Turbine specific speed and sp-e::lfy the units of-each variables appearing

~ in the expression.

1.36.

. (h}

7.37.

’ﬂw turbine specific speed is given by
NVH
pSM
NE
Jri
NP

H A
The pump specific speed is'given by

(a) _.}Y_Q_..
(Ha )37
NVC
(Ha)3
NJQ
{H, )

(a)

(<)

{b)

(c}

7.38.
7.39.

7.40.
741,
7.42.

743,

7.1.
7.2

7.4,

1.5,
7.6..

7.7,

7.8.
7.9.
7.10.
711,

7.12.
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What is model testing?

What are the conditions of complete similacity between o model and its proto-
lype?

Specific speed of a mode! is
What are unit quantities?
The unit speed is given by
(@) N/VH

(y JN/H -

ey JNTH

What is the use of unit quaniitics?

to the specific speed of ity protoiype.

EXERCISES

Discuss the advantages of dimensional analysis.
State Buckingham's & —theorem. Describe this theorem for dimensional anal-
ysis.

. Show that the discharge of a cc.nlnfugal pump is given by

I
Q=ND Jr[NZD" ND? p]

where N is the speed of the pump in rpm, D is the diameter of the impeller,
¢ aceeleration due to gravity, H,, manomeler head, g viscocity of fluid and p
the density of the fluid.

Show by dimensional analysis, the Power P developed by a hydraulic turbine
is given by

h

P = pN DY [DiNl]
where p is the density of liquid, N is the speed in rpm, D is the diameter of
runner, H is the head and g is the gravitational accelaration,
What is model analysis? What are its advantages?
Expiain the different types of hydraulic similarities that must exist between a
prodotype and ifs model.
What do you mean by dimensionless numbers, Define and explain four non-
dimensional aumbers,
Deline und derive an expression for specific speed of a pump,
Derive an expression for specific speed of a turbine,
How is the model testing of a hydraulic urbomachine made?
A centrifugal pump was tested in a laboratory by a 1:8 model. It consumed
5 kW under a head of 5 m at 450 rpm. If the prototype is to work at B0 m head.,
determine its power, speed and discharge ratio,

[Ans. (a) 225 rpm (b} 20480 kW (c) 256|

A centrifugal pump discharges water at the rate of 0.167 m3/s at 2000 rpm
under a head of 100 m and consumes 300 kW power. A 1:5 scale model is 1o

o
|- IR
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runat 1500 rpm. Determine its power. discharge and head, Find and verify their
speeific speeds,

[Ans. () 0.001 mY/s  (b)2.25m  (c) 0.0405 kW and  (d) 25.8]
7.13. An axial flow pump with a rotor diameter of 30 cm handie liguid water at the
rate of 2,7 m*/min while operating at 1500 rpm. The corresponding energy
input is 125 Jkg. IT 8 geometrically similar pump with a rotor diameter of 20)
cm aperates at 3000 rpm what are its {a) Qow rate (b) change in total pressure
i the total to total efficiency is 0.75 and (¢} input power., (MKU-April '96)
[Ans. () 1.6 m¥/min (b} 1.67 bar and  {c) 5.93 kW)
7.14, A modelof a Francis turbine of 1/5th ol the actual size was tested in a laboratory
under a head of 1.8 m. It develops 3 kW at 360 rpm. Determine the speed and

power developed under 6 m head. Also. find the specific speed.
|Ans. (2) 1315 pm  (b)456,.9kW and (c) 299.3)
715, A model of 0 Kaplon turbine, 1/12th of the sctual wrbine size is tested under
a head of 3 m. The head for the prototurbine is 7.5 m, The prototurbine is
designed 1o produce 6000 kW at o speed ol £50 1pm at an elficiency ol 83%.

Find speed, discharge, power and specific speed of the model,

[Ans. (a) 113842 rpm, (b}0.432mY/s,. (c) 10.54 kW and (d) 936]

7.16. What are unit quantities? Define the unit quantilies for a urbine? Why are they

important?
7.17. Obiain an expression for unit speed, unit discharge and unit power for a turbine.
7.18. A pelton wrbine produces 10,000 kW of power while working under a head of
500 m. The speed is 300 rpm. Assuming the efficiency of the torbine to be 80%,
find the values of unit quantities. If the head on the turbine falls 1o 350 m, find
the new discharge, speed and power for the same efficiency. Verify the specific
speed, [Ans. (a) 0114 (b) 13,42 {¢)0.894  (d)2.13 m3/s  (e)25] rpm
() 5853.8kW  (g) 12.69)

\[7. 19. A Francis turbine works under a head of § m and produces 70k W: the discharge

through the turbineis 1.5 m* /s and the speed is 180 rpm. Find the unit quantities
and new valucs of specd, discharge and power, when the head increases to 15
m.

[Ans. (a) 0.671 (b)8BO5 (c)6.26!1 (dy2.6mY/s (e)311.8 rpm
(F 363.7 kW]
7.20. A pelton wheel develops 5520 kW under a hend of 240 m with an overall
elliciency of 83% when revolving ot a speed of 200 rpm. Find the unit quanlities,
I the head on the same trbine during off season falls to 150 m then, find the
discharge, power and speed for this head. {(MU-0c1. 97}
[Ans. (a) 13 mpm, 0.182m%/s, L5kW  (h) 158.1 rpm, 2.23 m3/s, 2.73 mW)
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HYDRAULIC PUMPS
CENTRIFUGAL PUMPS

INTRODUCTION

The hydraulic machines which convert the mechanical energy into hydraulic cnergy
are called as punps. The hydraulic enerpy is in the form of pressure encrgy. Two types
of_pu_mmly used are centrifugal and axtal flow pumps. They are so _nan:lcd
because of the general nature of the fluid low through the impeller. The combmaum::
of centrifugal and axial low pumps is called as mixed flow pump wherein part of the
liquid flow in the impeller is axial and part is radial. .

The hydraulic machines that convert mechanical energy into pressure energy, by
means of centrifugal force, acting on the (luid are called as centrifugal pumps. The
centrifugal pump is similar in construction to the Francis wrbine. But the difference

is that the fluid flow is'in a direction opposite to that in the twrbine.

MAIN PARTS OF A CENTRIFUGAL PUMP

The parts of a centrifugal pump are similar to those of a centrifugal compressor. The
three important parts of a centrifugal pump are (1) Impeller (2) Casing and (3) Suction
ond Delivery pipes (Fig. 8.1a).

1. Impeller . .
The rotating part of the centrifugal pump is called 1he ‘/mpelier’. The impeller is a
roiating solid disc with curved blades standing out vertically from the face of the disc.
ﬁE"{ii}mhc blades in the impeller are sometimes covered by another flat disc
ta give shrouded blades, otherwise the blade tips are left open and the casing of the
pump"itsc!f forms the solid outer wall of the bilade passages. The advanlage of the
shrouded blade is that flow is prevented from leeking across the blade tips from one
_passage 1o anpther. . U
" The impeller is mounted on a shaft connected 10 the shafl of an electric motor. As
the impeller rotates, the fluid that is drawn into the blade passages at the impeHer inlet
is accelerated as it is forced radially outwards. In this way. the static pressure of fluid _
is raised.

—— .
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€—— Delivery
M)
T LGP '
TE ) Delivery valve

Impeller
" Casing
Sun';p a\g;'

—r— ——— e

———— e -

Foot valve and
strainer

« > Figure 8.1(a} - Centrifugal pump
JHP/U}},. o - ‘
2. Casing '

It &Aaq‘qirgggm,pgs_ng_s_qrmgggmg the impeller which converts the K.E of water

lca\'ing‘ m;,im'mller intg pressure energy before the water leaves the casing and enters
the delivery pipe. The three commonly used casings are -
—— m——— A

(a) Volute casing Casing that surrounds the impeller, is of spiral type in which
ﬂg_i‘area increpses gradually, The increase in area of flow, decreases the velocily

Hyniaulic Puses € 327
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(b) Vortex.casing. (Fig8.1 (b)) Ifacircular chamber is introduced between the
casing and the impelier, then that casing is known as vortex casing. This considerably
Teduces the loss of energy duc 10 the formation of eddics. Thus. the efficiency of the
pump is more than the efficiency of volute casing centrifugal pump.

1 {c) Casingwith guide.blades (Fig.8.1(c))In this type of casing, the impelier.

is shrouded by a series of guide blagg_s‘mouhled on a ring which is known as "diffuser’,
The guide vanes are designed in such a way that the water from the impeller enters
the guide vanes without shock, The area of the guide vancs increases, thus, feducing
the flow velocily through"guide vancs and consequently incréasing the pressure of ~
waler. The water from the guide vanes then passes through the Sufrounding casing,
which is in most cases concentric with the impeller. The diffuser is optional and may

not be present.in a panicular design depending upon the size and cost of the pump.

Guide vanes

Figure 8.1(b) Vortex casing , Figure 8.1(c) Casing with guide vanes

o
3. Suction Pipa and Delivery Pipe
[a pipl.: whaose one end is connected to the inlet of the pump and other end dipped into
, the water in a sump is known as the suction pipe. A foou valves, fitted at the lower end

from water, is also fitted at the lower end of the.suclion pipe. The pipe whose one
end is connected to the outlel of the pump and the other end delivers the water at 2
required height is known as delivery pipe.

WORK DONE AND VELOCITY TRIANGLES

Figure 8.2 shows the veloeity triangles at the inlet and outlet tips of the vane fixed (o
" an impeller, The blades are curved between the inlet radius £y and the outlel radius

o . , . . . TR
of the suction pipe, opens only in the upward direction, A strainer to remove dcbnst:lt.' ’

E .

:E“_"'J
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r3. £ is the angle subtended by the blade at the inlet, measured from the tangent to
the inlet radius, while 2 is the blade angle measured from the tangent at the outlet.

U2 "
W c ve B o
2 2> ffizicf’}’/’c'/}ée
' i L T ’
A C"z‘
W2 C, ;; .
2y N
B, .
d\\
— w ) -‘/_(
FQJ\‘I /

& ‘_g_:l'z[))/)) 2} U’,J g:
y= 5 :

) ot

YO

Figure 8.2 Velociry triangles for a ccn!rtfuga!‘ pump

The fluid enters the blade passage with an absolute velocity C) and at an angle o
to the impeller inlet the tangentin! velocity vector'U) = wry, where w is the angular
velocity of the impeller, The resultamt relative velocity of the flow into the blade
passage is W, at an angle 8], (and not g due to the shock at the entry of biadc)
tangent to the inlet. Similarly, at outlel the relative veloeity vector is Wy at an angle
8, (and not Bz due to Quid slip at the exit) tangent to the blade. The absolute velocity
veetor Cz is obtained by subtracting the impeller outlet tangential velocity vector U/
from W; and C; is set at an angle oz from the tangent to the blade. As a gencral
case unless otherwisc stated, it will be assumed that the inleL and outlet blade angles
are equal to their corresponding relative anples. (i.e) B| = B (for No-shiick
t:/o_r}_glj_tinn) and f; = f (Tor No-slip at the exit),

From Euler's pump equation the work done per second on the fluid per unit weight
of fluid Mowing is

Uf)%ﬁ: W/mg = (U2Cy, "UICII)/ﬂ (8.1)

where, C, is the component o absolute velocity in the tangential direction. * E* is oficn
referred to s (he Euler head and represents the ideal (or) theoretical head developed
by the impeller only.

*E" in lerms of absolute velocity is oblained as [ollows:

From tlte velocity triangles

Cx = Cy cos a)

[
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and
Cyy =C2 cOs cr'z )
Thus '
.E.' = (U2C3 cosaz — U1 Cy cosa)/g " 8.2)
Bul by using the cosine rule, ' |
W? =U?+C-2WUCcosex
then U1 C) cosay = (UE — W} +ChH/2

and UrCacosag = (UF — WP+ C)/2. .
Substituting the shove relation in equation (8.2), gives

g [(V2 - ud +(cd ~ Ch + (Wi - wh)

3
* . - 2g

where, (C‘g - C;—')/?_g represents the increase of kinetic energy of the fluid across .
the impeller, (Uz2 - Ulz)/Zg represents the energy used in imparting circular motion .

i is to’ i 2 . W12z is the gain of static head dve
about the impeller axis to'the Muid and (W} +)/2g isthe g '

1o reduction of the relative velocity within the impeller, . S
As the water enters the impeller radially, the absolute velocity of water al inletis in -
the radial direction and hence aﬁwo because C| = C,,

So. equation (B.1) reduces to P50

E = Ulcljirg

The volume Now rate of water is

X 'Q=2rr Chbi =2nr2Cry b2
where, ) .
C, is the radial component of the absolute velocity and is pcrpcndlcular_to th tangent
at inlet and outlet while b is the width of the blade measured in the z direction.
When considering the slip factor o;. the Euler head equation becomes

[E.=(0;UsCr = UnCr)i8 |

Typically, slip factors lic in the region o@whcrc

..

;. = Actual Cx _ E‘ﬁ“(Rel'(:r Fig. 8.3)
-~ ,hl.f‘iff LC-' - --.-..E:SL.
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HEAD DEVELOPED -
Dzliv:ry pipe
l h;°+hf° / .
Centrifugal =T —
o g —® R, Py
Hpm
H, ;
P SR P
ST LA b Ly, )
ki & ol R e
hs o }?LB)
Suction
pipe
i
by eby, | | e ———— —_———
Figure 8.4 Heads associated with cenirifugal pump
Static Head (H;) 2
* Itis the vertical distance between the levels in the reservoirs or &, = h + hd
~ i.e. Static head is the sum of the suction head and the delivery hc&fﬂ R
+

e

_ Ihe rolaling parts in the bearing and thc slufﬁng”boxcs.
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Manometric Head {Hm)

It is a head against which a_gentrifugal pump has 1o work, It is denoted by A, lLis

given by the following expressions.

The pump total inlet and gutlet heads are measured at the inlel and outlet ftanges
respuectively and are given as

Pump total inlet head = P, /pg + V2 /2% + Z,

Pump total oullet head = Py/og + V228 + 2,

Tatal head developed by pump (or) manometric head (H)

Hon = (P = P/ pg + (V] = VD28 + (Zo = Z0)]
e e e . - e ——
The type of pump is selecled for a sPcmﬁc purpose b based on the manometric head.
H,, can also be ex ::xpressed as T .

e

H: + EHiggses, x

= ;;+%h[0+h10
) eI, uw A
where b 7 is the fr:cuona[ head loss A is the otiefhead losses and

Hpm = Euler head ~ Losses in the impeller and casing
' “Hr LW euder
PUMP LOSSES AND EFFICIENCIES

The shalt power or energy P thatis supplied to the pump by the pnime mover is not
the same as the energy received by the liquid. The difference is mainly due to the
foilowing losses:

1. Mechanical friction power loss (P,,,l) due lo uqu,uon bg_mm;hiljx_cq:,ﬂ_p_d_

R

?(Hm =

e

12, Dis¢ rnctmn power loss Qf‘y)) due to fncuog between the rolnlmg faces of the

LSEellcr (or disc) and the liquid.
Leakage and recirculation power loss (PL) due to the loss of liguid from the

pump (or)recirculation of (he liquid in the impeller and

4. Casing power Ioss (Pc)

impeller Power Loss {Disc Friction Powar Loss (Pp))

It is caused by an energy or head loss Ai; in the impeller due (o disc (riction, flow

separation_and shock al the impelier entry. The flow rate through the impeller is Q,,
so the impeller power loss is expressed as

\ . —
1 - Ly
’ ;{./MMUL W [Pp= g Qi h; (8.3)
:JJL,J C)f’f’ -

Leakage Power Loss

The_pressure differenge between the impeller eve and tip can cause a recirculation of

a smal}_volume of (Juid(@) thus reducing the flow rate at the outlet to @, Thus

B EBE__rE - B | i -—
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If H; is the total head across the impeller, then a leakage power loss can be defined as
PL=pgHigq : (8.5)

Equation (8.4) shows that when the discharge valve of the pump is closed. the leakage
flow rate aitains its highest value,

Casing Power Loss

If h. is the head loss in lhcﬂgid_l:mg:ﬂgﬂgﬂg;_oﬁﬂcl a_rltLbJjg.mep_ggllﬂ

flange and the flow rate is 2. then P, may be defined as

Fe = pgQhe (8.6}
Summing up all the losses gives .
s 3 M
S |P—Pm+pgchfql+hfq+ﬂaq+aﬁﬂ /o
"uu»f C,> e A
gy .o '
where *H,y,' is the manometric head. J(_{’L,n,b > L:"J _pf:_:fl_)—_’(_"‘

(I} Mechanica!l efficiency ‘(

Y ) ’) I
Fluid power supplied to the impeller 2/'-]-: R AP
Power input to the shaft

o8 Qi(hy + Hy)
Py

M =

S O DS

H;— Total head across the impeller
ki~ head loss in the |mpeller

(or)
~
)

oli"‘(:" 6. b M = }1 _ m(U2C11) .
¥ m P, = —P; -

{1t} lelpometric {or) hydraulic efficlency

oy = Actun! Head developed by pump
Y Theoretical head developed by impeller
e - Huf(hy + Hyy = 2
AL o s I
] ’“Jf,: PN E
(or) S A= A
£ UrCa/g = (Hi+ hi) Coraz= ®

Hom o
.%( O’CLY/U—'L?

Laranyrike
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(1ii) Overall effictency _—
Fluid power developed by pump
Shaft power input

/
. PEQH,,
. J;?o),’;‘: qu=T %

H=

(iv) Volumetric efficiency
Flow rate through pump

7= Flow rate through impeller ;
oy, 0
[ ‘))/ & = - .H‘-
A KRTEYT

(v) Impeller efﬂclency

‘Fluid power at impeller exit

Pl rob | p=
2L 2207 1M = Fid power supplied to impeller BNITIRY 3®1

Fluid Power supplicd 1o impeller = Fluid power developed by Impclh.r + lmpellcr ‘
loss
The Fluid power supplied to the impeller is also referred to as lhc power avmlablc:

at the impeller. fv]v_ f‘f r' ' M - q’l
a

MINIMUM STARTING SPEED *'J/?Lffvrb R TI

The centrifugal pump v w:ll stant delivering fluid if and only if lheprcssun: rise i in the
impeller is morc than or eﬂual 10 manomcmc head (H,.,) Otherwise the pu pump will
not dlscharge ﬁmd allhough the 1rnpcller is rmanng When the impeller is_rotating
‘the waier in contact with the impeller is also 1ol rotaling, This is thc case of forced von
In case of forced voriex, the centrifugal head or head ducio p pressure the risc in the -
impeller is

where
wra~ Tangential velocity of impeller at outlet = U7 and
wr)— Tangential velocity of impeller at inlet = U,y

. Head due to pressure rise in impeller

uj vt
. T2 2
The flow of water will commence, when
vi-ui
e S > H
2g =T
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For minimum speed ] where P; and V; are the pressure and velocity at the pump inlet and Pygp is the vapous
y?_yt e , pressure of the {iquid, All pressures are absolute pressures,
2 L - H, ‘ , NPSH is also defined as a measure of the encrgy available on the suction side of the
28 o _Pump...
He interms of ny ' ' NPSH is a commercial term used by the pump manufacturers and indicates the
' . o suction head which the pump impelier can produce. In other words, it is the heightof
the pump axis from the water reservoir whigh can be permied for mswllauon.
¢ ‘U‘(’J”‘L"L L"L ‘)9_/“/( {Jz(/r{-.f‘)!/)
Substituting the value of H., in the above equation yields PRIMING ¢ /’UIOL’ ._J ATy S e U( e RN

. Ui- Ull Priming of a ca.nlrli'ugnl pump is dcﬁnud as the ogcrauon in which the s :.ucuon pipe,
2 cm,m;, of the pump and a_portipn. of the delivery pipe upto the delw::gg valve is
mmplmgl_ﬁ_llgd_up_ﬂuh_;ll_hqmd to_be raised by the pump before starting the
‘ _pump. Thus, the air [rom these parts of the pump is removed.
wDaN TN . The head generated by Lhe pump is given by
60 60 . A Gy,

Therefore, ’ e ) g

ZC::

U
Hm=ﬂH_x

L

UICJ) . '

= x

Now,

c, ‘ ;ergN pump is :_-y_rmmg_;‘g.air. the head generated is in terms of metre of air. If the pump is
. .

grr D-_:N) 2 (:r N ) 2 : - The above equation is indgpendent of the densit oflhc ligquid. This means that when

L T —_ X primed with waler, the same head is generated but is expressed in metre of water.

. : , But as the density of aicis. very low, Lrumca_d’ﬂj air in terms of equivalent
Dividing by N we get : metre of water head is negligible. It is obviqu;iﬁwm
-7 g6l’ produce only a negligible pressure, which may not be sufficient 10 suck water from

the sump. To avoid this difficulty .lhf: ump is_first nmcd 1c filled wuh waler,
n'ND, :rNDz p-. Y pump, P Mp W

120 120

PERFORMANCE CURVES OF CENTRIFUGAL PUMPS

Ferformance charts are alwoys plowed for constunt shafl-rotatjon speed N. The basic
independent variableis taken o be the duschnrgc Q. The dcggndem variables or output

are taken to be hcad (H), powcr(P) ancl efﬁcnency

=ny % Cry x D
~ {or) ‘

JrN :
T [D-, D?]:quCnng

1 N . w
Hence the minimum staning speed i) U,

/L:')p-’ ("Uy,/(jg!’\yﬁ ,\j _ 120 x ny % Cpy x Dy ) Begt Efficiency
IT[D2—~D2] . ___  ® Rinl(BEF)or
. d s’ mnncg-nun‘!#\rl-mmwm' ’ TLiEH T -(—umtlblc: sign point
* and a centrifugal pump has to run at this speed atleast, to discharge liquid, - - can Eadse
. 7 q (1 o ‘:p"" 2 i/D-‘«'?:r—'f"‘} S r\ql , Pg L surge) — n
NET POSITIVE SUCTIONHEAD ¢ Cime™” £t T L <
. 9 Y {unstabic:
Net Positive Suction Hcad (NPSH) is the head requuﬁfi_a: thc pump i inlet to 0 kecp the - N overload)
liquid from cavitating or boiling. The pump lI'I/t,l '(Fr) suction s;dc is thc ]ow prcss.urc " g{"'
_patnr wr_l_c_g; cavitafion will first occur o 'a Ij u‘, {
The NPSH is defined as " ;”"“Q’}(—)L"’" u/’ L5, B
LU o Qp Gea
V| NPSH = P sz Puup. - "u))(ju ’)y“’ et Q—
’f" = ;;2" + ’Z_g - Py ‘. ‘r'. ’ {'-/Lo*,l) Figure 8.5  Tvpical centrifugal pump performance curves of consiant Jmﬁt”(l" rotation

.rpced
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Figure 8.5 shows typical characteristic curves far a centrifugal pump. The bead is
approximately constant at Jow_discharge-and_then drops = . At
this speed and impelier size the pump cannot deliver any more fluid than Q.. The
positive slape part of the head is shown dashed as mentioned carlier, this region can

2 unstable and cause pump surge. ,

‘The power provided by the pump motor riscs monotonically with discharge and then
typically drops off slightly near Q. The drop ofT region is shown dashed because
it is also potentially unstable and cun cause motor overload during a transient. o ‘ R

The efﬁcicncy riscs (o a maximum at about 60 percent of is is the dcsiDn= o6
flow rate (@2 p) or Best efficiency poinl (BEP), 1 = tuy,. The head and pu'wcr at the
BEP will betermed Iy und P respectively, Note that  is zero at the origin (no llow)s
and at_Quway {no head), Note also that the » curve is 1ot indepa'aanf"bul is simply

caleulated from the relation
= !
n=pali?| oo,

L s
CONSTANT EFFICIENCY OR MUSCHEL CURVES
The head versus discharge curve and efficiency versus discharge curve for various

speeds are combined to get the constant efficiency curve, The Muschel curves are
drawn as follows.

/ .
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The variation of pump efficiency (1)} with discharge (Q) is plotted for different
specds Ny, Mz, Vi, ... eic. as shown in Fig. 8.5. A constant efficiency line is drawn
on n — @ plot to determine two discharge () vatues for a particular speed. These
points are marked as 1,2,3,... etc. and are projecied on to the H - Q plot for Lhe same
discharge values and spedd for a particular efficiency. This procedure is ?cpcated for
other elficiency values. The points of same efficiency arc joined by a curve as shown in
Fig. 8.6. These curves are called the constant efficiency or iso efficiency curves. The ‘
paint of maximum efficiency can be determined from this graph, The advantage of .

AL “1his plot is that a single point on this graph gives all the information regarding the .
speed, head, discharpe, efficiency and power, /j
MULTISTAGE CENTRIFUGAL PUMPS (’lf‘{ S
A Centrifugol pump that consists of two or more impellers mounted on the same shaft - '
or on different shafts is called the multistage cenirifugal pump. Multistage pumps are
employed to accomplish the following two imponant functions, , IEATRE RS
I. To produce a high head, &Q,-ff,wu)?’/ .dJ [EdVas . a
1} 2, To develop a high discharge. - / .
{ - S E e R e G PR T _ r . 74 R . - -
At e L‘]/’( 9—"21’
PUMPS COMBINED IN PARALLEL k_—/'wbu - j/ T -
‘To develop high discharge, the pumps should be connected in bnrnllcl as shown in »
the figure 8.7,
Vs
bﬁ’ _:,—)“ I/y){)if_ Pump A
. I
(,Lf'f’.uﬂ-’"é-—"
' (_’Jf;/) _'__'—- ,_ ___—: _—_. l—J - _ -

Figure 8.7 Pumps in paratlel
© L

Pump A and pump 8 Ji{t the water from a common sump and discharge the water to
s common pipe to which the delivery pipes of each pump is connected. Each of the
[pump works against the same head. Oy e

The two pumps' A and B, which are in parallg nced nol b¢ identical. But for the
same head, the multistage pump discharge is the sum of the flow rates of each pump.
e, Qat Qg (Fig. 8.9 : . : :

If pump A has more head than pump B, pump B cannot be added until the operating
head is below the shut off head of pump B. Since, the system resistance gurve rises with

Q. the combined delivery Q a4+ 5 will be Iess than the separate ing discharges
e e
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QA + (2 5 but cenainly greater. thanei e:ther one, Fora very ﬁa L {static) CUFVE tw twa smu!ar
pumps in in parallcl will deliver nearly lw:ce the ﬂow (Fig. 8.8}

P e LA et A

1
f . .

H T - o System resistence
curve. (H Hg + KQ?)

. Combined
/ pumps

[~ Single pump

o . A - A+B - Q=
- operating points :

Fl'gurc 8.8 Two similar pumnps connected lr; paraflel |

The combined hruLL power is found by adding lhc braLe powers of pumps A and B
at the same head as the operating point.
The combined citiciency equals

(-JL....L
{:V—’

- } ),—._ N ) _
| Sk {/"'—’//(j) »
o5{Qava)Hmdava : ' -

— P -
o APr)are —f 2y L_,A_‘J’C-'LH’:;L)"J‘

St ™

g,

e T e ot ' :))’u a
H T Pump A b Systemn
Pump B Coénar;?ﬁ? M resistence )
curve )
(H =H, + KQ)
e
/ .
7J L
R N
- —
— -_ -
0 operatingpoints B A. A+B 0->

Flgure 8,9  Two different pumps combined in paraliel
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If pumps.A. und B are not identical as shown in Fig, 8.9, then the pump B should not
, be tun and cannot even be started up if the operating point is above its shutoff head.

.

F‘UMPS COMBINED IN SERIES

To develop a high head, the pumps should be connected in series as shown in figure
8.10. The water from the suction pipe enters the pump C at inlet and is discharged at

the outlet with inereased pressure. The water with inereased pressure from the pump
C is taken to the inlet of the pump D.

The pressure of water at the pump D exil will
be more than the pressure of water at the pump C cxn
b el =kl

e

BN
! |( ~0 N To delivery
o v pipe
' A
\
\ \
AR
A
From __ K~ \
suction pipe | | N
: ()
Shafl
— ; //
/
/ r
;!
Pump C i .
F | Pump D
Lo !
1 1 // /
Vs
\ ‘—-/'/ <

Figure 8.10  Pumnps in series

'I‘ltu_zl_i:_%mpcthrough cach pump is the same. The combined head s higher.than
cither ong. The pun_;%______udmthmﬁggﬂcal at all, since they merely handle

‘the same discharge, _They may even have different speedy, although normaliy bath
are-driven by thic same shalft,

The combined operating point head for two different pumps in series will be more
than either C or D separately, but pot as great as their sum,

The combined pumps perfromance curves are shown in the figures 8.11 and 8.12,

The combined power is the sum of brake power for C and D at the operating poini

Now rate.
DOW ral

T

- I
dfdw\ The combined efficiency is = PE(Qcs ) Hu)c 1D
(PJ)C‘I'D

[hn g demin v}

Ei’_‘_'.‘;
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+

T Combined Syslem resistance

\v‘&ﬁes Jeurve (H=Hg+ KQY)

W N
\
O

Pump C -

0 operutingpoints D € C+D Q_é'

Figure 8.11  Two diffferent pumps connected in series

I Cambined in iyg\t:.r?‘ {E:T;nn.ca()z)
series ;
/
/
/
- Single pump /
~ . 7/

-

—_— - -
operating C C+D Q->

points )

Figure 8.12  Two similar pumps connected in series

Pumps in Series

Let rn = Number of identical impellers mounted on the same shaft.
Hy = Head developed by each impeller.
Then the total head developed = 1 x Hy,,
The discharge passing through each impeller is same.

Pumps in Parallel

Let ot = number of tdenteal pumps arrunged in purul!cl
JIUmMBeEr ol Idemical pumps arrimge i

*Q = Discharge {rom one ¢ pump.
Total discharge = n_x Q

Each pump works against the same head.
R s e
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AXIAL FLOW PUMPS

DESCRIPTION

An axial flow pump consists of a propeller type impeller mnnmg in a casing with finc
clearances between the blade tips and lhe casing inner walls. The fluid essentially
passes almost axially lhrough alternate rows of the fixed siator blades and moving
rotor blades in a multistage axial low pump. The figure (8.13) shows a single siage
~axial flow pump.

i,

YTP L;y)

Stationary inlet

, Stationary cutiet
guide vanes

guide vanes

impeller {or) Rotor
Figure 8.13 Single stoge axial flow pump

The inlet guide vanes guide the fluid to enter the rotor with a purely axial velocity.
The tmpeller blades. however impart a whit] component to the fluid. The outlet guide

vanes climinate the swirl on the outlet side and turn the flow towards the axis.

TG ensure a smooth flow without shock at the design condition, the blades of the
impeller must be twisted, The flow area is the same at inlet and outlet and the maximum
head for this lypeJ pump is of the order of 20 m. The usual numbcr of blades Iles

to mf_ﬂ_f_cf_lf_c_ﬂrﬂ_rmm&‘ss_.
#TVELOCITY TRIANGLES

The inlet and owlet velocity triangles are drawn for axial low purap (Fig. 8.14). It
will be noticed that the 1mpel|er blade has an aerofeil section and that the inlet relative
velocity vector Wy vy does not inififge tangentially but rather the blade is inclined at
an angle of, lgﬁt_(_ig_c_c_:_mthe relative velocity veetor Wy, This is similar to the angle
()Tman aerofoil in a free stream. It is assumed that there is no shock at entry

and that the fluid leaves the blade tangentially at exit.
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C N .
| fc, 3
!

a, 8 : - -

Cx Wy N
! ! ;
U, 7 !
—— ‘Impeller
U L

Outlet guide vane

£

Figure 8.14  Velocity traingles of axial flow pumps

Since the stator is fixed, ideally the absclute velocity Cy is parallcl to the trmhng
edge of the blade (not shown in Fig. 8.14). The relative veloctty W, is obtained by
vectorially subtracting the impeller tangential velocity U(= .Uy = U3) from C\.
Wi ideally should be parallel to the rotor leading edge of the rotor.

In the exit velocity diagram, the relative velocity vector Wz is parallel to the blade
trailing edge.

THE WORK DONE ON THE FLUID

From Euler’s pump cqua{iq_n. the work done on the fluid

'

W =m(lhCy, — UIC:IU

Changes in the condition of the fluid take place at gig‘lls’t_aﬁrlt_“n}fcigw. therefore
Uy=Uz=U=wr
. e T e
Vi
Also assummg a constant ﬂow area I'rom the mIgM we have

S AT

Cr| -"'er =L =Cy
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It should be noted that the flow area is the annulus formed between the hub and the
blade tips. Then we may write

o m = pColm(RE = RE)] -
M—-———”“—"'———’
The work done by the pump is

UV:mUKh—Cnﬂ

"THE ENERGY TRANSFER OR HEAD
The energy transier (E) is given by
e P —
W
E = -~
mg
= U(C:z - C:|)/g

EK W the absolulc ﬂow Vd_?ﬁljy must be axial at the inleti.e.
) = C‘,, Henee,

S s -

ap =90" Cy, =() _ljjUC,!/g

I werms of angle A is oblained as

cot g = (U = Cp)/Cy
oar ‘

Coy = = Cyent fi

Hence substituting for Cy, in the above equation,

|E=UWU = Cocatfa)/g|

This is_the maximym energy transfer or head developed by an axial flow pump.

For E 1o be constant over the whole blade length, the blade angle 82 should be
increased because U increases with radius. It is seen from the above equation that
there must be a corresponding increase in the term C, cot fa. Since C, is constant,
B2 should increase. Hence, the blade must be wwisted as the radius increnses.

Note: Gm_dwmy_nhnngsacroa§mmwmm it may be con-
sidered to be operating with an incompressible fluid and lhcrcforc the same cquauons
E_gggll_ed 0 ax axial flow pumps may bc usa_d

AXIAL PUMP CHARACTERISTICS

Typical head-low pawer and efficiency curves are shown in fig B.15. A steep negative
slope is evident on the head and power curves al low flow rates. This can be explained

considering the maximum energy transfer equation. For a given blade design at fixed
speed with axial flow at inlet

Gt
[E =0 = Cueofa)/g Ao i

i
=

£

‘B B! B Buo) &)

B

E . & __
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20H)

100

% of design efficiency, power and head

Efficiency ~

0 40 80 120

Perr.*ﬁnluge uf duslgn flow rate
Figure 815 Characieristic curves ofmmlﬂaw pump

Now  is proportional to C, and thercfore

(dE/dCa xdE/dQ o —U cotfa |

For axial flow atinlet, Bz is relatively small, and thus for a given pump at a given specd
the head-fiow relationship has a steep negative slope. The power curve is similarly very
steep, the power requirement at shut off being perhaps 2 - 2.5 times that required at the
design point. This makes for a very expensive clectric motor to cover the eventuality
at the low flow rates and 50 the fixed blade axial flow pump is limited to operation at
the fixed design point. In variable flow machines, the blade angle is adjusted so that
the pump runs at its maximum efficiefcy at all loads and reduces the shut off power
requirement. ‘

In the figure 8. 13, the power and head curves are seen to enter a region of instability at
about 50 percent of the design flow rate. This is due to C, becoming increasingly small
and thereby increasing the angle of incidence of fow onto the blade until separation
and stalling of the blade occurs. Further head rise at even lower flow rates and the
consequent power rise is due to the recircutation of the fluid around the blade from the
pressure side to the suction side and then up onto the pressure side of the next blade.
AR increased blade stagger angle will once ‘again reduce this rccirtula[ioq. therchy
the power requircment.

CAVITATION

.
(Cavilalion is defined as 4 phenomenon of formation of vapour bubbles of a Nowing

liquid in the region where the local absolute static pressure of the liquid lalls below
the vapour pressure of the liquid and the sudden collapsing of these vapour bubbles
in the high pressure region. \

!
B '

A ’l‘i’(f
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When the liquid flows lhruugh a centrifugal pump, the st su;uc prcssure (sucuon pres- }
sure) at the eye of E‘E.!m peller is reduced and the vclocny increases. Thcrcfun:. there

is a danger that cavitation bubbles may,  form at the mlcl to o the impeller, When the
fluid moves into a highcr prcssure regton these bubbies col[apsc ‘with tremendous

force. giving rise to pressures as high as 3500 atm. Local pittirg of the impeller can

result when the bubbles collapse on a metallic surface, and serious damage can occur

by this prolonged cavitation crosion. Noise is also generated .in the form of sharp

crackmg sou_nii_sm}vhen cavitation takes place,
“Cavitalion is mos! likely to occur on the suction side of the pump between the lower
reservoir surface and the pump inlet since it is in this region that the lowest pn:ssurq

will pecur. A cavitation paramelcr is defined as

_ Pump tolal inlet head above vapour pressure
- Head developed by pump

Al the inlet flange
_ Piing + ‘42/28 = Puplog— NPS H

Hp
where all pressures are absolute
(or)
NPSH
o =
Hy

Every pump has a critical cavitation number which can only be determined by
testing to find the minimum Valies o fore cavitation cccurs, One method is
to determine the normal head-flow characteristic of the pump and then to repeat the
test with the inlet to the pump progressively throttled 5o as to increase the resistance.

to flow at the inlet (Fig. 8.16). It will be found that for different throitle valve settings -

Ihe performance curve will fall away from the normal operating curve at various points

3% head
H,, reduction 4
T Measured N
NPSH NPSH, >
Qe Qe Q

Figure 8.16 Hyp and NPSH versus Q

and one definition of the occurence of minimum NPSH is the. point at which the

head H drops below the normal operating characteristic by some arbitrarily selected
percentage, usually about 3 percentage. At this condition static inlet pressure P, and
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_ inlet velocity V; are measured, and o is then calculated from the abave equation, The
. minimum required NPSH or o, may then be plotted for the different degrees of inlet
throutling 1o give a curve.of o vesus flow co-cfficient. ’
" . From the steady [low energy equalion, the energy loss between the free surface (A)
" and the inlet side of the pump can be delermined. If the datum is placed at the lower
reservoir surface, V4 = Qand Z,4 = 0. Then the equation interms of heads becomes

Patpg = P/pg + Vi /28 + Hiuctian

_where Hyuatton = Zi + hgi + higss at inlet, Substitution for P;/pg in the defining
equation of g, gives , i

. o = (PA/PE - Puap/pg - Hmcﬂun)
; Hm

I .
If o is above o, cavitation will not occur.. But in order to achieve this, it may be
necessary {0 46crease Heperivn Dy decreasing Z; and in some cases the pump may
have 10 be placed below (he reservoir ar pump free surface. i.e. negative Z,, especially
i€ Ay, s porticularly high due 1o a long inlet pipe. ' ‘

METHOD_ OF F’REVENT_!NG CAVITATION
-T_hc following factors should be taken into account to prevent cavitation:

t. The pressure of the Bowing liquid in any part of the hydraulic system should not
. beallowed (o fall below its vapour pressure. For example, the absolute pressure
head should not be below 2.5 m of waler, if water is the working medium,
2. The special materjals or coatings such as aluminium, bronze and stainless steel
which are cavitation resistant materials should be used. - ' '

R

POSITIVE DISPLACEMENT PUMPS

The pumps are broadly classified into (wo as (a) Hydrodynamic (or) non- positive
displacement pumps; ex: centrifugal and axial pumps and (b) Hydrostatic (or) positive
displacemenl pumps; ex: Gear pumps and vane pumps. The (ormer type is used for

g e ( low-pressure. high-volume flow applications. These pumps are not self-priming. This

is because there is 100 much cleareance space between the rotating and stationary
" elements and to seal against atmospheric pressure and thus the displacement between
the inlet and outlet is not a positive one}{The latter type of pump ¢jects a fixed quantity
of Auid per revolution of the pump shdft A pressure relief valve is used o profect the
pump against.overpressure, because a positive displacement pump continues to eject
fluid even though the outlel valve is fully closed causing an extremely rapid build
up in pressure as the fluid is compressed, Where as, for non-positive displacement
pumps, in such a case, there is no need for safety dcy_igggiq_p_rgy_c_rll_pumb damagg.
Positive_displacement pumps can be classified by the type of motion of internal
c}qm::nls. The mn‘lmn may be cuhur‘r folary or reciprocating, —)L:"P
- There are essentially of three basic types; :

. 4747’0’9"{@-(_5&)/; V. ':i;""”"

1. Gear purmps

2T
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{"{a) Exiernal gear pumps
(1) Internal gear pumps
(5711 - |-(er-T.obe pumps
- {d) Screw pumps
2. Vanc pumps
3. Piston pumps ]
The details of the construction and operation of gear, vane and piston pumps are
discussed in the foliowing sections,

1. Gear Pumps

(a} External gear pump  Fig. (8.17)illustrates the operation of an cxt.cmal gear
punip which dcvclabé flow by carrying fuid between the tecth of two mcsiﬁllng gears.

-

J
-l LY ST IS s
g U PP JL 7 Outlet 7
)‘-—J ; 1373 )J/)'j) . - . -
{ é))/()’ ’ O o ’\,_&(F,J,;wa
Drive geor: ¢
/ W R Y «

STl e a,.;)&o;lgu

N - v ’a
L (_)' M(s((b;}u/
A e "
.;UZJ;me,)gf U/u_)b]?fﬂ S

O AP Y

Inlet . k4

Flgure 8,17 External gear pump .
S One of the gears is connected 10 a drive shalt connected o the primemover. The
{

E__..

second gear is driven as it meshes with the driver gear, Qil is carried around housing

in chambers formed hetwgen teeth, housing and side wear plates. The Si_Ll?'lj_QHAISidl': is
where tecth come out of .and it i5 the place where the volume expands, bringing

aboul 2 reduction in pressure helow utmaospheric pressure, Fluid is pushed into this

W‘»’L-“%J"Tvoid by atmospheric pressure because the oil supply tank is vented (o the atmosphere

' The discharge side is where teeth go into mesh, and it is here where the volume | l

: decreases belween maiiig teeth,
! "The theoretical flow rate of a gear pump is given by

R I Tl T it

« " l
P Sl pnet i . .

where. Qgs is the thcnrél’igzﬁl ow rate in m*/min, Vp is the pump displacemnent -

volume in m*/rev and N is the pump speed in rpm. The displacement volume Vp is

fﬁj - ’41(93 - Df)LJ :
where,

D, - outside diameter of gear teeth, m
D, - inside diameter of gear teeth, m
L - width of gear teeth, m
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The gxicrnal gear pemp uses gur gears. (whu.h are nmsy at high speeds). helical
gears (which are limited to low pressure appllt_uuon due tg cud thrust problr.ms) and
i hcmnghonc gears (which provide greater flow rales smoothy).

(b) Internal gear pump  Fig. (8.18) shows the configuration of the internal gear

pump. This pump consists of an il mlcrnnl | gear. a rcgu|ar Spur gear, a cresceni shaped
seal and an cxternal housmg

O Ve LA o

Crescent seal
ud‘f-‘@-‘/ﬂ/()b—' ‘l@w)ffb’J?
¢,.. f)),- ’Ujb”bﬂ‘-’)tf

. ot 2 g} 22 (e L),
Figure 8.18 Internal gear pump ¢ (’u HJJ/ W

As power is applied (o either gear, the mation of the gears draws fluid from the
reservule and forees it around buth sides of the erescent seal, which acts as a seal
between the suction and dischorge poris. When the teeth mesh on the side opposile
to the ereseent seal, the fluid is foreed o enter the discharge port of the purap.

L )

(c) Lobe pump The lobe pump is illustirated in Fig. (8.19). This pump operates
in a fashion similar w0 the exlernal gear pump. But unlike the cxternal gear pump.
both lobes are driven externally so that they do not actually cuntact each other. Thus,
they are quiter than other types of gear pumps. Duc (o the smaller number of mating
elements, the lobe pump’s output will have a greater amount of pulsatjon, although
its volumetric displacement is generally greater than for other types gf'gcar pumps.
Outlet >L:/FJ wmﬂd;
B e’
0 o) terwuf»ﬁ

EW‘_}LNJ i,j'/)u-’f" S’
g sl
wr_? b Fujjr_' Sl
Lf’-;rg;&'r’ "u/ uﬁ (/r

Inlet
.o
Figure 819 Lobe pump Aot .-{/.,.v

{d) Screw pump  The screw pump (Fig. 8.20} is an axial Row positive displace-
ment unit. [t consists of a rotor or screw to which_the source of power i.e. electric

motor {s directly connected. The JThe screw may be qm;lc helical or double helical, The

dvantage of double helieal is lhm"ﬁwrv lmlnncc:l nxmlly THE T W Carried
forward to the discharge along the rotor in pockels formed between tecth and the
casing. .
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Inlet ' Cutlet

Ball bearing

o \ \
}’ﬁﬁlcr rotor \B“'a“cc piston

Dalance cup Rotor housing Mcchnmcal scal

! Thrust cage

Figure 8.20 Screw pump

There may be one, two or three screws. In a 2-screw pump, one is rotor and the other -
_sid idler. 1n a 3-screw pomp there are (wo idlers on cither sidé 01 the rotor,Two 1dlers
“Act as seals lo the the power rotor and arc drivert by fluid pressure and not by metallic
“contact with rotor. The ﬁﬁfﬁ entering the inlet passage flows into the lef end of the
. rotor where it is rapped in pockeis formed by the threads and is camied 1owards the

discharge. The, movement of fluid is simila a nut on_the power screw,
The advantages of screw.pump over (e other types of pump are:
e e e ettty
. Screw pump operates uplo a continuous working pressure of about 150 bar.
2 The screw pump is [ree from pulsation and vibration. So. the pump iy silent Whllt.

_running. 7
bl : .
2. Vane Pump ;v @l”ﬂ)é

Vane pump (Fig. 8.21) consists of a rotor disc having ayxmbcr of radial slots and is
splined to the drive shaft, The rotor rotates inside a cam ring: Each slot has a vane
-designed (o mate with the surface of the' cam ring as the rotor turns. There is an
L eccentricity between the rotor and the cam ring, The vanes are free to slide radially
with the help of springs and thus form the required seal between the suction and
discharge connections. Centrifugal force keeps the vanes out against the surface of
the cam ring. T T e e T T e T e
mMafe

Cam ring surface

' Pumping
chambers ‘. Eccentricit
Y
Shaft ‘l
“
Inlet = ‘ﬂ‘l~'. \‘ 0“”“

‘Casting Vanes

. Figure 821 Vane pump
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During one-half revolution of rotar rotation, the volume ingreases between the rotor
and cam ring. The resulting volume expansion causes a rudigglionlof pressure, This is
the suction process which causes fluid to flow through the inlet port and fill the void.
As the rotor rotates through the second half revolution, the surface of the cam ring
pushes th¢ vanes back into their slots, and the trapped volume is reduced resulting
in increase of pressure, This positively ejects the trapped Auid through the discharge
por. .

3'._Piston Pumps
A piston pump works on the principle that a reciprogating piston.can draw in fluid

when it retracts in a cylinder bore and discharge it at high pressures when it extends,
There are two basic types of piston pumps (a) axial piston pump and (b) radial pision
pumip. ’ .

{a) Axial piston pumps Fig. (8.22) shows an axial piston pump. In axial piston
pumps. the pistons are parallcl to the axisof the cylinder block, ltconsists of a cylinder
block roialing with the drive shafl. A universal Link connects the black to the drive
_shaft 1o provide alignment and positive drive. The céntre line of the cylinder black is
set at an olfsct angle relative 1o the centre line of the drive shafi. The cylinder block

contains a number of pistons arranged along a circle. The piston rods are connected
1o the drive shaft flange by ball and socket joints. "The pistons,are forced in and out of
their bores as the distance between the drive shaft flange and cylinder block changes.

Universal link

Pistan find

Cylinder block .
Rotating shaft causes
pistons (o reciprocate

Piston

Ol furced to
outlct as piston
is pushed back
into cylinder

QD
To outlet - Pistan is withdrawing . e
from bore at inlet :
From inlet -
. . t—pl .
Figure 822  Axiaf piston pump 7

(b)_Bg_dig{E‘_siquump A radial pump is itlustrated in Fig. (8.23) Il consists

intle to direct fluid in and out of ¢ linders, a gylinder barvel with pistons, and a

- P . M - - - e e |
fotor containing a_reaclion ring. The pistons remain in constant conlacl with the
reaction ring due to centrifugal force and back pressure on the pistons, For pumping

“action. the reaction ring is moved eccentrically with respect 1o the pintle or shall axis.

Enant R

. ’ S '
. w‘)"ﬂwt‘l)):/d, C))j’ ’.j) ey Jd.fj CA“ HyorauLicPumes < 3314

Center line ——1 —

Cylinder block
center line

Reaction ring

Figure 823 Ruadial piston pump

As the cylinder barrel rotates, the pistons on one side move ouiward. This draws in
fluid, as each cylinder passes the suction ports of the pintle. When a piston passes the
‘point of maximum eccentricity, it is forced inward by the reaction ring. This forces
the fluid to enter the discharge port of the pintie.

C e
MISCELLANEQUS TYPES OF PUMP.

Jet Pump

A jet pump is shown in Fig. (8.24) et pumps_are used_(o Ii_fl the water in 8 grealcr
guantity when a small quantity, of wateris available deep down the garth. Steam {or)

water al o high pressure is forced théough a fine aperture nozzle, thg;g;_by_go‘nygning
most o Ihe. pressure_gnergy into kinetic encrgy. 1t resulis to lowering of pressurc
causing suction o ake place. A part of the suction is due probably to the drop of
pressure resuliing from condensation of the steam. Steam is generally used in jel

pumps used to feed the water to a boiler.

/

,\_.)U? U)Lf)y”’ b‘-". _}')‘L{_’f‘}( P (’y‘J/)
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E . "f
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Figure 8,24  Jet pump
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The nozzle can lower the pressure to three fourths of atmospherie pressure, i.e, ahout
2.5 m suction head can be obtained. Steam.also serves 10 preheat the water fed o the
boiler. With water at high pressure, n more perfect vaceum can be produced, so that
a sucion lift of 5.5 to 6m can be obtained. The jet should be pear the surface of
walcr. Several jets may be employed il a large guantity of waler is 10 be [mmpcd The
capacity of a jet pump ranges upto about 50 I/s.

If the rate of flow from supply reservoir is Q' and the quantity of water sucked per
second is @, then the 1otal discharge rate from the pump is @ = Q1 + @;

If Hy is the height of supply reservoir above the jet, H; is the suction head and H,;
is the delivery head, then cfiiciency of the jet pump is given by
- work done
work consumed

_ Q;(l’{ + l'!,[}
U= o0H - Ry /

- -
Air Lift Pump (._“)""’,:.J.-,’ AL

n =

The pumps that utilise mmprcsscd air to lift water arc_known as air lifi pumnps. The
function of compressed air is s 10 form & mixlure of air and water and to reduce the
mixture density. The densny of a mixture of air and water is much lower than that of

pure water, 1f such a mixture is h.tl.mt.u] against o waler coluinn, the Tormer witl Fise

much higher than the later.
Air tnler Discharge
N .
N

‘_I}Lu/’_,” ~

L
R
1y
.
1

ST AT |

s

e,

TR 1
l]l!l ot Il.I

LW

Figure 8.25  Air lift pump

Fag. (8.25) shows the air Jift pump. Compressed air, supplicd by a compressor in-
stalled on {or) above the ground level, is passed through one or more nozzles at the
bottorn into the watcr at a considerabte depth, below the water surface. The rapid
stream of air at the nozzle exit produce a jel and entraps the water in the immediate
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vicinity and caries it upwards to the top of defivery line. The air- r-waler mixture can
rise sbove the water level because of its low density, e

e air is introduced 8t "a considerable aeptibelow the water surface. so that thc
pressure due to the column of height L is less than that due to height X, height of

water level above the nozzle, thus, causing the fAow of waier to the desired delivery -

level. The pump discharges water as long as there is a supply of air. For best results,
thc lift U_EE_EEEJ‘J {L - H)should be less than /.

_Ad_vantagas L fEp hir T
P 5

) - No mdving parts, no valves. No damagc due 1o solids in suspens:on in water.

d’ 2 Raises larger quantity ¢ Qf water for a given dlamcu:r lhar; any other pump.

| 3. To drain out water from mines where the compressors are already availabh:

JN! db’r Pes? /

. (eer ¢

i L Merylow l.]TCanC_V Thc volume of air in m* (V') at atmospheric pressure, required
to lift one m* of water through a hcighl (L — H) depends on the efficiency.

2. Alr IcaLagc problcm ;@u/, R

Submersible Pump —»- of'A

As the name implies, the pump and electric motor both are. submerged in watr.r.
Submersible pumps are built built together s5 si smgle or multistage centrifugal pumps,

L]

Drsadvantages

pump shafls arce supported in watct lubricated plain bearings.

These pumps are verucal centrifugnl pumps with radial or mixed flow impellers,”
All the metallic bc.ar:ngs arc water lubricated and protecied agamst the sand A..npn
return valve is fited o a ﬂange at the top of the pump. The suction line of the pump

is situated between the pump and the motorand provided with a perforated strainer. i °

Motor of the submersible pumps are filled completely with with water. The water cools
The windings, nsulied i & PSFc Tupervious 6 water. Jhe pump shaft s conmicid
to the motor shaft by a muff coupling, 2 T Sple o

Submersibie pumps ar installed below the lowest expected water Jevel in the well.
These pumips can be usually employed in open wells where Trcqucm changes of water
level make the working of a horizontal pump difficult.

Before a submersible purnp is installed, the motor must be filled with clean non-acid
waler [ree of sand for the purpose of priming. The pump must be $tarted with the
valve slightly open. If there is 4 ¢onsidetable amount of sand in the water, then the
pump must be operated with valve partly open, until the sand contents are reduced to
acceplable quanl:ly The valve mpy then be o ned gradual[y y o/
SR I T RN (.a,-”d;h(_,wu_f Ll R BA ”J»W’" L

Py lJr"U' (./0/1-'7“/4” ))/‘(;Mu )
Elgh prerall effi iciency and therefore econ m:caj in operation.
Nd ma‘ﬁf@ﬁancc because of its gland?ess onisiruction and water lubrication.
No 0 priming is required due to submerged installations.
No sucnon problem, smcc foot valve is not required.
5. Low noise Icvél o

Advantages —

(‘( 7 /7 { ).Lf‘-g l‘*‘f_. r 'ulf’buf?&?‘})(,l)

it
irectly coupled with the electric motor, which is toially enclosed. The motor and L ' '
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SOLVED PROBLEMS

~ Example 8.1 A centrifugal pump of 1.3 m diameter delivers 3.5 m3 /min of water
" at atip speed of 10 m/s and a Aow velocity of 1.6 m/s. The outlet blade angle is at

" 30° to the tangent & the impeller periphery. Assuming zero whirl at inlet and zero
slip, calculate the torque delivered by the impeller.

+ Solution There is no slip, Therefore,

B1=p '
. The Euler head is given by
E=¥ _ UrCay WGy - .
T omp z ’

-Since, there is no inlet whirl componenl, Gy, =0 - . <t
‘ U?.sz
8
u
= (U - Wy)
8

E =

Given B = 30°. From the outlet velocity wriangle (Refer Fig. 8.2)°

C
W,, = n
ik tan 30°
16
T tan3e
10 1.6 .
= ~— (10— ———
E 9.8I( Lan30°) .

7.36mor WHN/S)

i

Power-delivered {W)
' m

E x (mg)
pxQ

1000 x 3.5/60
58.33 kg/s

.. Power delivered (W) = 7.36 x 58.33 x 9.8]
= 4211.8W

Power

Torque delivered —_—
Angular velocity

1
= 42118 % -
(Ufr)
U=wr, tpspeedl = 10m/s
cr = 1.3/2=0.65m

Hypuauric Pumps « 3;5

4211.8 % 0.65

10
273.7 Nm

It

Tarque delivered

If

-Example 8.2 The impeiler of a centrifugal pump has backward-facing blades
inclined at 30° to the wangent at impeller outlet, The blades are 20 mm in depth at the

outlet, the impeller is 230 mm in diameter and it rotates at 1450 rpm. The flow rate .

through the pump is 0.028 m? /s and a slip factor of 0,77 may be assumed., Determine
the theoretical head developed by the impeller and the number of impeller blades.

Solution First consider the no-slip condition.

Assuming blades of infinitesimal thickness the flow area may be calculated as

Flow area = lmpeller periphery x Blade depth
= rx002x025
157 x 1073 m?
Flow velocity C, = @Q/A
= 0.028/(15.7 x 1073
= 1.78m/s

From the outlet velocity triangle (TFig. 8.2)

1.78/1an 30°
.08 m/s

i

Now,

rDNJ6D

r x 0.25 x 1450/60
19m/s

1|

v

Absolute whirl componenlt

0
I

UI - W.tz
19 —3.08
15.92 m/s

1]

The Euler head is
_ UGy = UGy

B g
and assuming C,, = {) (o whirl at inlet}

E = UzC,?

8
19 x 15.92

9.81
30.83m

Il

ez

i
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The slip faclor (&) is given by

: o
Cry 0.77 x 15.92
= 1226 m/s

Therefore, the theoretical head with slip is

UaCl
=, = n =0, E
&
= (.77 x 30.83
= 2374 m/s
The stodola slip faclor is given by '
 5in A2
gy =1~ -
Z(1 = {Cpr, fUg) COL f2)
Then,
7 sin 307
7 1 - :
0.77 Z[ — (1.78/19) cot 30°]
Z = 8.15

Number of biades required = 8.

Example 8.3 The outer diameter of an impeller of a centrifugal pump is 40 cm
and outlet width is 5 cm. The pump is running at 800 rpm and working against s head

_of 16 m. The vanc angle at outlet is 40°, Assuming the manometric efficiency to be

15%. Determine the discharge. (MKU-Nowv. "82.)

Solution

Dy =04m, by =0.05m, N =800tpm, Hy = 16 m, f2 = 40°, nn = 0.75.

The impeller tip speed

) rDN _ w x 0.4 x 800
60 60

16,76 m/s

U

I

From the definition of manometric efficiency

» T = UhCalg)
H 9.8 x 16
CJI = £ X ==

Ut~ 1676 x 0.75
1246 m/s

HyprauLic Pumes € 357

and from the outlet velocity triangle (Refer Fig. 8.2)

Wa = Uz~Cn .
= 1676—-1246=43m/s
Cra = -Wytanfs ‘
Soo=. 43 x1andd® = 3.6 m/s _
Now, .
¢ = areaof flow x Velocity
- = wDaby % Cra
= rx04x005x36
= 0.2262 m’/s

Example 8.4 A centrifugal pump having outer diameter equal to two times the

inner diameter and running at 1200 rpm. works against a iotal head of 75 m, The |
velocity of low through the impeller is constant and equal to 3 m/s. The vanes are
set back at ant angle of 30° at outleL. If the outlet diameter of the impeller is 60 cm
and width at outlet is 5 cm, determine (a) vane angle at inlet (b) workdone per sec by
impeller and (¢) manometric efficiency, (MKU-Nov. '96)

Solution .
Dy=2Dy. N=120rmpm., Hn=75m. Cn =C‘,2=§m/s. B2 = 30°
Dy=06m, b:=005m . : .

(a) Vane angle at Inlat The inlet velocity triangle for a centrifugal pump is
shown in Fig. 8.26 '

rl

tan i = T
D= &" = 9;9 =03m W
2 2 ' Cec
aDy N 1% 031200
Uy = o n = 18.85m/s
: _ 2 A
an b = 355 0
A1 = 9.043° ‘ .
) Figure 8.26
{b) Workdone per second
W = ilUaCy2
Uy = N _ m x 0.6 x 1200 —37.7m/s

60 60

m = pQ=plrib xCp)
= 10° x7 x0.6x0.05x%3
= 282.7kg/s
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. Frbm.outlel vciocity diagram,

N ' Crz
. = U3 —-Wyp=U;~
. .C.rl 2 x1 2 . lEl'\.B‘z ‘
= T- = 37.7~5.196 .
377 w307 37.7 1961
= 3254 m/s :
W o= 2827 x37.7 x 32.504 .
' W = 34642kW
(c) Manometric efficlency
- fm
Im = WiCaalg)
75 x 9.81
37.7 x 32.504
P m = 60.04%

Example 8.5 A radial, single siage, double suction, ccntnfugal pump is manu-
factured for the following da{a ‘

D2 = 290 mm

Hp =30m - ’ N = 1750 rpm by =25 mm per side
b3 = 23 mm in 1otal a) = 80° no = 55%

Leakage loss = 2.251/s Mechanical loss = 1.04 kW g2 =27°

contraction factor due to vanes thickness = 0.87. o

+ Determine (a) the inlet vane angle (b) the angle at which the water leaves the wheel.
(c) absolute velocity of water leaving impeller (d) the manomcmc efficiency and (e)
‘the volumetric and mechanical efficiencies.

. Solutlon

~ (a) Inlet vane angle .
The blade speed at inlet, [ i
' AN mx0.1x 1750 '
th = = =g, .
"< 60 &0 16 m/s

Area of flow at inlet

Ay & Dby % Contraction factor
r x 0.1 % 0.025 x 0.87 o
6.83 x 10~ m?

ik

~. Velocity of flow at inlet

_ e
Cr\—Al'

HyprAauLIC PuMps < 359

Total quantity of water handled by the pump

Ql’ = Q+Q[,a;3-—-75+225
= T17.25)/s
Q, perside = 27—22—5 = 38.6251/s
38.625'x 1073
L =2 —m
6.83 x 10—
= 5.66m/s
Now, ‘
oy = 90°
From inlet velocity triangle, {(Fig. 8.26(a)) w
Cry - 5,66 Q.-C,
lan 8y = F' =216
g o= 3L71° A
Ul
(b) The absolute water angle Figure 8.26(a)

Arca of low al outlet = 7 D162 % Contraclion factor
whcrcb; =23 x % = |15 mm per side

A = =& ><029><00115><087
= 912x107%m
Velocity of Aow at outlet )
Q 38625 x107?
Ay 000912
4.24 m/s

Cn =

1

Peripheral speed at outlel
Uy = AN m x 029 x 1750
T e T 60
= 2657 m/s

Now, 8 = 27°
lanag = Er_:l_
Ce
where ‘ C2
r

C = U —W=U;—
x2 2 x2 2 lanﬁz

4,24

= 26,57~

tan

= 18.25m/s
4.24

18.25
a; = 13.08°

lanoz =

R

£

[

E
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{c} Absolute velocity of water at exit

Cra 4.24
C: = - = -
sinag sin 13.08°
Cy = I8 74m/s
(d) Manometric efficiency
1 Fn.
H = 7=
UaCyea/g
3 730
T (26.57 x 18.25)/9.81

ny = 60.7%

(e) Volumetric efficiency.

g 75
i of ~ 7125
e = 97.09%
() Mechanical efficiency
Fluid power
o= g
Shafl power .
0
pg (E) Hm N
o Shaft power = ———<
no ]
1000 x 9.81 x (%) 30
= 0.55
: = 20.07 kW ‘
20.07 - 1.04 [ Shaft power — mechanical loss
and gy = —— m =
20.07 Shaft power
m = 94.8%

Example 8.6 During a test on the centrifugal pump, the following reading were
obtained. Vaccum gauge reading = 25 cm of Hyg, pressure gauge reading = 1.5 bar,
effective height between guages = 0.5 m, power of electric motor = 22 kW, discharge
of pumnp = 100 Ifs, diameter of suction and delivery pipes is each 15 em. Determine
manometric head and overall efficiency of the pump.

Solution
L ]
H; = 25cmof Hgvaceum Py, = L.5bar
Zo—Z; = 05m P = 22kW
D = Di=Pg=ISem @ = 0lm

Hrorauuc Pumres € 361

(a) Manomaetric head

7 JEEVE '
Hy = (Py—P)/pg+ 21— % L (20— Zy)
Fi = pgH; = 13,600 x9.8! x0.25
= 33354 N/m2 (Vacuum)
Pp = 1.5x10° N/m?

Velocity of water in both the suction and delivery pipes,

0.1
Vo=V; ,TQ = 5
D = x0.182
4 4
= 5.66m/s
Therefore,
1.5 x 10° — (—33354) 5.66% — 5.662)
= 0.5
Fim ( 1000 x 9.81 )+( 2g + -
= 1B.69+0+40.5
= 19.19m
{b) Overall efficiency
- PEQ Hn
ng = —
P
_ 1000 % 9.81 % 0.1 % 19.19
- 22 x 1000
_ 188254
T 22000
= 85.6%

Example 8.7 A centrifugal pumpis working against a head of 20 m while rotating-

at the rate of 600 rpm. If the blades are curved back at outlet tip and velocity of flow
remains constant at 2 m/s, Calculate the impeller diameter when 50% of the kinetic
energy at impeller outlet is converied into pressure energy.

Solution .
Hn=20m, pp=45°, N=600mpm, C, =CHh=2m/js
From outlet triangle for a certrifugal pump. (Refer Fig. 8.2)
Cn
tan §;

2
= - m Ul

Cia = Up—-Wa=U-—
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L

. and L)
_ cz=‘/c§2+,cfz=\/(ug~2)2+22
We know that, ‘
' U-C . '
Hn = et Losses in the impeller and casing
U, C
C o= % — Loss of kinetic energy
e Hm = UZCIZ — —[- ‘Ci "
4 2\2 ‘
s = YNa-2 Ur-P4+d
. g 4g "

3UF —4U; — 7928 =0

. Solving for Uz, we get .

- “ Uz = 1694 m/s
" ', bul,. DN
L
U =
? 60
D, 60 x 16.94
w x 600
0.5392m
(or) D = 5392cm

Example 8.8 A centrifugal pump has an overall efficiency of 70 per cent, supplies
25Usaf walerloa height of 20 m through a pipe of 10cm diameterand length of 100m.
Assume friction co-efficient, f = 0.012. Estimate the power required 10 drive the

pump.
‘Solution
e = 0.7 @ = 0025mls H =
. D = 0lm L = 100m f =
Loss of head due 1o friction in pipe
' afLv}
hfo = =
: = %0
where V is the velocity of water in the pipe.
0.025
Ww = ——Q—-— = m—— =3.18m/s

T T 2
4D 4)(0.!

20m
<0.012

3
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LY

4 % 0.012 x 100 x 3.18%

“hfe = 2% 981 0.1
= 2474m
Now, manometric head . ,
14
Ha = {(he+hp)+hfo+ ==
28
! V2
’ = H+hfo+ 2
2z
3.182
= 2042474 4+ ——
+ * 2 x 9.81
Now using the relation
H
P = PEQHy ‘
o

1000 x 9.81 x 0.025 x 45.26

Example 8.9 Find the rise

0.7

15,86 kW

in pressure in the impeller of a cenwrifugal pump

through which witer is lowing at the rse of 15 Vs, The internal and exiernal diameters
of the impeller are 20 cm and 40 cm respectively. The widths of impeller at inlet and
outiet are 1.6 cm and 0.8 em, The pump is running at 1200 rpm. The waler enters
the impeller radially at inlet and impeller vane angle at outlet is 30°. Neglect losses

through the impeller.

Solution
0 = 0015m¥s D =
by = 0.008m N =

0016 m
30°

0.2m Dj
1200 rpm &4

0dm b
Cr, B2

I

Applying Bernoulli’s equation at the inlet and outlet of the impeller and neglecting

losses from inlet (o outlel.

Energy at inlet = Energy at outlet - workdone by impeller on wnu:r|

I o
— + — 4+
g 2g

Ceal/
Z1=-—+—-"+Zz——-fl——%
PE g

Il inlet and outlet of the impeller are at the same height (2, = Z3)

P C} Cc} Cab:
A G _ A G Cab

. PE

!

Pg

28 pg 2 8

P_Caln G €

g g 28 2

[T

,>
[ —_—

e

e
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Bu,

Py
£R

Therefore,

Pressure rise in impeller =

P
— — = Pressure rise in im
Py | peller,

Calh C}
3 2g

From inlet velocity triangle, (Fig. 8.27) ,

Ci=Cy a=9° C, =0

. 0.
rl =
Arca of flow at inlet
g _ 0.015
xDib T 7 x0.2x 0016 = 4PIm/s
S €= 1492 mys ‘ Figure 8,27
From outlet velocity tiangle, (Fig. 8.28)
p———, —— 3,
tan By = Cr2 ’
)y —Cy
‘ B
Us = Coq = mC,-; 1 )
ngz
W, C".! o
Cop = o - 0.015
"Dby 7w x 04 x 0.008 492 m/s
Figure 3.28
Uy — Coy 1.492 4
LU ¥ = an30s = 2.584 mys
Up = DN _ x4 1200
w0 = %0 = 25133 m/s.
S Cry = Ua—2.584 =25133 - 2.584
Cr2 = 22.55m/s
Velocity at impelier exit’
G = JCL+Y
= 22,552+ 1.4922
= 22.6m/s
.
- Pressurerise = 2> 133x2255 2267 1.4922
9.81 2x981  2x98!
= 31.853m '

ct
2g
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Example 8,10 In acentrifugual pump handling liquid water the head loss in the
impeller is 3m, while the pressure gain in the casing is 4.7 m of water, which is 38.5%
of the absolute kinetic energy at the impeller exit. If the velocity of flow at the exit
of impeller is 4.64 m/s and the impeller tip speed is 30 m/s, when the difference in
pressure gauge readings installed at the imipeller jnlet and outlet is 35.3 m of water -
find (a) the exit blade angle and the Euler work input (b) manometric efficiency

(¢} the actual pressure rise in the impeller. Assume slip coefficient of 0.85.
: (MKU-April *96)

Solution
Impeller head loss - 3 m
G . x4.7=1221mfs Cr =4.64
28 = 6'."38—5 A= . m/s r2 =54, m/s

Uy =30m/s (A}‘J)ilﬂpr"ﬂ' =353m

(a) Exit blade angle and Euler work input
Kinetic energy at impeller exit

C2 =+/2x9.81 x 1221 = 1548 m/s

From the outlet velocity triangle with fluid slip at impeller exit {refer Fig. 8.3).

Cly = JCl-cl=V/15482 - a6

X

= 14,77 m/s
Ideal absolute whirl velocity .
C, 1477
L1 = o 085 - 17.38 m/s
The blade angle at exit
Cr2
tan =
ﬁz Us — Cx!
_ . 4a4
T 30-17.38
B = 2018
Euler work input
Wim = o;UsCr2
= 0.85x30x17.38
= 443.19J/kg
(b) Manometric efficiency
Hp (DP)IMerrr

T WiCle T Wi/
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- . 10

_ 35.3 _ 353 -
. (30x 14.77/9.81) ~ 45.168 ‘
‘ Im = 78.15%

" {¢} Pressure rise in the impeller

Uyt c?
= a2 impeller loss — —2
& 2z .

= 45168 -3~ 12.21
= 29.958m

. Example8.11  Animpelier with an eye radius of 51 mm and an outside diameter

© of 406 mm rotates at 900 rpm. The inlet and outlet blade angles measured from the
radial flow direction are 75° and 83° respectively, while the blade depth is 64 mm.

Assuming zero inlet whirl, zero slip and an hydraulic efficiency of 89 percent.
Calculate, -~ * ‘

" (a) the volume flow rate through the impeller

'(b) the stagnation and static pressure rise across the impeller
(c) the power transferred to the fluid and '
(d). the input power to the impeller

, Solution  Since there is no stip,
By =

(a) Volume flow rate through the impeller
The outlet blade angle measured from the tangential direction

Fr=90°—-83°=17°
. and
: Br =90° - 75° = [5°

Atinlet, tangential impeller velocity is

Uy = wn .
900 x 2
= 48lm/s .
. : . Fl'gu;'e 8.29
From the inlet velocity triangle (Refer Fig, 8.29)
' c, ¢
tanf = -l}T' = -Lﬁ [Since ze_:ro whirl €, = 0j
C).-= 481wanls®

= 1.29m/s
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Volume flow through the pump is

Q Area x Velocity of flow
_(ZJTrlb) x C"l
2 % 0.051 x 0.064 x 1.29

0.0265 m3 /s

o

(b) Stagnation and static pressure rise across the impelier
Using the continuity equationr; C,, = r1Ch
: 0.051 x 1.29

0.203
0.324 m/s

Cry

At outlet, lengential impeller velocity is

Uz = wr

900 x 27
(o
19.13 m/s.

) x 0,203

Hydraulic efficiency

Total head developed by pump
Theoretical head developed

Hm .

E

If the change in potential head across the pump is ignored, the 101al head developed
by the pump is given by

Pa—PF ci-cl}
= (P50 ) (ZTL)
Py g

and for an incompressible fluid, the tolal pressure head co-efficient is

i =

Pu!_Pol P sz Pl Cl1

— = [+ =+

©opg pe 8 pe - 28

= Hn
Now, .
c U
g o= Ll Dy _w,,

4 g

. - ¢
= 203 (19.13— 2 )
9.81 . lan7°

: 0324
- '9"3(19.13- 3 )

9,81 lan 7°
= 32.15m
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the blades occupy 6 percent of the circumferenyal area and the h_vdrhulic efficiency

Therefore,
H, = 0.89x3191]
= 28.6m
Hence,
Poz — Fyy = 2R.6x 107 x 9.81
= 278.5 kPa
Now,
1/2
Co=(ck+c2)
and c
C = -0
ol v tan S
= 1943~ 0.324
tan 7°
= 1649 m/s
C: = (0.324% 4 16.49H)172
= 1649m/s
Selving for the static pressure head
2
=P Hiy — G -Gt
PE g
16.497 — 1,292
= 286~ ————
( 2 %981 )
P,—-P, = 143.5kPa
(c) Power given to fluid -
= pgQiy,
= 10* x 9.81 x 0.0265 x 28.6

743 kW
{d) Input power to impesller '

Py Power given 10 fluid/noverar
7.43/0.89

8,35 kW

oo

Example 8.12 The basic design of a centrifugal pump has a dimensionless

specific speed of 0.075 rev. The blades are forward facing on the impeiler and the outlet
angleis 120° to the tangent, with an impeller passage width at outlet equal to one-tenth
of the diameter. The pump is to be used 1o pump waler from a vertical distance of 3510
at a flow rate of 0.04 m?/s. The suction and delivery pipes are each of 150 mn
diameter and have a combined length of 40 m with a friction factor of 0.005. Other
losses at pipe entry, exit, bends elc are threc times the velocity head in the pipes. If

{neglecting slip) is 76 percent, what must be the pump impeller diamcter? .

Solution From the continuity cquation, the velocity in the pipes is

v

Total losses

= Q/A

0.04
i 2
(5 =015
Pipe friction losses + other losses

4rivt - (V’)
= ————+3

2gd O \2g
2

(4x0.005x40+3) ‘2’_‘

0.015

8,333 x 2,261
7 % 9.81
= 2.16m

= 226 m/s -

]

Total required head = 35 + 2,16 =37.16 m

From the definition of the dimensionless specific speed. thc spccd of the pump T

delermined.
NQ\2
N_g = __QTA
(g HYY
N 0.075(9.81 x 37.16)*/*
(0.04)1/2

31.2Brev/s

Flow orea perpendicular to impcllcr outlet periphery is

Now,

Also,

D
= — x 0.94
xDx 10 %

= 0.295 D?

2
Flow area
0.04
0.295D2

0.136

= _L)T me

T DN
nD % 31.28
983D m/s

Uy

[ |
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The hydraulic élﬁciency is

No slip, therefore,

and

- Hence,.

*

nH

Hpy
E
\ Fluid Power developed by pump
’ Fluid power supplied to impeller

E=YCn :
& !
8 H
Uny
9.81 x 37.16
98.3D x 0.76
= 487/Dm/s

i CXJ =

The gullet-\;'elocily triangle (without slip) gives (Refer Fig. 82)

Cry
Co— U
0.136 .
D2(4.87|D — 98.3D)

tan 60° =

1.

D? = 0.0495D — 0.0008

" Impeller diameter( D)

' =0.214m -

- . E?(ample 8.'!3 A small centrifugal pump, when tested at N = 2875 rev/min
, With water, delivered @ = 57.2m3/h and # = 42.1 m at its best efficiency point

" Solution

N = 2875 rpm, Q=36—

.(a) Specific Speed of the pump

I Cn= 0.‘{6)'. Determine the specific speed of the pump at this test condition. Compute
- the required power input to the pump.

(MKU-Nov. '97)

57.2 3
0 =00l6m /s, Hp = 42.[. m.

NJQ

3/4

o
_.2875/0.016
T (42,134

Ne =

{b) Power input

HyDrauLic Punmpes < 371

pEQ Hy

n
10° % 9.81 x 0.016 x 42.1
0.76 x 107

8.695 kW

It

Example B.14 A centrifugal pump with 1.2 m diameter runs at 200 rpm and
pumps 1880 I/s, the average lift being 6 m. The angle which the vanes make at exit
with the tangent 1o the impeller is 26° and the tadial velocity of flow is 2.5 m/s,
Determine the manometric efficiency and the least speed 10 starnt pumping against a

Solution

Given Dy
N
Hm

* heud of 6 m, the inlet diameter of the impeller being 0.6 m.

{i) Manometric efficiency

{if) Leas!t speed to start the pump

(.

= 06m D; = 12Zm ) Cqp = 25m/s
= 200pm @ = 1880l/s=188mi/s
= 6m B2 = 26°
Hm
Hm —
(U2Cr/8)
; DN
Uy = =22
T
_omx 1.2x200
- 60
= 12.57Tm/s
Coy = Uz—Wy,
Cr 2.5
= =513 m/s
Wi tan Bz tn 26 m/s
Cyy = 1257-513="744m/s
= 6 x 5.81  633%
12,5 x 7.44

ttis given by
U - Ul =28 H,

2 2
"""“N) _(""0-5"”) = 2x98!x6
60 60
206 N7 = 117.72
N = 1994 mm
N == 2mpm

—

'
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Example 8.15 A centrifugal pump having external and internal diameters of
respectively 1.25 m and 0.5 m is discharging water at the rate of 2000 livs against a
head of 16 m, when running at 300 rpm. The vanes are curved back a1 sp angle of
30° with the tangent at the outlet and the veloeity of flow is constant al 2.5 m/s, Find
(a) hydraulic efliciency of the pump, (b) power required and (e} least speed at which

athe pump commenues Lo work, AMU-Ccr. "98)
Solution

Dy = 125m Dy = 05m g = 2m/s

H, = l6m N = 30rmpm f; = ¥ Cn=Cyp=125m/s

{a) Hydraulic (or) Manometric efficiency

_ Hm x g
q"l - UzCl‘z
DN mox 1.25 x 300
Uz = = —— = 1964
T 60 m/s
C, 2.5
Cpoy=Up— —" = 1964— =
u 27 lan tan 30°
=19.64 —-4.33 = 153Im/s
, 16 x 9.81
I = 79.64 % 15.31
My = 52.2%

{b) Power required (P;)

Neglecting the mechanical losses, the power required to run the pump is equal to the
fluid power developed by the impeller

e, P o= W=nmlC,
moo= pQ = 1000 x 2
2000 ke /s
AP = 2000 x 19.64 x 15.3]
= 60138 kW

{c) Minimum starting speed

vi —u}

(:rDzN)z_(er,N)l
* 6 /) 60
2 mDy 2_ Ty 2 _ '

N [( &0 &0 = 2gHm

2gHm

2gHm

HybrauLe Pumes < 373

2gHm
ANY = L] ,
=) - (&)
( 60 60
2 2x 98l <16
N = T i
nxl.ZS)‘_ :L_x_E)‘ -
- (&) -er)
LN = 2954 mpm

Example 8.16, A three stage centrifugal pump has impellers 40 cm in diameter
and 2 em wide at outlet. The vanes are curved back at the outlet at 45° and they
reduce the circumlerential area by 10%, The manometric efficiency is 90% and the
overall efficiency is 80%. Determine the head generated by the pump, when running at
1000 rpm delivering 50 litres per second. What should be the shaft power?

' ’ - | (MKU-April *97)
Solution
Given, Number of stage,n =3

Dy =04m, b;=002m, f =45

Raduclion in area at outlet = 10%

(i} Head generated by pump

Arca of flow at outlet = 0.9(m Dab1)
= 09xmx04x002
T A = 0023m?

=09, ng=08N=1000rpm.
; - Q0 =005mi/s

Velocity of flow at outlel

Q Q
= ik T A
0.05

0.0226
= 221m/s

Ouilet impeller tangential velocity

x D3N T x (0.4 x 1000
60 60
20.94 m/s

U =

e e i s 4 = ey WA ke =
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From the outlet velocity triangles (Fig 8.2)

Coy = Us-—W,,
- Wi = Ch=221m/s
[’ tand45° = 1] r
LG = 20094 -221=18.73m/s

* From g, equation

Ny X (U2C.q)
(2)
0.9 x 20.94 x 18.73

9.81
= 3599m

Hy =

Total head gencrated by the pump

= nx H,=3x3599

. ) ; = 10797 m
(ii} Shaft power input (|Ps)
' p, = PEQUHn xm)
o '

Power output of the pump = pg Q(H,, x n)

1

) p 1000 x 5.81 x 0.05 x 107.97
- : AR 0.8 '
| . 52959.3 o
= o8 o
= 66199.1 W
£ = 66,199 kW
Thus, Shaft power = 66.199 kW

Example 8.17 Find the number of pumps required to take water from a deep

*+ well under a total head of 156 m. The pumps are identical and run at 1000 rpm. The

specific speed of each pump is given as 20 while the rated capacity of each pump is
150 /s, ' AMKU-Nav. '96)

Solution S
H=150m, N=1000rpm, N,=20, Q =0.150m"/sec

1
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Ll

The head developed by each pump

m

N

KA

~ [mom../o.lso]m
70

= 52m
Total head developed (H) = 156 m.
' .~ Mo. of pumps (n)

H
Ho
1
52
no= 3

|

=28

Example B.18 A centrifugal pump having thiee stages in parallel delivers 360 m?
of water per hour, against a head of 16 m when running st a speed of 1500 rpm.
Diamelter of its impeller being 150 mm. .

A multi-stage pump, geometrically similar (o the one given above, but having stages
in series is to be designed to run ot 1200 tpm and 10 deliver 450 m? /h of waler against
a head of 140 m. Find the impeller diameter and the number of stages required.

Solution y
It should be noted that in the first pump, all the three stages arc in parallel which
means that head of each stage will be the same i.e 16 m. Where as the discharge of
each stage will be 360/3 = 120 m*/hr. ‘

On the contrary, in the sccond pump the stages are in series which means that each
stage would deliver a discharge of 450 m? fhr. Where as tota} head of 140m will be
equally contributed by each stage.

So,
¢ = 120 mJ/hr
0, = 450m°/hr
Hy = 16m
I3 = the head generated by each stage in the second pump.

Equating the specific speed of pump-1 and pump-2, we get

MQ_I _ (12‘)2 (ﬂl)ﬁﬂ
Q:  \N H2

i = (o) ()
450 ~  \ 1500 H
or ‘ ‘
A\ 064
H T 027
7 .
22— 7
Hy

and Hi=178x16=284m

' E_'_

...

—
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Number of stages

&
=S

no=

2l
IS
il
La
)

v

noo=

Equating head co-eflicient of pump-1 and pump-2
)
Hs - N1 D4
() - () (&
D, ( )
_ (1500)3 (234)
~\ 1200 16

= 277
Dy = V2.77 % D)
= \/ﬁﬁ %015 -
= 025m
or
D; = 250mm

Example 8.19 When a laboratory test was carricd out on a pump, it was found
that for a pump total head of 36 m at a discharge of 0.05 m? /s, cavitation began when

the suim of the statle pressure plus the veloclty head at inlet was reduced to 3.5 m, The -

almospheric pressure 750 mm H g and the vapour pressure of water is 1.8 kPa. If the
pump is to operate at a location where atmospheric pressure is reduced-to 620 mm
I g and the vapour pressure of water is 830 Pa, what is the value of the cavitation

parameter when the pump develops the same total head and discharge? Is it necessary |

to reduee the height of the pump above the supply and if so by how much?
Solution Cavitation began, wher,

P v

i
— 4 = =35
-i-2 3

and at this condition P; = Py, the vapour pressure. Then

o2
NPSH = ..’1+_*_P""f’
pg 28 28
. VP g5 1ax10°
2g 9.8] % 19}

= 3317Tm=NPSH

HYDRALLIC PuMps < 377

Now. the cavitanon parameter
P NPSH

1
3317
36
= 00921

From the steady Now energy cquation taking the reservoir fevel as datum {(Z, =

we get for case (1)
Pl V'

P
— 4 =L 4 7, = =% — (sum of head Ims:.s)
ne 28 P8

P, P v?2
(Zy+hy)=—=—(oH)- — | NPSH =L
- P8 g 22

P = l.8kPa‘
© = (075 13.6) — 3.317 — 0.1835
= 67m
For case {2}
P Vi P,
24 2azy=-thyy Py =830Pa
pg 28 P8 _
CZathp .= (0.62x 13.6) - 3.317 - 0,0846
= 503m

Since the Now rate’is the same, ity = hz, and the pump must be luwc.rt.d hy adistance -

iZy = Z») = L.67 mat the m.wlncanon

Example 8.20 Anaxial ﬂow pump has an impeller of outlet diameter 1.0 m, The
dia of boss 15 0.5 m. [ speetfic speed of pump is 38 and velocity of flow is 2 m/s.

Suggest o suitable speed of the pump to give a head of & m. Also determine vane

angle at the entry of the pump, if the flow is axial at inlet.

Solution
Di=1m. Dpy=05m, N,=38, C,=2m/s and H=6m
(a) Pump speed

Discharge

Arca of flow x velocity of flow
Sk (Dz—D,,)xC
rr
= —(1?=05%)x2
4( I x

1.178 m*/s

Il
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“
Also. .
N = NvO
5 H4
N 38 x 6*M
T J1a78
N = 134.22pm

(b) From inlet velocity diagram
: ADRN w05 x 134,22

60 60
= 3.5l m/s
a 2
tan fiy = {7; =337
By = 29.67°

Figure 8,30

Example 8.21 An axial flow pump has the follawing particulars: dischargc =
180 Is, head developed = 2m, specific speed = 250, speed ratio = 2.4. F]c‘)w fatio =
0.5. Calculate (a) speed of the pump (b) the runner diameter(c) the boss diameter.

Solution .
Q0 =0180mds H=2m  N;=250
Speed ratio = 2.4 Flow ratio = 0.5
(a) Pump speed
" NJO
Nj. - HN _
Moo M MY 250 x (21
T Jo Joas0
) i N = 99 mpm - _ ‘
(b} Runner diameter : ,
Peripheral velocity s
s U = 24/2gH
= 24J/2x981x%x12
15.03m/s ..
- Since,
: U = DN
T 60
D - 60 % 15.03
T %991
D = 029m

HYDRAULIC PUMPs € 379‘

(c) Boss diameter
Velocity of flow

0.5¢/2gH

Co =
= 0.5v/2x981x2
= 3.132m/s
Discharge through the pump
0 = %(D2 - DHC,
0.180 = %(0.293 — D}) % 3.132
D} = 0.0109
Dy = 00lm

Example 8.22 A jet pump fiticd 2.5 m ebove the suction reservoir and 18 m
below the supply reservoir lifts water through a total height of 2.7 m. Determine the

efficiency of the jet pump when it delivers 7.5 1/s of water while-using 2.75 1/s from
the supply reservoir. ‘

Solution
He=25m ' ‘ : Hi=18m H 4+ Hy=2Tm
0, =2751/s G, +01=151/s

Hy=27~-H;=27-25=02m Q;=475]/s
Q;=75~-0,=75-~-275

Therefore,
Jet pump efficiency,

Q.\(h': + Hd)
nj =

Qi {Hy — Hay
47525 4+0.2)
T 2.15(18 — 0.2)
n; = 262%
SHORT QUESTIONS

8.1. Whatis a centrifugal pump? ‘

8.2, Thecentrifugal pumpis similar in construction lothe francis turbine. { True/Falsc)

8.3. The efficiency of the vortex casing centrifugal pump is ———— than the
elficiency of volute casing centrifugal pump.

8.4, Draw the velocily triangles at inlet and exit of a centrifugal pump.

8.5. What is a ship factor? Write the expression for workdone per kg of water of a
centrilugal pump with fluid slip.
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B.6. Static head is the sum of

ta) suction head and manotmetric head.
{b) manometric head and delivery head.
{c) suction head and delivery head.

8.7. Define: manometric head,
8.8, Define the following for a centrifugal pump

(a) Manometric efficiency
{b) Mechanical efficiency
{¢) Overall clficiency

B.9. Whal is meant by minimum starting speed of a centrifugal pump?
8.10. What is NPSi?

8.11,

What is priming?

B.12. Pumps are connected in parallel to

8.13. Pumps arc connected in

(a) develop a high head
(b) develop a high discharge
(c) develop a high power

to develop a h:gh head.

8.14. Define the phenomenon cavitation
8.15. The cavitalion parameter is defined as

3.16.

8.1,
8.1,

8.3

8.4,

B.5.
8.6.
8.7.

8.8.

8.9.

(a} o = Hm/NPSH

(by o =(NPSH)» H,

(c) e =NPSHIH,

Can cavitation be prevented in the centrifugal pumps? How?

EXERCISES | -

Explain the working of a singie-stage centrifugal pump with sketches.
Differentiate between the volute casing and voriex casing for the centrifugal
pump? )
Obtain an expression for the workdone per kg of water. by the impeller ol a
centrifugal pump. ]
Define the terms: Suction head. delivery head. statie head and manometric head.
Derive the expression fur the minimum speed for sturting a centrifugal pump,
Draw and discuss the performange eurves of o centrifugal pump.
What is a multi-stage pump? Deseribe multistage pump with
{a) impellers in poratlc! and (b) impellers in series,
Explain the phenomenon of cavitation. What arc the effects of cavitation? How
can cavilation be prevented?
A centrifugal pump has external and internal impeller diameters as 60 em and
30 cr respectively. The vane angle at inlet and outlet are 30 and 45° respect-
wcly I the water enters the impeller at 2.5 meters/sec. Find
* (a) speed of the impellers in rpm. {b) work done per kg of water.

[Ans: (a) 275.66 rpm and (b) 53.34 J/kg]

8.10. Calculate the vane angle at inlet.of a centrifugal pump impeller having 300

mm diameter at inlet and 600 mm diamelter al outlet. The impeller vanes are

R.12.

B.14.

8.15.

8.16.

817,

8.18.

819,

HyDoRAULIC PuMps < 381

set back at an angle of 45° 10 the outer rim and the entry of the pump is radial.
The pump runs at 1000 rpm and the velocity of low through the impeller is
constant at 3m/s. Also, calculate the workdone by the water per kg of water
and the velocity and direction of water at outlet, (MU-April *97)

[Ans: (a) 10.8° (b) 892.9 )kg and (¢} 28.52 m/s and 67

. A centrifugal pump delivers water against a nel head of 14.5 meters and at a
desipned speed of 1000 rpm. The vanes are curved back at an angle of 307 with

the periphery. The impeller diameter is 300 mm and the outlet width is 50 mm,
Determine the dischirge of the pump. if manometric c!Ticncncy is 95%.

. .[Ans: 0.168 m*/s] -

A ceoirifugal pump delivers 30 litres of water persecondtoa heightof 18 meiers
through a pipe of 30 m long and 100 mm diameter. If the overall efficiency of
the pump is 75% find, the power required 10 drive the pump. Take f = 0.012.

! |Ans: 20 kWi

3. Thediameters of an lmpcllcr of a centrifugal pump at inlet and cutletare 30cm

and 60 em rcspccuvcly Determine the minimum starting speed. of the pump if
it works against 2 head of 30 m. - {Ans::891.8 rpm|
A [our stage centrifugal pump has four identical impeller keyed to the same

shaft. The shaft is running at 400 rpm and the 1o1al manometric head developed

by the mullistage pump is 40 m. The discharge through the pump is 0.2 “n'.r‘/s.
The vanes of each impeller are having an outlet angle of 45, I the width-and
diameter of cach impeller at outlet is 5 cm and 60 cm respectively, find the
manometric efliciepcy. |Ans: 79.7%|
The diameter of an impeller of a centrifugal pump at inlet and cutlet are 30 em
and 60 cm respectively. The velocity of flow at outlet is 2.5 m/s and vanes are
set back at an angle of 45% at outlet. Determine the minimum starting speed of
the pump, if the manometric efficiency is 75%. [Ans: 159.3 rpm]
A three stage centrifugal pump has impeller 40 cm in diameter and 2.5 cm
wide at outlet. The vanes are curved back at the outlet at 30° and reduce the
circumlerence area by 15%. The manometric eflicicncy is 85% and overall
efticiency is 75%. Determine the head gencrated by the pump when running at
12,600 rpm and discharging 0.06 m*/s. Find also the shaft power,
{Anx: {a} 138.8 m ond (b) 109 kW)
A centrifugal pump has an impeller of external dinmeter 60 em and imernal
diameter 30 cm. The vane angles at inlet and cullet ore 20 ' and 45° respectively,
The velocity of flow is constant at 2.5 m/s and the velocity at inlet is radial.
Find (he pressure risc through the impeller, if the pump speed is 276 rpm.
‘ [Ans: 5.45 m of water|
A centrifugal pump is working against 2 head of 20 m while rotating at the rate
of 600 rpm. If the blades are curved back to an angle of 457 to the tangent at the
outiel tip and velocity of ﬂow remains constant at 2 m/s. Calculate the |mpcllcr
diameter when all the kinetic energy at impeller outlet is wasied.
{Ans: 0.634 m]
A centrilugal pump handlmg waler has backward curved vanes. The impeller
tip diameter is 500 mm. The refative velocity at tip section is45° to the 1angent

at exit. If the radial velocity at exit is 15 m/s, the fiow at the inlet is radial and -
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the impeller develops a head of 68 m. Find (a) pump speed, if the impeller
efficiency is 70% (b) the manometric head, assuming 50 percent of the kinelic
energy at the impeller is wasted and the head loss in the impeller is 5 m. and
(c) the lowest speed to start the pump if Uy = 0.3 U7 (MU-April "96)

‘ [Ans: (a} 1500 rpm (b} 42.3 m and (c) 1270 rpm}

8.20. Water is required L& be lifted through 110 m height from o well. Number of
identical pumps having speed 1000 rpm, specific speed 25 rpm. with o rated
discharge of 6 kI/min are available. Determine how many pumps will be required
and how they should be connected. {Ans: (2) 4 and {b) Scries]

8.21. Centrifugal pumps delivering 10 m*/min of liquid against a head of 20 m has
4 stages in parallel. Diameter of impeller is 20 cm and speed 1500 rpm. A
geometrically similar pump is to be made up with number of stages in serics
to deliver 15 m*/min against a head 200 m and to run at 1000 rpm. Calculate
the impeller diameter and the number of stages required in the second case.

. . - |Ans: (a) 6 {b) 0.41 mj

8.22. A single stage centrifugal pump with impeller diameter as 300 mm rotates al

‘ 2000 rpm aad lifts 3 m? of water per sec to a height of 30 m with an efficiency
of 75 per cent. Find the number of stages and diameter of cach impeller of a
similar multistage pump to lift 5 m® of water per sec to a height of 200 m when
rotating at 500 rpm. |Ans: (a) 7 and (b) 0.39 m]

. 8.23. The impeller of an axial flaw pump is 1.2 m in diameter while the boss is 0.6

" min diameter. Find the most suitable speed to provide a head of 2.5 m. The
velocity of flow through the impeller is 4.5 m/s and the specific speed of the
pump is 335 rpm. Find also the vane angle at inlet at the exterior tips and ncar
the boss. Assume no whirl at inlet. [Ans: (a) 340.8.rpm (b) 11.5° and {¢)
22.5°)

8.24, Ajetpump is fitted at 3 m above the suction reservoir and 19 m below the supply
reservoir lifts water through a tatal height of 4m. If the jet pumpdelivers § l/min
of water while using 2.5 s from the supply reservoir, determine the efficiency
of jet pump. [Ans: 48.9 %]

8.25. Describe the fullowing with the help of a line diagram. ) ,

. (a) Jet pump (b) Air lift pump

8.26. Enumecrate the advanatages and disadvantages of air lift pump as compared
with the cenatrifugal pump. :

8.27. Describe the construction and working of a submersible pump.

-8.28. Explain the construction and working of the following pumps wilh a acat skeich
(a) Gear pumps ‘

{b) Vane pump
(c) Piston pumps

Reacdion’
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HYDRAULIC TURBINES

INTRODUCTION

ﬂ!ﬂ!gglj_c hlu_[bi[%es.cgpycn the hydraulic energy inta electrical energy. The main types

oflurbln_es used in these days are the impulse ani@g_é.gigﬁiumzf The predominant
(Iypc. af impulse turbine is the pelion whchXB@QLipn_ngb_mg_arc of two types 1.
Radial or Mixed flow 2, Axial flow, Two types of axial fow turbines cxist, one js
_gx:pgelle.::/turblp,e and (he other one is Kaplan turbirie. The former has fixed blades
whercas the latter ha§ adjustable blades, Francis turbine is an example for radial flow
turbines. The following table summarizes the head, power and efficiency values for
each type of turbine.

CLASSIFICATION OF HYDRAULIC TURBINES

The important classification of hydraulic turbines are

1. According to th‘e type of energy at the inlet

et dur sy e

{ a)_{g?pulse turbine (Pehon wheel) Energy available at the turbine inlet is only
kinetic energy and the pressure is atmospﬁcric from inlet 10 the wrbing outler.

(b) Reaction turbine Energy available at the wrbine inlet is both kinetic energy
and pressure cnergy. Example: Francis, Kaplan and propeller wrbines,

2. According to the dfrecthp of ﬂgyg._thrgggh the runner
(a) Tangential flow turbine Water fiows along the tangent of the runner,
o Sl A3

Example Pelion wheel
e

(b) Radial flow turbine Waier flows in the radial direction through the runner.

If the water flows from outwards (o inwards radia ine is cal

‘ waler flows from outwards to in [adially, the turbine is called the

Amward (qdj_q.iﬂ;glv rlurbme‘. On the other hand if water flows ratﬂglly from inwards
o outwards, the furbing is known s ‘Ounvard radiuf flow turbine””

{c) Axial ﬂovy turbfqe Water flows through, the runper along the dircction

parallel 1o the axis of rotation of ihe runner. Example Kaplan a;ayp;opcucr

(d} Mixed flow turbine Waiy flows through the runner in the radial direction

and leaves in the direction parallel 1o the axis of rotation of the runner
axis of rotation of the runner.
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Table 9.1
Parumeter Pelton wheel  Francis turlrine  Kaplan turfrine
Head (1) 1001700 80-500 upto S04}
Manx. power (kW) 55 40 30
Best efficiency (%) 93 04 94

3. According to the head at the inlet of turbine

— . e oo
(a) High head turbi (250-1800 m)  Example: Pelion wheel —w- 1?72? ﬂzj K

{b) Medium head turbine @0_:1_2_5_9__!7‘1} Example: Francis — R@JJ'@Q

s

{c) Low head turbine (less than 50 m) Example: Kaplan and propelier __, A«;U‘QH

4. According to the specific speed of the turbine
{a) Low specific speed turbine (< 50) Example: Pelton wheel

(b) Medium specific speed turbine. (50 < Ns < 25p) Example: Francis
(c) High specific speed turbine. (> 250) Example: Kaplan and propcller‘

PELTON WHEEL

The pelton wheel turbine is a pure impulse turbine in which a jot of fluid leaving .

the nozzle strikes the buckets fixed to the periphery of a rotating wheel. The energy
available at the infet of the turbine is only kinetic energy, The pressure at the infet and
outlet of the wurbine is aimospheric, The turbine is-used far high heads ranging from
150 10 2000 m. The wrhine is named after

L. A. Pehton, an american engineer. The Mluid flows in (he tangential direction.

A S .
PARTS OF THE PELTON TURBINE p>0o, o sz fh bt - de/e

The main parts of the Pelton turbine are as shown in Fig. 9.1, _ . . o
’ §122 AP S v ~°
c LS N A
. L u/"éf”‘,‘? £ a2
3 . A - .
-4l /}r}‘ 9 230577
Al e
9—-Cnsing - }}f, iju;/f ‘_r}_,‘f
/ Bucket .‘-’K"‘:

T(Vﬂ.ncs) U Lz - ( !5—0 —EOD 8
IAEIIS e Doy

s /

Jet of water

Spear
pe Tailrace

Figure 9.1 Pelton turbine
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1. Nozzle and flow control arrangement (Spear) The water from the
reservoir fiows through the pensiocks al the outlet of which a nozzle is fitted, The
_nozzle converts the total hend ot the inlet atthe npzzicinto kinete encrey. The amount

of water striking the curved buckets of the runner is controlled by providing a spear
R
in the nozzle,

Tfe spedl is a conical needle which is operated either by a hand wheel

T —— e ., . - . . a . . .
or avtomancally in an axial direction. depending upon the size of the.unit,.
—_ R . ) N

ot v,

2. Runnerand buckefs The rotating wheel or circular disc is ealled the runner,

On the periphery of lhc‘run_r_lwﬁcit_)‘f buckets, evenly spaced, arc fixed. The
shape of the buckéis is of"a double hemispherical cup or bowl. Each bucket is divided '

Inio two synimetrical parts by a dividing wall which is Known o5 the splitter. ThE jel L
of water strikes on the splitter. The splitter then divides the Jet into 1wo equal parts o

and the waler cornes owl al the outer edge of the bitker e cis dc the

Q jet through an angle between 160 8nd 165 i the simeplanc a5 the Jet. Due to this

jﬁmcclion of the jei, the momentum of the Nuid js changed react ing on the buckets.
;.. A bucketis therclare pushed away by the jet '

rans 3,.Casing  Thecasing prevents the splashing of the water and discharges the water |
to tail race. The spent water falls vertically into the lower reservoir or tailrace and the
whole energy transfer from the nozzle outlet 10 tail race 1akes place at a constant pres
sure. The MgﬁmﬁﬁEﬁTmﬁ‘ﬁTfétiﬁml'plams. B
it

T b prp i g s

L
A glE - SO Ol ‘
s 4. Breakingjet To stop the runner within a short time, small nozzle is provided

Withina st i zzle Is provide:
< 2 which dirg':_l_.jlh:‘: jerof watcr on to the back of the vancs. The jet of water is called
- - . the breaﬁngjer. Ifll}_c_(u_:f_'g.qgggg};ingjcl. the runner due to inerlia gous on révolving

i "}L'/for a long time. :

| I

-~ VELOCITY TRIANGLES AND WORK DONE FOR PELTON WHEEL

The water supply is [rom a constant head reservoir at an elevation 1. above the
centre-line of the jet. The nozzle at the pen stock end. converts the total head at the
inlet to the nozzle into a water jet with veloeity €. at atmospheric pressure.

The velocity triangle for the low of fluid onto and off a single bucket are shown in
Fig. 9.2,

==

. 4
P

<-'—wx,_>.

Splitter,

Shape of bucket

Figure 9.2 Velacity triangles for a pelton turbine
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If the bucket is brought to rest, then subtracting the bucket speed Uy from the jet
velocity Cy gives the relative flnid velocity Wy onto the buc_kel. The angle turned
through by the fet in the herizontal plane during its passage over the buc!-;::l surface
1s "’ and the relative exit velacity is Wi, If 1the bucket spc_e,d veetor UQIIS m‘:ldcd o
W1 in the appropriate direction, the absolute velecity at exit Ca \"&'I'" be ohlam‘cd. It
shauld be realized that the component Cx; of C3 can be in the positive or ncgative X
direction depending on the magoitude of I/, ‘
"ram FBuler's turbine equation '

W/im = hCy, — UGy,
and since in this case C,, is in the negative x-direction
W/im = Ul 4 W)+ (Wacos{180° — a) = U}]

Assuming no loss of relative velocity due 1o friction across the hucket surface
. - e mmem __.__’-—o-—-—.__.-—'"
(lvml = W¥;), then B .

W/m = U{W, — W cosa)

Thereflore, . . N
E=U[C — (1 - cosa)]/gir | (9.1)
o NS
an T M e AR il
The above equation can be optimized by differentiating with re_lspecl o U'W,; - y
dE ' . et
- = - - =0 / .
FITi (1 ~cosa)(Cy —2U)/g s \‘ .
For a maximum, and then \\
. P
,uu-(g ,.;.,z,"_,u’fz) C. = ZU" , S U
. LM PR \lfc I
o (Ol') A(g z)c‘.-t“"" K
: u =C‘IH2L E= W ici-u} (TR )/j
But in practice. maximum energy iwhcn the wheg! velocity is 0.46 times
"the velacity of jel: - K o 0.6 ) (f})’) -
Substiuting equation 9,2 in vquation 9.1, we have E? = g
‘ N ‘ c
. Eqax = Cy{l ~ cosar}/dg \%! 2 a3 s

: Ia practice su_[[gc‘c.;f‘(i_-.'_lj_i_:u_t_)_l'lhc buchet is preaeat and Wi ¢ W, Then equation 4.1

ERRAA]

" becomes / ;oL
BRI
E=UIC - U)I = Keosa)/g  Hpart ey syl
where clative velocity ratio Wa/ W), Lo Lo 4 U
krr\‘ RARS ] o
= . \
1]
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Hydraulic Efficiency
The hydraulic efficiency is defined as

(SR
Energy transicrred—ee A5 2 e
Encrgy available in jet .
= E/C}/28)

ny

i o = 180", llfu‘muximum hydru‘:ilﬁiq: .g_fﬁ;.;i&rqu‘:ii}gg“g‘c&g5:31.'In practice, ic
deflection angle is in the order nf___h{f(_)_‘__—"_l_Q‘S,_ o avoid interference with the oncoming
detand oy is adcordingly reduced, The maximum hydraulic efficiency iy

- Ay
O}ﬁt{lt»‘-/. . - E::m:u ~ | - coser
(C7/2g) 2

PELTON WHEEL LOSSES ANQ_EFFIC;:IENCIES

(Hcad losses oceurin the pipelines mmm'ggllw;g,(mmy‘m);.du und are composed
of Irictiog and bend Josses. Losses also occur in the nozzle and these are expressed
tn terms of a velocity coeflicient €, (varies (rom.0.98.10.0.99). Finally, there are
windage and friction losses in the wheel itself2 The water supply is from a reservoir

“atahead X above the nozzle. As the flujd moves thraugh the pressure tunnel and the
penstock upto the entry to the nozzle, a frictional head loss h 5 occurs. A Turther head
loss Itiy due 1o losses in the nozzle lakes place so that the head available for power

gencration at exit from the nozzle is ', That is 1 & I

+ ' N
H = [/ - (hf"*‘h;n) '/ /L}E o
e A=. Clzfzg%;c‘ w;(-_ -, ft.’{__.f_, Jd'_l,_l_p_,p Y Lot
. NI DL OF7

(a) Pipe-line Transmission Efﬂcienéy )

Moiogi =

Biruns =

(Hy — ) H

R TR RIS
{b) Nozzle Efﬁciency"';’(" L“"‘-f, s M A

Encrgy at nozzle outlet
— et B ATes Dutiet

e = .
Energy at nozzle inlet
_ H' _
T oM =h; T H
N :
INATEY
S
{on)
.
N = -S— ‘
eH

'ml

— T

.E:

:E.
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transmission efficic

So, nozzle and pipeline 5

H H')__(H‘)
= (’ﬁ?)(n’ =\
2
?.gH,
~ L

and

(c) Nozzle Velocity Coefficient

Actual jet velocity
Theoretical jet velocity

C = =
e N2BH

Therefore. the nozzle cfficiency becomes

o2
an = C,

TR

(d) Number of Buckets

Number of buckets on a runner is given by

D
= = =
NPV e it
where * D’ is the pitch diameter of the pelion and 4 is the diameter of the jet.
The ratio B/d is called the jer ratio.
(e} Overall Efficiency
o Power produccd
Jo = Actual energy supplied
/!
Lo reel H. HZAP
where H is the headwm

1. is o measure of the performance of the wrhine,

GOVERNING OF PELTON WHEEL TURBINE
Hydraulic turhincs are usually couplied dirceily Lo an cleetrical gencralor and since
\he generator must run at a constant $ ced, the speed U of the \urbtnc myst temain
constant when-the load-changes. It is also desirablc (o run at the maximum cfﬁclencyl
and therefore the ralioﬂ_mw same. That is 'lhc jet vejloc:lyhmum né:
change. The only way left 1o adjust to the change in the turbine load is to change the
inptit water power.
Ill':é ;;:m go;v;?ls given by the product ngH‘ when@is conslant (a“f‘ hclr;c:i
C1} and the only variable is @. The change in {}ow rate 3§ effected by nf}tmgl,
Q= CA, wbwism;z_le_g_r_@:ﬁincc Cyis ccns}anl. the cross sectional arca

g e -

e

of the nozzle must change. This is accomplished by a spear valve, The pdsiliof\ of the .

spear is controlied by u servo-mechanifm that senses the load changes. *

DOUBLE GOVERNING OF PELTON WHEEL

Al modern pelton turbines use Double reglulatijorln method. This method of goveming

¢ (i.e. water hammer)_in the penstock by the
combined spear and deflector control. Operated by the ail pressure governor (Fig. 7
9.2(a)). ‘ )

contrgl ing speed

o Makn Lever

el
Crank -
laves
From Torhine
Maln Shan

1Huribunon
Valwe

— Nurzle Open )‘,j-'c-fg;,_,{_,;ugr_;;_

mrm = Noseke Closed .
Figure 9.2{n) Double Regulotion

The centrifugal govcr’no.r {or) actuator s attached to the main shaft of the turbine.
When the load on 1he turbine decreases, the speed of the turbine increases and the -
flyballs of the governor rotate at higher speed and move away from the axis by the
centrifugal force. Therefore, the sleeve moves upward. The motion of the flyballs is
rransmitted 1o the bell crank lever and it rotates anticlockwise, The roller on the cam
is raised and the deflector is brought between the nozzle and the buckets. Al the same
time, the double piston in the distribution value moves down. Now, port-2 is open and
port-1 is closed. High pressure oil from the sump enters the distributing value through
the middle port and flows down to servo motor striking the lefi face of the piston. So
the piston moves to the right, forcing the spear to more 1o the right i.c. into the nozzle.

. - “"HyDRAULIC TURBINES < 389
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© gencrators run at constant specd. The Fig. 9.4 shows that the variation of efficicncy

_ bucket losses.

(_)('l(?/r;f I' — J _,.;- - 7
/‘P U‘,.J) ('"_A:J (_)-'L U'_,Iﬂ) (_J-"‘f’:. o b_y—'”/)

390 » TURBO MACHINGS . .
The nozzle outlet area is reduced. Hence, the area of jet and the rate of low of water
striking the buckels is reduced. Consequently, the speed which was increasing with
the decrease in load is brought under control and remains constant.

When the load on the wurbine increases, the speed of the turbine decreases. This
causes the fly balls of the actuator to come down and thus the sleeve moves downward,
causing the bell crank lever 1o rotate clockwise. The distribution value rod moves
upward. Now, port-1 is open and port-2 is closed, The high pressure oil enters the
servo motor through port-1 1o the right side of the piston, The piston moves to the left,
causing the spear to move out of the nozzle. The nozzle cutlet area is now increased.
Hence the amount of water striking the buckets is increased, Thus the speed of the
turbine is controlled and kept constant. Under this condition, the deflector is moved
away from the jet and there is no obstruction 1o the jet.

When the turbine is running ot normal loud, piston in the distribution volve and the
acuaror occupy their normal positions as shown in figure. Both the ports 1 and 2 are
closed. No flow of oil 1o the servo molor and the spear value is a1 its normal pasition.

CHARACTE.RISTICS OF AN IMPULSE TURBINE

The characteristic curves of an impulse turbine for a constant head are shown in
figure 9.3(a) & (b). In Fig. 9.3(a) it is seen that the peak values of efficiency do not
vary much for various gale openings. In Fig. 9.3(b), it is seen that the peak power
occurs at the same speed imespective of the nozzle settings. This is due (o the nozzle
velocity remaining constant in magnitude direction as the flaw rate changes, giving
an optimum value of U/Cy at a fixed speed. Windage and mechanical losses and
variations in loss coefficients cause the small variations. )

' Constant Head .

A 1= . - -
h el | bt
p S A
- " T ! N
. Ho [~ 2 ;. !
T e I !
ey 70 |- e ! !
0 AN
1 2
o0 / H ' Nuzizlo :
B i ; setiing H 1
50 o ; T :
H ! N ! LY
] N, N] Cd N, N. LA
Spesa 55> Sl

Figure 9.3 Efficiency and power ouiput Versus speed in an impulse turbine

In practice. one is usvally more interested in the fixed speed condition since the

with load is slight, except at low loads, where the decrease is due (0 changes in the
nozzle efficiency, and at high loads the increased jet diameter gives rise 1o higher
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RADIAL FLOW REACTION TURBINE

es:ergy as well a$ pressure energy. As gh the ; =2
_Pressure cnerp o7 3 e water flows through the runner, & part
prassure e Lg-oﬂ%;hm&fwim_eggmcrgy. Thus the water mr:ug_rﬁ: :
runner is under pressure. The runner is complete] — ¢ waler through the
both the casing and if mpletely enclosed in an air- ¢ i

\be wa:-ccagmg a_nd the funner are always full of water. Radial flow 1urbignh: :;asmg. and
i r—ﬂ"i_;j'_"l_ll‘iga‘_dlﬂ_lﬁggjgclion. Radial Aow wrbinas are rouped a:i;m t:::;
_fadial Now wirhines an I P — nw
_flow wrbines range from about 0w0500m nes. m&iﬁlj}[_hffﬂq ,‘?W

B

MAIN PARTS OF A RADIAL FLOW REACTION TURBINE

The main components of a radial flow reaction turbine are (Fig, 9.5)

Water from
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ta facilitate water low at constant velogity throughout the circumference of the runner.
The casing is usually iade of conerete, cost stecl or plate steel..

i e pmes bl e

2, Guldo vanas Ihic swlionary puide vones we lixed on o stitionm Y circulat
whee] which surrounds the runner. The guide vanes allow the waler to strike the vilhes
fixed on the runner without shock at the inlet, This fixed guide vanes are folfowed by
adjustable guide vanes. The cross sectional area between the adjustable vanes can be

varied lor flow control ai part Joad.

3. Runner ltisacircular wheel on which a series of radial curved vanes are fixed.
The walter passes imo the rotor where it maves radial 1y through the rotor vanes and
leaves the rotor biades at a smaller diameter, Later, the water turns through 90° inlo
bl b= e e
the draft tube.
—_—

4. Drafttube ‘'The pressure atthe exit of the retor of a reaction turbine is generally
less than the atmospheric pressure, The waler al exit cannot be dirgctly discharged to
the tail race. A tube or pipe of gradually increasing area is used for discharging the
water from the turbine exit 1o the tail race. Tn 6Thér words, the drafl tube is a Wb
of increasing cross sectional area which converts the kinetic energy of water at the
. [ T e e e e e e e e e
turbine exit into pressure energy. :
-'_'—_J—"'——~

‘The inlet and outler velocity triangles for a runner ard shown in (igure 9.6,

Water enters the runner from the inlet guide vanes (at radius ry), with absolute
velocity, at an angle oy 10 the direction of rotation. The tangential velocity at the inlet
is U). The relative velocity vectar Wy obtaind by substiracting Uy from C) atinlet, is at
an angle B to the dircction of rotation, gy is also the inlet blade angle for shock-frec
enlry. :

Cx' : )
Us 4 Way . _ ()JL“""L;/E”:’J‘
< T
1 ﬂ| C.b o7
A YCr T
C, 5
o L .
P-Cry w¥refib,  Goe?
w - _ —
/ & Crl‘d‘rcr,lbr CPJ,F-"‘)
AT T = _
ﬂ‘_r"- Ay i‘*.“j,)_ WZ Zi ) LJLLJ'.I"J mef_{/r")-"/"
1Y ﬂzCW e - 7
U Cay l . . , -
U S e -
’ - T I

Figure 9.6 . Velocity triangles for a Francis furbine (f/:%/y
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Al the outlel, {radius r3). the water leaves the blade al an angle §2 1o the langential
velocity veclor. The absolute outlet velocity Cy is the resultant of W and Ui, The

Mow veloetties Cy, and Gy are dicected towards the axis of rotation and are given by

Q/2n by and @/2nraby respectively, where b is the height of the runner.
Euler's lurbine equation gives ‘
E = l'r’/mg = (U;C.’(] - Uszz)/g .
and E is o maximum when Cx3 is zero, that is when the absolute and flow velocities

;}Z

are cqual at the outlel or ' = 90° P, y
—_— | 5 =
NET HEAD ACRCSS REACTION TURBINE . -(éc i)
. . .~
The net head *H* across the turbine is the difference in the 10tal head between the
inlet Nange and the tail water level, The net head H is difTerent from the gross head :
. Thus : j"drc-{)ml,e . oo L
Turbine total inlet head = PR runvey, X orunner J’/’?
_ﬁ+ﬁ * 2 j'(’ ; -fJ,L;;, o ‘ I' '
pg I\'; i . "l.: 1-,;1‘: l;" 3 : U'UICP)}
and wrbine total outiet head = v2 o e o .
' A 4242 ‘?
og 28

where the pressures are gauge prossure, ‘ i, -
. Tota) head across wrbine (H) ‘

= (P, — Py)/pg + (V¢ ~ VD28 + (Z, — Z3)]

But in the wail-race Py is atmospheric and Z3 is zero. Therefore i
-
H = (Pulpg + V228 + Zo) = Vi[28

Also, N o
! H = H ~hy, = Vi/2g R o
where h 7, is the_pipe friction head loss.and the energy given 1o the runner, by r.hr.;; £ 1 RN
_water per unit weight of flow js - o , - ,/cha ,
‘Wimg = H — hy — hy — h, OV P OAN S e (e H
(Fre.

If the water is discharged directly inte the tail-race from the runper «3%:!. the isinelic .
cnerey lost would be high. By fitting adraft tube between the runner outletand Lall'racs:. L
a2 conlinuous stream of water is formed between the two, The tail-race velocity is -
Wummmmuwimmmmmnd. because

the tailrace pressure is atmospheric the runner outlet pressurc must now be below the

atmaspheric pressure. Applying the energy equation between the runner outlet and
lail-race gives

vi vl
L2 P S G
rg 238 2g
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" where Ag is the head loss in the draft tube, Putting £3 and Z; equal to zero
]
Fri Vi~ VD28 = 23 + iy

Tjhcrc |s a limit for the éxient of V4 reduction because of the wbe length, As the
Icnglh increases i dncreases, The dralt tube could be very long since (he angle
ofdixgracnee should pay.exceed.abaw(82 o ensure that separation af boundary layers
daes not aceur, There is also an upper limit on the valie of Z3 due o he vavitation
) eﬂ'ec{_ ) - A Lo e BT ~M‘W|\J\=-1;_-gt‘_mam—m~?mm‘g

RADIAL FLOW TURBINE LOSSES

The losses in terms af energy balance through the wrbing is given by :
NI QL e S R
Ly PPt B Pk P+ P Cily . (9)

where P,‘ = shaft power output, £, = mechanical power loss, P, = mnncr.powcr loss,

'@,, .. P = casing and draft twbe |oss, Py = leakage loss and P = water power ayailable.

. el Bt P+ P together is the hydraulic power loss. R 2wl

QEIRIp 22 nggggggﬁscrln§§.8n.,.,is,duc_ fo friction, shock at the impeller entry and flaw

.;JEJJ‘-’-:' (ir) Separation. [tresults in a head Toss &, associated wjlh the flow rate lhrouéh the runner
. I } ’ '

Fr=pgQch,

Leakage power loss A, is caused by aflow rate g leaking pastthe runner and therefore

not being handled by the runner. Thus ————— . '
' - : Q=@ +gq

and wath a total hewd #4, across the runner, the leaknge power luss becomes

Fr = pgg ¥,
LT PRGN

» T . '
Casing power los P\)| due 10 ll}lr_:ﬂ‘frlcgggkgggz and flow separation losses in the

Sasing and the draft (Ube.
TTthis head loss is hy then

P = peeh,

e

The total energy balance of equation 9.3 thus hecames

PEQRH = Pr 4 pg(h Q. 4+ hoQ + Hog + P,)

Thus,

(a) Overall efficiency = ' Shaft output power
\ Fluid power available at infet flunge

N Pif(pg QH)

HYDRAULIC TURBINES < 393

Power received by runner
Fluid power available at inlet flange

(b) Hydraulic efficiency(ny)
r=t

(P.r"t' Pm)/ngH = e CQH
The term (Py -+ P}/ pg @H is the theoretical energy transfer per unit weight of
fivid Now. The maximum hydrauvlic efficiency is

o UiCx,

i = —gH .

I

GOVERNING OF REACTION TURBINES

The quantity of water lowing 1o the reaction rhine 15 conirolled by rotatng the guide
blades, These blades are pivoted and connected by levers and links to the rc‘gulallng
ring (Fig. §.6(a)). The regulating ring and lever are connected by two regulallng rods.
This repulating lever in wrn in connected with regulating shaft, which is operated by
the piston of the servo motor.
------ ~Guide vanes
open
Pendulum === Guide vancs
closed

NI

l-eam Turbine Shaft

X 9 DU SN (S L2 e
. Regulating Lever
From Penstock —»

Figure 8.6(a) Fraucis Turbine Governing

‘When the load on the turbine increases, the speed increases. The fly balls of actuator
move a way (rom the axis and the sleeve raises. The distribution valve rod is pushed
down. Pori-2 is open and port-1 is closed. The high pressure oil enters the servo motor
through port-2 and pauses the piston 10 move lowards right. The oil in the right side
of the piston is pushed back into the oil sump through pert-1 and upper past of}hc
distributing valve. When the piston of the servo mator moves 1o the right, regulating
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ring is rolate : s
vangcﬂn c;lau%:o chrLasc the flow area béiween (he guide vanes by changing guide
EIeS. Thus the quantity of waler reaehi : .
ing the runner blades | :
fore. the smecd o 1 5 15 reduced. There-
. s 5 brought to normal gradunlly. and

ore, the A then actuator, main lever ;

© : d . ma Cr
:Jgt‘rl:bulmn valve altain their norma| pusitron. A yelict valve is provided in the p::]d
stock 1o prevent water hummer which may arise due 1o the sudden reduction in the

ion is similar (o that of a deflector
sc in load on the turbine. the relicf

: . : : ] - Thus double regulation (spee
pressure) is achieved in reaction turbines, Similarly when the lgoad on t(hg l:drhzzzg

increases ic. > 5 i
e oppns“: d\{:l;cln the speed has a tendency 10 increase, regulating ring is moved in
¢ direclion 5o 0s (o increase the pussage ide
) ] #8age arcn between the guide 5
allowing more water 1o strike the sunner blade. Budeblades and

CHARACTERISTIC CURVES FOR A REACTION TURBINE

bCur‘:.res ol water power input torque exerted by the wheel, Aow rate clficiency and
rake power 9ulpul for constant Zalc opening are shown in Fig. 9.7
At full opening, the flow rate as shown in Fig. 9.7 varies with the .

as | decreases due to (he
which is less at lighter loads. It will
M speed is not as flat as in an impulse

friction head loss. This is proportional to o?
also be noted that the efficiency curve at consia

turbine.
—_— , — L{_I f/, . S
R B U2 PV A ./
Torque e U""_
Fluid power inpue
. Lc’ik;gi’(SJJ/J
~Flowrte (Q) .t & (oot C,Z)
P DO il
Brake power AT ' '
) output UL e Ql.",?/\' ruriner
Efficiency @) u
e Pepg@H
. N (r.p.m) =

Figure 9.7 Reaction turbine charucteristics ar full opening
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) r’l 7 L{J . - M Vs f .
e SRS e
' N Al Efficiency

] Water power

- - - input
u';(”/‘/. ot Wy [\f_. e
- s
et ] rumel Head
i Bt )l
for £T0ﬂ316
Brake power oulput TPRPIY

Figure 9.8 Reaction turbine characteristics af constani speed

When a reaction turbine gperating at constant speed experiences a load decrease. the
cross sectional area between the inlet vanes changes and angle oy decreases, The inlet
runner arca is conslant and therefore to satisfy the continuity the relative velocity Wy .
must decrease. The result is thal the flow onto the runner is no longer shock free and
al exit Cs may increase, This gives a higher kinetic energy loss at the runner exit as
well as an increase in the whirl component Cy, down the draft wbe, The flow is then
spiral in nature. which decreases the draft tube efficiency. The efficicncy of a reaction
turbine at light loads therefore tends to be less than that of the pelton wheel, although
the design maximum efficiency may be greater, N

The ndvantage of an inward Tow renction turbine aver an-owtward Now reaction
turhine is that the former adjusts avtomatically according o the load on the turbe.
Whenever the load on the turbine is decreased, it causés the shaft 1o rotate at a higher
speed. The centrifugal force, which increases due to higher speed, tends 10 reduce the
quantity of water flowing over the vanes, and thus the velocity of water at the entry
is also re duced. It will ullimately tend to reduce the power produced by the wrbine.

AXIAL FLOW REACTION TURBINE

In axial flow reaction turbine, water flows parallel to the axts of rotation of the shaft,”
In a reaction wichine. the head at the infet of the turbine s the sum of pressure energy

und kinetic encrgy and o part of the pressure energy is converted into kinetic energy

as the water (lows through the runner. For the axial flow reaction turbine, the shaft of

the wwrhine is vertical. The lower end of the shaft which is made larger is known as

‘hub” or ‘bess'. The vanes are fixed on the hub and hence the hub acts as a runner [or
the axial flow reaction turbine. The two important axial flow reaction turhines are

1. Propeller Turbine and
2. Kaplan Turbine

CA Cl o 7 e
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( If the vanes are fixed 10 the hub and are not ad

|uslab]t3, [hen lhe ‘Iurblnc 15 LnOWIl as
pl()pc”u “Jlt“llc an ‘hc UHICI ha“d ll lhe vanes on lhc ]IUb arec ad[uslah,‘- the lu[h"lc
. .
15 known as a Kﬂp!ﬂ" “”'!Hﬂ .

@ Kapl, It is named after V. Kaplan, an Austrian engineer.
jfi:f:}:i?;;?mc is suitable, where a large quantity of water at lovfr heads {upio 4%)0 m),
. The main parts of a Kaplan turbine are (Fig. 2.9)

1. Scroll casing o

2. Guide vanes ’

3. Hub with vanes J

4. Draft tube

Shaft
Guide bludes

NN N NN NS Y N VY

Kaplan turbine-
runner

€—— Hub

Figure 9.9  Kaplan mrbine
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Waler from the penstock enters the guide vanes through scroll casing. The inlet guide
vanes are fixed and are siluated at a plane higher than the runner blades such that the
fluid must turn through 90° 1o enter the runner in the axial direction. Load changes
are effecied by adjusiment of the runner blade angle. The function of the guide vanes
is to impart whirl to the fluid so that the radial distribution of velocity is the same as in
a ree voriex. Since this type of turbine is used for low heads and high flow ratcs, the
blades must be long and have large chords so that they are strong enough to transmit
the very high torquis that arise. Pitch/Chord ratios of 1-1.5 are typical for axial low
tucbines ond this results in four, five or six-bladed runner.

VELOCITY TRIANGLES AND WORK DONE

The veloeny trumgles ure usually drawn ar the nean radius, since condigms change
from hub to tip and are shown in figure 9.10. The flow velocily is axial at the inlet
and vutlet, Hence, G = €y = €. The blade velocity vector £/ in subslructed
from the absolute vcmmhich is at angle ay to Uy to yiceld the relative
velocily vectar Wy, For shock free entry onto the runner Wy is at the blade angle 8.
For maximum efficiency the whirl componem Cy, is zero, in which case the absolute
velocity at exit is axial, and then Ca = C,,.

UI
W, o Cx
C

B Y
Wl 1
:-n.u

c, =Cr1

it}

U;
Figure 9.10  Velociry trianiges for an axial flow hydraulic turbine
Euler’s turbine equation gives
E = U(Cx, - Cxy)lg

and for zero whirl at exit
E= UCX|/g

Now,
Cx,

]

) — Cacot{180° — B}
U+ Caca i)

e e e e an e ——— A

E.
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and therefore,

E=(U? +UCacotf)/g

IME is constan; atong the blade radius, und Ca is constant over the cross-sectional
area, then as U * increases from hub 1o tip, [7een By must deerease to keep £ constant,
Hence, 8y must increase from hub to tip and the blade must therefore be (wisted,

GOVERNING OF KAPLAN TURBINE

Kapllan turhine governing employs two serve motors one for opcrming-guidc vanes
(as in Francis turbine) and the other for operating runner vanes (Figures 9,100} &
(b)). Both the servo motor distribution valves are interconnected, There by, the runner
vancs and guide vancs are simultancously operated so that water passes through the

blades without shock at all load conditions. This system of governing is known as
‘Double regulation’,

Generator
shafi

S Generator
S B . shafi
[ 3|
A To
;1__:_,"' Servo motor distributor
b Servo motor
E — Rc%z:;aliun it
!
C | o Turbine shaft
I .
|
11 )
Pt Operating rod
| Ve Tucbine shaf
1] Crank
| | -
]
I ‘ v
Lt & — Cronss hend
! Blindes = - ,
Runner
blade

Figure 9.10(b) Serve motar mechanism
operating runner vanes of
kaplan urbine, Shown in section
and on reduced scale

Figure 9.10{a) Governing of Kuplan turbine

Servo mator for the runner vanes, consists of a eylinder with a piston operated i’:y
high pressure oil which is supplied by distribution value {not shown in {tpore). The
servo motor piston is connected with an operaling rod which moves up and down and
passes through the wrbine shalt which s made hollow for this purpose. The operating

rod transmits the motion to the runner blades with an appropriate link mechanism
enclosed in the runner hub,

HypRAULIC TURBINES < 401

COMPARISON OF HYDRAULIC TURBINE EFFICIENCIES -

The characteristic curve (Fig.'9.11) for the axial flow Kaplan turbine is similar to
that of the radial flow turbine. The maximum efficicncy is lower and the efficiéney -
curve is much Aatter for the impulse turbine. The Francis turbine peaks at the highest '
efficiency but falls off rapidly at part load, The Kaplan turbine bas a much flaver

curve than the Francis turbine and exhibits a similar maximum efficiency of the two .

important axial flow turbines, and hence it has constant average maximum efficiency’
while the propeller turbine efficiency increases as load increases. Afier reaching a
peak value, it falls off at the maximum load.

N
; 100 Francl
Kaplan rancis '
PRI '
S
) b)d); r:/_d’
Prapeller (fixed blade)
50 T .
S
1 7 T T >
20 40 60 80 100 % of power

Figure .01 Characteristic eurves for hydnrulic turbine

SELECTION OF HYDRAULIC TURBINES

The type of turbine required for a specific purpose can be selecied an the basis of the
value of the specific speed. The type of turbine for different specific speeds is given
below. . '

Specific Speed Type of Turbine
535 Pelton wheel with single jet.
5-70 Pelton wheel with two (or) more jets,
70 - 450 . Francis turbine.
450 — 1000 Kaplan wrbine.

Selection of turbine is a highly technical job and requires great experience. Selection
based on specific speed is a scientific method and gives a précise information. The.
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wrbine tyre is also sclecied based on head of water available at the turbine inlet. This
muthed is based on experience and observational factors only.

Heud of water in metres, Type of Turbine
0-25 Kaplan turbine

25~ 50 Kaplan or Francis (preferably Francis)
50 — 250 Francis turbine

250 and above Pelton turbine.

v f-'r - s A, il
DRAFT TUBE 2 gl bele A lar el S e
The availahle head 15 high in an impulse trbine Jike the pelton wheel and lhc.rc.. is not

much loss in the overall wirbine output although the turbine is hiced o metre o two

away from the level of the tail-race. Wherens, in the cose of reaction turbines, the head
available is low and a cons:du_r_a,_b_lg_{rg_umof this ava Ja_bln.hcwglg,m
if the turbines are placed above the tail-race level and the water from the turbine just
exhausted at the aimaospheric’ pressure. But, both the output and the overall turbine
r{ficiency may be considerably improved by placing the turbine above the tail-race

Cone angle <10

2o //‘P‘;)

Runner exit

Tail-race

Figure 9.12  Types of draft tubes

level and leading the water {rom the turbine outlet 1o the 1ail race by a wbe such that
_ the water reaches atmospheric pressure only at the tail race. The pipe of gradually
. increasing arca which is used for discharging. wau:r from the wrbine exit to the tail
race is called as ‘draft tube’.

’ . | b cx;l gyh)\r’(pL{/'d‘)bJ l)y
. ]* ) R
’ | . : ) } Tail-race
—

. (,P?"'p/) ):‘./L')(‘;"" }AP" de;é’__f”
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L Y
The advantages of draft tube are

I. The pressure at the runner exit is below the almosphcrlc_pressg[g,amh_h_ ¢ turbine
operates efficiently as if it is placed at the tail-race.

2. The kinelic energy (CZLZg) of water at the turbine runner OL_Illtil :iﬂr}rancd
inlo useful pressure energy. .

3, The wrbine may be inspected casily and properly as it is placed above the
lail-race.

TYPES OF DRAFT TUBES

There arc Tour ypes of dralt tubes, used in practice, depending upon the fHow
conditions and the height of the turbine wbove the tail-race and so on. They are
namely, )

I. Conical draft {ube -

2. Bell mouthed or moody spreading tube

3. Simple elbow or bent tube

4. Elbowdrall tube with circular inlet and rectangular outlet,

The firs1 form is the straight concial type stretching from the turbine 1o the tail-race.

The second type is also a straight drafl tube except that it is bell-shaped. This type
of draft wwbe has an advantage that it can allow flow with whirl component to occur
with very small losses at the turbing exit. In any turbine, the exit absolute velocity
usually has a whirl component especially at part load operation, the bell-shaped draft
tube may be preferred where the operation is at part load for long periods of time.
" The third form is the bent draft wbe, is used when the turbine must be located
very close t or below the tail-race level for some other considerations. However, the
effigiency of bent drafi-tube is usually not as great as that of the first two types. The
fourth form of draft whe (Elbow draft wbe) is similar to the third one except that the
exit shape is square or rectangular instead of cylindrical as in the bent draft tube,

The height of the draft tube is governed by two (sctors. The first is cavitation, which
requires that the pressure at the turbine exit or draft tube entry, should not be less than
one-third of an atmosphere. The second facior is separation, which occurs if the draft
ube has too large an angle of flare. In practice. the angle should not be mere than 10°
to prevent separation. Draft tube cfficiencics range generally from 0.7 10 0.9 for the
first two types while they are 0.6 to 0.85 for the bent tube types.

DRAFT TUBE THEORY

Consader the drafi wobe shown in Fig. 905, The turbine exit is at a beaght 2, above
the tail-race level. Tet subscript 1 denote the conditions at the rotor exit and subscript
2 denate the conditions at the outlet. Applying Bernoulli's equation to inlet and outlet
of the draft whe taking the draft wbe, exit as the datum line we get,

PV PV

— 4L H A+ X)= =+ =+ O+ hy (9.4)

pg 28 pe 2
where x is the distance of boltom of dralt tube [rom tail-race and Ay is head loss in
the draft tube,
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.
————— ——

Figure 8.13  Draft Tube

and
P .
:'E == Aimospheric Pressure Head + X
' P
= 24X
o8

- . P
Substituting this value of :_h in equation 9.4, we get
ny

p Vv A V2
—'+—'—+(H,+X)=(—“+X)+-l+h4
g g

2g 2g
or

p Vv Pa Vi

LRSS g L A by

g 2g ne g

The above equation shows that the inlet pressure at the draft wbe inlet is less than
atmospheric pressure.

——

srall fecde 77,
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EFFICIENCY OF DRAFT TUBE

)
Ttis defined as the ratio the of actual conversion of kinetic energy into pressure energy
in the draft tube to the kinetic energy available at the draft tube inlet.

(Vi-virzg) —ha
(V12/2g)

C iy =

. 4
ar . . .. C))l:.) L)é)(’"‘ir’b .

_(vi-vh -2k

v? | 5[7

di

CAVITATION IN TURBINES Zy= (R ) /PJ - 0 P gens

Turbine cavitation occurs on the suction surfaces of the blades, at the runner outlet,
where the static pressure is & minimum and the absolute velocity high. It should be
avoided although it has liitle effect on the performance of the turbine since it occurs
after the runner. ' o

Applying the energy equation between the runner outlet and tail-race gives
Vi~ Vi/2g = (P~ P)/pg — Za+ Z3+ ha

Putting Z3 = 0, and as the outlet velocity V; increases, P decreases and has its lowest
value when the vapour B, is reached. At this pressure, cavitation occurs (begins) and
hence putting P3 equal 10 Fuim and Py equal lo Pygp, the above equation becomes

(VIZ - vjz) /28 —hg = (Pam - Punp) fog — Z3

Dividing this equation by the net head across the turbine gives the *Thoma cavitation
parameter’ for the turbine

a - {(Pam — Pl'np)/pR - Z1l/H

(NPSHYH

The critical value of NPSH at which cavitation oceurs is determined from a test on
a model or full size machine in which A is decreased until the minimum value at
which cavitation begins or the efficiency suddenly decreases is found. Knowing Z»
and H it is easy to compute the critical value sigma,, which is the value below o, as
given by the above equation, for any other similar machine of the same homologous
series must nol fall.
The above equation shows that the maximum elevation of the turbine above the -

tail-race is given by

Z3 = (Patmt = Puap)lpg —ocH

This equation implies that, as the net head is increased, the turbine elevation above
the tail-race must be decreased. For an excessive head, Z; might be negative, which

implies that excavation would be needed to place the turbine below the level of the
tail-race.

R SO
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SOLVED PROBLEMS

'‘Example 9.1 A generator is (o be driven by a small Pelion wheel with a head
of 91.5 m at the inlet to the nozzle and discharge of 0.04 m?/s. The wheel rotates
at 720 rpm and the velocity coefficient of the nozzle is 0.98: If the efficiency of the
wheel, based on the energy available at entry to the nozzle is 80 per cent and the ratio

- of bucket speed to the jet speed is 0,46, determine the wheel-lb-jcl-diame:éf ralio at
the centre-line of the buckets, and the speed of the wheel, What is,the dimension Jess
power specific speed af the wheel?

‘Solution

Overall efficiency,, = %M;—%%_Ef:
P L pgQHR o
C _ — A

1000 .81 x 0.04 x 91.5 x 0.8,

Power developed = 28.72 kW
Velocity coefficient
C
(2gHYI1? ,
C = 098(2x981x91.572
= 41.52 m/s

Therefone,

U = 046C
0.46 x 41,52
= 191 m/s

Il

Alsa,

P U= —

where 2 is wheel dinrneter

]
o
tn
o]
-l
3

Jet area

A = 0/C
0.04
41.52
0.963 x 1073 m?

]

HyprAULIC TURBINES < 40D

and jet diameler

4aN\'?
- ()
g

(4 x 0.963 % m"’)‘”

T
= 0.035m
Diameter ratio
D 0.507
d 003
= 145

Dimensionless power specific speed is given by equation

Ny
pl,{l(gH)S/J
- ng(zs.vleoﬁ)’”x( I )’“
60 103 ' 9.81 x 91.5
= 00131 rev
= 0.0131 x 2 rad

N‘ﬂ =

Hence, Power specific speed = 0.082 rad.

Example 8.2 A Pelion wheel working under a head of 500 melers, produces
13,000 kW at 430 rpm. If (he efficiency of the wheel is 85% determine (8) discharge
of the wrbine (b) diameter of the wheel (¢) diameter of the nozzle. Take €, = 0.98
and speed ratio as 0.46, ' {MU-Oct. '96)

Sqlution
Given ff =500m. P =13 000kW. N =430rpm. ng=0.85
(a) Discharge of the turbine

. P_.

pgH x

13, 000 % 10°

103 x 9.81 x 500 x 0.85
3.12m/s

Q

(b} Diameter of the wheel We know the velocity of jet

Co/2gH
0.98 x /2 x .81 x 500
97.06 m/s

C

I

B 1

”E‘._.._.:

e
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In actual practice, maximum efficiency takes place when the velocity of the wheel is
0.46 times the velocity of the jet.

i.e.
U = 048.C
= 0.46 x 97.06
U = 44.65m/s
The wheel diameter is
b o U % 60
TxN
_ 44.65 x 60
T %430
D = 1.98 m

{c) Diameter of the nozxzie (d}
The discharge through the nozzle must be equal to the discharge of the turbine.

Therefore,
— T
g = Cx(4_d)
0 4\
d = [Zx—
(C"n)
312 aN!2
= _— X —
97.06 JT)
d = 0.202mor202 mm

Example 9.3 A Peiton wheel is having a mean bucket diameter of 0.8 m and is
running at 1000 rpm. The net head on the Pelon wheel is 400 m. If the side clearance
angle is 15° and discharge through the nozzle is 150 lit/sec, find (a) Power available
al the nozzle and (b) hydraulic efliciency of the turbine,

(MKU-Nov. 1996, April-1998)
Solution _
Given D=08. N =1000rmpm. H =400m, @ =0.150m/s

(a) Power available at the nozzle = %mcf

m=pQ =10 x0.150 = 150 kg/s
Cy = Jet velocity
Assuming U =0.46 C; and

L

erN_n'xU.BxIDOO

V== 60
= 41.80m/s
A o = 91.06 m/s " -

Hyprauuc TurBINES € 409
Hence, Power available at the nozzle

= % % 150 x 91.067

= 621.903 kW
Power available ot the norzle = 621,903 kW,
(b) Hydraulic efficiency
E
wo=
y Ci/2e
where E = W/mg
W = U(C, +Cxp)
Cyy = C1=%L06m/s

From the inlet velocity triangle [Refer Fig. 9.2]

W, = C)—U=091.06—41.89
W = 49.17“‘!/5

Assuming no loss of relative veloeity .
Wy =W =4917m/s
From the outlet velocity triangle [Refer Fig. 9.2]

W3 - cos 15° !
49.17 % (0.97)
47.49m/s

L

i

Then

W, — U =4749 - 41.89
5.6l m/s

(I

W/

|
|

U(Cy, + Cy)

= 41.89{91.06 -+ 5.61)

= 404951 W/kg/s
{4049.51/9.81)

(91.06%/2 x 9.81)

412.79

422.63
= 97.7%

Lnyg o=

Example 9.4 Two jets strike at the buckets of a Pelton wheel, which is having
shaft horse power as 20,000. The diameter of each jet is given as 15 cm. If the net
head on the turbine is 500 m, find the overal! efficiency of the turbine. Teke C, = 1.0

(MKU-April ‘97)
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Solution

Number of jets =2, Shaft power =20,000 HP, 1 HP =0.736 kW )
hence, Shaft power =14,720kW, D = 0.15m, H =500m, C, = 1.0.

Velocity of each jet = C,/2gH -

= 1.0v2 x 9.81 x 500
Ci = 99.05m/s
. T2
Arca of each jet, A = ZD
il 2
= —{0.15
4( }
= 0.0177m?
.. Discharge of each jet
= Ax Cy
= 0.0177 x 99,05
= 175mis  ?
-~ Total dischargeQ = 2x L75
= 35m/s
Iéowqr at the turbine inlet
= pgQH
= 10° x 9.81 x 3.5 x 500/10°
= 1719875 kW ‘
Overall Efficiency
o ShaftPower _ 14,720
K pgQH 1719875 °
= 0.856
! 1
= R5.6% '

Example 9.5 The buckets of a Pelton wheel deflect the jet through an angle of

170° while the relative velocity of the water is reduced by 12 per cent due to the bucket

friction. Calculate the theoretical hydraulic efficiency from the velocity triangles for

a bucketfjet speed ratio of 0.47. Under a gross head of 600 m the wheel develops
. 1250 kW, when the loss of head due o pipe friction between the reservoir and the

nozzle is 48 m, The bucket circle diameter of the wheel is 900 mm, and there are two
- jets. The nozzle velocity coefiicient is 0.98. Find the speed of rotation of the wheel

and the diameter of the nozzles if the actual hydraulic efficiency is 0.9 times at that
" calculated above,

HyDRAULICTURBINES < 41 l‘

Solution
The Fig, 9.14 illustrates the system with the vclqcily triangles.
U W
T
1
s /0;76
C| ,
3y ’
RPN
u
Figure 9.14

- - Power output
Energy available in jet
W

(1/2mCh)

Hydraulic efficiency

1l

At entry 1o nozzle

H = 60048

= 552m
Nozzle velocity coefficient
C
Cu = - T
Theoretical velocity
— C‘ ‘
= (ZgH)lﬁ"z +
Thus,
C, = 098(2x 981 %5502
= 02m/s
N(')w.
Wim = U C; —LhCy

= UHU + W) — (U — Wacos(180° —a))]
= U[(C) — U¥]—~ K cosa)]

where W; = K W,. Substituting the values,

I

0.47C(C - 0.47C;)(1 = 0.88cos 170°
0.465 mC? '

W/m
W

E

}
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Therefore,
Theoretical Hydraulic Efficiency

0.465/0.5
0.93

hn

Actual Hydrualic Efficiency is

0.9 x 0.93
0.837

i

Wheel bucket speed

0.47 x 102
47.94 m/s

<
o

Whee! rotational speed

U %60
i
47.94 x 60

o x09
= 1017 rpm

Actual power developed

Actual Hydraulic Efficiency Energy available in jel

0x 10%
0837 = E_"zi
(1/2mcCy)
Substituting for Cy and salving for the mass flow rate
— 1250 x 10
T 0.837 x 0.5 x 1022
= 287 kg/s
Hence for one nozzle,
m=143.5kg/s
Also from continuity equation
m=pC1A
where A is the nozzle area
n
v A= ~d?
4
where d is the nozzle diameter
_ pCind?
T4

and hence

Example 9.6 Design a Pelton whect for 2 head of 60 m and speed 200 rpm.
The Pellon wheel develops 100 kW, Take €, == 0.98, Speed ratio = 0.45 and overall

cfficiency = 0.85. :
Solution

H=60m N =200mpm P = I00kW C, = 0.98 Speed ratio = 0.45 5 = 0.85.

HYDRAULIC TURBMINES < 413

2 1435 x 4
1000 % 102 x
= 1.792% 1073 m?
d = 423 mm

(a} Diameter of wheel (D)

Velocity of jet
(o

Velocity of the buckets -
’ u

But

= Cy/2gH
T 098 x /2 x 98l x 60
= 33.62m/s

= speed ratio x /2gH

c= 045 x /2 x9.81 x 60

(b) Diameter of tha fet (d)

QOverall efficiency

o

¢

But,

= 1544m/s °
T DN
U = —
60
D = 60 x 15.44
a x 200
D = 147Tm
P
PEQH
P
pgH - m
100 % 10°

10° x 9.8]1 x 60 x 0.85

= 0.1999m?/s

]

i

Area of jet x velocity of jet .

b
“dlx
PRaanl




e
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L, = [t _ [ixom%
” mer ¥ mox33.62

d = 0087m
(c) Numbe}' of buckets |
N D 1.47
zZ = 15+ﬁ”!5+2—xﬁﬁ§'}“‘
= 23.45 ‘
. Z = 24
" (d) Size of buckets )
Width of buckets = 5d =5 x 0.087
o = 0.435m '
Ve Depth of buckets = 1.2d = 1.2 x 0.087°
: = 0.104m

Example 9.7 A Pelton wheel is to be designed 10 run at 300 rpm under a head
of 150 'm. The nozzle diameter is not to exceed one-twelfth the wheel diameter.
.. The overall efficiency is 0.84. Determine the diameter of the wheel, diameter of
" jet, quanitity of walter required and power developed. Take C, = (.98 and speed
ratio = 0.46. ‘ ‘ '

Solution . _ . .
N =300mpm H =150m % = 71—2- ng = 0.84 C, = 0.98 Speed ratio = 0.46.
(a) Diameter of the wheel (D)
Co/22H
= 0.98/2x9.81x 150

]

Velocity of jet Cy

53.16m/s
Velocity of the wheel (/) = Speed ratio X \/IZ‘EH
= 0.46+/2 x 9.81 x 150
=. 2496 m/s
Bu,, . ' T . '
: ’ ®DN 5
U = o
60
D = GQ x‘24.9'6
r x 300
D = 159m

1

HyYDRAULIC TURBINES < 415

(b} Diameter of the jet (d)
| !

T — x 1.59

G.133 m

d=

\l

x D
d

i

{c) Quantity of water required
Q = -:-:—-dl X <€)

% x 0.133% x 53.16

0 0.739 m*/s

(d) Power developed

P = np x Power available at the nozzle
no X (pgQH)

0.84 x (1000 x 9.81 = 0.739 x 150)
P = 9135kW

I

w €

\/Example 9.8 An eleciricity generaling installation uses a Franeis turbine with a
rolational speed of 1260 rpm. The net head across Lhe (urbine is 124 m and the volume
flow rate is 0.5 m3/s. The radivs of the runner is 0.6 m, the height of the runner vanes
at inlet is .03 m and the angle of the inlet guide vanes is set at 72° from the radial
direction, Assurning that the absolute flow velocity is radial al the exit, find the torque
and power exerted by the water. Calculate the hydraulic efficiency.

~ Solution

From the angular momentum equation
Torque,

T = m(rlc.u - rlcn)
But €, = 0, since the flow is radial at outlet, and therefore

T = —mnC

- —PQFIC”

5 =~ x 05 % 0.6C,,

: = -300C;, Nm

. The inlfetarca A
: A=2nnby

4 . - .

* where by is he inlet runner height

i

: = 2w x0.6x003

? 0.113 m®

L)

A

]

)

R Bt B



ﬁ?‘mﬂ{i@%ﬁ;ﬂg—m

Fg,.r....'ﬂ .

el

e
e

‘Pz‘::;n»L

£

s
4 g

|

l&“
il
1k

416 > TURRO MACHINES

Now flow velocity C;,, is given by

C, = Qf4
0.5/0.113
4.42m/s

1l

I

From inlet velocity triangle

Co = C ‘mn B
= 4,42 x 1an(72")
= 13.6m/s

Substitwting for C, gives
T = =300x13.6
= —4080Nm

This is the torque exerted on the fiuid. The torque exerted by the fluid is ++4080 Nm
and is the torque exerted on the runner,
Torque exerted by water on runner = 4080 Nm

Power exerted .
W = Tw
2mr »x 1260

538 kW

If

HydraulictEfﬁcicncy, ny

Power Exerted
Power available

_ 538x 10}
T pgQH
538 x 107
T 1000 x 9.81 % 0.5 x 124
0,885
= 88.5%

Example 9.9 An inward flow radial turbine has an overall efficiency of 74 per
cenl. The net head H across the turbine is 5.5 m and the required power output is

125 kW, The runner tangential velocity is ().97(231{)-’! while the flow velocity is

0.4(23‘1-!)5 . If the speed of the runner is 230 rpm with hydraulic losses accounting
for 18 per cent of the energy available, calculate the inlet guide vane exit angle, the

inlet angle of the runner vane, the runner diameter at inlet and the height of the runner |

at inlet. Assure that the discharge is radial.

HyprauLICTurBINES < 417

Solution
Hydraulic efficiency

Power given to runner

H -
7 Power available

m{U)Cy, — UCyy)
peQH
But since the llow is rudial at outlet, Cy, is zero and 'm* cquels p Q. Therefon
UI C'!I
gH
0.97(2g HHicC,,
8H , .

o=

082 =

hence,
Gy, = 0.423(2g 1)}
Now, from inlet velocity triangle {Refer Fig. 9.6)

tanet; = G, /Cxy
= 0.4/0.423

From which, inlet guide vane angle oy = 43.4°

tanfy = Cr /Wy

=
) C:] - U!
_ 0.4 .
T 0423097
= =0.73]
from which, f; = —36.2° 1o give the blade angle 8y as (180° - 36.2°) = 143.8°
with Uy > Cy, '
Runner speed
. DN
) o
: 60
b . 80097 x(2x 9.8 x 5.5}
_ b= xr x 230
Runner inlet diameter = 0.836 m.
Overall efficiency-
. Power Qutput

o = Power available
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Aor)
| 125 x 107
PeOH = o7
. Hence, flow rate
0 = 125 % 103
0.74 x 1000 x 9.81 x 5.5
. = 313 m3/5
But aiso
Q@ =rD5hC,,
" Therefore,
3.13
bh = 5
: m x0.836 x 0.4(2 x 9.8] x 5.5)2.-
= (.287m

Hence, height of runner = 0.287 m.

Example 9,10 A Francis wrbine has a diameter of 1.4 m and rotates at 430 cpm.
Water enters the runner without shock with a flow velocity (Cr, ) 0f 9.5 m/s and leaves
" the runner without whir] with an absalute velocity of 7 m/s. The difference between

the sum of the static and polential heads at entrance to the runner and at the exit rom
- the runner is 62 m. If the turbine develops 12250 kW and has a flow rale of |2 m'/s
* of water when the net head is 115 m, find ‘

(a) the abselute velocity of the water at entry to the runner and the angle of the inle
guide vanes. ; ) ‘
(b) the entry angle of the runner blades and '

(c} the head lost in the runner . : '

Solution .
Runncflip speed
. ’ U = DN
‘ 60
o mx430xl4
= —
= 3lL5m/s

Power given to runner .
W o= m(Uh Gy, — UaCyy)

But C, is zero, since there is zero whirl at outlet, Hence

12250 x 10® x 60
1000 % 12 xm x 1.4 x 430
324 m/s

. ' Cry

I

(a)(i) Guide vane angle

o’

(i) Inlat veloclly

Cy

.y

(b) Runner blade enfry angle

1an fy

- Hence,

Hyprautic TURBINES < 419

(€2 +C2)}
(9.52 + 32.4%)?
338m/s

_En
Cy, — Uy

9.5
324 -31.5
10.55

It

B = 8a.6°

{c) Total head across runner
= Energy (head) transfemed to runner + Head lost in runner

Alinlet,
b
At outlet,

Now, for zero whirl at oullet

Hence, loss of head in the runner

P CE
a4t

g 2g

Il
|
+
l
IS

cl-¢3

UICI[

R |

28

)+(Z|—Zz)~
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But,

(Lpz) F(Z —2Z) =62m
P8

634 (33.81 - 7?) (31.5 x 32.4)
2 % 9.81 9.81

13.69 m

Head loss in runner

I

i

Example 9.11 An inward flow reaction turbine has external and interna! diam-
eters as 0.9 m and 0.45 m respectively. The turbine is running at 200 rpm and the
width of turbine at inlet is 20 emn. The velocity of flow through the runner is constant
and is equal to 1.8 mfs, The guide blades make an angle of 10° 10 the tangent of the
wheel and the discharge at the outlet of the turbine is radial. Draw the inlet and outlet
veaocity triangles and determine

(i)  The absolute velocity of water at ithe inlet of runner.

(i)  The velocity of whirl at the inlet

(iii)  The relative velocity at the inlet

(iv)  The runner blade angles

{v)  Width of the runner at the outlet .

(vi)  Mass of water lowing through the runner-per second
{vii}  Head ot the turbine inlet
{viii}  Power developed and hydraulic efliciency of the turbine

Solution

Given Dy = 09m Dy = 045m N = 200rpm 5 = 02m
C,=Cp = 18m/s ap = 10° oy = 90°

(a) The absolute velocity of water at inlet of runner (cy)

4—Cx.-———"
" \/

Cr,
<,

L ]
Wy Cy=Cr;

Ae—U—

Figure 9.15

HyDRAULICTURBINES < 421

From inlet velocity triangle

5in10° = =L
1
€6y _ 13
“ =g T o
C; = 10.366m/s
. (b) The velocity of whirl at inlet
) C"l
tan 19° = —=
Cs,
1.8
Cn = tan 10°

v C;, = 10.208 m/s
(iif) The relative velocity at inlet
W, = ‘f W3| + C,,zl

Wy, = Gy —Uy
rD\N _ =09 %200

Ui = o = 60
Uy = 2425m/s
W, = 10.208 ~9.425"

- = 0.783m/s
W, = (0.783% + 1.8%)}
Wy = 1.963m/s

(iv) The runner blade angles
oo e (5

Bi- = 66.49°

B = tan~"! (_C_,,)
2

“i. = =% 60
Uy = 4712m/s
1.8
= -t 18
Ay = tan” (4.712),
B2 = 2091°
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(v) Width of runner af outlet The discharge througﬁ a radial flow reaction
turbine is given by

Q =G = nD2baCry

(o)

Dby = Db
Db
b = D;
_ 09 x02
0.45
bz = 04m

(vi) Mass of water flowing through the runner per second

m = p@ .
@ = aDhCh=mx09x02x18

= 1018m¥/s i
m o= 100 x 1.018

m = 1018kg/s
(vii) Head at the turbine inlat (H)

LS

poovE L *

H = — 4+ d
. pg 2 )
! v e o
) Thxy
-— = — .-‘C.I‘ =0
% {Cry = 0]
oo UG ¥
8 28 =
_9.425 x 10.208 + 1.82
B 9.81 2 x 9.81
L ) H = 9973m ["“Vi=0r= C,;,]
. (vili) Power developed
o ' W = m(U)Cy) _
= 1018(9.425 x 10.208)
W = 07542kW
(ix) Hydraulic efficiency
L) . n _ UlCI‘ .y
. H g2H
9.425 x 10.208
9.81 x 9.973
= 98.34%

HyDraULIC TURBINES €< 423

\/ Example 8.12 Design an inward flow Francis turbine whose power output is 330

kW under a head of 70 m running at 750 rpm. py = 94%, np = 85%. The flow ratio
at inlet is 0.15. The breadth ratio is 0.1. The outer diameter of the runner is twice the
inner diameter of runner. The thickness of the vanes occupy 6% of the circumtial arca
of the runner. Flow velocity is constant and discharge is radial at outlet,

Solution

P = 30KkW H = 70m N = 750 rpm gn = 094 ng = 0.85
Flow ratio = 0.15 Breadth ratio = 0.1 Dy = 2D;.
Flow velocity

Cry = Flowralio x /2gH
= 0.15x+/2x98]x70
= 5.56m/s
Discharge at outlet
P
€ = irxmw
_ 330 x 10°
T 10% x 9.81 x 70 x 0.85
= 0.565m%/s
But,
Q@ = Actual area of flow x Velecity of flow
= 0.94)7'le] b4 Cr'
Since, breadth ratio
b
— = 0l1b =010
D, 1 !
@ = 0%xnpxD) x01D)xCy
D? - Q _ 0.565
b7 094xa x01xC, 0.94xnrx0.1x5.56
D = 058Tm

and
by =0.1 x Dy =0.0587 m
Tangential speed of the runner at inlet
a N _ x x(0.587 x 750
60 60
23.05m/s

Uy

Il

£

v
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" From hydrauic efficicney relation 7 Solution ] 7
C ny xgH H=30m D =12m, Dy=06m, i =%° a1 =15 Cy, =0. G, =Chn.
o Uy (a) Speed of the wheel If there is no loss of energy in the guide and runner
0.94 x 9.81 x 70 vanes, the working head,.
23.05 ' bead A _z N ci
= 28m/s H = Euler’s hea '+ fg- = 2%
, . . . ' ) i =0, =Cp -
From inlet velocity triangle, Guide blade angle [Refer Fig. 9.6) Since. CE? 0.C2 n
E = Ul 1
tanee; = C” R 1 - 2
C.u Ulc.\l Cl _ U‘C"l C_"-'
aH= M s
1 {556 2g & 2g
oy = tan W Since ﬁ[]-‘——‘ 90;. Cry = U‘.
@) = 11.23° H=ﬂ+§_ﬁ )
g8 & .
Runner vane angles at inlet and outlet From inlet velocity triangle, (Refer Fig. 9.16)
. ) 2y
C, o 1 1
tanfg, = Cr| = 5.36 tana = 'if B
Ce, —U; 28 -23.05 t . c W2 Cp,
B = 48.32° Ui = Criflaney = Cry/tan 15 '
.= 3,732C,,
From outlet velecity triangle, [Refer Fig. 9.6] But Gy, = C/y, and Uy = 3732 C,,.
Cr 313260 | G
tanfl; = —&-23 qu.;..z?
DN |
BuU; = D= 5D1 = 02935 m 30 = 142C% +0.051C},
o 7x02935x750 Cr =4.516m/s
= 60 = H.53m/s Then U, = 3.732 x 4.516 = 16.854 m/s A
-1 { 5.56 60 x Uy 60 x 16.B54 Uy
= 1 — o =] ' =
B2 = tan (”'53) Speed N = 1 —— ots
pr = 2574° N = 268.24 rpm Figure 9.
Width al oullet, {b) Vane ang{e at exit
C 4.516
f;z Dby _ 0.587 x 0.0587 tanfz = ﬁ = T
D, 0.2935 : N ; 0.6 x 268.24
b, = 0.1174m i y, = DN _mxD i
: 60 60
Example 9.13 A Francis turbine working under a head of 30 m has a wheel = 843m/s
diameter of 1.2 m at the entrance and 0.6 m at the exil. The vane angle at the entrances Ba. = 28.18°
is 90° and guide blade angle is 15°. The water at the exit leaves the vanes without any '

tangential velocity and the velocity of low in the runner is constant. Neglecting the Example 9.14  An outward ow reaction turbine has internal and ex;c,.-n,l T,m-
effect of draft tube, and losses in the guide and runner passages determine the speed | eters of the runner as 0.6 m and 1.2 m respectively. The guide blade angle is 15 and
of the wheel in rpm and vanc angle at exit. (BU-April 96) velocity of flow through thic runner is constant and equal to 4 m/s. If the speed of .

the turbine is 200 rpm, Head on the turbine is 10 m and discharge at outlet is radial.
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Determine

(i) The runner vane angles at the inlet and outlet.
(i)  Work done by the water on the runner per kg of water and
(iti)  Hydraulic efficiency

rSolution ‘
Given 2y = 0.6, -y =12m, o =15 Q.CQ = 4 m/s
N = 200 rpm, S H=10m, az;=090 :
[e— 1,
“J
Cy=Cra
3 .
n
v !
. , Figure 9.17
{f) Inlet and outlef vane angles
o a DN
o= 5
n x 0.6 x 200
= —a = 6.28m/s
vy = TOaN
60
o x 1.2x200 -1257 :
= & = 12.57 m/s.
wx: = Cﬂ - . . A
Cop = —on_o
tan 152 tan 15°
= 14.93m/s
Wy = 1493 -628 =8.65m/s
o
[ = !
an b Wi,

\ T af 4
. Aro= tan (8.65)

J

Hence, B = 24.82°

C
tan 2 = U}—

or

HYDRAULICTURBINES < 429

7

R
Pr = tan (12.57)

Hence, gz = 17.65°
(1) Work done

Wim = UG, Ci=Cn
= 628x1493 Ca=0
= 9376 W/(kg/s)
(1) Hydraulid efficlency

?? = U[Cx'
i Vi

93.76

9281 x 10
an = 93.58%

Example 9.15 An axial flow hydraulic urbine has a net head of 23 m across it

and, when running at a speed of 150 rpm, develops 23 mW, The blade tip and hub

diameters arc 4.75 and 2.0 m respectively, If the hydraulic efficiency is 93 per cent
and the averall efficiency is 85 per cent, calculate the inlet and outlet blade angles at
the mean radius assuming axial flow at owilet.

Solution
Meun diamueter

0+ d
4, = 2+

2

475412

2

Overall efficiency

Power developed

o =

Power available

23 x |0,

Il

Power availuble

I

27T mW

—_—

0.85

e

E; e | E:";—'- _— F Ei..;,u.l

‘&

g _

_—

=
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Available power = pg @ H. Hence flow rate

428 > TurpO Machms

But Wy, cquals Up, since Cy, is zero. Hence

0 = 27 x 108 - 120 By = 8.21
: T 7000 x 9.81 x 23 ' | 27 265
ﬁ,_ = 119.7mYs ' Outlet blade angle
. Rotor speed at mean diameter ’ B2z =171.2°
r.' U Ty N ' Example 8.16 A Kaplan wrbine runner is to be designed to develop 9100 kW.
& Moo= TRy The net available head is 5.6'm. IF the speed ratio = 2.09, flow ratio = 0.68, overall
T ox 3ATS = 150 : efliciency R6% nnd the diameter of the boss is 1/ the diameter of the runner. Find
. = e "E)‘O the diameter of the runner, its specd and the specific speed of the turbine,
j‘? = 265m/s Solution ' '
- Given _
i} Power given lo runner = Power available x ny . P = 9100kW H=56m Speed ratio = 2.09
:{Eﬁ = 27 x10% x 0.93 Flow ratio I'_—. 0.68 , Overall Efficiencyn, = 0.86
- = 2511 mW S o
3 But theoretical power given to runner is Dy = iD
';fé[ W = pQU,Ci (Cyy=0) D-Diameter of runner gﬁ;-Diamclcr of l?oss.
f 2511 x 105 = 1000 x 119.7 x 26,5 x Cy, , Now, speed ratio = TagH
[ — — U[ CJ . .
.4_ Cry = 79m/s [rm = n '] th = 2.09x(2x98] x 5,5)!
' Axial velocity : = 21.91m/s
\ Q . . Cr.
; Co = 77— Flow ratio =
&j ' ;_E(DE —d? V2gH
; _ 119.7 x 4 ©Cy = 0.68x(2x9.81x56)°
o 7 % (4752 — 27) = 7.13m/s
i = B.21 m/s

The Overall efficiency is given by

E’ From the inlet velocity triangle [Refer Fig, 9.10). C,, = C, P
X Mo = =——
1 - .
"" W(180° ~ f)) = PeQH
Uy — Cyy L0 = 9100 x 10°
' _ 821 TF T 086x%9.81 x5.6x 103
Eﬁ T 265-179 = 1926 m’/s
2
Inlet blade angle The discharge through a Kaplan turbine is given by
| . Bi = 156.2° 0 = S(D'-DYxC,
i 4 :
At outlet ‘ 2
A 1925 = = D’-(E) x 7.13
f ian ﬂz = C,,/‘dﬁ:'ﬂ . ' 4 3 )
hid ' '
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0.88D0% = 34.38
: ~D = 62lm
‘ The speed of the turbine is given by
o nDN
vy = .
i @ CL
60 x 21.91
SN = e = '
w % 6.22
‘ N = 61.3mpm
. The Specilic speed is given by
‘, " : Nﬁ
Ne = H 54
_ 67.3/5100
- (5.6)34
N, = 74525

- Example 9.17 A Koplan urbine working under a head of 20 m develops
., 11800 k¥W. The outer diameter of the runner is 3.5 m and hub. diameter 1.75 m.
The guide blade angle at the extreme edge of the runner is 35°, The hydraulic and
overall efficiencies of the wrbine are 88% and 84% rcspccuvely IT the velocity of

* whisl is zero at outlet determine.

(iy  Runnerinlet and ouilet vane angles at the extreme edge of the runner and
(ii)  Speed of the wrbine,

" Solution ‘ :
‘Given # = 20 m, = 11800 kW, D =35m. Db 1.75m
Guide blade angle y = 35°, 1y = 0.88, Ny =0.84and, C,;, =0

" The discharge through the runner is
. ) Fd
. e
‘ pgQH
; 0 = 11800 x 107 ’
‘ 108 x 9.81 x 20 x 0.84
o = 71.598m'/s
Q is given by '
b g
Q = E(DI - D} x €,
‘ 71.598
R Cr, = F——
« : Zx(3.51—l.753) C
R ‘ = 9.92m/s

HyprauLIC TURBINES < 431 [N

From inlet velocity triangle (Fig. 9.18(a)) U,
‘ c w‘l Gy
Cn = N - ~—
1an35 5 kL)
9.92 W ¥Cr,
~ wnd5e ' G
= 14.17m/s
W, =t -C, Figure 9.18{(a)
L R 1
Using the refation for nyy
ny x H xg
U = c.
0.88 x 20 »x 9.81
- 14.17
= 12.18m/s
W, = 1218-14.17=~-199m/s

The negative sign indicates that the W, is in the negative X-axis direction,
(i) (a) Runner inlet angle,

tan(180 —B,) = ‘C“’:I.
180~ 8 = 78.66
f = 101.34°
(i) {b) Runner outlet angle,
Fram outlet velocity triangle (Fig. 9.18(b))
For a Kaplan turbine ' W,
th =thand G,y = Gy ; Cy=Cry
Ce, £
unfy; = U; U,
B = tan”! (»9—?17'—) Figure 9.18(b)
- A28
B = 39.2°
(if) The Speed of turbine
N o Uixso
D -
12,18 x 60
= mx3.5
N = 66.46mpm

E_ B & - B T -

B B

B

E__

g & <€
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Example 9.18 A propeller wrbine running at 50 rpm has a runner diameter Ci=C, = S571m/s
as 6m and effective area of flow as 20 m?, The anglc of the runner blades at inlel 15.7 x 5.81 (5717
and outlet are 150° and 20° respectively with the langent to the wheel. Assuming H = X ' :
constani velocity of flow calculale, (a) discharge, (b) thecoretical power developed, and .81 .2 x 9.8l
{c) hydraulic efficiency. = 10.96m
Solution Now, H - UC;lfg — (15.7 X 5.8])/9.8]
N =50 rpm, d=6m A,ffu-”u, =20 mz. B = 150°, ﬁl =20° Cr = Cra = 84,;’4% 10.96
(a) Discharge -
U= n DN =T 6 x 50 =157 m/s Example 9.19 A Kaplan wrbine has an'outer diameter of 8 m and inﬁcrdiamelcr
60 60 as 3 m and developing 30,000 kW at 80 rpm under a head of 12 m., The discharge
As in Kaplan turbine, U} = Uz = U, through the runner is 300 m?/s. If hydraulic efficiency is 95%. determine (a) inlet
. and outlet blade angles. (b) mechanical efficiency and (¢) overall efficiency. -
A= 15T m/s } ‘ X
o ) . Solutlon -
From oullet velocity triangle |Refer Fig. 9.10]
D=8m., Dp=3m., p=30000kW. ny =095
tan gy = %:é”_’ ’ N=8mpm H=I12m Q=300m’/
] .
WG = 157 x@n20® =571m/s S . (a) Blade angles at Infetf and outlet
 Given Gy, = C,, = C . E\o}‘iaplan turbines U 5_.‘.{’! as flow is axial and C;, = C,,
Discharge DN " B % 80 ‘ o
Q = Aeffeciive X Cr ' Uy = T = Txox = 33.5m/s
. 60 60 c
= 20x571 , T onl_ p?
Q0 = 1142 m¥/s Discharge, 2 = E(D ~ Dy x Ce
(b) Theoretical power developed C = H—% = 6.95m/s
From inlet velocity triangle [Refer Fig. 9.10] . ?(8 -39
an(180— #) = Cr, From oullet velocity triangle [Refer Fig. 9.10}
U - Cy, C 6.95
571 unfhy = —2=_—
tan(180 — 150) = —— Uy 335
15.7 - Cy, _ B2 = 11.72°
Cx, = 5.8lm/s ) e B
Using the hydraulic efficiency relation -
Power developed Q vex
pec = MR ni % gH
157 x 5.81 Cx = U
= ]01 x .81 % 1‘42('_98T'-—'—) _ 095981 «12
_ ) B 335
‘ = 1041698 kW . - 134m/s
(c) Hydraulic efficiency _ Now, from inlet velocily triangle [Refer Fig. 9.10]
Uuc, ¢} o
H — el } + 2 ry
tan{180—~ ;) = ——7—
2 2 b U= Cy,
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.

695 N
180—p = :an"‘(~—————)

335-334/]
= 12.98°

, B = 167.02°

{b) Mechanical efficiency "
P. 30000 x 10} (3.3‘4“ 33.5)

fIm = (C.nu) = 10V %981 %300\ 9.81

, pgQ | — A .
2

Nm = ‘89.4%‘

{c} Overall efﬁciencﬁ .
' Mo = fm X ny = 0.95 x 0.894

q = B4.9% o

Example 9.20 Find the operating speed and diameter of the runner of a Kaplan
surbine having the following specifications, -

Rated power =11500 kW, Average head =4.3 m.

| Overall efficiency = 91%. Dlamclcr of runner boss = 0.3 x dmmctcr of runncr. speed
ratio = 2 Flow ratio = 0 (15

Solution TS
P = 1150kW H = 43m n = 091
D, = 03D Speedratio = 2 Flow ratip = 0.65

© (a) Runner diameter

A 7] Speed ratio xﬁg'}f
2xV/2x981x43

18.4 m/s

t

- Flow velocity,

C,''= Flowratio x \/2gH
= 065%x VIXO9BI x43

= 597m/s
Now. , ) :
. P !
! = . -
T g0H
o 11500 x 10°
_Q" T 091 x10% x9.81 x4.3.

’ = 299.58m%/s

&
C e e e e ms e et
A
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Bui,
T.n? 2
Q = _(D - Dh, x C, g
4 v,
= D' =(03Dy) x C, i
5 10 %
D= =t
nu “0dh« ¢, : i
B 299.58
T o x().QI x 5.97
D = B81lm J
17
(b} Speed
DN
v = ——
60 LJ
6() *x 18.4 L
No= T3 -
N = d19rpm J
SHORT QUESTIONS -

9.1,
9.2,
9.3,
94,
9.5,
9.6.
v.7.
9.8,

9.9,
.10
9.1l
9.12.
9.13

9.14,
9.15.
9,16,

Deline: Hydraulic wrbine.
Differentiate between turhines and pumps
How are wrbines classified?

Energy available at the impulse wrbine inletis only K:m_uc Encrgy. (True/False)
What is a reaction turbine?

“K

E

Classify hydraulic turbines according to the direction of flow through runner,

Pelton wheel is o high head wirbine, (True/fabse)

L.ow head wrbines are \
{n) Kaplan turbines, el
thy Propeller turbines

t¢) Both {a) and (b)

Francis turhine is a speciiic speed turhine, ‘
The fluid Nows in the directivn through the Pelton turhine. Ll

Whal is spear in a Pelion wurbine?

Describe briefly the buckets of Pelton wheel.

The jet of water is deflecied by the buckets through an angle of belween L
{a) 100 and 120° tum
{by 160 and 165°

{c) 13and 1407 :
What is meant by breaking jet? i
Draw the infet and outlet velocity triangles for a single bucket of Pelton wheel. !
For Maximum Encrgy transler, the wheel velocity is ,

{a) 2C, !

(0 C "
) C/2 ‘ ‘ '
where Cy is the velocity of jet at bucket inlet.
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9.17. Define hydraulic efficiency.

9.18. Hydraulic efficiency is 100% when the angle turned through by the jet in the
horizontal plane is

9.9, Define the terms for a Pellon turbine,
{a) Nozzle Efficiency
(b} Nozzle velocity coefficient

9.20. The nozzle efficiency and velocity coefficient are related by
(@) nw/CL=1
(b) N = Cu
{c) Cp = "N

9.21. Define overall efliciency of a Pelton turme

9.22, Classily radial low turbines,

9.23. Draw the velocily tnangles for an inward How radial wrbine.

9.24, What is a draft tube? Why is it used in a radial flow turbine?

5.25. Deiine the hydruulic efficiency of o radial flow turbine,

9.26. How does an inward flow radial trbine adjust auematically to the load voria-
tion?

9,27, What is an axial low hydraulic lurbine? Give Examples.

9.28. Differentiate between propeller turbine and Kaplan wrbine.

9.29. Why must the biades of an axial flow turbines be long?

9.30. Draw the inlet and outlet velocity triangles for a Kaplan turbine?

9.31, How are the types of turbine selected for a particular hpplication?

9.32. Give the range of spcc:ﬁc speed values for the Pelton, Francis and Kaplan
turbines. .

9.33. What is a draft tube?

9.34. Why is a draft tube used in a reaction lurbmc?

0.35. List the types of draft tubes,

9.36. Whalt ore the advantages of a draft tube?

9.37. Define Efficiency of draft tube.

9.38. Whalt is the phenomenon of cavitation in hydrauvlic wrbines?

©.39. Compare the cffect of cavitation in pumps and hydraulic turbines.

9.40. Define Thoma cavitation parameter,

v

EXERCISES

9.1. Draw a neat sketch of a Pelton turbine and describe the func tion of its main
companents, .

9.2. Obtain an expression for the workdone per second by waler on the runner of a
Pelton wheel.

0.3. Draw inlet and outlet velocily triangles for a Pelton turbine and explain them
briefly.

9.4, Degive an expression for maximum efficiency of the Pelton wheel giving the
relationship between the jel speed and bucket speed.

9.5. Define the terms: speed ratio, jet ratio, and coefficient of velocity.

9.6,

9.7.

9.8

9.9.

9.10.

S.12.

9.13.
9.14,
9.15.

9.16.

.17,
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Design a Pelion whee! for a head of 80 m and speed 300 rpm. The Pelton wheel -
develops 140kW. Take C,, = 0.98, speed ratio=0.45 and Overallefficiency=0.8.
[Ans: {(a) D=1.112m, {b) d=8.55cm, (c) z=22]
A Pelton'wheel is 1o be designed for the following specifications. Power = 1000
kW, head = 200 m, speed = 800 rpm, overali efficiency = 0.86 and jet dmme{er
is not to exceed one-tenth the wheel diameter.
Determine: (a) Wheel dlameter. {b) Diameter of the jet and (c) Number of } _}CIS
required, fAns: (a) 0.673 m. {(b) 6.73 cm, (¢) 2]
A Pelton wheel has a mean bucket speed of 10 m/s with a jet of water flowing
at the rate of 700 litres/sec under a head of 30 m. The buckets;deflect the jet
through an angle of 160°, Calculate the power and efficiency of the turbine, -
Assume C, = 0.98. (MU-April "98)
, ‘ [Ans: (a) 187.1 10 LW, (b) 90.8%)
A Pelton wheel is having a ean bucket diameter of | m and is running at 1000 -
rpmi. The net head on the Pelton wheel s 700 m, If the side clearance angle is |
15° and discharge through nozzle is 0.1 m3/s, find (a) Power available at the
nozzle, and (b} hydrauhc efﬁmency of the turbine, :
[Ams: (a) 686.7 kW, (b} 97.2%]
The three jet Pelton whce] is reqmred to generale 10,000 kW under a net head
of 400 m. The blade angle at outlet is 15° and the reduction in relative velocity
while passing over the blade is 5%. If the overall efficiency of the wheel is 80%.,
C\ = 0.9R and Specd ratio = 0.46, find (a) the diameter of the jet, (b) total flow
in m*/s and (c) the forcc exerted by a single jet on the buckets in the 1angential
direction. . {Ans: (a) [2.5cm (b) 3.18 m3/s {c) 94.1 kN|

. A Pelton twrbine dcvclops 8 MW under a net head of 130 m at a speed of

200 rpm, Assuming the coefficient of velocity for the nozzle as 0.98, hydraulic
cfficicncy as 87% speed ratio as (.46 and jet diamcter to wheel diameter ratio -
as 1/9, delermine, (a) the discharge required, (b) the diameter of the wheel,
{c} the diameter and number of jets required, and {d) the specific speed.

[Ans: (a) 9.6 m3/s. (b) 2.22 m, (c) 0.25 m and 4 and (d) 40.8]
A Pelton turbine develops 3 MW under a head of 300 m. The overal] efficiency
of the turbine is 83%. If speed ratio = 0.46, C, = 0.98 and specific speed is
[6.5. then find (a) dlameler of the terbine and (b) diameter of the jet. . -

[Ans: (a) 1.78 m and {(b) 0.14 m|

Draw and Explain Lhe main parts of a radial low reaction turbine,
Draw the inlet and outlet velocity triangles for an inward fow reacion turbine,
Define the lollowing 1erms for a radial flow reaction turbine.
(a) Hydraulic efficiency
(b} overall efficiency.
An inward flow reaction turbine has outer and inner diameters of the wheel as
1 m and 0.5 m respectively. The vanes are radial at the inlet and the discharge
is radial at the outlet, The water enters the vanes at an angle of 10°. Assuming
the velocity of flow to be constant and is equal to 3 m/s, find (a) the speed of
whee! and (b) the vane angle at outlet, {Ans: (a) 325 rpm, (b) 19. 43"]
An inward flow reaction turbine has external and internal diameters as 1.2 m
and 0.6 m respectively. The velocity of flow through the runner is constant and
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g.18.

919,

9.20.

9.21.

is equal o 1B mfs. Determine (8} discharge through the runner and (b} width
at outlet if the width at inlet is 20 cm. (MKU-April "97)
) [Ans: (a) 1.36 m? /s, (b} 40 c¢m]
A reaction turbine works at 500 rpm under a head of 100 m. The diameter of
the turbine at intet is 100 cm and the fow area is 0.35 m?. The angles made hy
absolute and rela tive velocities at inlet are 15° and 60° respectively with the

. tangential velocity, Determine (a) the volume flow rate, {bY the power developed

and (c) efficiency. Assume whirl at outlet 1o be zero,

[Ans: (a) 2.9 m3 /s, {b) 2356 kW and (¢} 82.65%]
A Franeis wrbine with an overall efficiency of 70% is required to produce 147
kW. It is working under a head of 8 m. The peripheral velocity = 0.3./2g H and
the radinl velocity of flow at inlet is 0.96,/2g H. The wheel nias at 260 rpm and
the hydraulic losses in the turbine are 20% of the available energy. Assuming

. radial discharge. determine () the guide blade angle, (b) the wheel vane angle

al inlet, {c) diameter of the wheel at inlet and (d) width of the wheel at inlet,
{Ans: (2) 35.45°, (b} 42.54*, (c) 36.cm and (d) 20 cm]
An vutward low reaction turbine has internal and external diameters of the
runner as 0.5 m and 1.0 m respectively. The guide blade angle is 15° and
velocity of llow through the runner is constant and equal 103 mfs. If the speed
of thé tur bine is 250 rpm: head on the turbine is [0 m and discharge at outlet is
radial, determine (a) the runer vane angles at inlet and outlet; (b) work done by

the water on the runner per second per kg of water and (¢) hydraulic efficiency.

[Ans: {a) 32.5°, 12.5°, (b) 73.3 W/(kg/s) and {c¢) 74.7%]
Aninward flow reaction tuchine has external and internal diameters as 1.0mand
0.6 m respectively. The hydraulic efficiency of the wrbine is 90% when the head
on the turbine is 36 m. The velocity of flow al outlet is 2,5qn/s and discharge

" al outlet is radial. If the vane angle at outlet is 15% and.width of the whee!

1 10 ¢m at inlet and outlet, determine: (a) the guide blade angle, (b) speed of

" the turbine. (c} vane angle at inlet, {(d) volume flow raie and (e) power developed.

[Ans: (a}4.2°, () 297 rpm. (C) 17.1°, (d) 0.47 m3/s and (¢) 150 kW)

. An inward llow reaction wrbine has an exit diameter of | metre and its breadth

at inlet is 25 cm. H the velocity of flow at inlet is 2 m/s, find {a) the mass
of water passing through the turbine per second. Assume 10% of the area of
flow is blocked by blade thickness. I the speed of the runner is 210 rpm and
guide blades make an angle of 10 1o the wheel tangent, draw the inlet velocily
iriangle and find (b) the runner vane angle at inlet, (c) velocity of wheel at inlet,
{d} the velocity of water leaving the guide vanes and (e) the relative velocity of
water eniering the runner blade.

[Ans: (a) 1413.6 kg/s, (b) 80.1%, {c} 1 m/s, (d) 11.52 m/s and (e} 2.03 m/s|

. Draw a skeich of a Kaplan wrbine and describe the wurklng principle of the
_ main parts of the turbine.
. Draw the veloeity trionpgles of n Kaplan axial Now 1urbmc and derive the

expression for work done.

. AKaplan turbine wnrkmg under a head of 20 m develops 12 OOOkW The outer
diameter of the sunoer is 3.5 m and hub diameter 1.75 m. The guide blade angle
at the entrance edge of the runner is 35%. The hydrautic and overall efficiencies

9.26.

9.27.

9.28.

9.29,

9.30.

9.31,
932,
ERER
9.34,

9.35.

9.36.
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of the turbine are 88% and B4% respectively. If the velocity of whirl is zero at
outiet, determine
{a) Runner inlet and outlel vane angles at the extreme edge of the runner
and (MU-Ocr,'98, BU-Nav. "98)
{b) Speed of the turbine. (MKU-Nov. "97)
[Ans; (a) 103.64° and 40.16° and (b) 65.32 rpm|
A Kaplan wrbine runner is to be designed 1o develop 9100 kW, The nel available
head is 5.6 m. If the speed ratio = 2.09, flow ratio = 0.68, overall eficiency 86%.
and the diameter of the boss is 1/3 of the diameter of the runner. Find (a) the
diameter of lhc runner, {b) speed and {c) the specific speed of the turbine,
{Ans: (8) 6.21 m (b) 67.5 rpm and (c) 746|
The hub diameter of a Kaplan wrbine, working under a head of 12 m, is 0.35
times the rupner diameter. The wrbine is running at 100 rpm. If the vane angle
of the extreme cdge of the runner at outlet is 15° and flow catio 0.6, find (a)
diameter of the runner, (b) diameter of the hub and (c) the discharge through
the runner. The velacity of whir! at the outlet is assumed as zero.
[Ans: (2) 6.55 m, (b) 2.3 m and (c) 271.8 m*/s)
A Kaplan turbine has the hub diameter of 2.0 m and runner diameter of 5.0 m.
If it develops 25,000 kW when running at 150 rpm under a head of 25 m, with
15 and 7, of 90% and B5% respectively, determine the discharge through the
turbine and guide blade angle at inlet.
{Ans: {8) 119.93 m? /s and (b) 52.29%]
A Kaplan wrbine working upder a head of 4 m produces 11000 kW, Speed raiio
1.2 and flow ratio 0.65, hub diameteris 0.36 limes the outer diameter of runner.
Taking overall efficiency as 85%, find the diameter and speed of runner.
[Ans: (a) 9.15 m and (b) 22.19 rpm]
A Kaplun turbine has a specific speed of 450. If it develops 10,100 kW under
4 head of 20 m, find the diameter of the runner. Take speed ratio as 2.
{Ans: 4 m]
What are the bases of selection of a wrbine at » particular place?
Describe the theory of dralt tube and draw the different types of draft bes.
Explain the phenomenon of cavitation in turhines.
Explain with a ncat sketch the double regulation governing method in an
impulse turbine,
With a neat diagram. explain the method of governing a reaction turbine.
Describe the governing method used for an axial flow turbine.
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POWER TRANSMITTING |
TURBOMACHINES

INTRODUCTION

Turbomachines are calegoﬁsod as

{a) Power absorbing turbomachines
Example Pumps, fans, blowers, and compressors.

(b) Power generating turbomachines
Example Steam/gas turbines, and hydraulic turbines,

{c) Power transmitting turbomachines
Example Fluid couplings and torque convertors.

The power penerating and power absorbing turbomachines are used respectively to |
produce 'md anorb powcr the Nuids flowing through them cxpcncncc change in

enthal utlet, ln & power transmilling turbomachine, the

fluid is lomlly conlamed ina ng:d casing and does not cross the system boundary.
The powgl%lwmw serve the same pUIpOsE 25 me-
ﬂﬁ%‘:&[@ﬂ!ssmn evices such as a gear train and cluich assembly, in lrn.nsmming
power between two different shafts. In a gear train, the drive is positive i.e, if the driver

o erentshal

“$halt rotates, the driven shaft will necessarily rotate. In a power transmitting turboma-

chine, 1hcre is no positive drive, since the driver. and driven shafts are not mechanjcally
e e e bk st

med ~

THE HYDRAULIC COUPLING

The fiuid or hydraulic coupling is a device used for transmitting power from driving
shalt to driven shaft with the help of fluid (generally oil). Qil is used as the working
fluid because of its stability, non-corrosive nature and lubricating properties. 'Ihm:ls
no mechanical connection between the two shafls.

The hydraulic coupling consists of a radial pump impetler mounted on a driving
shaft and a radial flow reaction turbine mounted on the driven shait. Both the impeller
and runner are identical in shape and together form a casing which is complcu:ly
enclosed and filled with 01I .
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(a) Working Principle

In the beginning. both the shafls are at rest. When the driving shaft is rotated. the oil

' starts moving from the inner radius to the outer radius of the pump impeller as shown
inhe Fig. 10.1, The pressure energy and kinclic energy of the 0il increase at the ouler
radius of the pump impeller.

: impeter Sj) Co
b ','éb;/;' -U’{/P”};b L»;f SVl
. J.}/(ff_/é’.r:" ri.ving shat L riven iy
' (\'rfxi?ﬂim ﬂ;mtﬂ;m
(D

Figure 10.1  Fluid {or) Hydraulic coupling '

The energy-increased oil then enters the runner of the reaction wrbine at the outer
radius and Aows from the outer radius to the inner radius of the wirbine runner. The
oil while flowing through the runner, transfers its energy to the blades of the runner
and makes the runner to rotate. Thus, finally, the driven shaft rofates. The oil then
{lows back into the pump impelier. Thus, a continuous circulation of oil occurs and
hence continuous ratation of hoth shafls are maintained. ' :
. The power is transmitted hydraulically from the driving shaft 1o the driven shaft and
© the driven shaft is free from engine vibrations.

The speed of the driven shaft is always less than the specd of the driving shaft by
"about 2 per cent. The efficiency of the power transmission by hydraulic coupling is
about 98%.

(b} Efficiency

The efficiency of hydraulic coupling is derived in the following equation.

Power oulput

Nwd coupling T
. Power input

Power transmitted to the driven shaft

Power available at the driving shaft

But pawer at any shaft s given by
InNT
60

Power =

(or):

Power ao{Speed x Torqucil

- — — -
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Let,
N, — Speed of driving shaft
Ng— Speed of driven shaflt
T — Toryue al driving shafl
Ty — Tarque at driven shaft
Then, power available at shalt A iy

PA o NA TA
and power transmitted 1o shafl 8 is
Pyo Ng Ty

The efficiency equation then becomes

Bul T4 = Tp l.e the torque transmitted is the same.

Ny Driven shaft speed

e = Na = Driving shaft speed

{c) Slip
Slip of fluid coupling is defined as the ratic of the difference of the speeds of the
driving and driven shafis to the speed of the driving shaft. Mathematically,

Ny =N
Stipar = 478
Na
= | Ny
Na
or
o=1—1t

The fluid coupling effects a smooth transfer of power from the engine 1o the transmis-
sion. All jerking and roughness is eliminated by the use of the fluid coupling. This
pravides smooth take off and reduces the wear and strain on the drive train.

Athigh engine speeds, the coupling is very efficient. It gives one 10 one ratio between
driven and driving members. At medium speeds, the coupling is.not guite es effective.
Allow engine speeds there is little power transler, When the engine speed is low, there
is no power transfer. This is same as having a conventional clutch in the disengaged
pusition. This allows the coupling to act as a clutch. As the engine speed is increased,
power transfer becomes more effective.

The lluid coupling cannot increase the torque asbove that produced by the crank shatft,

le £

£

e
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TORQUE CONVERTER

The hydraulic 1orque converter is n device used o transmit increased or decreased
puwer from one shafl (o another. "The torque transimitted at the driven shaft may be
more or less than the torque available at the driving shafl. The terque at the driven

shalt may be increased by nhout live times the torque available at the driving. shaft -

with an efficiency of about 90%.

A torque converter (Fig. 10,2) comprises of (i) pump impeller cuupled to the driviag
shaft (ii} turbine runner coupled Lo the driven shall and (iii} stator or fixed guide vane
arranged hetween the pump impeller and (the wrbine runner.

One-way
clutch

Engine

crankshal Turbine shafl

Figure 10.2  Torque converter

Qil flowing fram the pump impeller o the turbine runner exerts a lorque on the

stationary vanes. These vanes change the direetion of flow of ail, thereby making n
pussible torque and speed transiormation.
The torque relationship is described ns

Tp=Ts+ Ty

where
Ta— Torque at driving shalt
Tg— Torque at driven shafl
Ts— Torque at stationary vanes
The power ut any shaftis proportional o the product of torque and shaft speed.
Then, power available al shafl A is

and power‘availablc at shaflt 8 is

Pg wplp or

wg{Ty + Ts)
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Efficicney of torque converter

Power outpul
0 = —
e Power input
wa({Ty +Ts)

waTa
g Ts
= — |1+ =
wa TA
Obviously, when there are ao guide vanes, torque converter reduces to flange coupling,
because, when

Tg=0

Then,

wa
M = — =1
t wa FC

Further depending upon the design and orientation of guide vancs, the mrquc con-
verter may function as a torque mulitiplier or torque divider.

Torque converter acts as a torque multiplier i.e., when Ty is positive, To achieve this.
the puide vancs are designed to receive a torque from the oil in a direction opposite
to that exerted on the driven shafi, ‘

If the puide vancs are designed such that they receive a torque from the oil in the
samu direction as that of the drivén shaft, then the torque converter will act as a torque
divider i.e. when Ty is negntive,” 1

Usuully the torque converters are employed for |orqu:: augmemation i.e. for increas-
ing the torque, Large magnificotion are obtained by having two or more sets of wrbine
runner and fixed guide vanes.

* Torque converlers lind application in dicsel locomotives, earth movmg machinery

and automabile powet transmilting units.
Al Jow speed ratios, lorque converters are more economical than fuid coupling.
Conversely when the speed ratio approaches unity, the fluid coupling is economical,”
For optimum advantages in a system, the transmission sysiein 1s so designed that
the unit acts as a converter at low speed ratios and as a coupling at high speed ratios
i.e. al speed ratios above 0.5,

CHARACTERISTICS OF FLUID COUPLING & CONVERTER

The characteristics of fiuid coupling and Torque coaverior are shown in Figures
10.3 and §0.4. The cfficicricy and Torque ratio (Tg/ T4} are functions of speed ratio
{Ng/N,4) The torque ratio of a torque convertor falls with increasing speed ratios,
whilc at the same tite the efficigncy increases, At a speed ratio between 0.65 and 0.7
(design value), the transmission efficiency reaches its maximum value of about 85%.
Il the speed ratio exceeds the design value, the elficiency decreases quite rapidly.
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ratio. Thus the terque convertor is a more efficient power transmitting device ar low
specd ratios, while the fluid coupling is more efficicnt device at speed ralio nearer to
(0,95 or 0.98.

For amomohiles, the speed ratio varies between O and 0.98. The.clore, it is usual
to have a combination of {luid coupling und hydraulic convertor, so as o avoid the
incfficient range of operation of each device. At low speed ratios, the unit act as a
iorque convertor while at high speed ratios, the same unit works as a fluid coupling

with torque ratio of unity and its efficiency increases to about (.98 with an increasing
speed ralio.

12
N ,
~
N
~
~
T > LS
.

I ’ K
n N T,
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\
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NpfNy

Figure 10.3 Torque converter characterisiics
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NB,N.A ! L‘%L/‘);.r:(f_’b
Figure 134 Fluid cbffﬁlmg ckdractérisites

But the efficiency of the fluid coupling increases continuously with speed ratio,
‘reaching 2 maximum value of about 95% when the speed ratio is 0.95. However,
_the rise in efficiency of the Aluid coupling is not as fast as that of the torque con-

vertor during initial stages. Infact, the torque convertor, running at its design ratio
(0.65 - 0.7}, has a higher efficiency than that of the fluid coupling at the same speed

10,1,
141.2,
H).3.
10.4.
10.5.

10.6.

10.7.
10.8.
10.9.
16.10.
10,11,
1012,
10,13,
10.14.

EXERCISES

What are power transmitting turbomachines?

What is hydraulic coupling?

Explain with a neat sketch, the working of fluid coupling.

Derive the efficiency of a fluid coupling.

Define: Slip of a fluid coupling. Show that Slipe = | — p where 7 is the fluid

coupling efficiency.

In & fluid coupling, the speeds of the driving and driven shafts are 800 rpm

and 780 rpm respectively, find

{a) the ¢fficiency of the hydraulic coupling and (b} the slip of the coupling.
|Ans: {8)97.5% and (b) 2.5%}

What is a Torque coverter?

How does a torque converter differ from a fiuid coupling?

Draw a neat sketch and explain the working, principle of a torque converter?

Derive the expression for the efficiency of a torque converter?

What is the role of guide vanes in a torque converter?

Compare torque converter and fluid coupling on the basis of speed ratio,

Write a note on the characteristics of a fluid coupling.

[iscuss the characteristics of tarque convertor.
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AXIAL FLOW COMPRESSOR BLADE DESIGN
! (FOR COMPRESSOR PROBLEMS)

4 include <stdic.h>
# include <math.h>
# include <conio.h>

l? main ( )
: {
double al, a2, bl,b2,i,3,k,1,Al,A2,B1, 82, g, 1,5, t;
i float td, WF, U, Ca, Cpw1005.0, R, Um, Ut, Ur:
[" : int x;
R char Q:
printf {"enter temperature difference =)
‘ ' : . gscanf (*%$f*, &cd);
t ' printf ("enter workdone factor ="}:
E ) scanf (*$£", &WF);
- printf ("enter mean blade speed m/sec) =");
{ scanf ("%f", &Um): ) .
E . printf {"enter axial velocity (m/sec) ="};

scanf (“S$f", &Ca):

printf ({("enter the blade tip speed {(m/sec) =*);
{ . scanf (“%f", &Ut):

L printf {*enter the blade root speed [(m/sec) =°};
scanf (*%f", &Ur):

printf {"constant reaction blade ? ="};

scanft {("%¢", &Q):

clrser | ):

if 1Q = = 'yv") /#CONSTANT REACTION BLADHK DESIGN =/
1 {

1; o for (x=1; x <=3; x++)

k { )

1E {n == 1)

{

f.; U = Ucg;

vy printf (“blade tip angles {(deg.}) : \n\n");
else if (x == 2)

' {

o=y

U = Unm;
printf {"mean blade angles {(deg.) :\n\n"}:

!
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else ‘ \ Bl = atan ({U / Ca) - tan (Al})};
{ X bl = {1B0sBl) / 3.14;
U = Ur; v printf {("in let blade angle = %f \n", bli;
printf {"blade root angles {deg.) :\n\n"): A2 = atan {(Um/U)* tan (k)};
} ) a2 = (180sA2) / 3.14;
i = (td « Cp)/{WF = U * Ca); printf (“outlet air angle = %f \n", a2);
j = (0.5 = 2 % U) / Ca; B2 = atan ({U / Ca} - tan {A2));
k = atan {{i + j) ¢ 2); b2 = (180=B2) / 3.14;
bl = (180 = k} / 3.14; printf ("outlet blade angle = &f \n*, b2J:
printf {"inlet blade angle = %£ \n", bl); R = Ca / (24U} » (tan (Bl) + ran {(B2));
1 = atan (j - tan (k)); ' . _ printf t("degree of reaction = %f \n\n". R}:
b2 = (180 = 1)/3.14; ‘ }
printf {("outlet blade angle = %£ \n", b2}; . }
printf {("inlet air angle = %f \n", al = b2}; . }
printf (-outlet air angle = %£ \n\n~, a2 = bl); )
- k : . INPUT
}
else enter lemperature difference = 20)
' enter workdone factor = 0.92
clrscr { }: /+#FREE VORTEY BLADE DESIGN * / enter mean blade speed (misee) = 210
1 = {cd = Cp) / (WF x Um % Ca); enler axial velocily (msec) = 157.5
j = (0.5 * 2 * Um) / Ca; enter blade Up speed (mfsec) = 262.5
k = atan { (i + 3} / 2); ' enler blade root speed (myfsec) =.157.5
bi = (1B0 » k) / 3.14; ’ constant reaction blade 7= y ‘
princf {(“mean blade angles (deg.} :\n \n"};:
.printf {"inlet blade angle = %f \n", bl); OUTPUT
1 = atan {3 - tan (k) ): S
b2 = (180 « 1) / 3.14; ' Blade npy angles (deg. s
printf (-outlet blade angle = %f \n", b2); _ mlet blade angle = 47687020
printf ("inlet air angle = %f \n", al = b2} _ autlet blade angle = 29.659747
printf ("outlet air angle = %£ \n \n", a2 = bl}; AN ! inlet air angle = 29.659747
for (x = 1; x < = 2; X + +) \ j outlet air angle = 47.687020
{ ' N Muean blade angles {deg.):
if (x==1) inlet blade angle = 44,9350%)
( . outlet blade angle = 18.601836
U = Ut; ) ‘ “‘%\\ ' inlet air angle = 18,601 836
printf (*blade tip angles (deg.) : \n \n"): sutlet air angle = 44 935000
) Blade rout angles (deg.):
olue inlet hlade angle = 43261696
{ outlet blade angle = 3.414273
U = Ur; inlet air angle = 3414273
printf {"blade root angles {deg.) : \n\n"}; outlet air angle = 43.261606
} .
Al = atan { {Um / U}* tan (1}};
al = (1B80=Al) / 3.14;

printf ("inlet air angle = %f \n", al};
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