


GAS TURBINES
AND
JET AND ROCKET PROPULSION

Dr. M.L. MATHUR
AND

R.P. SHARMA

STANDARD PUBLISHERS DISTRIBUTORS

1705.B, Nai Sarak, DELHI-110006
Phone : 3262700, 3285798 Post Box : 1066



Published by :

Nem Chand Jain (Prop.),
Standard Publishers Distributors,
1705-B, Nai Sarak, Delhi-110006

Second Edition 2007

Edition : 2010
'Edition 2014 -

~—

This bock, or parts thereof, may not be reproduced in any form
or translated without the written permission of the Authors and
publisher.

Price : Rs.12s.

ISBN 81-8014-062-8

Printed at :
Lomus st Press. Dethi.



PREFACE

Gas turbine is relatively a new power plant which has been
originated and developed in the last half a century. World War-
11 inducted this power plant into aircrafts as a jet prepulsion engine.
Today turbojet engine and its variants are the most important
power plants for aircraft and missile propulsion.

Basically there are two types of propulsive devices : air
breathing engines and rockets. Initially the rocket technology
developed due to the requirements of military but in recent times
the requirements of space travel forced a tremendous development
in rocket propulsion,

In this background, Gas Turbines and Jet and Rocket Propul-
sion has become a very important subject for mechanical engincers
and many institutions have inciuded this subject at under-graduate
and post-graduate levels.

This*beok has been written to serve as a text-book for the Gas
Turbine and Jet and Rocket Propulsion courses taught to engineer-
ing studeuts and not for specialists in propulsion. The book is
based on Gas Turbine and Jet Propulsion courses given by authors
to studenis for several years.

The book is divided into nine chapters. Chapter 1 compares
gas turbine plant with highly developed reciprocating internal
combustion engine and sieam turbine plants, and describes various
applications of gas turbines. Chapter 2 gives the thermodynamic
analysis of theoratical and actual gas turbine piants—for nuclear
power generation, total energy systems and automotive field. For the
study of propulsion systems a basic knowledge of gas dynamics is
esscntial and Chapter 3 is devoted to this topic. Compressor forms
a very important component of a gas turbine plant as it absorbs
almost two-thirds of the power developed by the turbine. The
overall efficiency of a gas turbine plant heavily depends on the
performance of the compressor. As an introduction to compressors,
Chaptar 4 is devoted to positive displacement compressors—both
reciprocating and rotary types. Chapter 5 deals with theory of
dynamic compressors used in gas turbine plants, and compares the
two basic type of compressors—the centrifugal and axial flow types
including their design. Chapter 6 deals with gas turbine combustion
chambers. The turbine design is a vast subject. Chapter 7 gives
introduction to gas turbine design. Chapter 8 is devoted to jet
propulsion. It deals with turbojet, turboprop and thrust argums=n-
tation devices. The athodoydsram jet and pulse jet, are also
discussed. Finally, a comparison of different jet propulsion devices
is given,
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Chapter 9 is devoted to rocket propulsion and deals with solid
and liquid propellant chemical rockets. Possible future develop-
ments in rocket technology—nuclear, electrostatic and electromag-
netic rockets are also discussed.

The authors have tried to present the subject matter in a simple
and clear manner so that the student can learn subject with
minimum help from the teacher. The figures have been given as
simple reproducible line diagrams. The theory has been illustrated
with a large number of solved examples, which are graded and
titied. Sufficient examples for practice have also been given. Both
solved and unsolved examples have been taken froin various
univers.ty examinations. A largs number of theory questions are
given at the end of each chapter for self-testing of students.

with the rapid developments in science and technol~gy,
knowledge and information becomes out of date very soon. and
each new bcok should justify its birth on the basis of presentation
of new material. 1In this book an attempt has becen made to draw
deep into the latest literature available. [t is hoped that this
feature will justify this book and it will be useful to practising
engineers also.

It is with great pleasure that the authors express their
gratitude to many colleagues for ussistaT‘ce. Thanks are particularly
due to Shri F.S. Mehta, Reader in mechanical engineering, Univer-
sity of Jodhpur, for critical comments and assistance in workirg
out geveral of the illustrative cxamples. Thanks are due to Shri
P.S.” Kachhawa and $S.N." Garg for preparing the drawings.
Authors also thank Shri Nem Chand Jain of M/s. Standard
Publishets Distributors for all help and co-operation in publishing

this book.

in the first edition of ~ book some mistakes invariably creep
in. Thé authors will be gra.eful if these are called to their atten-
tion. Also the authors will be happy to reccive suggestions from
students and teachers for improving the book in subszquent editions.

New Year Day M.L. Mathur
Ist January 1976 i R.P. Sharma
PREFACE TO THE SECOND EDITION

‘ In the second edition of the book, the subject matter has been
revised and upto date.

Ist Oct. 1987 M.L. Mathug

R.P. Sharna
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GLOSSARY OF SYMBOLS
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absolute velocity

coefficient of drag

coefficient of lift

specific heat at constant pressurc
specific heat at constant volume
diameter
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specific internal energy, basc of rormal logarithms
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enthalpy

specific enthalpy, height of blade
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absolute temperature (Keivin), work done facior
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molecular weight, Mach numbe:

mass, nuclear weight, number of biudes
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rotational speed, revoiutivn pii minute

" polytropic index

power

absolut¢ pressure

heat, rate of heat, transfer

gas constant, drgree of reaction
universal gas constant

racéius, compression ratic. spced ratic
pressure ratio

entropy
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specific entropy

absolute thermodynamic temperature
temperature _ _

internal energy, blade speed

specific internal energy

volume, velocity relative to blade, velocity
cxit velocity

jet velocity

specific volume

work, rate of work transfer

height above datum

Greek Symbols

a

LG

< £ a F o 6

anglc of absolute velocity, nozzle acceleration
angle of relative velocity

ratio of specific heat, ¢,/cs

efficiency '

temperature difference, fundamental dimension of tempe-
rature '

Flow coefficient

density

Mach angle

slip factor, velocity ratio, stress

angular velocity
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air, atmospheric, axial velocity, actual
blade

back pressure.

critical value, compressor
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change of phase at constant pressure
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mean
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INTRODUCTION

A gas turbine is a rotary machine, similar in principle to a
steam turbine. It consists of three main components—a compressor,
a combustion chamber and a turbine. The air after being com-
pressed into the compressor is heated either by directly burning fuel

" in it or by burning fuel externally in a heat exchanger. The heated
air with or without products of combustion is expanded in a turbine
resulting in work output, a substantial part, about. two-thirds, of
which is used to drive the compressor. Rest, about oune-third, is
available as useful work cutput.

1']7. DEVELOPMENT OF GAS TURBINE

The concept of turbine prime mover can be traced back to
Hero of Alexandria who lived about 2000 years ago. John Barber,
an Englishman, was first to develop an important design in 1871.
This design used an impulse turbine, a reciprocating com-
pressor, @ gas producer and a combustion chamber with water
injection, In 1872 Stolze in Berlin and in 1884 John Parsons in
England patented their designs but both of them failed. It was
Prof. Dr. R. Stodolza, the world.famous teacher at the Swiss Federal
Institute of Technology (from 1892 to 1929) who established the
scientific and engineering basis for the steam turbine and predicted
& bright future for the gas turbine at a very early date, Even
the first edition of his standard book on steam turbines {1903)
contained a chapter on gas turbines, including the general theory,

which is still valid.

The development of gas turbines was hampered for a long
time despite this general theory because of two basic reasons :—

(i) The lack of materials to withstand high temperatures.

{4t) The lack of thermodynamic and aerodynamic knowledge of
flow mechanism.

Early attempts by Stolze in 1904 failed mainly because of the
lack of necessary enginecring know-how. Some attempts even
produced negative power, i.e. power produced by turbine rotor was
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less than that required by the compressor. And the world had to
wait for 1he development of appropriate high temperature materials
and improved blade and machine efficiencies. both of which were
essential for hringing the gas turbine to life. The honour of bring-
ing the first industrial gas turbine into practice goes to Adolt Meyer
of Brown Boveri when the first 4000 H P. set was demonsirated in
1919 on the occasion of Swiss National Exhibition. This was the
actual birth of the gas turbine. The use of the gas turbine in
military jets brought a great bcost in the thermodyramic and
aerodynamic knowledge during and after the First World War. So
far, all the efforts were concentrated only on open cvcle gas turbine
and till the end of the war little was known about the closed cycle
gas turbine. It was on a suggestion by Ackeret and Keller of Escher
Wyss and the enterprising spirit of the same firm which made
possible, afrer long perviod of development and pioneering work, the
advent of closed cycle plant with the establishment of = 2000 kW
closed eycle gas turbine plant in 1939. Since then this field has
undergone tremendous progress and in the present state of develop-
ment gas turbines have been applied tc a wide range of ap. lications
.which include industrial, autometive, aircraft, free piston engines
and combined gas-steam cycles, and it has a bright future.

1'2. CLASSIFICATION OF GAS TUREBINES

Gas turbines are classified into two main types :
1 Open cycle gas turbine,
2. Closed cycle gas turbine.

In an open cycle gas turbine [see Fig. 1'1 {g)] air is taken from
the atmosphere in the compressor, and after compression its tempera-
ture is raised by burning fuel in it. The products of combustion along
with the excess air are passed through the turbine, developing power
and then exhausted into the atmosphere, For next cycle fresh air is
taken in the compressor.

In a closed cycle gas turbine [see Fig. 11 (8)] the air is heated
in anfair heater by burning fuel externally. The working air does not

Combustion Combusiisn
chamber . chamber
/ N
A T, .

Compressor| Turbine Compreasor; o/ TL Tusbine
f j ‘ e,

i ! i | e———
| | T L

L ; Heat

E/ \‘ exchangser J

%Aiv in Gases out I LAAAANS e
F/\/\/\N1

() Open cycle (b) Closed cycle

Fig. 1'i. Schomatic diagram of open cycic and clos:d cycle gas turbines.
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come in contact with the products of combustion. The hot air
expands in the turbine and then cooled in a precooler and supplied
back to the compressor. The same working fiuid circulates over
and again in the system.

Open cycle gas turbines can be further classified into
{¢) Constant pressure or continuous type, and

(¢t} Constant volume or explosion type.

,intet

%

Safery volve

(_'la ety voly

Starting it m
m9!0r f
{J ! Turbine

Generator
, o

RN

Axial flow
compressor

Annular
space, " oy

- !

—~—— - Burner;\—g 1:‘::::‘“;
et s | —1
u

Fig. 1'2, Constant pressure type gas turbine using an axial
flow compressor.

{2) Constant Pressure Gas Turbine

Figure 12 shows the diagram of a coastant pressure type gas
turbine using an axial flow compressor. Bravton or Joule cycle is
the fundamental 1deal cycle for constant pressure open cycle gas
turbines, [t consists of isentropic compression and expansion
process and heat addition and heat rejection at constant pressure.
Fig. 13 shows the correspondiug p-v and 7 s diagrams.

A'r is adiabatically compressed ina centrifugal or axial flow
compressoc ty about 4to 6 kgy/cm* and is sens to a combustion
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Turbine
work

Reversibls
adiabatics

Compressor

i work

v 5

{a) p-v diagram (b) T-s diagram

Fig. 1'3. p-vand T-s diagram for a constant pressure gas turbine
chamber where a part of it (about 25 per cent), called primary air,
forms a stoichiometric air-fuel mixture and is burnt at constant
pressure to about 2000°C, and the rest 75 per cent of the air, called
secondary and tertiary air, is fed downstream in the combustxon
chamber to cool the products of combustion to about 700 to 900°C
by mixing with them. A temperature of about 900°C is _the upper
limit of temperature from metallurgical considerations. The mixture
then passes to an impulse or reaction turbine where gases are
expanded adiabatically. The work done by the turbine is used to
drive the compressor as well as the external load. The compressor
consumes about two-thirds of the total power developed by the
turbine, and only about one-third is the net power available,

A gas turbine is not a self starting machine. For starting, it
is first motored to some minimum speed called the coming in speed
before the fuel is turned on. A motor of about 5 per cent of the
power output of the turbine is provided for this purpose.

(b) Constant volume or Explosion Type Gas Turbine

Main
'5%\?1:87 generator
Nozzie ! ‘(— h
101014 q J’}
Kgt/cm? T

Feed water Exhaust gases

Sie\

am

‘\/ Sparking boiler ;
Tl plug k/"
3 Kgf/cm2
Fuel pump storting
Axial m@
compressor turbine %

Fig. 1'4.-Schematic arrangement of a constant volume Holzwarth gas turbine plant,
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Figure 1°4 shows a schematic arrangement of a constant volume
Holzwarth type gas turbine plani. Atkinson cycle {sec Fig. 1'5)is
the basis for this power plant. Air from ol 3
th&? atimosphere is compressed in the Adigbatic
axial flow compressor driven by a
separate steam turbine. The compressed
arr at about 3 kg,/cm? is sent to a com- 5
bustion chamber. Fuelis supplied with
the help of a fuel injector and burnt by
a spark plug, The fuel explodes to
develop a pressure of about 10 to 14 a
kgf/cm‘* and a very high temperature. !

The products of combustion at a high
pressure then expand in a turbine :
producing power. The exhaust gases, Fig. 1'5. Atkinson cycle
still at a high temperature, are sent to on £-v diagram.

an exhaust boiler. The water used to cool the combustion chamber
and nozzle is the feed water of this boiler. A steam turbine, which
drives the compressor, is driven by the steam so raised.

v

. The constant volume combustion requires that the burning
mixture should be isolated from compressor and the turbine ; so use
of valves in the combustion chamber is necessary, resulting in an
intermittent combustion which inherently impairs the smooth runs
2Ing of the machine. This is a big disadvantage and has been the
Iain reason, in addition to mechanical complexity, of the disappea-
Yance of this type of gas turbine plant despite the fact that a
constant yolume cycle has better thermal efficiency than a constant
pressure CYCIC.

I'3. GAS TURBINE ys. RECIPROCATING 1.C. ENGINES

Before a complete analysis of gas turbine plant is done, it 1S
worthuwhile to discuss the comparative advantages and disadvantages
of gas turbine over reciprocating I.C. Engines. Fig. 1'6 compares
the gas turbine cycle with that of a reciprocating 1.C. engine. It can
be seen that the four basic operations of inducticn, compression,
coembustion and expansion are common to both. However, in the
gas turbine the flow is continuous while in a reciprocating I.C.
engine it is intermittent.

The following is a brief discussion of the advantages and diss
advantages of gas turbine over the reciprocating I.C. engines.

Advantages :

1. A gas turbine power plant being a2 rotary machine
has a simple mechanism and higher operational speed. Due
to absence of reciprocating parts such as connecting rod and
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piston, etc., the vibrations are virtually absent resulting in better
and easy balancing and small foundations. Gas turbines, because of

i
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Turbine outlet

e

Jet pipe exit

Fig. 1'6. Comparison of a gas turbine and reciprocating
1.C. engine cycle.

less number of parts, is easier to maintain. All these characteristics:
give the gas turbine an exceptional reliability unmatched by recipro-
cating engines. The maintenance costs of a gas turbing is about 60
per cent that for a diesel engine. o

2. Large amount of power developed in a gas turbine plant
results in high specific output and the weight of such a plant is
several times less than that for z reciprocating I.C. engine. The
fact that lower pressure ratios are used in gas turbines also eontributes
to it by way of lighter construction used. Turbocjet, turboprop and
reciprocating engines have respectively a weight/power ratio of”
0-13 kg/kg of thrust, 0177 kg equivalent hp and 05 kg/hp or more.

3. The capacity of reciprocating engines is limited by poor-.
volumetric efficiency at very high: speeds, and detonation and-
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knocking, whilc the capacity of gas turbine seems to be unlimited.
This is very important sinze, at present, the reciprocating I.C.
engine is 2 highly developed product while gas turbine plant still
has immense development possibilities.

4. Very little or no cooling is required for a gas turbine plant
as compared to the large amount of cooling needed for reciprocating
engines. This fact enhances the versatility of the gas turbine power
plant. Absence of radiator is a big advantage in case of automotive
use of gas turbine.

5. The mechanical efficiency of a gas turbine is mere than
that for reciprocating engines.

6. The lubricating oil consumption is also small. The cost
of lubricating oil in the case of a gas turbine is about 0'5 to | per cent
of the total fuel cost while for a diesel engine it amounts to about 10
to 15 per cent of the total fuel cost.

7. Itisrather simpler to control the gas turbine.

8. Gas turbine, especially the closed cycle gas turbine, can
burn almost any fuel ranging from kerosene to heavy oil and even
peat and coal slurry. This results in a great economic advantage
over the reciprocating engine in which the phenomenon of detonation
dictates that the quality of fuel used should be comparatively better.

In addition to reduced fuel costs, turbine fuels are less volatile,
so fire hazards are reduced. The gas turbine can be used where
low quality cheap fuel is available, e.g., natural gas near oil fields.

9. Gas turbines are highly suited to total energy systems where
they can be used in conjunction with steam, hot air, free-piston and
diesel plants. ‘

10. Gas turbine is a comparatively rugged machine which can
be left uncared for a long period.

Disadvantages ;

1 The maximum efficiency of a simple gas turhine plant is
iower than that of reciprocating engines. To obtain efficiency near
that of reciprocating engines, gas turbines should be. provided with
re generator, etc., which increases the complexity and cost of the
plant.

2. The patt load «fficiency of gas turbine is poor. The best
specific fuel consumption is near waximum output whereas for a
reciprecating engine this occurs at about balf the rated output.
Since most of the applications do not operate at full load except for
a short duration, this is a distinct disadvantage.
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3. The gas turbine is not a self-starting unit. Moreover, the
power required to start is also quite high, so an additional motor of
high power is necessary.

4. The cost of manufacture of a gas turbine plant, at present,
is higher due to the use of high heat resistant materials and special
manufacturing processes used for blades. Particularly for low horse
power ratings, a gas turbine becomes very expensive in initial cost as
well as in running cost compared to a reciprocating engine.

5. The gas turbine is slow in its acceleration respense. This "™
Is.a big disadvantage for automotive use.

6. Gas turbines run at comparatively high speeds and require -
a reduction gear to be used for normal industrial applications.

7. The gas turbine is sensitive to the component efficiencies.
Any reduction in compressor or turbine efficiency wiil greatly affect
the overall efficiency of the plant. This requires highly matched

turbine and compressor combination.
1-4. GAS TURRBINE vs. STEAM TURBINE

The following is a brief comparison of gas and steam turbine
plants : :
1. Steam turbine is the cheapest and most easily available fuel
burning plant for high power production purpose. Itisin a highly
develoved stage after long experience and has higher efficiency than

that of the gas turbine plant.

2. Steam turbine, due to higher heating surfaces required, is
bulkier than a gas turbine plant. This, though, is not very important
for stationary plants but is highly critical for mobile power plants.

3. Due to low pressures used in gas turbine plants specific
power based on volume basis is lower than that for steam plants.

4. Little or no cooling is required in gas turbine plants where-
as a large amount of cooling is required in a steam plant. This
makes the gas turbine highly suitable for rail road transportation and
aircraft propulsion. Closed cycle plants need about 10 to 20 per cent
of the cooling water needed for steam plants.

5. Usually gas turbines run at a higher speed and the blades
are also twisted as compared to steam turbine blades.

€. A gasturbine plant can be rapidly started and stopped
as compared to a steam plant. Thus it is highly suitable for peak

load purposes.

7. Due to the absence of components such as condenser, feed
water treatment device, etc., the auxiliary equipment is small for a
gas turbine. Thus a gas turbine plant requires less maintenance
and is simpler to operate.
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8. Manpower required to operate gas turbine plant is much
less than for a steam turbine plant. The control is easier and
quicker to adopt to variaticns in load.

15, APPLICATIONS OF GAS TURBINE

The great success of the gas turbine in the aircraft field has
since long attracted many people serving a wide range of industries.
The continued development towards increasing the turbine inlet
temperature and improving the component efficiencies over the past
decade has enlarged the sprectrum of gas turbine applications to
areas such as power generation, marine and automotive propulsien,
nuclear plants, utility industry, etc. The main reason of such a
wide popularity being enjoyed by the gas turbine is its advantages
of simplicity, high power/weight ratio, smooth running, less main-
tenance, multi-fuel capability, suvitability for combined cycles and
high reliability. The application of the aircraft gas turbine into the
industrial and power generation has given a new stimulus to this
widening of application spectrum of the gas turbine because of the
rich experince obtained in aircraft field. Turboshaft engines are
now being used for generation of electricity, auxiliary power drives,
marine vehicles and ordnance prime movers, pumping of fluids, etc.

The whole gamut of the applications of the gas turbine can be
divided into three broad categories :

1. Industrial
2. Power generation

3. Propulsion.
1.5.1. Industrial Gas Turbine

Since the gas turbine has many qualities which an indus=
trial prime mover must have, its use has spread over a wide range of
industrial applications ranging from petro-chemical, thermal-
process-industries to general utility industries. The gas turbine
itself is quite competitive in first cost and operating cost with the
highly developed steam turbine. The lower manpower requirements
(some gas turbine can run on unsupervised basis by remote control)
and the excellent reliability of up to 99 per cent along with its basic
simplicity has made the industrial gas turbine very much popular.
Much of the industrial and other applications have been made
possible by the adoption of aircraft gas turbine for such uses on the
basis of rich experience gained in aviation field.

For the industrial gas turbine, unlike its aircraft counterpart,
the frontal area and the space requirements are not critical and
their selection for a particular application depends on long life,
availability, thermal efficiency, pressure losses and other parameters
of importance for the industry under consideration. Generally, the
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industrial turbine is a continugus duty unit with large power require-
ments and long life. The following is a brief discussion of some of
the many industrial applications of the gas turbine : —

(a) Thermal Process Industries: For industries which have
large mechanical and thermal energy requirements, the industrial gas.
turbine is ideally suited. Examples of such industries are cement,
lime, and light weight aggregate manufz cturing unit. The turbine can.
supply the power needed while the exbaust gases which contain a
large amount of heat can be used to raise steam for thermal process-
ing. Modern boilers have an efficiency of more than 90 per cent
but the overall steam plant efficiency is not more than 40 per cent'
whereas the gas turbine with heat recovery or a total energy plant
can very easily attain an efficiency figure of 75 to 80 per cent.

) (6) Petro-chemical Indusiry. Petrochemical industries are unique:
in that they simultaneously need compressed air, hot gases, and
mechanical power in various combinations. The gas turbine:
provides a heat balance for these requirements which is much
superior than all other prime movers. A single gas turbine plant
can produce power supply, compressed air and the hot gases or
steam simultanecusly. In addition to this the gas turbine can be
used to drive a large number of generators, compressors and pumps,
etc. The extreme reliability needs for process applications is alse-
met by the high degree of availability and reliability inherent in a
gas iurbine plant.

(¢} Gas Compression and Processing. Gas compression and
pumping of the natural gas from gas generation site to user’s
requires the use of high speed centrifugal compressors. This is-
because of the small space requirements, less maintenance and
less pipe vibrations and pulsations due to the smooth discharge-
of gases from a rotary compressor. The gas turbine is idealy
suited for such applications because it altogether avoids the use:
of a costly reduction gear and its mechanical troubles. For gas.
processing such as liquefication, etc., the exhaust energy of the gas.
turbine can be used either to drive pumps or refrigeration unis.

1'52. Combined Cycle Power Plants: Total Emergy-
Plants.

The early use of the industrial gas turbine was mainly as a.
boiler auxiliary operating at variable speed to suit the combustion air-
needs. The turbine output available was usually only sufficient to drive-
the compresser, the net surplus of power, if any, was not given any
importance. Then the idea of using a complete, separately fired gas
turbine in front of an existing boiler to provide it with - combustion
air with about 17 per cent oxygen and thereby avoiding gas turbine
stack losses, grew into prominence and, by 1960, the idea became a.
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reality with the fiechOpm_ent of high temperature alloys and better
component efficiency available due to advances in the state of art.
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Fig. 1'7. Combined steam and gas turbine cycle.

Such combined cycles called “high-efficiency cycles’ resulted
in a gain of about 5 per cent in heat rate over the best steam cycle
at somewhat lower capital cost. Fig. 1'7 shows the schematic
diagram of a combined gas and steam turbine unit and the efficiency
obtainable from it. *The exhaust from the gas turbine with about
17 per cent oxygen, is used in a waste heat boiler in which additional
fuel is burnt and steam is raised to be used by a steam turbine. Since
the boiler is supplied with hot gases at a temperature of about 375°C
to 475°C depending upon the gas turbine, the usual air heater
exchanging heat with stack gases is not necessary. Rather an econo-
miser can be used to keep stack gas-temperature low. Bled steam can
also be used for feedwater heating along with an economiser. Actu-
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ally there can be innumerable variations of feed circuit giving minor
advantages in net gain, cost or convenience depending upon the
personal judgment or preference of the designer.

The reason of gain in efficiency is that by transferring some fuel
to the gas turbine, additional output obtained is greater than the loss
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Fig. 1'8. Sankey diagram comparing the heat balance of a steam
cycle with a combined cycle.

in steam turbine with a given total oxygen burning. The gas turbine
used have almost cent per cent efficiency in that nearly all of its heat
supply is either converted to power or reused in boiler. The magnis
tude of the total gain in efficiency depends upon the temperature of
the gas turbine outlet and many other factors. Fig. 1'8 shows a
Sankey diagram comparing the heat balarce of a steam cycle with
that of a combined cycle.

Ideally the gas turbine output is fixed at about 20 per cent of
the steam turbine output. However, some variations occur because
of the matching requirements of the flow to be passed from gas
turbine to steam boiler for various applications. In 1971, a new.
idea was offered by Sulzer whereby the ratic of gas turbine
output to steam turbine can be doubled. Fig. 1'9 shows such
a scheme in which a 57 MW gas turbine is matched with a 391 MW
steam turbine. A second gas turbine discharges its gases to the
chimney through a duplicate economiser. The whole of the feed
water heating is done by flue gases and no high pressure steam is
bled for the purpose. '

Another type of plant used is the recuperator plant or total
energy plant shown in Fig. 1-10. In this the gas turbine is the main-
‘power source and some of its exhaust heat is recuperated in a steam.
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cycle. The choice of the steam condition is not free (whereas it is
free in case of combined cycle) but depends upon the temperatures in’
the recuperator. Additional fuel can be burnt in exhaust gases to’
increase the superheat of the steam in order te increase the steam

turbine output.

Fuet
210 Mw
184.1 Hg/em?,538°¢C
| 30-8Kg/cmZ,535°¢C
~ c
57 MW 485G - ) o
L
2104w 38 Fé
Fygl ——
O 808 Mw 391w
~ c
5TMW -
> %
221°'cT . /
496 MW nett output 221°¢.f —29%°F :
4050nLCV '

Fig. 19, Sulzer scheme to double gas turbine output to steam
turbine output. -

These plants are widely used in industries where process heat
as well as power is required. Typical applications are chemical
plants, textile plants and also in some electric utility plants.

Fuel

Woste heet
boiter
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Fig. 1'10. Basic concept of recuperator cycle.
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Combined diesel and gas turbine plants (CODAG) are also
in use, specially iu marine instailations. By such a combination the
“part load operation of the turbine can be highly improved.

Other applications. Among other important applications are
turbocharging of aircraft, diesel engines, and certain types of petrol
engines, portable uaits for supply of compressed air, portable electri-
city generating sets, €tc. ‘

153 Power Generation

The rapid development in the gas turbine field and specially
the use of aircraft gas turbine experience in industry has established
@as turbine in power generation field. It is now widely used for
base load, peaking and standby operation. Due to its ability to start
from cold and carry the full load in less than two minutes, it is
-especially suited for the peaking and standby purposes.

The gas turbine as a part of the combined high efilciency cycle
is now widely used as a base load prime mover. During the last
decade the eleciric utility industry has experienced a tremendous and
continuing load growth. The large delivery time for steam plants
and non-availahility of nuclear plants along with the possibility of
using a cheap fuel has resulted in many ‘‘quasi base-load” gas
turbine units to be establisked in this period. The short supply time,
.cheap fuel and higher availability were the main reasons for the use
of gas turbines in many peaking and standby load applications.

Since the conventional steam generation methods using fossil
fuels have serious environmental and long-term cost problems, the
gas turbine with its characteristic advantages will be a popular
choice in future baseload power plans. The combined cycle power
plants would be an automatic choice due to higher efficiency, com-
pactness, and reliability.

For arid zones, where water supply is a major problem, gas
turbine electric utility plants are attractive choice.

1.54. Propulsion

Of th%/threc meodes of transport, namely, air, land and water,
‘the gas turbines have enjoyed phenominal success for the frst, and
attracted by this success it has been applied to the other two fields
also.

The use of the gas turbine for the aircraft ficld hardly needs
any stress. It is only because of the development in the gas turbine
technology that the present aviaiion progress has heen yossible.
Turbojet, turbopron. by-pass engine and cven Fh:: '}whcow rs are
examples of successful application of the gas turbine in the zviation

field.

The great success in the aviation ficld attracied wse of gas
turbine in automobiles and now a large 1

number of auitcmobtle
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models have come up in the power 'rangé of 140'to 300 h.p. The
advantages of using a gas turbine in an automobile are many and
are listed below.

1. Uniform torque and absence of vibrations gives smoother
operation and better pastenger comfort.

2. Light, compact, and less bulky.
Reduced air pollution due to complete combustion.

3
4. Cheap fuels can be used.
5

Absence of a clutch and gearbox make it easy to control
and results in reduced maintenance. Also, the number of
compenents in a gas turbine are much less than in a rcciprocating
engine.

6. Absence of cooling water.

7. Lubricating oil consumption is about 1/30 to 1/40th of that
in reciprocating engine.

8. Since there are a few bearings cold starting is very easy
even up to a temperature of —50°C.

But the gas turbine also has certain disadvantages for autos
motive applications, namely, high starting torque required riecessitates
high speed cranking, part load efficiency is pocr, engine breaking is
not easily accomplished, and above all due to large inertia of the
rotating parts delay in acceleration is marked. So before it can be
used in automobiles it requires certain modifications in the plang
arrangements. A detailed discussion of the automotive gas turbine is
included in article 2'11.

Combined diesel and gas turbine plant (CODAG) is specially
suited and is widely used for marine propulsicn due to its good. fuel
‘consumptioy characteristics, light weight, low space requirements,
fast manceuvering and high availability.

In a CODAG plant, the prime movers drive a common gear
via free wheeling clutches which allows independent operation of
diesel engive or the gas rurbine for low speed manoceuvers.. Diesels are

i lirection coatrolled by adjustable pitch
. the dicsels are run close to their
am speed and the propeller pitch is set to give optimum
elficiency. At higher speeds the gas turbine can be started within a
very short time. With a suitable frez= wheeling device, the gas
turbine can be started without stopping the engine and at peak speed
the output of the gas turbine is increased and the diesels are auto-
matically declutched and may be run at idling speed or shut down.

The most important advantage of the marine gas (urbine is
the ability to change engine quickly, thus reducing dockyard work on
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board to be minimum. By using air craft engines in marine pro=
pulsion devices an engine can be replaced within a few hours and
that is why almost all warships use aircraft type gas turbines in view
of the high cost of modern weapons and the requirement of high
availability. The marine gas turbine operates in a more corrosive
atmosphere due to presence of sea salt in air and fuel and use of
cheaper fuels.
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EXERCISES 1

How old is the concept of turbines 7 Briefly trace the development of gas
turbines through various stages.

What were the two main reasons for the slow development of gas
turbines 7

What are the two main types of gas turbines ? What is the essential
difference between them ?

Name the three major components of a gas turbine plant.

Explain with the help of a schematic diagram the working of a simple
open cycle constant pressure type gas turbine. On what cycle does it
work ?
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1'6. Name the two types of compressors used in gas turbines.
17. What are the pressure and temperature ranges used in gas turbines ?

1'3.  What air-fuel ratios are used in gas turbines and why ? What is the
function of secondary air ? Why is it necessary ?

1'9.  How much is the power consumed by the compressor of the gas turbine ?
1'10. Is gas turbine a self-starting machine ? How gas turbine is started ?

1:11. Explain with the help of a schematic diagram the working of a simple
open cycle conmstant volume or explosion type gas turbine. On which
cycle does it work ? -

1'12. Why constant volume gas turbine has become obsolete ?

1-13. What are the advantages of an open cycle gas turbine as compared to
reciprocating internal combustion engines ? What are the disadvantages ?

1-14. Compare the relative merits and demerits of* gas and steam turbines.

1-15. Discuss the various applications of gas turbines.
1'16. Discuss the application of gas turbines in the automotive field.
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ANALYSIS OF GAS
TURBINE CYCLES

2'1. THE BASIC CYCLE

Figure 2'1 shows the Brayton or Joule cycle, the basic gas turbine
cycle, on P.v and 7T-s diagrams.

P T

(a) {b)

Fig. 2'1. P-vand 7-s diagrams for Brayton oriJoule cycle.

The air is compressed from I to 2 in a compressor and heat is
added to this air during the process 2 to 3 which takes place in the
combustion chamber. Process 3 to 4 represents the expansion of
gases in a turbine. The fact that the line 3-4 is longer than the line
2-1 on 7-s diagram makes it possible to extract more power by the
turbine than needed to drive the compressor. In the ideal cycle
processes of compression {1-2) and expansion (3-4} are assumed as
isentropic and processes of heat addition (2-3) and heat rejection
(4-1) are assumed as constant pressure processes.

2'2. ANALYSIS OF SIMPLE GAS TURBINE CYCLE

“The actual performance of a gas turbine plant differs considerably
from the Brayton cycle of Fig. 2'1 because of the deviations from the
ideal cycle. These deviations include friction, shock, heat transfer
and aerodynamic losses in compressor and turbine, losses in combuss
tion! chamber, piping and mechanical losses, etc With such a
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large number of variables affecting the performance of the gas tur-
bine plant it will be really difficult to estimate its performance unless-
certain assumptions are made. To simplify the analysis the following
assumptions are made :

1. There 1s no pressure loss in the combustion chamber and
in piping, etc.

2. There is no increase in the rate of mass flow due to the
addition of the fuel.

3. The specific heat remains constant at all temperatures and
is same for compressor as well as turbine flow.

4. Radiation and mechanical losses are neglected.

P T

{a) (b}
Fig. 2°2. Actual and ideal cycle on P-¥ and 7-s diagram.

Assuming a flow of 1 kg. of air and with reference to Fig. 22
which shows both acrual and ideal cycle, the following analysis is-
made :

Efficiency

Efficiency of the cycle
Turbine work — Compressor work

Heat supplied

Work required fér €OMPressor
:'l'z"—hi
=cp(Ty—1T,)

Heat supplied in combustion chamber
=hy—he
=cp(T5—T5)

Work delivered by turbine
=hg-—hy
=0p(T3—Ty)



{sEo. 2:2] ANALYSIS OF GAS TURBINE CYCLES 21

. Thermal efficiency
co{T3—T)—cp(T,— T}

c_p(Ts'—Tz)
(T3—Ty)—(T,—1T,) .
= T,—T, 1)
T4 T2
____Ts( - )=1 (- )
T
T,—T;. 7,?

The isentropic efficiency of the turbine and the compressor are
defined as :

Isentropic efficiency of turbine, 7,

Actnal heat drop
Isentropic heat drop

hy—hy .
= Hhy (2:2a)
_ co(Ty—T,)
e - ep(T3—T,")

T,—T,
= T3— T4’

or
(2:2b)

Actual temperature drop
~ Isentropic temperature drop

Tsentropic efficiency.of compressor,

__Isentropic increase in_enthalpy
M=""Actual increase in enthalpy
hy'—hy
T hy—hy
Cp(TZ'——Tﬂ

0 — 8 "
d fle o, (T —T)

T, —T, Ry
=77, (2-30).

(9:3a)

Isentropic temperature rise
Actual temperature rise

From equation (2:2b), we have
T4=Ta_(T3-T4I)7)t

T, _ Ty
o 7 =1-{ 1= b
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I }1;)#
- T3= ]—73

[sEc. 2:2}

Assuming equal pressure ratio for compressor and turbine, we

have

T r P\
o4 —f =1 Y
Ty I !l. ! (Z)z ) ]

Similarly, from equation (2-3b), we get

y—1
T, 1 [ Py \~—
_— — — Y —
Tl ]+nr[( Pl) 1

2

Putting the values of T and Ls ia equation (2:2), we get

T3 TI

7]:
1
T,—T, [ 14—
]
o (1-1)
— . ! i
VA
N
where R::-(f,lf-\ TG
7y ]
: T
T . R
§ (v T

“For an ideal joule cycle,

'l]e=7]t=1

(24}
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TS
_ R
. n (T3—-T1)

(B—T1)—1,

___ (1—TR) R

=T,—T,—T,R+T,) R
1

=l

R

(2°3)

1
=] o
( Pz) Y

Py

From equation (2'5) it is evident that the ideal air standard
efficiency is independent of the turbine inlet temperature and de-
pends only on pressure ratio and the value of the ratio of specific
heats. However, in an actual cycle, with irreversibilities in the
compression and expansion processes, the thermal efficiency depends

both upon the pressure ratio as well as turbine inlet temperature,
besides being affected by compressor and turbine efficiencies.

Work Ratio

The work done is represented by the work ratio which is defined
as the ratio of the net work output to that of the work done by the

turbine.

net work output
work done by the turbine

Work ratio=

- cn(Tg~—T ) —cp(Ty—T,)

epTs—1T)
=1__Z?___?1_
r.--17,
1§ BT
T, V=147
—io Ly Bl L
T3 . l—}—. T
R
or Work ratio=1— —]—’—’-—R. ! (2-6)
3 MM

The net work output,
w=cp (T's—T)me— (T, —T) e
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1
=cp, Ty ( 1—_—E )'qt— cp TH{R—1)[n¢

Thus the work cutput of a simple cycle depends on turbine and
compressor inlet temperatures and the pressure ratio.

—cp (B—1) [m £i .

For the ideal simple cycle gas turbine plant (Eq. 2'6),

. T
Work ratio;gear=1 —-—IT; B (2-8)

and net work outputigga

—c(R—1) (—%-~T1 ) 29)

and we see that the work_ specific output (defined as the work done
per kg of the working medium) the cycle, efficiency and air rate
(defined as the air flow per unit output) are the three parameters
which decide the size of a given machine. Actually, cycle efficiency
includes the first parameter, namely the specific work output. Higher
the cycle efficiency and higher the air rate, lower is the machine
size.

2:3. EFFECT OF THERMODYNAMIC VARIABLES ON THE
. PERFORMANCE OF SIMPLE GAS TURBINE PLANT

From Eq.24 itcanbe seen that under the assumptions made
above there are five main thermodynamic variables affecting the
performance of a single gas turbine plant. These are compressor
and turbine inlet temperatures, 7'y and T, the pressure ratio, P,/ Py,
and compressor and turbine efficiencies, v, and ;. The effect of
each one of these is discussed below.

€0 } T
50 \ ’QT’\ cyee— -
L~

@ P ]
® 40 y T,=T00°K
30}/ == 1000
- / 9
‘é 201 720
b} / T,=288°K

[ e =85

/ h=9 .
"3 5 7 9 0 13 B

Pressure ratio

Fig. 2'3. Gas turbine cycle efficiency for different
inlet temperatures.
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2:31. Effect of turbine inlet temperature

As already discussed the ideal air standard efficiency of a simple
gas turbine plant is independent of turbine inlet temperature. This
is shown by the dotted line in Fig. 2:3. However, it is clear from
Eq. (2'4) that turbine inlet temperature greatly affects the
-efficiency of an actual plant. In Fig. 2'3 the thermal efficiency have
been plotted against pressure ratio for different values of turbine
inlet temperatures. In drawing these curves suitable \{alues fqr
compressor inlet temperature, compressor and turbine isentropic
efficiencies have been assumed. An increase in 7 increases the
work- output from the turbine which tends to increase the thermal
efficiency at a given pressure ratio but at the same time the heat sup-
plied in the combustion chamber increases decreasing the efficiency.
The rate of increase in the turbine work is greater than the rate of

240 | l §
200 Ty=1100 °K
Ly
-~ 160 /// \4[\ NN
§m|20 / ~[ {000
33 gty T~
{gg 80 // \ 900
58 a2l TN
8 40 - ~3
%3 5 7 9 u B I5

Pressure ratio
Fig. 2'4 Effect of T3 on specific work output.

increase in heat added and, hence, for all pressure ratios increasing
thé turbine inlet temperature increases the cycle efficiency at a steady
but decreasing rate. This is clear from the distance between constant
turbine inlet temperature lines. The maximum temperature of the
cycle is limited by metallurgical considerations to about 1100 K.

The effect of T, on specific work output is given in Fig. 2'4.
2:3'2. Effect-of compressor inlet temperature

For a given peak temperature the effect of compressor inlet
temperature is two fold. = An increase in 7' increases the work input
to the compressor, thereby, reducing thermal «fficiency, but at the
same time temperature 7', is increased and the heat supplied for
obtaining a given value of 7'; reduces which tends to increase the
efficiency. The work output of the turbine is not affected by 7.
Since the rate of increase of compressor work is greater than the
rate of reduction in heat supply, net effect of increasing 7 isa
decrease in the efficiency of the simple gas turbine plant. The net
work output decreases with an increase in 7. A reduction in T in-
creases the shaft output as well as efficiency. But at high altitude,
due to reduction in mass flow at lower pressure, the work output is
decreased but a gain in thermal efficiency is obtained. ,
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2:3'3. Effect of pressuve ratic

The effect of pressure ratio on the thermal efficiency and the

! . . . ve 1

work cutput of a simple gas turbine plant is shown in ¥igs. 2'3 and
! i =S i M =] .

2:4, In Fig. 2'3 the dotted line shows that the elliciency of an ideal
. g . . ~ . N . - - »

Jjoule cycle will indefinitely increase with pressure ratio which is not

true in practics due 1o irreversibilities in compression and expansion.

As the pressure ratin is increased for a given value of turbine inlet

temperarcre 7', the ciliciency increases up to a maximum value and

then staris decreasing clearly inddicating thar there is an optimum

pressure ratio for a given value of turbine: iniet temperature.

Hicher pressure ratio cycies are moere sensitive to the efliciency
f1he compressers and turbines.  As the pressure ratio increases the
work done i turbine increases and less heat is rejected to atmos-
phere, so the efficiency and work both increase. But beyond a certain
value of pressure ratio the efficiency of compression reduces, more
compressiort work is required and compressor outlet temperature
increases. 7', and 7, converge and it is not possible to add any
heat in the combustion chamber, reducing work output to zero. Thus
it should be noted that limitation of maximum turbine inlet tem-
perature imposes a limit on pressure ratio which can be used.

By comparing Figs. 2:3 and 24 it can be seen that the pressure
ratio for maximum efficiency is different from the pressure ratio f:OI‘
maximum specific work output. Hence the choice of pressure ratio
will be a compromise. The optimum pressure ratio can be calculat.ed
for a given value of compressor and turbine efficiencies and turbine
inlet temperature with the help of equation {2:9).

For an ideal cvcle, with isentropic compression and expansion
the werk output is given by :

w=c,(R—1) fff?_l ] (2:9)

[

Differentiating Eq. (2:9) with respect to R assuming T, and T to be
constant, we get

R_,:(;f)”f -:‘JE (210)

or

o fop mavimum work outpit can be

obtatnrd by diflirenfating equation (270 and equating it to zero.

The optimum rressure va

py
L e

Jar T, T, T
- H <>:,—:C,,(R"— l\,( —Nt "R:\‘!"z( ‘I},L*R:—' ')C,D=O

dR !
or K= '\/—Tw"ﬁ' 1fd1

B Te

_Y
or %—’-('qmﬂ’a/Tl)“ Ar=b (2:11)
1
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Differentiating Eq. (2'4) with respect to R and putting it

to zero, the pressure ratio for maximum overall ecycle efficiency can
be shown to be given by :

e T,/T, N
or L T TET g
) 1+\/rmﬂ/Tl—1)(m‘G;--1)!}
r—1
Since ( %)Tz %: %i

We can put this in the maximum output condition of Eq.
(210} and get, '

T, T
1 1 7,
or Ty =T, (2:13)

i.e. for maximum work output. the temperature at the end of ex=
pansion is equal to that at the end of compression for an ideal simple
gas turbine plant.

2:34. Effect of turbine and compressor «fRciencies

From Eq. (24) it is evident that the cycle efficiency greatly
depends on the efficiencies of the turbine 2nd the compressor. Yor
a given value of turbine and compressor inlet temperatures the
efficiency of a simple cycie is linearly propertonal to turbine effi-
ciency as shown in Fig. 25, The effect of compressor efliciency is
not linearly related in that it affects the heat suppiied as well as the
work output. A decrease 1n compressor efficiency decrvases the heat
suppiied but this decrease ia heat supplicd is more thau offset by the
increase is corpressor work.

sor and
efficiency.
25308 and
r TONSUmes

A change of 1 per cent in the eill
turbine can resnly in 3 (0 3 per cent ciangs
Usually the turbine has a higher cfiicicacy
as turhine deveiops much more power than th
ithe net ourput is the differen i :
work), a loss in turiine elficier
larger amounc than would :
reduced by the same amouut (see Fig. =

Tig. 25 shows how improveraent in turbine and compressor
efficiencies affect the thermal efficiency of the cycle for a given T
and T'; over a range of pressure ratios.
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Tt would be worth while, at this stage, to consider the role
plaved by component efficiencies in the development of gas turbines.
During the early development period, duae to lack of thermodynamic
_and aerodynamic knowledge and the absence of high heat resistant
materials the compressor and turbine efficiencies were about 067 and.
06 respectively and the maximum turbin- inlet temperatures were
also low. Since the compressor consumes about 60 to 70 per cent
of the total power developed by the turbine in present-day plants
which have compressor and turbine efficiencies of about 08 to 0-9
and high turbine inlet temperaturc of about 960°C, it is not a surprise
if those old gas turbine plants, with such low compressor and turbine
efficiency figures, could not produce @ net power output, (some mos¢
earliest plants even produced negative power) and the gas turbine
plant had to wait for thermodynamic, aerodynamic and metallurgi-
cal developments for about 50 years to compete with other power
plants. Fig. 2'6 shows the effcct of compressor and turbine effi-
ciency on cycle efficiency. I

2-4. IMPROVEMENTS IN SIMPLE GAS TURBINE CYCLE

The efficiency and the specific work output of the simple gas turbine:
cycle is quite low inspite of increased component efficiencies. There-
fore, certain modifications in the simple cycle are necessary, and’
for that we can look towards three main processes—comnression, he at
supply and expansion in the simple cycle. In what follows in the
next few pages these modifications are discussed.

2'4'1. Regenerative gas turbine cycle

One of the main reasons for the low efficiency of a simple gas
turbine plant is the large amount of heat which is rejected in the
turbine exhaust. Due 1o limitations of maximum turbine inlet
temperature and the pressure ratio which may be used with it, the-
turbine exhaust temperature is always greater than the temperature
at the outlet of compressor. Sc, if this temperature difference is-
used to increase the temperature of the compressed air before enters
ing the combustion chamber and, thereby, reducing the heat which
must be supplied in the combustion chamber for 2 given turbine
inlet temperature, an improvement in efficiency can be attained.
This utilization of the heat in turbine exhaust cawn be affected in a
heat exchanger called re-generaior,

oases g Heat exchanger
B A AVAVAVAVAVAVA
s out AANAA

¥ Genereator

§TAir in

Fig. 27. Regenerative gas turbine cycle
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Fig. 2:7 shows a schematic diagram of such an arrangement.
The exhaust gases from the turbine pass through the regenerator
and give their heat to the compressed air before it enters the com-
bustion chamber, thereby, reducing the amount of heat which must
be supplied in the combustion chamber to get a given turbine inlet
temperature 7;. Thus regeneration _improves fuel economy. The
power output wxll be slightly reduced because of the pressure losses
in regenerator and its associated pipe work.

3
T : L.
Available i
temperature 1
difference 1 /
5 i
Ty =Tst ——e—Af———t+-¥a
. A
S 4 4
= 2 6
!
|
v ' 7 S
ldeal heat exchange

Fig. 2'8. P-v and T-s diagram for regenerative gas turbine cycle.

For a regenerative gas turbine cycle with an ideal regenerator
the Pwand 7T-s diagrams are drawn in Fig. 2:8. It is evident that
- the work ouiput is unchanged.

For complete regencration
7,=T, and T,=T,

The efficiency of the regenerator cycle with ideal regenerator

is given by :

e Ty —TY) —cp(Ty—

Efficiency =

GD(T3-—T4)

(L= T~ (Ts 1Ty

=1

=]—

(T3—
Tz_Tl

T,—T,
(TZI_TI)/YJc

(Ta—TAI)Ylb

4 . _L - () b {2:14)
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and for isentropic compression and isentropic expansion,

v—1
. T
Efficiency=1— 7% (r,) T (2-15)
3
50 e
| ]
! i 1
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Fig 2'9. Efficiency of regenerative gas turbine cycle.

Thus, we see that the efficiency of a regenerative cycle depends
upon the turbine and compressor inlet temperatures and the pressure

ratio used.

For a given inlet pressure and pressure ratio the cycle
efficiency increases with increase in turbine inlet temperature (see
Fig. 2'9) because more generation can be affected.

The efficiency decreases with au increase in pressure ratio with
a given turbine inlet temperaturs, which is reverss in trend from
what happens in a simple cycle (ses Fig. 2'9).  As the pressure ratio
is-increased the turbine exhaust temperature. 7', decreases, and in
the limit approaches the compressor outlet temperature 7',.  Also
the compressor outlet temperature 7'y increases. Thus the amount
of heat which can be recovered coutinuously decreases and in the
limit, when T,=7,, no recovery can be affeccted. Any further
increase in pressure ratio will result in heat transfer from air to
exhaust gases rather than from gases to air because T,>7,. At the
limit where the regenerative cycle efficiency curves meet the simple
cycle curve T,=1,, and by equating the two efficiencies, we get

v—1 y—1
. Ty Y _ I\ 7y
r=lopt ) T =1-(3)
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T . 2(¢—-1}
ity LI T
o T, (7'!/)
.
or rp= (T T Y= 1)

and at this value of 7, the regznerator is superfluous. In actual
operation the pressure ratio used is always less than that given by
Eq. 2:18. One advantage from this low eptimum pressure ratio is
that the part load efficiency of the cycle is maintained almost equal
to that at fuel load.

The efficiency is maximum at r,=1I (see Fig.2'9) where it is

Ta—Ti since the heat addi-

equal to the Carnot cycle efficiency, i.e.
3

tion and heat rejection take place at maximum and minimum
temperatures respectively. But this is of no practical significance as
no work can be obtained at this pressure ratio.

Actually it is not possible to recover all the heat from the
exhaust because it will require an infinite heat transfer surface area.
The efficiency of regeneration is given by the thermal ratio
defined as :

. actual heat transfer
Thermal ratio=

maximum possible Leat transfer
TI—T,
T,—1T,

where 7'; is the temperature of the air after regeneration.

Efficiency of regeneration varies from 0'5 to 0'75 in practice..
An increase in thermal ratio requires an increase in surface
coeflicient which can be obtained by increased velocity. This,
however, results in increased pressure losses due to turbulence and
the gain in recovery of exhaust-gas heat due to increased thermal
ratio is partly offset by increase in pressure drop. The pressure
losses occurring in hot and cold sides of the regenerator usually
amount to about 003 kgf/jecm? and 004 to 02 kgflem?,
respectively. A pressure drop on the cold side, i.e. in the pressure
of compressed air, increases the required pressure ratic and hence
increases the compression work. Pressure drop on hot side de-
creases the turbine output by increasing its back pressure. Both
these results in lower efficiency. Since turbine work output is
substantially more than the compressor work input, pressure losses
on hot side are more important than that on cold side. Generally
counterflow type of regenerator gives greater regeneration efficiency
than the parallel-flow type regenerator.

The work output of a regenerative cycle is substantially the
same as that of a simple cycle except some loss due to pressure losses.
in the regenerator and the associated pipings.
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Liquid metal regeneration

The poor part load cfficiency of the gas turbine and hence, its
specific fuel consumption can be improved by the use of regenerative
turbine cycle. The minimum specific fuel consumption for a re-
genative turbine is obtained at a lower pressure ratio resulting in the
lewer cost and higher ¢fficiency for the components like compressor,
etc., because small blades can be used and losses in diffuser are
also low. Another advantage of regeneration is that low specific
fuel consumption occurs over a wide range of turbing inlet tem-
peratures and is optimised at high levels of specific power.

Any reduction in weight and increase in the compactness and
therral efficiency of the turbine will be welcome because it will
not only establish the current applications but will also open
new vittas which hitherto have been barred due to economic
considerations. Therefore, it goes without saying that a good
regenerative system is of utmost importance. There are three types
of regenerative systems usually employed in turbine. These are—

(?) Direct transfer air-to-gas exchanger.
(¢2) Periodic flow rotary heat exchanger.
(777) Liquid metal indirect transfer exchanger.

The first system bas been widely used over the years.
Trcrcased knowledge of liquid metal systems and high level of
Freven regenerator design technology has made use of liquid metal
regenerators a clear possibility in near future.

A liquid metal system consists of two independent heat
exchangers coupled by a liguid metal circuit. A part of the heat
erergy of the turbire exhaust is passed on to a- liquid metal in the
turbire heat excharger which is then pumped to the compressor
heat exchanger releasing the heat to the compressor air. :

Liquid mefal system gives significant advantzges in terms of
irstalled weight, frontal area, engine performance and high reliabi-
lity as cecmpared with direct or rotary type regenerators. The
physical separation of hot low pressure and cold high pressure
exchapgers minimises structural requirements, air-to-gas carryover
losses and seal leakage losies are avoided, and moreover the mal-
function of the 1egeneérater does not result in idle time because
turbine bypass is avoided in this system. Finned tubes are highly
suitable for liquid metal. to-gas heat exchangers, .

The requircments of high. heat absorbirg capacity, high
thermal cerductivity, low viscosity for high heat transfer-coefficients
with reduced pressure losses, low vapour pressure and the compati-
bility with system materials are met by Nak-78 liquid metal alloy
with 78 per cent potassium. _

In future the liquid metal regenerators are likely to be used
widely for improving specific fuel consumption in industrial and
aircraft gas turbines. -
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2'42. Intercooled gas turbine cycles

A regenerator, as discussed above, does not change the works
output of a gas turbine cycle. So rescourse to other methods is
taken for increasing the work output. Two possible methods are (¢)
by reducing the work of compression and (ii) by increasing the

work done by turbine.

Intercooling is used for decreasing the work done on the
compressor. This possibility of reducing the compressor work arises
from the fict that the constant pressure lines coaverge on-7T-s
diagram as the temperature is reduced. So if the total compression
is divided into a number of stages the total compressor work is
smaller than that for a single stage compression for the same total

pressure ratio.

P—

; PO
Le — HP T 1.6}

ompressors 6
) Exhdust

Fig. 2'10. Schematic diagram of a two-stage intercooled gas turbine.

Air in

Fig. 2'10 shows the schematic diagram of a two stage inter~
cooled gas turbine cycle and Fig. 2'11 the corresponding 7-s
diagram. The performance of an intercooled cycle is shown in
Fig. 2:12. :

T

Single stage
compressor.

Perfect
intércodling

Tl"T:T -
. $

Fig. 2’11, T-s diagram for cycle of Fig. 2:10. .

The charge from the first stage is cooled before it is led to the
-gecond stage. This process, called intercooling, reduces the inlet
temperature of the second stage, resulting in reducticn in compress
sion work. If the charge is cooled to its initial temperature it is
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called perfect intercooling. ¥or minimum work of compression the
pressure ratio for each stage should be same with charge cooled to its
initial temperature betweea the stages.

OrmT=esn [ ] T 7=88% ] T 1
1 7.=89% 2000 =89 9 Pl
\040——% s =1300K=— ¢ °_1L._T5= 1300~
°© ¢ : = % H 4‘”——?———:‘—'
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g™ == 000 | | T oo
8 G ' o s e—
e %99 :4,{//—’*"“——"79%9003._
1op—— B e e
G I P
] el L
0 . |
3 4 6 810 1520 3003 4 6 810 15 20 30

Compressor pressure rotio Compressor pressyre ratio
Fig. 2°12. Performance-of intercooled gas turbine.

Intercooling will always increase the net workoutput of the
cycle, and due to lower compressor outlet temperature there will
be more scope for regeneration. However, for the same reason, the
fuel supplied to obtain a given turbine inlet temperature will also
increase. Therefore the thermal efficiency of the intercocled cycle
is less than that for a simple cycle. One more reason of loss in
efficiency is that heat is supplied at lower temperature. There is
also a loss of pressure in the inter-cooler.

Intercooling is useful when the pressure ratios are high and
the efficiency of the compressor is low. At low pressure ratios it is
net so important and regeneration can be used to recover a substan-
tial amount of heat from exhaust gases.

2'43. Gas tarbine cycle with reheating

Another method of increasing the specific work output of the
cycle is to use reheating to increase turbine work. The gain in work

Reheater
oy Oy
\

v

S

LP
~——
46

Fig. 2°13. Schematjc diagram of a reheat gas turbine cycle.

output is obtained because of divergence of constant pressure lines
on T'.s diagram with aa increase in temoerature. Thus for the same
expansion ratio if the exhaust from one stage is reheaied in a
separate combustion chamber and expaandsd. more output wi'l "e

Power outpul/Kg of

compressor giy flow
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obtained than that obtained by expansion in a single stage. Reheat.
ing is generally done up to the upper limit of temperature 7',.
Usually reheating up to two stages is done. Reheating for more than
two stages is seldom done. With open cycle gas turbine the limit of
reheating is the oxygen which is available for combustion.

) Fig. 2'13 shows a schematic diagram of a reheat gas turbine
plant and Fig. 2'14 the corresponding 7'.s diagram. Let the total
pressure ratio r, is divided intn two stage ratios of 7, and 7,

respectively.

y

$

Fig. 2'14. 7-s diagram of reheat cycle.

0 Tp=7Tpy X Tog A e
Ne. work output
=cp(Ty—Ty)+cp(T5—To)—c (T, —T4)

) , 1
=Co(Ty—T ) )0t c{Ts—Tg.)ia— (L)' —T1). rn

[

where v, 11 and 1, are the efficiencies of the two turbine stages and .
the compressor respectively. For isentropic compression and expan
sion, we have .
Work output W
=c.[(T3— TV +H(T5—Ts")— (T, —Th)]

_ ﬂ_ Te, T4I 1121
__CpTl [2 T] — 7.,]—"— T] ——-Tl—*—l

_ Ty, Ty, T Ty T4 Ty
*”PT*.[QTT“”TT' T, Ty T, T +‘]

¥—1
T, T, 1 T3._._.___1 2 T
N I e = C IR
(7'112) i (T?I) Y

By differentiating Eq. (2'20) with respect to 75, keeping 7,
and 7T,/T, copstant the condition for maximum work output is
given by

= (rp)t?
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i.e., the expansion ratio must be equal in each stage. This condition
can also be written as

x-1
(ry) ¥ =(T,|Ty)23
and at this condition 7,=T,=T,. It should be noted that for any
pressure ratio between 1 and 7, the work output will increase due to
reheating but r,, =4/, will give maximum work. '

The efficiency of the cycle is given by

Net work output
Max. heat supplied

=cp[(T3 - Td) + (Ts— Te) - (Tg —Tl)]
epl(Ts—To)+(T5—T,))

The work output and the efficiency of a reheat cycle is shown
in Fig. 2'15 and it should be noted that the pressure ratic giving
maxi mum output is greater than that giving best performance for a
simple cycle. The efficiency of the cycle is less than that for simple

Efficiency=

S eci{ic output

50 ———r -
9.=0-89 ; | n=089 _F | | | _
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w 10 200y 100 P~
| ; 300y
O %5 s 80 1525 3 % 456 60 1§20 30
Pressure rotio on log scale Prassure ratio cn log secls

Fig. 2'15. Work output and efficiency of reheat cycle.

cycle unless regeneration is used and this reduction in efficiency
Increases with reduction in turbine inlet temperature. Due to coms
plications of a second combustion chamber reheating is not used in
marine plants but is extensively used in industrial plants. :

. The efficiency of a reheat cycle is lower than a corresponding
intercooled cycle because in case of reheat, due to limitations of
turbine inlet temperature, the heat added does not affect the work
output, while intercooling reduces the compressor work. However,
due to the fact that turbine work is greater than compressor work, the
specific output of a reheat eycle is greater than that of a correspoad-
ing intercooled cycle. Efficiency of both reheat and intercooled
cycles is less than that of a simple cycle. while the work output is
greater.
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2'4'4. Gas turbine with reheating and regenerator

The fact that the turbine outlet temperature is greater than the
compressor inlet temperature (¢.e., Ty > T, in Fig. 2:'14 for a reheat
cycle gas plant) gives rise to the possibility of increasing the thermal
efficiency of a reheat cycle by recovering this loss of heat in a

-. Heat exchanger

e AMAAAA »
s ( )CP Reheater
2 *[/,‘ G ?
c ‘He Le
\Turbine

Fig. 2’16, Gas turbine cycle with reheat and regenerator -

regenerator. Fig. 2'16 shows a schematic arrangement of a gas turbine
plant using rcheat as well as regeneration and Fig. 217 the corress

Available tempercture

8
Fig. 2'17. T-s diagram for reheat and regenerator cycle

ponding 7T'-s diagram. The heat added is reduced by the amount of
the heat recovered.

For a cycle with isentropic compression and expansion, ideal
regeneration and the best division of pressure ratic between stages
for reheat, the efficiency is given by :—

. e[ 2Ty —T5')—(Ty'—T4})
efficiencv= —2 i 2
cs{2(T;—T5')]
I et
2T,—T4")

_1y Dy T
T, (1—1,/Ts)

=1
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The efficiency curves of such a plant are similar to that of a simple
regencrative cycle but the werk cutput is similar to that of a2 reheat
cycle. “Thus both werk and efficiency have beenimproved by a
combinaticn of reheating and regeneration.

2'4'5. Gas turbine with reheating, regeneration and
intercooling.

Both the methods of increasing specific outpust, 1.2, intercooling
and reheating can be used in conjunction with a generator to get
bigh specific output and high efficiency gas turbine plant. Inters
coolirg decreases the compressor work and because of reduced
compressor outlet temperaiure extra heat is needed to raise the
temrerature to turbine inlet temperature. However, if a regenerator
is used this disadvantage can be converted into an advantage in that
now more regeneration is possible.  Thus 3 combination of regenera-
tor, intercooler and reheatirg can improve the performance of the
plant. However, it should be noted that a high efficiency is not
always sought for because sometimes it is more impertant to reduce
plant costs than to gain in «fEcicucy. This is particularly so where
cheap fuels are being wused. The extra complexity, cost and
mzininance must be considered before any such plant is contem-
plated. The individual requirements of a particular application
will have a great say in deciding whether an interccoler, a generas
tor or rcheat device should be used or not,

2:46. Gas turbire cycle with water injection

There are certain specific applications such as gas turbines used

in raval tcrpedees which require a very high specific output within

t he maximum temperature limit imposed by metallurgical consider-
ations. To obtain this performance water is injected into the combuss
tion: chamber before or afier the combustion. The water gets evaporat-
ed tefore reaching the turbine inlet. The increased amount of mass

Y
b
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flow through the turbine results in greater specific output from the
cycle. The water injected must be free from dissolved solids to avoid
any loss due to deposits on turbine blades. The thermal efficiency
decreases with water injection beczuse more heat has to be supplied
to vaporise the water. This latent heat of vaporisation is very
difficult to recover because any condensation in the regenerator will
require much greater heat transfer surface area than can be easily
provided for. ’

2'47. Blade cooling

Another possible method of utilizing the benefits of using high
turbine inlet temperatures to get more work output at a higher
efficiency is to resort to blade cooling. Blade cooling is done to
reduce the blade temperature, though the gas will still be at a high
temperature. Thus, without reaching the temperature limits of the
blades a higher gas temperature can be used. Blades can be cooled
by passing the cool air near the root of the blades so that heat
conducted to the root is carried away. Another method is to cool
by passing air or liquid in blade annulus. Blade cooling is normally
used for aircraft gas turbines.

248. Summary of improvements in basic gas tarbine
cycle with various modifications

Fig. 2'18 and Table 2-1 shows the improvements which can be
obtained by various modifications of the basic gas turbine cycle.

70 l l
(A I
32 60 — i jegd) St
AN ] i
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o //Fegergerrﬁtor, irtercooler and reagct
£ 40 e M RN W
@ (\iasi=: cyclz with regenerator
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2 20 / 4. 1
= V Basic cycls with losses
10
i 5 i 5 20 25 3¢ ° 3%
Pressure ratio % /P .
Fig. 2-18, Improvement in “gas turbine cycles

with various modifications.

¢ The curves of Fig. 2'19 are drawn for compressor and turbine effi.
ciencies of 859, and regencrator efficiency of 70%,. Table 2-1, shows
the genera! trends of effect of various modifications on work output
and- efficiency of the cycle. It shouid be noted, however, that this
compairison is general in nature and not exact because of inter-
dependence of many paramesters, for example, the compressor and
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turbine efficiencies depend upon the pressure ratio and the losses in
combusticn chamber and pipe lines, etc.,, depend upon pressure
ratio and the temperature of combustion. This is clear from Fig. 2:18
which shows that the efficiency of the basic cycle with regeneration,
at first, increases but afier certain pressure ratio it starts falling. And.
ultimately it falls to a level where regeneration is useless because at
that point the temperature of air is equal to temperature of hot gases.
Any further increase in pressure ratio will result in heat flow from air
to hot gases.

TABLE 21
IMPROVEMENTS IN BASIC CYCLE BY VARIOUS MODIFICATIONS

f-

Modification ) Effect on work Effect on Remarks
output efficiency
\

" Regeration No change Increase Efficiency starts
Intercooling - Increase :Decrease falling after
Reheat Increase Decrease cerlain pressure
Regeneration and reheat Increase Increase ratic /see
Regeneration,an‘d inter- Increase Increase _Fig. 2:18)

cooling
Y .
Intercogling and reheat Increase Decrease

- Regenera'tion; reheat and Increase Increase

intercooling

2:5. ACTUAL GAS TURBINE CYCLE

The actual gas turbine cycle differs considerably from the ideal
- cycle because of the following factors.

() The working medium does not follow the ideal gas law.

(tt) The expansion and compression processes deviate from
ideal processes. This is because the processes are never instantaneous
-and heat transfer always occur., Moreover, some friction is always
present. which makes the processes irreversible.  The process of
diffusion in the diffuser of the comoressor is always associated
with some loss rendering complete diffusion impossible.

_(#5i) Complete intercooling and complete regeneration is not
possible for obvious reasons.

(#v) There is always some pressure loss in the pipes and
ducts connecting varions components of the gas turbine such
as combustion’ chamber and the heat exchanger. All these pres-
sure losses affect the cycle efficiency in that the available expansion -
ratio in the turbine is reduced by a corresponding amouut.

(v) In actual practice the ratio of specifie heats is never consts
ant. This is beeause of two reasons. Firstly, due to the products
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of combustion which expand in the turbine having a different specific
heat than that of the air being compressed in the compressor.
Secondly, the specific heat increases with an increases in temperature.
This causes lower temperature rise for a given heat input. ‘.c.,
the mean temperature at which heat is added to the cycle is lower
or in other words more heat is rejected in the exhaust for a given
maximum temperature and a gived expansion ratio.

Another way in which variation of specific heat affects the
performance of an actual cycle is its effect on optimum pressure
ratio. Usually the pressure ratio chosen corresponds to either best
efficiency pressure ratio or best specific work output ratic both of
which depend upon v, the ratio of specific heats (see Equs. 2 14
and 2°16). Thus the value of optimum pressure ratio changes with
the variation in specific heat. :

(vi) The actual work output is less than the ideal work output
by an amount equal to friction, windage and transmission losses
which cannot be avoided.

All these factors, which tend to reduce the efficiency and work
cut put of the actual cycle, can be taken into account in the calcu-
lation of its performance by assigning efficiency values to each one
of them. The effect of deviation of working medium from ideal gas
law can be considered by taking into account the effect of change in
ratio of specific heats from the vy to polytropic value n. The de-
parture from ideal compression and losses into diffuser is taken. into
account by efficiency of compression 7., and departure from adia-
batic expansion and pressure losses in combustion chamber are accoun-
ted for by turbine efficiency. Efficiency of regeneration :akes into
account the heat losses in regenerator. Thus an accurate 2nalysis of
actual cycle is possible by the consideration of various ccmponent
efficiencies.

v s
Fig. 2'19. Actual gas turbine cycle

Fig. 2:19 shows an actual cycle on P.v and T-s diagram. It
can be seen that the pressure losses are apparent in lower expansion
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ratio which is available for the turbine. Fig. 220 shows the differ-
ence between cycle efficiencies for ideal and real gases for three

4
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Fig. 2'20. Difference between efficiency of actual and ideal cycle

.different gases. It can be seen that cycle efficiency drops with
increased ratio of specific heats both for different values of  for var-
ious gases and for changesin y of a given gas due to infiuence of
temperature on specific heats. For helium  only one line is
shown. This is because, for this gas, the effect of tempcrature on
specific heat is negligible. From Fig. 220, the variation in the
optimum pressure ratio for real gases from ideal gas pressure ratio
can alsc be seem for air and carbon-dioxide. The influence of
temperature on specific heat of carbon dioxide is more than that on
the specific heat of air. :

2:6. CLOSED CYCLE GAS TURBINE

Most of the gas turbines plants in use are open cycle type. The
closed cycle gas turbine is a comparatively recent development. It
was after years of pioneering work that Escher Wyss of Switzerland
first introduced in 1939, a closed cycle version developing 2000 kW
at a pressure ratio of 3'%:and turbine inlet temperature of 700°C
with a thermal efficiency of over 30 per cent. It took the closed
cycle principle long time to establish and it was not until sixties
that its use became wide-spread all over the world.

The fundamental difference between open and closed cycle gas
turbines is in the method of heating the air after compression. In
case of an open cycle turbine the fuel is burned in the air itselfto
raise it to a high temperature and then products of combustion are
passed on to the turbine for expansion and which after delivering the
work are finally rejected to the atmosphere. For next cycle a
fresh supply of air is sucked in the compressor. In case of closed
cycle turbine, on the other hand, the same air or the working fluid
is circulated over and over again. The working fluid is heated by
burning the fuel'in a separate supply of air in a combustion chams
ber and transferring this heat ‘to the working fluid, which passes
thrauzh tubes fitted in this chamber. Thus the working fluid does
not come into contact with the products of combustion.
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Fig. 2:21 shows a schematic diagram of a closed cycle gas tur-
bine plant. The working fluid, usually air, is compressed by the

:Combusﬁon chamber

Compressor Y  Turbine

NVAAAAA
1

Fig. 221. Schematic diagram of a closed cycle gas turbine cycle.

Heat exchanger

compressor and heated in the combution chamber without coming
in contact with products of combustion, and then expanded in the
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Fig.2:22. Ciosed cycle gas turbine compared with steam turbine

turbine and cooled in a precooler before being supplied again to the
compressor. By virtue of this indirect transfer of heat and use of a
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precooler, the closed cycle gas turbine is more akin to a steam turs
bine than to an open cycle gas turbine. Fig. 222 shows the striks
ing similarity hetween the two types of plants. The flow area per unit
output for a gas turbine plant is much less and the blade lengths do
not vary much in height from inlet to outlet. In a steam plant use
of high pressure steam must be resorted to for increasing the efficien-
cy but a closed cycle gas turbine plant works on a relatively low pre-
ssure ratio of 4 io 10 (compared with those of steam turbines which
is 250-500 time greater). The specific volume (m3/kW) of a closed
cycle gas turbine, at outlet, is about twenty times smaller than that
of the steam turbine.

"“—-Compressors———'j _ 'r —Turbines i .
1 — ]

B
LeP -l? HP P P LP Lood

H
2 1_{14 fs/"vs {7 48 {9 Jio e

b e |

Fig. 2:23. Closed cycle gas turbine cycle with multistage
intercooling and reheating.

SN

By the use of multi-stage reheating and intercooling a closed
cycle gas turbine cycle, as shown in Fig. 2:23 aud the corresponding
T-s diagram shown in Fig. 2:24, can be approximated to the revers-
sible Ericsson cycle. Ericsson cycle, by virtue of the fact that in it the
heat is added at highest temperature and rejected at lowest tempes
rature, has an efficiency equal to carnot cycle efficiency.

Closed cycle gas turbine plants are highly suitable for nuclear
-and high output power stations, and for total energy plants. Fig.
2:29 shows the schematic diagram of a total energy plant producing

T

5 .

Fig. 224, T-s dizgram of closed cycle gas turbine eycie with
muitistage intercooling and reheating.
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20-30 MW power and 30-60x 10° Kcal/h. process heat with main
data given. The efficiency the plant is 34 per cent and total energy
conversion is up to 85 per cent.

2'61. Advantages and disadvantages of closed cycle
gas turbine.

Advantages :

1. Since the pressure of the working fluid is independant
of atmospheric pressure, a higher pressure can be used to increase
the specific output of the plant. This results in diminution of the
sizes of the components both for the machines and the heat transfer
apparatus used.

2. Gases other than air, which have more favourable pro-
perties can be used. Helium or helium.carbondioxide mixture
-gives higher efficiencies and smaller dimensions for special purposes.
The properties of helium at high pressures, such as high heat transfer,
low pressure drop, high sound velocity and neutrality towards radio-
active materials makes it possible to build smaller heat transfer
equipment and is highly suitable for nuclear plants.

3. Use of alternative working fluids such as helium, etc., gives
rise to the possibility of using alternative materials as no oxidation
occurs with these inert gases.

4. The power output of a closed cycle gas turbine can be
controlled by changing the mass flow. The system pressure
is proportional to the gas mass flow. By changing the pressure and
mass flow, output changes but the temperature drop remains
the same. Constant temperatures lead to constant heat drop 4nd
constant velocities in the turbine - blading and hence the velocity-
triangles and consequently the turbine and compressor efficiencies
remain constant for every power output. In case of an open cycle
gas turbine the power control is affected by controlling temperature
which affects the efficiency of the turbine at part load.

5. Existence of constant temperature at all loads results in
low thermal stresses.

6. Due to the fact that the working fluid does not come in
contact with products of combustion, even very low quality fuel ca
be used. All types of fuels solid, liquid, gaseous and nuclear, can

be used.

7. Intotal energy plants direct waste heat utilization at a
high temperatures for heating purposes, without affecting power
cycle efficiency, can be affected because heat rejection is an isobaric
process instead of isothermal change of state i.e. condensation

-8. The turbine blades are not fouled by the products of com-
bustion. ,

9. The regulation of the closed cycle gas turbine is simpler.
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Disadvantages .

1. The use of high pressure requires a strong heat ex=
changer.

2. Since heat transfer is indirect, a part of the heat energy is
lost in rediation and other losses resulting in poor combustion effi-
ciency.

3. Due to use of air heaters and precooler the cost and bulk
of aclosed cycle gas turbine plant is much more than that for an
open cycle gas turbine plant. )

4. A coolant is needed for precooler which is a disadvantage
as compared to an open cycle plant.

262. Effect of medium on performance of a closed
cycle gas turbine.

In a closed cycle gas turbine the same fluid circulates round

and again in the system and in the course of circulation its tempes-
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Fig. 2'25. Actual obtainable efficiencies for various gases.

rature and pressure, hence its thermodynamic properties, also change.
This change in the thermodynamic property cf the medium affects
the petformance of the closed cycle gas turbine greatly.
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The ratio of specific heats, y, influences the cycle efficiency and
the optimum pressure ratio (Fig. 2:20). The cycle efficiency decreases
with an increase in ratio of specific heats. Thus the ideal cycle
efficiency is maximum for carbondioxide and minimum for ajr.
However, there are other factors which affect the design and effi-
ciency of an actual cycle. For example, due to difference in the
viscocity of these gases different pressure losses occur and the cycle
efficiencies obtainable are more or less same as is clear from Fig.
225,

However, the maximum efficiency obtainable differs due to
different variation of specific heat with temperature (see Fig. 2:20).

It should be noted here, that efficiency alone is not very im-
portant in the design of a turbine plant. Other factors such as size,
pressure losses and heat exchanger losses, maximum limiting speed,

~etc., are also quite important. Thus due consideration must be given
to various design factors. One example is the optimum pressure
ratio, lower the optimum pressure higher is the number of stages
required for a given total pressure ratio.

In general, the optimum pressure ratios are lower for mono-
atomic gases (inert gases) which have a higher ratio of specific heats
than that for diatomic gases such as nitrogen and air which has in turn,
lower y than that for polyatomic gases such as carbon dioxide. The
lighter gases require more number of stages. Number of stages for the

same circumferential velocity is given by g”“” = (l)gz =5—2 with
pPALYT

maximum temperature remaining same for helium and air.

Once a pressure ratio corresponding either to that for maximum
efficiency or maximum output is chosen all the temperature: in the
cycle are fixed independent of the type of gases. With them is also
fixed the temperature difference across the turbine and regenerator,
etc. The heat drops are, therefore, proportional to the specific heats,
or for ideal gases inversely proportional to the molecular weight. Thus
we see that pressure ratio for maximum work or maximum efficiency
depends upon the ratio of specific heat only while the corresponding
heat drops also depends on the molecular weight,

Another important factor which affects the compressor speed
and hence the maximum pressure in the gas turbine cycle, ‘efficiency
and workout is the Mach number at compressor inlet. The velocity
of sound is higher in a lighter gas so that for a given tip speed, the
Mach number for a lighter gas is lower than that for a Lieavier gas.
In other words, the compressor can be ruu at a higher spsed  withs
out exceeding the unity Mach number when a lighter gas is vsed.
The peripherial velocitics which can be used for same number of
stages for heliun and air are given by :—

Use [ om0 _ [50 _9.0g

Ua-ir Cpniy
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Thus a helium compressor can ruu at a circumferential velocity
228 times higher than that for air. However, such 2 high speed is
seldom allowed by the stress limit set by the particular blade
material used. The perioherial speeds of compressor rotor for nitro-
gen and air are limited to about 160-170 m/sec where the com-
pressor inlet Mach number is unity. For carbon dioxide this speed
is still lower becauss of its beiag heavier thaa air.  This meaus that
the compressor for carbon dioxide must run at a lower specd, that is
number of compressor stages required will be mre for carbon
dioxide than for air or helium.

If the compressor is not Jimited in its spced by Mach number
a high reaction blading can be used to attain a higher pressure co-
efficient.

In the range between 400°C and 800°C heat conductivity of
helium is approximately 4 to 4'5 times as great as that of air. At
lower temperatures it is as high as 6 times. Therefore, when helium is
used the size of regenerator is reduced. However, special insulation
layers, better' bearing, etc., are needed with helium. New sealing
problems also increase the cost.

27. HELIUM COOLED CLOSED GAS TURBINE FOR
NUCLEAR POWER PLANTS
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Fig. 226, Efficic: cy of helium gas turbine.

It was discussed in the previous article that helium gives high
efficiency, (see fig. 2-26) and smaller dimensions for a given ‘output
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of the gas turbine plant. The properties of helium at high pressures,
such as high heat transfer, low pressure drop, high sound velocity,
neutrality towards radioactive materials and graphite make it
possible to build comnpact heat exchange units. Due to high heat
transfer coefficient certain control processes take much. less time
in helium than in an air cycle of equal size.
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Fig. 2:27. Schematic diagram of a direct gas cycle nuclear power plant,
{Coursesy : Esher Wyss). .

AH these properties of helium make it very attractive for nu-
clear power plants where previously only the steam turbines were
used to convert reactor heat into mechanical work. Due to the
susceptibility of water to radicactivity an intermediate heat exchanger
with carbon dioxide as working medium, i generally used to trans-
fer heat of nuclear reaction to water. Since pure helium does not
become radioactive when passiog thrcugh the reactor, it allows the
elimination of the intermediate stage. Fig. 2:27 shows a schematic
diagram of a direct gas cycle nuclear power plant. This figure also
shows the main design data. The plant efficiency remains constant
over a very wide range of power output, {see Fig. 2:28). Cverall
full load efficiency is about 36 to 40 per cent.
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Tig. 2°28. Plant effi iency vs load for nuclear power plant showa in Fig.2°27.
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. The advantages of direct cycle are the reduced cost, reduced
. bulk and reduced danger of explosion. It is easy to control and does
not need special precautions, 1> prevent leakage of high pressure
steam into the reactor. Relatively low cycle pressures are needed,
th'erehy, making coonstruction casier. The operation at consiani
temperature at a'l loads helps to improve safety of the ‘operation.

Z8. TOTAL ENERGY SYSTEM INCORPORATING GAS
TURBINE

The thermal efficiency of a gas turbine plant is relatively low
due to high excess air of about 300 to 350 per cent and high exit
temperatures of about 423 to 550°C. Tae eificiency lies in the range
of 20 to 25 per cent for » simple gas surbine cycle, 25 to 28 per cent
with regenerative heating, 2nd up to 42 per cent for exhaust fired
fegenerative heating cycles. Thus about 36 to 60 per cent of the total
heat supglied goes Into the turbine exhausi.  1f this large amount of
exhaust heat is utilized for producing additicoal power by raising
dteam in a beiler or fur producing low pressure sieam used for
processing purposes, the efficiency ot the gas turbine cycle can be
tncreased to about 83 per cent.  Such plants are known as total
- <nergy plants.
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Fig. 2-29. Schematic diagram of a 25/30 MW total energy nlant, Combinod
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Electrical efficiency about 34%,. To'al energy conversion upto
35 per cent (Courtesy : Escher Wyss).
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Fig. 2:29 shows the schematic diagram of a total energy
system incorporating a gas turbine. The exhaust of the gas turbine
which contains about 17 to 185 per cent oxvgen by weight is used
as combustion air for the boiler. Approximately 25 per cent more
exhadust’ gases are neceded than ambient air to burn the same fuel.
Almost,:all the heat in exhaust is'utilized and the efficiency of the
gas turbine is increased. 'The loss of efficiency in the steam cycle
due to increased coudenser flow is inore than compensated by this.
The supplementary fired boiler raises high pressure steam which is
expanded in a back pressure turbine to give additional power as
well as process steam. Thus efficiency of the steam cycle can be’
raised by about 2 to 3 .per cent. A separate water heater can also
be used if the process requires hot water.

- The gas turbine plant in combination with a steam turbine is
very flexible. Gas turbine is excellent for meeting the peak and
emergency power requirement ‘because of its low, capital cost,
automatic operation, short start type and high reliability.
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(a) Schematic diagram (b) T-s diagram

Fig- 2:30. Combined power and rerrigeration cycle

The fact that optimum pressure ratio for turbine déycle is
near the pressure ratio required by the regenerative refrigeration
cycle suggests that the two cycles can be combined effectively and
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the same compressor can be used for both cycles reducing the overall
cost. Fig. 2:30 (a) shows the schematic diagram of such a combined
cycle and Fig. 2:30 () shows the corresponding 7'-s diagram. It can
be seen that both the cycles are similar and optimisation of para-
meters for maximum efficiency is rather easy.

Inarticle 1'5'2 of chapter 1 the combined gas and steam
turbine cycle as well as the recuperator cycles were discussed. Fig.
2:31(a) shows the possibilities of selecting a proper design for a
particular use. Point B, where the gas turbine output is zero
represents the pure steam turbine with an efficiency of about 40
per cent with steam at 134 kgf/cm? and 550°C. Point B, with gas
turbine to steam turbine output ratio of about 13 per cent, denotes
the l}!gh efficiency combined cycle with about 42 per cent combined
efficiency, i e. a gain of about 5 per cent. To the right of B, the size
of the gas turbine which gives a good matching gas turbine flow to
boiler, becomes too large. The excess gasés which must be by passed
after some point to the right of B increase the stack losses. If
the excess gases are not bypassed acd instead an economiser is used
the efficiency falls further. Point € refers to the pure gas turbine
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with an efficiency of 26 per cen.. The dotted Jine BC represents the
efficiencies obtainable by suitable combination of gas turbine and
the steam turbine in parallel,

Point D represents the best condition for a recuperator type
cycle with steam output about half that of gas turbine output, 4.e.
one-third of the total output with an efficiency of 39 per cent. The
steam conditions being determined by exhauct temperature of gas
turbine and other economic considerations. Points G, and G, refer
to the gains which can be obtained by burning supplementary fuels.

Fig 231 (b) and (c) shows the fuel burnt and the excess air
available with various combinations. It 'is interesting to note that
the excess air, which is as low as 2'5 to 5 per cent from 4 to B, rises
to about 400 per cent from C to D,

The capital cost is high along AB, and remains high upto
C for steam fraction because of high steam condition but the com-
bined cost decreases because of increase in size of the gas turbine to
that of 'point €. For recuperator cycle, capital cost from € to D is
low and almost constant per kW of output. From D to B it rises
abruptly with a discontinuity.

2'9. SEMICLOSED CYCLE GAS TURBINE

Semiclosed cycle gas turbine plants are those plants in which
there are two turbines, one to drive the compressor and the other
is power generator turbine. The turbine which drives the com-
pressor forms a closed circuit as shown in fig. 2 32 and is a closed
cycle gas turbine. Exbaust frou the closed cycle turbine is taken
to a recupérator where it gives up its heat and heats up the air
from the high pressure compressor before it is fed to the combus-
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Fig. 2°32. Semiclosed gas turbine cycle.

tion chamber. The compressed air is fed to the combustion chamber
through two circuits, one as combustion air in which fuel is burned
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and products of combustion expanded to produce power in power
turbine, the other air stream passes through the combustion chamber
via a heat exchanger, gets heat by taking a part of the heat of
combustion and expands in the compressor turbine. Thus the
heat of combustion is divided into two parts and tempera-
ture of the gases going to the turbine is reduced. Another advantage
of semiclosed cycle is that the compressor turbine may be designed
to match the compressor and can work at their best efficiencies
while variation in load can be met by controlling the fuel supply to
the combustion chamber. This results ia good efficiency over
almost the cormplete Toad range.

2'10. GAS TURBINE PLANT ARRANGEMENTS

Gas turbine plants have their three main compoaents turbine,
compressor and the combustion chamber arranged in different
ways to meet the demands of speed and load control of
the plantset by a particular application. The diff:rent arrange-
ments affect the performance of the plantie. the efficiency and
variation of the efficiency with load. The torque and speed
characteristic are crivicat for diffcrent applications. The basie
arrangemenrs are as follows :— _
2:10'1. Open cycle with single.shaft arrangement

Fig. 2 33 shows the schematic diagram of au open cycle plant
with single shaft arrangement The compressor aud the turbine
ars dicectly counled by a siogle shaft to the load. This has an
inferior flexibility characteristic. Any change ia speed will change
the speed of compressor and the efficiency of the compressor will
decrease due to air angles being different than designed. There
is also a starting difficulty. Gas rurbiae plants are not self-starting
and must be run to about 30-40 per cent of their normal speed
before they develop suflicient power to maintain the speed. This
arrangement requires a large motor to accelcrate the shaft. The

HE
‘VVV\:"l C
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Fig 2:33. Open cycle gas turbine with single shaft arrangement,

cost of open cycle with single shaft arrangement is low. This
type of arrangement is used for constant speed operation and for
applications where the load is usuilly near to full load. At part
loads the efficiency of the plant is poor.

2'10'2. Open cycle with two-Shaft arrangement

__ Fig. 2:34 shows the schematic arrangement of a two shaft
turbine plant. Tt consists of two turbinesand a compressor. One
turbine is coupled to the compressor and the second to the load.
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This arrangement is also known as free turbine arrangement. The
two turbine shafts are mechanically independent and can run at

r“WW‘*Qg’

Compressor
turbine

rower turbine] . 6

Fig. 2'34. Open cycle gas turbine with two shaft arrangement.

different speeds. Another possible arrangement is the use of two
concentric shafts to couple compressor and one turbine by one shaft,
and another turbine and the load by aunother shaft.

" The two-shaft arrangement is more efficient than singie shaft
arrangement because one turbine coupled to the compressor can be
run at a higher speed compatible to high compressor efficiency.
The power supply is controlled by changing the amount of fuel
supplied to the combustion chamber. However, such a control has
two main disadvantages: (i) The amount of flow changes with the fuel
supply and results in changing compressor speed. This reduces the
efficiency of the compressor as air angles are now not optimum.
(#7) The maximum temperature of the cycle is also lowered due to
improper fuel-air matching, resulting in a loss of efliciency.

2:10-3. Open cycle series or parallel flow gas turhine plant

HE HE
_ VAN
otz On e
Cc CT c CT
. 1/ \ N
C

“¥0071€ ¥no1e;

pTE] 6 |

Fig. 2'35. (a) Open cycle series gas turbine plant (b) Open cycle parallel gas
turbine plant.

The disadvantages discussed above can be overcome by
using two combustion chambers connected ia series or in parallel as
shown in rig. 2:35 (a) and 2:35(/) respectively In series arrangement
the variations in load and speed are obtaincd by changing the fuel
supply to second combustion chamber, the compressor turbine
combination still running at its optimum spesd giving optimum
efliciency. In parallel arrangement contiol is atfected by changing
the fuel supply to the combustioa chamber of the power turbine.



{src. 2:11] ANALYSIS OF GAS TCRBINE CYCLES 57

With two mechanically independent shafts 'and the control
affected by the use of two combustion chamber, it is possible to
obtain a wide degree of flexibility of power and speed range. Marine
propellers, heavy duty automobiles, railroad engines and wide range
of industrial applications are typical examples of the use of two-shaft
arrangement. The two-shaft arrangement is used to meet peak load
demands because it can be quickly accelerated to meet the load
requirements. Ifa single shaft plant is used for peaking, any sudden
change in load will be met by changing the speed of the whole
compressor-turbine combination resultitg in long time lags and
sometimes to dangerous overspeeding.

2'11. AUTOMOTIVE GAS TURBINE

The simple gas turbine with its three elements, viz. compressor,
combustion chamber and turbine, though successful for air-
crafts, is highly unsuitable for automotive applications. This is
because its output torque decreases rapidly with speed and drops
to zero at about 40 per cent speed. Another important reason is the
poor part load performance of the simple gas turbine. Its specific
fuel consumption is very high at design point due to lower pressure
ratios used and, still more, it deteriorates under part load conditions.
The decrease in the turbine inlet temperature at part load operation
is the main reason for this poor part load efficiency. So for making
:the simple gas turbine suitable for automotive applications some
" modifications in the sim»le gas turbine arrangement must be done,

Hydraumatic auto

- .
Ist,
\ N transmission

W
(=2
o

2nd

. ~High ratio

N
[
Q
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% Torque at whee!

Low ratio
/
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e
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(=]
N
=
o)
1=
Q
a
e
a
(A
\
\
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Fig. 2°36. Torque speed characteristic of a conventional engine fitted with
hydromatic automatic transmission and of a gas turbine
at two different pressure ratios.

Fig. 2:36 shows the torque speed characteristics of a convens
.onal engine fitted with hydromatic automatic transmission and that
of a gas turbine at two different pressure ratios. It can be seen that
the tor.jue characteristic of a turbine is very similar to a torque
converter and by suitable choice ot a two speed gear ratio it should
give nearly the same road performance as that given by the
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combination of a torque converter and the conventional engine. Seo
the first step towards meodifying the simple gas turbine is that the
turbine should be decoupled from the compressor and made free to
make the torque-speed characteristic acceptable.

The acceleration performance of the gas turbine is lower than
that of reciprocating engine, so before it can be used for automobiles
the inertia of its rotating parts must be reduced.

Another point of importance is the part load fuel consumption.
It is well known that almost all automotive engines, including the
gas turbine, run most of the time under part load conditions and
unless the part load fuel coasumption is improved the use of gas
turbine would be highly uneconomical. One way to do so is the use
of high pressure ratio and the use of vaiiable nozzles in the power
turbine enable a high combustion temperature to be maintained at
reduced loads. Another method of reducing fuel consumption is the
use of heat exchanger.

Thus a free turbine, heat exchanger and variable nozzles have
become more or less the standard elemenis ~fan automotive gas
turbine.

2:11'i. Free power turbine

Fig. 2:37 (a) shows the schematic layout and Fig. 2:37 (b) the
internal schematic of a free power turbine system. The inlet air

| vy

0

7
Fig.'237 (a). Free power turbine,
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¥ 38°C
- Airin

Variable inlet
guide vane

Low pressure High pressure ZHigh pressure vowprksur\l‘owa » Reduction.

compressor  compressar turbine turbine turbine gear

Fig. 2:37 (b). Typical automotive gas turbine arrangement.
(Frce power turbine).
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passes through the five progressively shorter height blades of’
the pressure compressor. The pressure 1atio is increased further in the
counter-totating high presture compiessor where a centrifugal turn-
ing stage forms the transition to a1zdial diffuser. The pressure ratio
used is 14°5: 1.

The use of counter-rotating arrangement, the high pressure
spool, t.e. high pressure turbine, high pressure compressor and
nozzle in narrow speed range is conductive to high efficiency and
increases acceleration capability.

The air from the cenrrifugal turning stage passes through the
recuperator, gets preheated ard reaches a single-can type tangential
scroll combustion chamber, frorm where the products of combustion
pass to the high pressure turbine. The first stage turbine blades and
nozzle are aircooled and can withstand temperatures up to 1115°C.
The uncooled second stage tnbine wheel drives the low pressure
compressor via coaxial shafting through the high pressure spool. A
ring of variable incidence vanes direct the gases to the second stage
turbine which rotates in direction opposite to that of the first stage
turbine. The variable incideuce vanes, i.e. the variable nozzles,
allow the turbine to operate under optimum conditions over its
entire operational range. These, thus, keep the exhaust ternperature
and recuperator cfficiency high under part load. These also help in
braking by directing, when desired, th: gas flow in a direction so as
to oppose the turbine tlow. Thus they can protect against overspeed
when the load on the turbine is suddenly lcst.

Figure 2:38 shows the performance of the free power turbine.
The turbine horse-power ws sueed characieristic is significantly flat
and the fuel consumption is also apvproaching that of best conven-
tional engine.

The stall torque ratio, i.e. stall torque/design torque, is about
2'1 to 2:3 which is not sufficient for a passenger car which needs a
stall torque ratio of about 4:1 for good acceleration. This still
requires a change speed gear box. Another important thing is that
for good acceleration speeds of both  compressor as well as
turbine should increase.simultaneously but this is rarely so. The
compressor accelerates faster than the turbine which is delayed due-
to lags in fuel control and other mechanical responses.



60 GAS TURBINE AND JET AND ROCKET PROPULSION  [sE0 .2:11]

1600 I T
AGT 1500 ]
100 % output shaft 4’—\
1400ispeed=3000 rpm i \\V
ambient temp.=|55 \
VAN
4 \
4200 / Vi
. g / II / ’,/, A \\‘"\
SHANAT L eszoste]
51000 s/ T A
3 & 1 N-fodzs
= Qo /71 / Ne oo 43
[=] 5 / \
& &/ / < ]
g 800 “97/ /. =
4 90/ /, N
=
+ 600150 / e
S 70/ /1054
w so//
50
400 07T
07
2o0l20=" @‘ﬁ/
\\
oR

22,50(? rpm\'"'

e)
20 40 60 80 100 120
Power turbine speed

[

Fig. 2:38. Performance map of an automobile gas turbine.

2112 Split compressor differcntial {gas turbine
(SCDGT)

Another arrangement for automotive gas turbine is tne split
compressor differential gas turbine (SCDGT) shown in Fig. 2:39 in
which the various compouents ave mechanically linked through a
differential gear The compression is carried out in two separate
compressors. The low pressure compressor is carried on one
shaft and the high pressure compressor and turbine on the second
shaft. These two shafts are connected through an epicyelic diffe-
rential gear,

i ig. 239 Schematic diagram of a
SCODGT power vni*
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The advantage of this arrangement is that its torque speed
characteristic renders use of a speed changing gearbox unnecessary,
except for reversing and the pars load performance is much better
than the free power turbine. 'the differenrial gear allows the low
pressure and high pressure compressor shaft speed to vary, keeping
the output shaft speed coustant so that engine mass flow and power
can be varied. As the high pressure comgpressor speed falls the out-
put shaft speed is reduced while the low pressure compressor speed
rises resulting in a higher combustion temperature.  And as a conse-
quence, the turbine torque increases since the ratio of output shaft
torque to low pressure compresser torque remains constant, giving
better part load efliciency.

For starting an automotive gas turbine a large amount of power
is needed because the compressor speed must be quite high before it
can develop a useful pressure ratio. The use of split compressor allows
the cranking power to be low.

Fig. 240 shows the performance of a SCDGT power unit for
various values of the parameter B8 which is analogous to “throttle’ in

10
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%02 %} \)//Z /, =
@ \r(' —T 3
Oé— C =02

0 02 04 06 08
Relative output speed

Fig. 240, Performance of a SCDGT power unit.

a spark-ignition engine. It shows that at high speeds the perfor-
mance is quite good over a wide operational range, but performance
is poor below 30 per cent output speed. The dotted line shows the
optimum area of operation.

ILLUSTRATIVE EXAMPLES

2'1. Ideal gas turbine cycle : net output.

A gas turbine power unit crerates at a mass flow of 30 kgls. Air
enters the compressor al a pressure of 1 kgf/cm?® and temperature 15°C
and i8 discharged from the compressor at a pressure of 105 kgf[cm?2.
Combustion occurs at constant pressure and results in a temperature
srse of 420°C. If the flow leaves the turbine a! 4 pressure of 12 kgf/cm?,
determine the net power cutput from the unit. Take ¢, =014 keal[kg-K,
Y= 14.
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288 |-

Fg. 241,

Assuming reversible adiabatic compression in the compressor,
we get

/ y-1
T,=T ( 1->,,) v
27— 43 Pl
04
‘ 10 5\ %
=_288><(_1—_)
T,—T,=564—282=276 K

Temperature of the gases leaving the combustion chamber,
Ty=5644-420=984 K

Assuming reversible adiabatic expansion in the turbine, we get

7= __zi__.
R
SoE
984
105V14
iz)
=529 K
T,—T,=984—529=455 K

Net power output="turbine output—work done on compressor
=mass rateX ¢,{(T;—T—(T,—Th)}
=30 x0°24(455—-276) x 561
=7930 H.P. Ans,
227 Simple gas turbize : 7, work ratio, air wate, sfc, A i
watio.

In a simple gas turbine plant air enters ike compressor of
1033 kg,fem?® and 15°C and leaves at 6 kg Jem®. It is then hevied in
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the combustion chamber to 700°C and then enters the turbine and
-expands lo atmospheric pressure. The isentropic efficiency of compres-
sor and turbine cre 0°80 and 0-85 respeciively and lhe combustion
efficiency is 0°99. The fail in pressure through ihe combustion chamber
is 01 kgffem®. Determine {a) the thermal ¢fficiency, (b) the work ratio,
(c) the air rate in kg per shaft horse-power, (d) specific fuel consump-
tion, and (e) the air-fuel ratio. '

Take calorific value of the fuel equalto 10,200 keallkg, ¢,= 024
and y=14.

r
‘K
973

288} .

04
_ 6 \T%
—288x(i°033 )
=477 K
7T,
7)c r,—1,
o 477—288
or V8= T, =98
T,=524 K
T,—7,=236
e T3
Ty = 7=
(PofPy) ¥
- 973

04
{(5:9/1-033) 14
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=592 K
Ly—T,
T,y -7,
Ta"‘Td
'473—Q92
or T,—7,=083{973—592)
' =324 K
Net work cone/kg of air=c (T, — T} — cp(T,—T")
=024 < 324024 X 236
=21-12 kcal/kg
Work done
Heat supphed

Ni==

083=

{a) Thermal efficiency, n=

_ 024(324—236)

~ 0°24(973—-524)
=17"6% Ans.
. . eo{ (13— Tg)— (T, —T1)}

{b) Work ratio = el Ta—Ty)

_ 324236

324
=0272 Ans.
63
(¢) Air rate/shaftr-horse-power=2—16———_125
=30 kg/hr Ans.

co(T's—T)
Tcomp-

_024x449

=55

=120 kcal/kg of air

. . '__Heat supplied kg of air X air rate
Specific fuel consumption= Calorific value

(d) External heat supplied =

__ 120x 30
~ 10200
=0353 kg/shp-hr Ans,

30
(e) Air fuel ratio = 5353

=85 ‘ Ans,
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2:3. Simple cycle: Comparison of ideal cycle and cycle
considering component efficiencies.

An tdustrial gas turbine takes in air at 103 kgffcm?® and 27°C
and compresses it to 5'5 times the original pressure. The temperatures
at the salient points are, compressure cutlet, 2561°C, turbine inlet,
760°C and turbine outlet, 447°C. Culculate the compressor and turbine
efficiencies.

Compare for the ideal cycle and cycle considering component
efficiencies—(a) therml efficiency, (b) work ratio, (c) optimum pressure
ratio  for maximum output, anl (d) optimum pressure ratio for
mazximum efficiency.

3

e e m e o

*
/4373-

72¢]

=300(5'5) 1'%
=489

e TSI_"TI
ne._. TI_T1

_489—300

~ 524300

=0'845.

: T

R e
(Po/By) Y
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1033
= o
(55) 14
=635
A 'Y
Ty—1
_ 1033—720
1033035
=0-786

(a) Ideal cycle thermal 5= (’1’3——2",)—1(77’2— T,)
g~ <2

_ (1033 —1720)— (524— 300)
- 1035—524

={175 or 17-5%,. Ans.

Ty .~ — T4y

L= Ty
K—1 TNe

Thermal efficiency

0786_ 300

108X~ 5ses

= 1033300 300
163—1 084

=0181 or 18'19%,.

Ans,

(%) Ideal cycle work ratio=1— -2~ 11
T3—Tl

_q_ 524—300
- 1033 —720

=0284
Work ratio T, B !

Ans.

T, '

.7]c7]t
0 o

. 300 ... T4

=1 1533 09

- =0288

1
" 0:845x0°786

Ans.
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{¢) Optimum pressure ratio for maximum output in the case of
ideal cycle is given by

R= y Ty,

04 1033
. (5_) 14 _ ] 300
- Pl —

Lic

or 2 =878 Ans.

Optimum pressure ratio for actual cycle is given by

7,
R—‘ \/ NeNt - T,
=0 845 0786 x ‘gan-
=1236
14
P,/P,=(1-236) 04
=2'1. ~ Ans.
{d) Optimum pressure ratio for maximum efficiency is given by
R= Ts/TI
1
1 T/T—1){ ——
@z (1)
_ 1033/300
K 1933 1\ e —1
T A/\ 300 08450786 )
=283
14
Py .02, 0%
P, =(2'83)
=99 : ) Ans.

In case of ideal cycle the optimum pressure ratio ff)r maximum
efficiency is given by T
1033

R=T3/T1=‘§b‘6‘
=35 '
Py 1208, Ans
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2'4. Condition for positive power ; v, ; mass flow.

An open cycle gas turbine plant consists of a compressor,
combustion chamber and turbine. The isentropic efficiencies of com-
pressor and turbine are v, and n:, the mazimum and minimum cycle
temperatures are Ty and T respectively, and r, 8 the pressure ralio
for both the compression and expansion. Neglecting pressure losses
and assuming that the working sibstance is a perfect gas, show that the
necessary condition for positive power output is

n~1

et Ty>Fy 1y

Such a plant delivers 2000 hp and operates such that inlet
pressure and temperature at the compressor is 1 kgffem® and 15°C, and
that at turbine is 4 kgfjcm® and 700°C. Calculate the isentropic effi-
ciency of the turbine and the requisite mass flow of air in kg[sec if the
compressor efficiency 18 8§%, and overall thermal efficiency is 21%,.

R
D R/

Fig. 2'44
n-l
Ty =T, (Pz/zé1 ) "
04
=288x414
—_-422'5 K.
LT —T,y
R P
ar__422:5--288
or 0 85-—5:-:—-758—
e T,=446'1 K.
, T.
Ti= : n—1i

(PyP) "



ANALYSIS OF GAS TURBINE CYCLES 6%

=6635 K.
net work output
heat supplied

€(973— T —c,(422'5—288)

Overall thermal efficiency=

or 021= ¢p(973 —422°5)
T,=7228 K
__Ts—T4
KA o

=973—-722'8_250'2
973—-663'5" 3095 -
=081 or 810%,. Ans,
Net work output =1 X heat supplied
=021 x 0-24(973—422'5)
=2775 kcal kg.
2000x 75
27'75x 427
=957 kg/sec. Ans,

Air mass flow rate=

25. Simple gas turbine; pressure ratio for maxzimum
output ; m ; sfc. .

Deduce an expression for the specific output (kcallkg of working
Jluid) of a simple constant pressure gas turbine in terms of temperatures
at the beginning of compression and at the beginning of expansion, the
18entropic efficiencies of the compressor and turbine, the pressure ratio
and the isentropic index. The specific heat at constant pressure may
be assumed constant, and the weight of the fuel added may be
neglected. :

Hence determine the pressure ratio at which the specific output is
a mazimum for the following operating conditions.  Temperature at
compressor inlet is 15°C, temperature at turbine. inlet $s 630°C, and the
tsentropic  efficiency for compressor and turbine is 0:85 and 0°90
respectively,

Assume the working fluid to be asr throughout. Detcrmine in
kg/hp-kr (a) the air flow and (b) the fuel consumption, if the calorific
value of the fuel is 10,300 kcallkg.

y—1
T,=T,(rp) Y
y—I1
aTe=Ti—T=T,(r © 1)
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73
Fig. 2+45
-Y::l
o AT = éﬂc—:—ﬂ( rp T —1 )
Ne Ne
1=y

Similarly, A=t Ty ( 1—r, ¥

Now net work output =w;—w,=c,( AT:i— AT.)

1— T =1
or Wnot=Cp ["lt Ta( l—r, ¥ )——5—1( r, ¥ —1 )]
14

Ans,

For optimum pressure ratio, differentiating the above relation
w.rt. 7, and equating to zero, we get

d 1 e 1 !

_‘wlet_— —7 b'e r— Cp T]_ —Y—__

N G T
X

. y =( Tlﬁ)Z—Z‘(

r ,p nene Ty

Substituting the values '

14
y _( 288 2-2x14
?7\903x0-85x09
903 x 0-85x 09 \!-% .
("”“'758“'_) =462

1—y y—-1
h

o1 T)-2( 7 )
¢
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1-14 e N
o TAT\ 288 T
=o-24{o~9—9o3( 1—462 14 )_0_,8-5( 462 v )t

1\ 288 ;
-0 24{0 9 x 903 (1_ 1‘-5‘4@)‘678‘5(0 549 }
—024 (288— 186) = 2448 keal/kg

_ 75% 3600
~427x 0448

=1
Y

Mass flow =26'9 kg/hp-hr. Ans,

T,=T X (rp)

(=

. 4
=288x (4-62) 14

=288x155=462 K

26 9x 0-24(903 —462)
10,300

=0 2695 kg/hp-hr. Ans.

Mass of the fuel =

2:6. Simple gas turbine ; efficiency 'and air intake takirgy
mass of fuel into account

In a gas turbine plant, comprising a single stage compressor,
combustion chamber and turbine, the compressor takes in air at 15°C
and _ compresses it to 4 times the initial pressure with an isentropic
efficiency of 85 per cent. The fuel air ratio is 00125 and the calorific
value of the fuel is 10,000 keallkg. If the isentropic efficiency of the
turbine is 82 per cent, find the overall thermal efficiency and the aér
intake for a power output of 350 hp.

Take the mass of the fuel into account. T7s turbine inlet tem-
perature is 1000 K. (. Mecn. B. April, 1953)

288}

Fig. 2°46
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n—1

T, =T,(Ps/Py) "~
o4
=288x% (4) 1'%
=425 K

_ 1,7
Ne

425288

(——o-‘zrs“‘*)“"g

=449-1 K

T, +7,

Work done on compression

=0-24(449'1 —288) =387 kcal/kg

_1000

(4)%% —674K

T4=T3“7Qt(T3—T¢')

—1000-082(1000— 674)
=7325 K

Work done by turbine \
=0-24(1000—732-5)

o =642 kcal/kg.
o Net \vork output .
=10125'% 64:2—38-7

T4’=

=263 kcaijkg of air

263 % 427
] b—T =15 H.P.
Heat supplied' =0-24(1000—4491)

=132"1 kcal/ke.

».  Overall thermal efficiency

263 _ . .Qo T An
T-3-2~T—-0199 or 19-9Y%, . S.

Intake air required

= %—559 =2338 kg./sec. Ans,
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2'7. Improvement in cycie with intercooling and regeneration

An ideal open cycle gas turbine plant using air operates on an
overall pressure railso of 4 and between the temperature limits of 300 K
and 1000 K. .Assuming constant specific heats, c,=0 24, c,=0"17,
evaluate the specific work output and thermal efficiency for each of the
modifications below and state the percentage change from the basic cycle.
Assume optimum stage pressure ratios, perfect intercooling and perfect
regeneration.

{a) Basic cycle.

(b) Basic cycle with heat exchanger.

(¢) Basic cycle with two stage intercooled compressor. -

(d) Rasic cucle with heat exchanger and intercooled compressor.

Fig. 2:47
o o 0:24
2= 17
=14
{(a) Basic cycle.
o4
T,'=300(4) 1'4
=446 K
Ty —T,=446—300=146
,_ 1000
="
4
=674 K
- P—T,=1000—674=326

2 Specific work output
=024(326—146)
=432 kcal /kg. Ans.
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__026x180 _
024(1000—446 )

=0-3255 or 32:559,. Ams.
{(b) Basic cycle with heat exchanger.

Thermal efficiency =

Since regeneration is perfect
Ty—Ty=T,—T,
T,=T,=674 K

The specific work output remains unchanged.

‘The thermal efficiency

0-24(326— 146)

=0'552 or 55-29%,. Ans.

(¢) Basic cycle with two stage intercooled rompressor.
The pressure ratio for each stage

=4/4=2"
04
Ty =300x214
=306 K.
T,—T,=306—300=6
Total work done on two stages
=2¢,(T,—Th)

The turbine work done is not affected by intercooling, i.e.
‘ we=c (T;—T,)
Net work output
=c(Ty— T4 )—2co(Te' —T)
=024 x326—2x0'24X6

=754 kcal/kg.  Anms.
. 754
Thermal efficiency ="004(1000—306)
=0'453 or 4539%,. Ans.

(@) Basic cycle with heat exchanger and intercooled compressor.
The net work output remains same as in (c), t.e. 754 kcal/kg
For ideal regeneration
Ty;=T,=674 K.

s Thermal efficiency

N 75'4

~0'24(1000—674)

=0-964 or 56'4%,. Ans.
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2'8. Regenerative gas turbine cycle ; specific output and
efficiency at full load and part load.

(¢) Derive an expression for the efficiency of an ideal basic gas
turbine cycle with perfect regeneration. Show the variation of efficiency
with respect to cycle pressure ratio at different temperature ratios and
explain how reasonably good part load efficiencies are possible with this
arrangement.

(b) At full load an ideal basic regenerative cycle operates with an
snlet air temperature of 20°C. The turbine inlet temperature <8 850°C,
and the pressure ratio for the cycle is 6 to 1. To obtasn a desired part.
load operating point, the turbine inl<t temperature is lowered to 600°C
and the compression ratio to 2'5. Find the specific outputs and thermal
efficiencies of the cycle at the full load and part load operating points
and compare the results with those for the basic cycle operating under
the same conditions.

[Aligarh, M.Sc. Engg., Jan. 1972 ; Punjab, M.E. April 1972}

2

873

293

Fig. 2°48
(a) The efficiency of ideal cycle with ideal regeneration is
v—1

—1_7Ts ¥
7]‘—1 Ta (rr) ’

where r,,:fl?
»
-1
if Ly _ =( P\ v
/4 y 4
and B =7 T3 —
' P R 4
y—=1
n=I A T G B
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y—1

(rp} Y
@€

(0) (©) Full load n=1-—

©on12s

4

_er
384
or =56-5%. Ans.

=1 1--0:435=0565

Specifiec power output
=6, [\Ty—T',))—(T,—T1)]

- r, 1, 1,
=Cp Tl( ‘/111 - T] - Tl_"*'l )

=e, 7, ( a_%f.% _0+1)

=¢e, TI( d*-'%‘ ——0+l)

.. 384
-0 24x293( 384— 2ok 1674 1 )

=024x293x0-87
=616 kcal/kg. Ams,

Fart load condition
T,=600+273=873 K

r, 873
=593 =2-98

o=

N’s[
9

y—1

fz_) Y _(9.50286 _1.
(P1 —(2:5)0286—1-3

1

T,
9——-—7—‘:

0 1-3
n=l-g=1"255

=0564 or 56'4%,. Ans.

o
Waet=Cp T, ( =3 —60+1 )
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—0-24 x 203 2'98—-%932 1341 )

=274 kcal/kg
Comparison with basic cycle without regeneration
1

Ty
. 1 4
(i) For full load  m=1— - =1-06

=0'4 or 409,. Ans.
i
(i1) Part load p=1— T_—?-_—I'O——O'W
=023 or 239. Ans.
waet is not affected by regeneration and remains same.
RESULTS
Regeneration cycle Simple cycle
Fuli load 4 56'5% 40%
Wnet 616 keal 616 kcal
Part load 5 56'4% 23%
Wnet 27-4 kcal 274 kcal
Ans.

2'9. Compound gas turbine ; Pr.r. tyrbine 5 Noverans

In a compound gas turbine the air from the compressor passes
through a heat exchanger -heated by the exhaust gases from the low-
pressure turbine, and then into the high pressure combustion chamber.
The high-pressure turbine drives the compressors only. The exhaust
gases from the high pressure turbine pass through the low-pressure
combustion chamber to the low pressure turbine which s coupled to an
external load. The following data refer to the plant :

Pressure compression ratio in the compressor, 4 3 1
Isentropic efficiency of compressor, 0-86

Isentropic efficiency of H.P. turbine, 0-84
Isentropic efficiency of L.P. turbine, 80-0
Mechanical efficiency of drive to compressor, 0°92.

In the heat exchanger 75%, of the available heat is transferred to
{le air.
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Temperature of gases entering H.P. turbine, 660°C

Temperature of gases entering L.P. turbine, 625°C.

Atmospheric temperature and pressure are 15°C and 1'03 Icgf]cms
respectively. .

Asszming that the specific heat ¢, of air and gas is 024, deter-
mine {a) the pressure of the gases entering the low pressure turbine ;
(b) the overall efficiency.

[Punjab M .E. 1969, Gwalior 1972 (8)]

Heat exchanger

Combuslion chambers

50
a3 fgrem? Y
Load
-
oK
933
298
2bs} .
Fig. 2:49 (b).
p ¥—1 141
Ty (P v _ rq_ .
- ( P1) —(4) ¥ _1486
o T,'=288x1486=428 K
_T/-T
M=
428288
or 0 86-—m‘8 T2—451 K

Now, W.D. by H.P, Turbinexnmwn;W.D. by éompressor
" 6Ty —T5)X 0:92=c,(Ty—T})

163 :
or (T4“T5)=*T92‘=177 K

and T,—933—177=156 K
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For H.P. turbine 1, 0'84:5"_—7,7-'% ,
4 £ 5
o T,—7T/=211K, Ty/=722 K
P. 1 = 933 o
Py [ T4 \x=1_(933\r4=1_,,
Now P, (= ) () "' =20
. _4x103 L ..
o P5 _W—l 655 kgf/cmz Ans,
For L.P. turbine
T [P\ (1655 \ e
6 — 8 Y {10914 .|
f( 1) T ()
, 898 X
oo T-; —mg—']SD K
(e L6— T
Ni=0 8_-T3—T-,'
or Ty—T'y=(898—785) x 0-8=90-4
L T,=898—904=8076 K
For heat exchanger
T,—T,)
=0.75=cp( 3 2
kK oo(Tr—T;)
T,—T,=075(807-6+451)=267'5 K
or T3=451-267-5=7185 K
‘ N — on(TG"‘T7)
Overall efficiency= T =T £ e Ti=T)
90-4
T=(933—718-2)+ (898 —756)
=0253 or 25'3%. Ans,

2'10. Actunal gas turbine cycle with two-stage compression
and expansion ; H.P, ; sfc; efficiency.

At design speed the following data apply to @ gas turbine set
employing a separale power turbine, heat exchanger, reheater and
entercooler between two-stage compression.

Isentropic efficiency of compression in each stage 80%,
Isentropic efficiency of compressor turbine 879,
sentropic efficiency of power turbine 80°,
Turbine to compressor transmission efficiency 999,

Pressure ratio in each stage of compression - 2.1



80 GAS TURBINE AND JET AND ROCKET PROPULSION

Pressure loss in intercooler 007 kgf [cm?®
Temperature after intercooling 300 K
Pressure loss on each side of heat exchanger 01 kgf|em?
Thermal ratio of heat exchanger 075
Pressure loss tn combustion chamber 015 kgf[em?
Combustion efficiency of reheater 98%
Mazimum cycle temperature 1000 K
Temperature after reheating 1000 K

Air mass flow 25 kg|s
Ambient air temperaiure 15°C
Ambient air pressure. 1 kgf/om®
Calorific vaiue of fuel 10,300 keallkg.

For air, c;=024 and y=1'4 during compression
For gases, cy=0276 and y=1'33 during heating and expansion.
Find the net power output, specific fuel consumption and overall

thermal efficiency. Neglect tke kinetic emergy of the gases leaving the
system. [B.HU., M.E. 1970}

PRegenerator

NVAVAA

Compresser  APower
Zurbene Eurdine

Fig. 2:50 (a).

Fig. 250 (b).
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0-857=t1—>< *
b'e n—1
n—1 _14-—-1_ 1 .
or n T TE Ngesy 03335

Work of compression in first stage is given’by
Wey==ep(Te—T,)

7,
~n {71}

n—1

o (87}

Py J
0'3335}
2—1
=0"24x 280X 026
=175 kcal/kg.

=024 X 280x{

Work done in the second stage,
W, =024 %300 x [0-28]
=18'75 kcal

Total compressor work

=17"5+18'75=36:25keal/kg.

Py;=4—0-05—00!1
=385 kgf/cm?
Also T,—T,=1, (% — )
3

n—1

=n ()T 1)

=300 x 0-26=78
. 7,=378 K

L)

Now compressor work=compressor turbine work.

36-25=0-276(75s—1T)
Ts—T6=f%g= 131K,
Te=1000—131 =869 K

s e

Turbine polytropic efficiency is given'by

81



82 GAS TURBINE AND JET AND ROCKET PROPULSION

n—1 1-33
or 0882 == X T5=T
. n—1_0:882x0-33_ o
v n 133 77
‘ n—1
Py n
r-rer [1-(7) "
e 1
or 131=1ooo{ l—m}
1000
or . .Yo-zlgz___86_—_-l'15
o v=1-89
385
i= 1 =2 04 kgflem?

P,=140'03=105 kgf/cm?

204 0.x19
(705
=1-157
_ Ts _ 869
= 1157~ T157
_ =750 K
Net work output/kg=c,' T's—T)
: =0-276(869—750)
=32-8 kcal/kg.
mass flow x W.D./kg x 427

Net shaft horse power= 75
_ 15x32:8x 427
=75
=2820.

Let 7, be the temperatu?e after heat-exchanges.
Tz—T4 :
T,—1,

_ T.,—378
T 750—37"

T,=657 K.

2~ Temperature rise in the combustion chamber
=1000—657=343 K. '

Then 0:75=

Ans,
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ency g o119
Overall thermal efficiency = T T, 343
=34'89, Ans,
. . 632
Specific fuel consumption = 10300 % 0 338
=0-176 kg/bhp/hr Ans,

Without Heat Hxchanger

Compression work remains ‘ame=3625 kcal/kg.
P,=4—-01=3%y kgf/cm?

3-9
Pe= Wy— =206 kgf/cm?, Py=1kgf/cm?
n—1
ZE=(PP) " =05
7, A
8609
S T,= ~——1.1H=740K
Hence net work output/kg=0-276(869 — 740)
=0276x129
=356 kcal
Net shaft h.p. = ?ﬁﬁ%ﬂ:ﬂ)so Ans.
) Te—T
Efficiency, n= T:__T:
_129 0 o0
_82—4_20 89, Ans,
. 632
SpCCiﬁC fuel consump‘t10n= mm
=0295 kg/bhp/hr. Ans.

2:11. Closed.cycle gas turbiue : pressure ratio and cycle
efficiency for max. weork.

In a closed cycle turbine plant the working fluid at 38°C is com-
pressed with an adiabatic eficcency of 829 . It is then heated ab cons-
tant pressure to 650°C. The fluid then expinds down lo initial pressure
in a {urbine with an aliabatic eficiency of 80%. The fluid after
expansion 1s cooled to 38°C.

The pressure valio is such that work done per kg. is mazimum.
The working fluid is air which i« assumedto be u pe fect gas having
2,=025 and R=202 kg -m/[kg/k. '
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Calculaie the pressure ratio and cycle efficiency.
{Ujjain, 1971 Annual)

G
Fig. 251
R
Cp_Cz:——— T]‘
99-9
0p=025— S =0:25-0:0684
==0-1816
e 095
Y= =g1aie 18
’71,‘ -_—082——_ %;22_;1
’ Y_i —-I
=) =ea
7, V5] ?
y—1

T,--T,
7!3__ Tél

7t=080=

v-1
TR P

y . v ‘a
Net work done, Waet=c(Ty—=T)—c (Ty—1)

) { 1=l { y=1 1
=cpX08x T, (1=, ¥ §—epX 3'227}?(7})7 -‘.1%
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=0'25i737{1—1/(rm) Y } 380{ rp) Y —l}]

4485

dar r2 =—w
1“‘( =1
¥
-y 1-2 y—1 —1
—737 Y{(r,) ¥ —38) ¥ (r,) ¥ =
1-2y
frp) ¥ 380
1T
(ry) Y
L0 g
;
) =7
380 (-7 192
’ﬂ=(737) =(03D)
=365
038
Ty'=311x(365) 1’38
=445 K
134
0-82=-7— T,
T,—T;=1635
Ty=474'5
, T 923
T)=—cj=17=65 K
(rp) ¥
o T—T,
08=—7
Py— T =222
T,=701 K
_(Ty,—T)—(T,—T) _ 2221635
T,—T, = 923-4743
=285 139

Ans.
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2:12. Automotive gas turbine

The flow diagram of an automctive gas turbine is shown tn Fig.
2:62. The following data refers to this turbine :

Rated H.P. =300
Pressure ratio =16:1
Turbine inlet temperature, °C =925
Bsfe, kg /bhp-hr. =0-2566
Exhaust temperature, °C =316
Regenerator efficiency, % =75
Burner effictency, % =96
Comypressor efficiency, % =80
Turbine efficiency, % =85
Ambient temperature, °C =27
4 7” oo
¢ T
Air goofer ” p
£f 3 j[Sryyyye c EC:]
J\/\/vvn——ilz g
ﬂl' & z

2

A
798

300

Fig. 2:52.(6)
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Calculate the (i) thermal efficiency (+t) work ratio und (iii) tempe-
rature and pressure at salient poinls.

Overall pressure ratio =16:1
Stage pressure ratio =+ 16=4
p 2
en(4)
2 1 P]
o4
=300 ( = ) s
=446 K
To— Ty
Ne Tz"—‘T]
) T,—300
o 08="446=300
T,=4825K

Assuming that the air cooler cools the air to initial temperature,
we have

Ty=T,=300 K
7,=4825 K
Since the high pressure turbine diives the compressor only
e Ty—T5)=¢,(T7—T4)
or 0'24(482:5—300)=024(1198—1T)

7,—1016'5 K
To—T,
or 0'85:————] 1??9——————\‘81?172,5 )
T/=983 K
771
Te =i
(rp) ¥
14
; ___( ﬂ?i)m
’ 983
=20
P,= —;—60—=8 kgf/cm?

By energy balance of heat exchanger
ep(Ts—Tg)=e,(T =T'1)
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. ool Te—T4)
Heat exchanger effectivenes =;ﬁ’—,—5———’—~
s cavenes ep(Ly— 1)
=(7,,(T,1——T12)
eIy —1'y)
e Ty —589
o 0T =7 4825
R =908 K
Since whole of the power output of turbine 7, is consumed in
driving the low pressure cowpressor, we have
ep(To~41) = cp(T'10—Thy)
or 0-24(482'5—300)=0-24(7",,— 908)

f

7:4=1090'5 K
T 0T
-n =__lo ]1;
BT T~ T
e 1690°5—9-8
or 085= J6e05—7,,

oo T]1'=876‘1 K

.. Pressure ratio for turbine 7, is given by
14

P——

. 04
r,,_-:( 1090°3 ) ~1508

876-1

pu=1 kgffcm?® p,,=1'508 kgf/ém2

Since
Ps 8 -
e 1508 =531
Ps _ P _ /531=2 305
De Do
8 . / 2
.“’ p9=W=3 47 kgfl cm
’ T8
To'= =1
(7'17) Y
= “980,4 1070 K
(2:305)1%
Ts—T,
YT Ty
, e 1198—T,
or 0-85= 1198—1170

Ty=11742 K.
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213, Test on gas turbine plant : 1, ; m ; Tiniry

The following data relate to a tesi on a simple gas turbine
plant :

Ambient temperature and pressure, 10°C and 104 kgf/cm? res-
pectively ; staiic pressure ai compressor entry, 0-93 kgf/em? ; compressor
delivery total head pressure and temperature, 6 kgf/em? and 230°C
respectively ; turbine exhaust pipe temperature, 480°C, turbine horse-
power 8000.

Calculate the total head isemtrepic efficiency of the compressor,
and laking the compressor entry area as 0-10 m?, calculate the air mass
Jlow and estimate the temperature of the gases at entry to the turbine.

It may be assumed that there are mo losses at compressor
entry, that the entry velocity distribution is uniform and that increase
of mass flow due io fuel addition is negligible.

Take c,=024 and y=1I4 for compression and c,=0-27 for
exPansion.

733
503

283}

Fig. 2'53

Note. Ambient conditions are total head conditions since
ambient conditions are considered to have no kinetic energy.

(a) Compressor total head isentropic efficiency :
Consider the total -head conditions between points | and 3.

04
14

-
Tst=283x(m> —466 K
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isentropic "]‘——%_—TT}—t
» 3t " 1t
466—283 _ .
= 255 —ggr—0831 or 831% Ans.

(b) Air mass flow
Pzg;Pltzl 04 l\gf/sz
T2t=T1t=283 K

v

()Y
H)-Ci)

14
104 (23304
093 \'7T, )
ﬂ
. 9-:03 \!'4
S =983 b —_
T,=28 x( 1'04) 274 K
V.2
Toy=t 2
ct [2+ ?_(]JCp
V2
v 83=979+ .2
2 27 -+ 29-](‘1)

Velority at entry to. compressor,
Vy=#"2x981 %427 x.0:24(283—274)

=134:6 m/sec._
Volume per sec. =area X ve_locity-_:O'—IO %1346
=1346m3/s=V,
_ .02
L T Ty

=0'174 keal/kg K
B = (0,— o) =(0-24—0-171)427
=2927 kg-m/kg K

Note. Static pressure and temperature values muast be used to,
obtain mass flow

P,V,=mRT,
_ 0'93x10%x 1346

XD 156 kg/sec.
ETT9997 %274 156 kg/sec

Temperature at the entry to turbine

Total head temperature at entry of turbine=T,
Total head temperature of exhaust from turbine

=T5t:733 K
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Neglecting the mass of fuel, we have
Work done by the turbine
=mep{Tys—T'5t)

8000x 75 .
or T 1156‘(027(1741—-733}
. __8000%75 ‘
& T =g7x 1o 6x027 11
=1067 K. Ans.

EXERCISES 2
SECTION A: Descriptive questions

2'1.  Why is ii necessary to make simplifying assumptions in thc analysis of
gas turbine cycles ? State these assumptions.

2:2. Show the ideal Brayton or Joule cycle on P-vand T-s diagrams label-
ling the compressor and turbinz work. Define the ideal efficiency of

this cycle.

23, Define isentropic efficiency of (@) compressor, (b) turbine; and derive
expressions {or them in terms of cnthalpies and temperatures. Show
the effect of these efficiencies on T-s chart.

2'4.  On what factors the idea! aic standard efficiency of open constant pres-
stre cycle gas turbine depend ? What are thc additional factors when
irreversibilities in c>mpression and expausion are taken into account ?

2'5. Derive an expression for the efficiency of open constant pressure cycle
eas turbine taking component efficiencies into account. Hence shcw the

1

(rp)

efficiency of ideal Joule cycle is 1 T where r, is the p:cssure

ratio, and v is the ratio of specific heats.

2:6. Define air rate. How does it effect the size of the gas turbine ?

2:7. Define work ratio. Waich is better —a high work ratio or low work ratio?
Why ?

2:'8. Derive an expressibn for the work ratic of a simple gas turbire taking
componsant efficiencies into account.

2°9. Show that the work output of a simple gas turbine depends on turbine
and compressor inlet temperatures and the pressure ratio.

2:10. What 4re the threz parameters on which the size of simple open cycle-
gas turbine depends ? .

211, List the five main thermndynamic variables that effect the performance
of a gas turbine plant. Show by diagrams how the thermal efficiency
and specific work output very with a change in these thermodynamic
variables. )

2'12, Draw a schematic diagram and a T.s diagram of an open cycle gas
turbine with a regencrator. What is the objective of regeperative
cycle ? How power output is affected by regeneration ?

21%. Derive an expression for the efficiency of a gas turbine cycle with ideal
regeneration.

2'14, What is the effect of pressure ratio on the efficiency of a regenerative
eyce ? At what pressure ratio the regenerator becomes superfluous ?
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2'15. Define regenerator thermal ratio or efficiency of regeneration? What
limits this effic ency ?

2'16. Draw a schematic diagram and a T-s diagram of an open cycle gas tur-
bine with an intercooler. What is the cbjective of intercooling ? When
intercooling is resorted to ? How does it effect the efficiency of the
cycle ?

2:17. Draw a schematic diagraom and a T-s diagram of an open cycle gas
turbine with a reheater. [s the objective of reheating same in a steam
turbine and gas turbine ?

2:18. Derive the condition for maximum output of a reheater gas turbine.

2°19. Why a reheater gas turbine is well suited for adopting regeneration ?

2:20. What are the main effects caused on the performance of an Open

cycle gas turbine with regeneration of the addition of an intercooler and
a recheater ?

2:21. What is the effect of water irjection on performance a gas turbine ?

2:22. What is the cbject of blade cooling in gas iurbine and how it is done?

2'23. Give in tabular form the summary of improvements in basic gas turbine
cycle with various modifications.

2'24, What are the factors which cause actual gas turbine cycle to differ con-
siderably from the ideal cycle ? Discuss them.

2'25. Explain the working of a closed cycle gas turbine with the help of a
schematic diagram. What are ihe reasons of its development in recent
years.

Show that by the use of multi-stage reheating and intercooling a
closed cycle gas turbine cycle approximates to reversible Ericsson
cycle.

2'26. Discuss the advantages and disadvantages of a closed cycle gas turbine
as compared to an open c)cle gas turbine.

2:27. Why may the sizze of a closed cycle gas turbine be smaller than open
cycle gas turbine of the same horse-power ?

2:28. What would -be the advantages and disadvantages of using helium
instead of air as medium in closed cycle gas turbines ?

2°29. Why helium closed cycle gas turbine is an attractive proposition for
nuclear power points ?

2:30. How gas turbines can be incorporated in total energy systems? Give
two examples.

2:31. Explain the workinz of a semi-closed gas turbine with the help ~f a
schematic diagram. What is its main advantage over closed cycle gas
turbines ?

2':2, Describe the various gas turbine plant arrangements and their relative
merits.

2:33. Give the arrangements used in autcmotive gas turbines.
SECTION B : Numerical questions
2°34. Simple gas turbine : efficiency specific output

The maximum and minimum temperatares in a simple gas turbine plant
working ona the Joule cycle are 1003 K and 288 K respectively. The pressure
ratio is 6, and the iseatropic efficiencies of the comnressor and turbine are 85
and 90 per cent respactively. Calculate the efficieacy and specific work output
-of the plant.

[To=515 K, T;=639 K, 1=27"69, ; output=32'1 kecal/kgl

2:35. Effect of increase in compon:int cfficiencies on (q) thermal efficieycy {6)
work ratio :
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In the last seventy years the gas turbine inlet temperature has increased
from 50C6°C to 900°C, the turbine efficiencies have increased from 60 to 90 per
cent, and the compressor efficiencies from 65 to 85 per cent.

For a pressure ratio of 4 calculate :

(@) the ideal efficiency

(&) the efficiency and work ratic of turbines of 70 years ago
(c) the efficiency and work ratio of modera turbines.

(@) Migear=336% ; D) eons . ) vinns ]

235, Gas turbine plant : actual and ideal cutput and efficiency

A gas turbine operates at a pressure ratic of 7 and maximum temperature
is limited to 1000 K. The isentropic efficiency of the compressor is 85 per cent
and that of the turbine is 90 per cent. if the air enters the compressor at a
temperature of 288 K. Calcuiate the specific output and efficiency of the plant
and compare these values with those achieved by the ideal Joule cycle. If the
unit is required to produce a power cutput of 750 kW, determine the necessary
mass flow rate. Take\c, equal to 0°24. ’

{3145 keal/kg ; 28'589, ; 886 kcal/kg ; 42°7% ; 568 kg/s].
2 37. Comparison of ideal and actual cycle

. (a) In a gas turbine plant the air enters the compressor at 1 kgf/cm? and
27°C. The pressure leavinz the compressor is- 5 kef/cm? and the maximum
temperature in the cycle is 850°C. Compare the compressor work. turbine werk,
work ratio ang cycle efficiency for the following two cases :—

(i) the cycle is ideai

(i) the cycle is actual with compressor efficiency of 809, turbine
eﬁiciency: of 859% and the pressure drop between compressor
and turbine is 0°15 kaf/cm?®.

(b) If in the above cycle the air expands in the turbine to such a pressure
that the turbine work is just equal tc compressor work, and further expansion
of air upto atmospheric pressure takes place in a nozzle; calculate the velocity
of air leaving the nozzie.

(¢) If an ideal regenerator is incorporated in the ideal cycle, what is the
thermal efficiency of the cycle ?

[Ideal cycle w.=42"'15 kcal, wp=99 kcal, work ratio=......, n=36"55%,
Actual cycle wy=52'7 keal, wp =85 keal, work ratio...... , 7=22'25%, c5=692
m/S, Nregencrotor=58"5%].

2°38. The layout of a gas turbine is shown in the diagram. The com-
pressor is driven by the H.P. stage of a two-stage turbine and compresses 5 kg
of air per second from 1 kgffum? to 5 kgfjem? with_an isentropic efficiency of
85%. The H.P, stage has an isentropic efficiency of 87%, and its inlet tempera-
ture is 675°C. The L.P. stage, which is mechanically independent, has an
isenfropic efficiency of 82%,. The expansion pressure ratios of the two turbines
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are not equal. The exhaust gases from the L.P. stage pass to a heat exchanger
which transfers 70% of the heat available in cooling the exhaust to raise the
compressor temperature at delivery,

Assuming th: working fluid to bz air throughout, of constant specific
heat, and neglecting pressure lusses, esumate ths intermediate pressure PF: and
the temperature 7y bitween the two turbine stages, the horse-power outf)ut%f
the L.P. stage and the overall plant efficiency.

[Ty=750'5 K, Py=1'935 kgl/em?, h.p,=710, 7=29-791.
2:39. Gas.Turbine plant : Two-stage ¢ompression separata cerﬁpressor and power
turbine : Mpower turvine 5 Wiant-

In the gas turbine plant shown, each compres:or operates on a pressure
ratio of 3 and an iszntropic efficiency of 82%. After the low pressure compressor,
some of the air is extracted and passed to a combustioa chambar from whicﬁ
the products leave at a temperature of 650°C ~nd expand in power turbine. The
remainder of the air passes through the high pressure compressor and into a
combustion chamb:r from which it leaves at a temperature of 540°C and
expands in a turbine which drives both the compressors. The isentropic
efficiency of each turbne is 87%,. If the temperature of the air at inlet to
the low prassure comoressor, is 15°C, derermine the percentacze of the total air
intake that passes to th:z wer turbine and the thermal efficiency of the

plant.
For ¢>npr2s»io1 assume yA14, ¢,=0"24
For heiting \:1:1 exp1n3ion, v\ 133, ¢, =0°276
A\

Compressars -~ ('M;,/:’rffwr %—i
IV..‘ t/rd/l’tx P
/o) | wo —
~
2 3 "
I %

. P er Ferbrne
——-————-)——————{ s ‘—; E{

Fig. 2'55
(Ty=417'3 K T3=606'1 K, T,=813 K, T5=516'5 K, m=14'9%, n=27%].

2°40. Gas turdine with two-stage compression, regeneration, reheating output and
' efficiency

In an opsn cycle gas turbine plant the air is compressed in a two-stage
compressor with complete inter-cooling to the initial temperature. After passing
through an exhaust heat exchangsr and combustioa chamber, the gases are
expanded in a two-stage turbine with reheating iu a second combustion chamber
batween the stages. Both the compressor stages are driven by the high pressure
turbine stage and the power output of the plant is taken from the mschanically
indepzndent low pressure tarbinz stags.  After expavsion in the low pressure
tarbine, the gases pass theough the heat exchanger to atmosphere.

The pressure ratio of each comopressor stage is 2:1, the air inlet
pressurz and tempsrature are 1°03 koi/.m? and [5°C and the gas inlet tempera-
ture to both turbines is 700°C. [If the iszatropic efficiency in each compressor
and turbine stage is 359 an i the therml‘.')‘&uﬂ o of heat exchanger is 509, deter-
mine the output per k2 of air per second and the thermal efficicney of tie plant,
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neglecting pressure losses in the heat exchanger, inter-cooler and combustion
Clge%mli)ers and ary variation in the mass flow of the working fluid due to addition
of fuel.
For gases during heating and expansion take ¢;=0274 and y=1'333,
[To=363'5 K ; T4=363-5 K, T¢=822 K output=30 kel/kg, n=21'429,].

2’41, Closed cycle gas tarbine

The following data refer to a closed cycle gas turbine plant using helium
as working fluid ard incorporating iwo-stage compression with inter-cooiing and
1wo-stage expansion with 1eheating ; temperature at entry 10 each compression
stage is 270°C; pressure atentiy to first compression stase, and at exit from
the second turbine stage is 1 05 kgffcm? ; first  compression stage pressuie ratjo,
6 ; first compressicn stage isentropic compression efficiency, 0°85; temperature
at inlet to each expansion stage, 1150°C ; isentrepic efficiency of each expansion
stage, 0'9 ; reheat pressure, 6°3 kgfjcn.? ; for helium polytropic index # is 124
and_R is 212 kgf-m/kg K. Calculate the cycle thermal efliciency. ‘
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BASIC GAS DYNAMICS

31. INTRODUCTION*

~The majestic development of jet and rocket p-opulsion, high speed
aircrafts, and gas turbines after the World War II has brought into
prominence the field of compressible flow. A great amount of work
has been done in investigating the phenomena relating to the flow
of incompressible fluids in classical hydrodynamics. All these
investigations have, however, cxcluded an important field of flow,
the compressible flow in which density of the fluid varies as it flows.
Classical hydrodynamic analysis does not take into account this
effect, namely the variation of density, and it has been possible to
describe most of the incompressible flows with the help of the law of
conservation of mass and the Newton’s Second Law of Motion. This
approach has been quite satisfactory in describing the liquid flows
and low speed gas flows in which an increase in pressure and a
decrease in velocity is related in a simple manner, without any
change in the density of the fluid. However, for high speed gas
flows the changes in the density of the fluid are significant and are
accompanied by large changes in the thermodynamic state of the
fluid, ¢.e. in pressure and temperature. The above referred two laws
are no longer adequate to describe the flow. The continuity
equation {(Law of Conservation of Mass) and the momentum equation
{(Newton’s Second Law of Motion) become interdependent, unlike
that in the incompressible flow. The relation between changes in
pressure and velocity being no longer simple, it becomes imperative
to take recourse to the laws of thermodynamics which take into
account the thermal effects of density wvariation to completely des-
ribe the flow.

The variation of density along the motion of the fluid, the
basic difference between compressible and incompressible fluid flow,
causes significant changes in the physical nature of the compressible
flow and gives rise to some typical phenomena such as shock
waves which are not encountered in incompessible flow.

32. PROPAGATION OF SMALL DISTURBANCE-—THE
VELOCITY OF SOUND

A disturbance in a fluid will propagate through the fluid at a
well defined velocity depending upon the elasticity of the fluid and

. *For the purpose of this chapter the velocity is denoted by ¥ and the
ratio of specific heats by k.



{sE> 3-2] BASIC GAS DYNAMICS 92

the magnitude of the disturbance. However, if the disturbance is
small, the velocity of the propagation of the disturbance solely

Ll 28l bl Ll LY LLLLL,

brdp
l—»dy ——>
p+dp Ll f LLL Lk L Lkl
.
TIP77777777 77777777777 a-dy i : a
p+dp prdp<— 1 | 1=—»
b rpedp L F

(a) (6)

Fig. 3'1. Propagation of a small pressure disturbance.

depends upon the elasticity of the fluid. The speed with which the
small disturbance is propagated through the fluid is called, by
definition, the welocity of sound or the acoustic velocity. The
acoustic velocity is nsually taken as a property of the fluid and is
very importaunt in describing the flow of compressible fluids.

Consider a sm:1l pressure disturbance, generated with the help
of a piston moving with a speed 4V to the right in a long pipe of
cross-sectional area 4 as shown in Fig. 3-1(#). Inidally the fluid
is assumed to be uniform and at rest.  The prossure wave moves to
the right with a speed a. The velocity of the fluid ahead of the
pressure wave is zero and pressure is p while velocity of the fluid
behind the pressure wawve is dV, same as the speed of the piston. The
propagation of the wave through the fluid causes a small change in
the pressure and density of the iluid which are now given by
(p+dp) and (p+dp) respectively.

For an observer travelling with the pressure wave, with the
speed of sound g, the flow phenomenon is reduced to that depicted
in Fig. 3-1 (&).

Writing the continuity equation for tne control volume of
Fig. 3'1 () for the case of steady flow, we get

(p-tdolla—dV, A=¢ad
Neglecting the higher order terms, this reduces to
do

dV =a = (3:1)
Again, writing the steady flow momentum equation for the
control volume, and neglecting the shear forces and noting that
there are no elevation changes, we have
' pA—(p+dp)d=padia—-dV)-a
or dp=adV (3-2)
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Substituting for dV in equation (3'2) from equation (3'1), we get,

dp
2 ' .
a= do {3:3)
Generally this expression is written in the differential form at
constant entropy as
61))
2 2 3-4
@ ( op Js (3:4)

which is justified because the amplitude of pressure disturbance
is small,” ¢.e. the process is isentrepic. Equaticn (34) is general
in mature, and the acoustic velocity for a perfect gas can be found
with the help of the equation of state

. p=geRT (3:5)
For a gas following equation (3'3), the isentropic process is

given by

%chonstant (36)
or, by logarithmic differentiation
p e
or 2P f P g kRP =g, — (3:5)
ap ’s p o 9 m

where R is the universal gas constant and m the molecular weight of
the gas. '

Thus for a perfect gas, the velocity of sound is given by
a=+v g kRT (3-9)
Since for a perfect gas L, the ratio of specific heats, is a
function of temperature only it can be concluded that the velocity
of sound or the velocity of propagation of a small disturbance
depends only on the nature of the gas, i.e. its molecular weight and
the thermodynamic state of the gas represented by the temperature.

Those gases which have smiller molecular weight experience higher
velocity of sound.

By: definition, the change in density of an incompressible fluid
is zero. This means an infinite velocity of sound. However, the real
fluids arc not truly constant density fluids and always have a finite
acoustic velocity.

For air. the velocity of sound is given by
a=Vg.kRT
=VORIX T4x2927x T
or a=201V 7 m/s. (3:10)
3 3. MACH NUMBER, MACH CONE, AND MACH ANGLF

A single dimensionless velocity parameter taking Into acccunt
the two .mport.nt parameters of compressible flow, i.e flow velocity
nd temperature, is defined as the ratio cf the local flow velocity to
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the local acoustic velocity and is called the Mach number and denoted
by M. Mathematically,

_r (3:11)
a

It must be remembered that the velocity of sound is not consta
(.it depends upon the thermodynamic state of the fluid) and vari,
from point to point depending upon the local temperature an
density. Thus the Mach number can vary along the flow either d
to variation of flow velocity alone or of acoustic velocity alone
of both, and in calculating the Mach number the local temperatu
and local density must be considered.

Mach number illustrates very clearly the basic difference
between various types of compressible flows. Consider a point source
of disturbance initially at point O and moving with a velocity V. The
point source causes infinitesimal changes in the fluid due to its
motion and produces a very weak, compressive disturbance .which
propagates, through undisturbed fluid, in all directions with the
velocity of sound, a. The propagation of this weak compressive
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Fig. 3'2. Propagation of small disturbance through a
uniform fluid at different values of ¥Ja (Mach number).

disturbance is shown in Fig. 3-2 for various values of V/a. The
location cf the point disturbance moving in the fluid is denoted
by numbers 1, 2, aud 3 which correspond to three successive time
periods, each of interval ¢ In case of incompressible flow when the
point source is stationary (V'=0), the pressure disturbance propagates
uniformly in all directions (Fig. 3'2 {a)]. At subsonic velocities (V <a),
again ‘the disturbance surrounds the point source and propagates in
all directions in fluid. However, this propagationis unsymmetrical
in nature [Fig. 32 (5)]. Though the point source moves, it always
moves in the disturbed fluid and is never able to catch up with the
disturbance.
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At gonic wvelocity (V=a), the disturbance as well as the point
source travels with the same speed and form a plane front, containing
the point source, which separates the undisturbed flow ahead of the
disturbance from the disturbed fluid behind it. The undisturbed
flow region is called the zone of silence and the disturbed region is
called the zone of action [Fig. 3-2 (¢)]. Thus for velocity range from
V=0 to V=a the point source always moves within the zone of
action.

At supersonic wvelocities (V>a) the point source moves with 2
velocity greater than the velocity of propagation of the disturbance,
so it is able to overtake the propagating disturbance (Fig. 32 (d}].
The disturbances are contained within a cone with the point source
at its apex This cone iscdlled the Mach cone, which represer s
the surface separating the disturbed and undisturbed flow regions. If
the flow is iwo.-dimensional, the Mach cone takes the shape of a
wedge called the Mach wedge

The semivertex angle of the Mach cone is called Mach angle,
denoted by «, and by geometrical considerations of Fig. 32 (d), it
can be shown that Mach angle is related to the \Iach number by
the relation

or a==sin-! (JM) (312}

From the above analysis it is clear that there is a fundamental
difference in the nature of the subsonic and supersonic flow. In case
of subsonic flow, the whole of the flow experiences the disturbance
while in the supersonic flow only a portion of the fluid experiences
the disturbance and the disturbance cannot reach a point ahead of
the disturbing body. This is the reason that the boom of a supersonic
jet is heard only after it has passed over the place where the observer
is standmg

34. TOTAL OR STAGNATION PROPERTIES

If a flowing fluid is brought to rest isentropically the resulting state
is called the total or stagnation state and the corresponding values
of the properties describing this state are ~alled tolal or stagnation
properties.

The concept of total or stagnation condition provides us with
a suitable reference condition with which the other flow conditions
can be compared. This point can further be illustrated by con-
sidering a moving fluid as shown in Fig. 3-3. At the stagnation
point A, the velocity of the fluid is zero and it experiences some
compression and, thereby, au increase in pressure and temperature
of the fluid at this point. The degree of this compression depends
mainly upon the velocity of the fluid which varies along the pipe.
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Thus any velocity cannot be taken as a reference velocity. How.-
ever, the fluid as it starts flowing from the reservior converts

R

Te - - O

Hy

Reservoir

Fig. 3'3. Total or stagnation condition.

some of its energy into velocity encrgy during its flow through the
pipe, and while reaching the stagnation point 4, in the absence of
heat transfer, friction, and any other tvpe of loss, restores back this
energy. The state properties at point 4 will, then; correspond to
the reservoir properties which are constant ard can, thus be taken
as a convenient reference state for describing the flow of fluid
while the properties in the pipe vary depending upon the local
.Mach number.

»

The conservation of energy, if written for an isentropic process,
gives

3V 2+, Ty =3V, +e¢,T,==constant
where subscripts 1 and 2 denote any two points in the flow. Thus

the total temperature 7';, where V=0, is given by

¢, Te=3V2+c,T

or Ty=T+ -Kz,, (313 a)
2¢,
T, V2
o 7= e

which, using the relations ¢,=R A b 1 and the definition of Mach

number, 7 e.
’ Vi=M?2a2=M2RT

reduces to

7 p—1 e
Tf_=1+ 5 M (313 B)
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Equation (313 b) has been derived from energy ecquation
without any refereunce to the reversibility or otherwise of the process
and hence is also true for all adiabatic reversible and irreversible
flows.

Total pressure can be obtained by combining the isen‘ropic
relation

_k_
P, -—(ﬂ k-1
P \T
with equation (313 d), as
s
Pf, _ k-1 2 k-1 a.
-P__( 1+ ) (314)

and using the equation of state, the rotal or stagnation density p,
can be written as
1
k-1 -
fi=(l+»————M2)k 1 (3:15)
P 2
These equations can be used to find propertiesof non-isentropic
flows without error hecause the total or stagnation properties at a
state point depend ouly on the local state temperature and the
local Mach number and not upon the flow process.

3'5. ONE-DIMENSIONAL ADIABATIC FLOW

Flow in ducts and passages is quite often adiabatic, study of which
Is very important. - The total enthalpy of the fluid for such a flow
remains constant irrespective of whether the flow process is reversible
or irreversible, i.e.

2]

P4

hy=h- =constant (316 a)

which can be expressed in terms of Mach number, as

Tt:_T( 14 k;‘ Mz)_—:constant (316 b)

)

Lquadian (3:16 1), if written in the differential form becomes

o k=14
P R ) .
7 = . TR 1316 ¢)
' L M

Because the change in temperature is independent of entropy
changes, equation (3-16) is universally applicable for reversible or
irreversible flows without heat transfer. For a perfect gas

Tdh=dh—vdp (317)
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=dh—dp/p
=c,dT'—dp]o
- k—"_R—ldT— %’l oRT
=k ar— PRy
or i}=%%@,% | (317 b)

Combining (317 b) with (316 ¢), we get
k-1
ap_ k5 ¢ ( I+ ——M ) ds
P k=1 —1 —x 18

which states that in an adiabatic flow the local pressure is depen-
dent upon change in entropy. Thus for an irreversible adiabatic
process there is always a loss of stagnation pressure.

Writing the equation of state in the differential form

P+ 2 (3:19)

and using equation (3-16 ¢) aund (3'18), the change in density is
given as

F—1,
do 1 d(l+ 2 M) ds
o = T TE=d k—1 R (3:20)
¢ ’ I M2

i e. greater the increase in entropy (irreversibility) more will be the
reduction in density of the fluid.

Similarly, using the relation V=MA%RT and continuity
rquation in the logarithmically differentiated form, 7.e.

ad gi'dV

W L Q.
Aty =0 (3-21)
We get
k—1
2
o a1 214500 -
VoM 2 (322 )

14 %__lMZ
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| .
A k—1) R M

(3 23)
k—1 .
1 +——2-M

i.e. the velocity change is independent of change in entropy and
that a greater area is required for a given irreversible adiabatic flow
as compared to a reversible adiabatic flow.

36. ISENTROPIC FLOW

Mast of the flows in short ducts and nozzles, which have very
small time available for heat transfer and in which the [victional
ctfects are negligible, can be exactly deseribed by what is called a
reversible adiabatic or isentropic flow. The relationship derived in
the previous section are all valid for such a flow and by putting
ds=0 in them and integrating, we get the equadtions describing the
isentropic flow which can be written as

T =l o\
2
-k
5_( LSS P ) F-1
Pi 2
__k_
i:( 1+k_‘,_1M2 ) k=1 (3 21}
Pt 2 ,
. k41
E—=1, 0\ 2k=1)
(M
a* M E+1

where A* is the area corresponding 1o M =1

Equations (3:24) completely describes the isentropic flow and
shows that the local value of stagnation properties is indendent of
the flow process and depends only on the local static properties and
local Mach number.

37. ISENTROPIC FLOW IN A PASSAGE OF VARIABLE
CROSS SECTION AREA

Consider reversible adiabatic or isentropic flew of a compressi-

ble fiuid through a passage of variable cross-sectional area as shown

in Fig. 3-4.

O— —0.

—_—

e

Fig. 3:4. Isentropic flow through a duct of variable cross-sectional area.
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For one-dimensional steady isentropic flow the enecrgy
equation is

v
cpT—i——z— ==constant

Using the relation ¢,= R and the perfect gas law p=:7.

k—1
this becomes
| & E p

5 —- = —;— ==constant
which, in turn, on differentiating gives
k do |5 dp
Vay— - 2. p8 4 8 9P
W=y patg— 5 =0
or VdV—_l“_ BT do k_dpdo_j
h—1 dp P
a? dp dp
or vav — =1 + —-l —P———O
or VdV—l—a”ﬂ:}- ( )
P
r VdV—!—a2 =0
av. 1 d . .
or ¥V T ME %: {323
Combining equations (3:25) and (3:21),we get
ad . LdV = o
Z——\l—‘hi )V o “h)

Study of this equation reveals that for subsonic flow velocities,
ie. M <1

a“a__ o
L :

27)
that is, in a convergent passage {d4 <0) the velocity increases (dV >0)
while the pressure decreases (dp<<0). In other words, a subsonic
converging passage acts as a nozzle, and a subsonic divergent passage
acts as a diffuser (the pressure increases at the expense of velocitv;.

In case of supersonic flow velocities (M>>1),
v ‘;li‘t:'.i_z
A 7
and in a convergent passage (d4<C0) the velocity will also decrease,

1. itactsasa dxﬁ'user, and a divergent passage will act as a nozzle.
This illustrates an important feature of the compressible flow that

(3:27 a)
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the area change has opposite effects on subsonic and supersonic flws.
A convergent flow passage acts as a nozzle for subsonic flow and as
a diffuser for supersonic flow, while a divergent flow passage acts as
a diffuser for subsonic flow and as a nozzle for supersonic flow. All
these effects are shown in Fig. 3'5.

Supersonic flow

M<d
ML
{ .
/4/ daco
dA 70 dv >0 —
—% Jdv<o db <0
Diffuser w~oezle
Supersonic Flow
Vit )
//,;ff/‘ M:<<<<<<<<<<4
dA >o d4 <o
—_ dryo dvet —

Fig. 3'5. Effect of area change for subsonic and supersonic velocities.

The relation between Mach number and area variation can be
obtained by putting ds=0 in Eq. (3-23) and integrating it, or
from equation (3-24) as

~ k—1 k+1
4, M | Moy ME e
oM (329)
A M P

e

By logarithmic differentiation of this equation with respect to
Af for a given value of M, it can be shown that 4,/4 is maximum
at M=1. Since 4, is fixed, the value of 4 is minimum at M=1.
This area which corresponds to Mach number of unity is called
critical area and the section at which it occurs is called the throat.
The corresponding properties are denoted by an asterisk, i.e. 4%, p*,
1T*, etc.

Since the area of the throat is minimum and mass flow constant,
the mass flow per unit area is maximum at the throat. It must also be
noted that near M =1, the flow parameters are very sensitive to area
variation, 7.e. a small area change can cause substantial pressure and
velocity change.
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The mass flow per unit area is given as
w

T =
_ P MVEET
= &7 MW kR
\[T 1
=P E AT
_— 4‘ p @: S ey
ar A T, \/T [3 SU Tl
Substituting i;_ and —m terms of Mach number we get
i T
—(k+1)
k—1 2k+1)
(150 e)
\/ E VT, T¢ 2
[3-30 {%)]
The condition for maximum mass flow rate is
M=1
k41
W W Ve[ 2 \* ! po .
and (—-—) == | (331
A /moz A B k‘f‘l V-Tt
The corresponding pressure ratio is given by
k
p_p* (2 ¢! .
P P _( IH'I) [3:32 (a)]
For air, (k=14; this reduces to
P =0528 [3:32 (5)]

Pt

38 FLOW THROUGH A CONVERGENT NOZZLE —-EFFECT
OF PRESSURE RATIO

Consider a convergent nozzle fitted with a back pressure
reservoir whose pressure p can be varied when desired (see Fig. 3 6).
The stagnation iniet conditicns to the nozzle are denoted by p; and
T and are kept constant. Thz exit pressure is denoted by p,.

When back pressure is equal to stagnation inlet pressure
(py=p), there is no flow and the pressure remains constant through-
outthe nozzle as denoted” by the line @ in Fig. 3'5 (8). As p, is
reduced, flow starts, the pressure steadily decreases and flow is
subsonic throughout the nozzle [line (b) in Fig. 3-5 (b)]. Any further
decrease in back pressure p, increases the low velocity and mass
flow rate. The flow velocity remains subsonic throughout till the
reduction in p, is so large that py/p; is equal to p*/p; at which the
velocity reaches 3 maximum (M=1) at the exit section of the nozzle.
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e ____
V=0
Pe —— l -
rt /‘h—
(a)
2 a
# 5
(o
d
pr
Pe
(b)

/ £

(<) Pb /’,@

¢ —

oD

Fig. 3'6. Flow through a convergent nozzie. *

The mass flow rate is also maximum denoted by lined in Fig. 5.3
(b). Any further reduction in p, does not cause any change in the
flow pattern within the nozzle, the mass flow and the wvelocity at
exit remaining at their maximum value. Such a flow is called
chok:d flow. However, the conditions outside a nozzie exit will
change, the flow will further expand to equalize its pressure with p,
and in this process a weak discontinuity (shock) will occur outside
the nozzle.

39. FLOW THROUGH A CONVERGENT-DIVERGENT
NOZZLE
Consider a convergent-divergent nozzle shown in Fig. 3'7 (a)

with a back pressure p, which can be varied. The inlet stagnation
conditions are again denoted by p; and T'; and are kept constant.
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(a) Convergent divergent nozzle

(b) Pressure variation along tke axis

{c) Velocity variation along the axis

(d) Mass flow vs. pressure ratio

Fig. 37 Flow through a convergent-divergent nozzle.

At p,=p:, there is no flow. At a back pressure slighily less
than total pressure the flow starts, gas accelarates, and the pressure
continuously decreases, but the flow is subsonic throughout the nozzle
[line (a) in Fig. 3'7 (b)] ; the nozzle exit pressure is equal to p, due
to subsonic exit velocity.

At p,=p; [Fig. 3'7 (b)], the flow smoothly accelerates from rest
at the nozzle inlet to the velocity of sound at the throat (M=1);
the pressure falls to p* and after the throat the velocity starts
decreasing while the pressure rises smoothly to py. On both sides
of the throat the flow is symmetrical, equal area sections having
equal velocities. Except at the throat, the velocities are subsonic
everywhere. The mass flow is maximum.

At py=p, the flow, after smooth acceleration from rest to
M=1 at the throat, continues to accelerate to a supersonic velocity
after the throat [Fig. 3'7 (b)]. Downstream the throat, the velocity is
pupersonic everywhere while the pressure reduces smoothly to p,=p,.
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For values of p, between p, and py, there is no solution for the
isentropic flow equation. The flow upto throat is isentropic and the
velocity increases from rest to sonic velowity at the throat.  After the
throat the velocity further continues to increase till at section F at
which a discontinuity (shock) occurs. The pressure suddenly increas: s
as seen in Fig. 37 (h), while the flow is 1educed to subsonic flow,
and therealter, it remains subsonic until exit where the exit pressure
1s equal to p,. Mass flow remains moximum, 7 e. it is chiocking flow.
Such a flow is not iseatropin and the stagnation pressure before and
after the discontinuity are different,

The position of the section at which the shock occurs deperds
upon the value of the back pressure.  For a back pressure slightly
less than ®;, the shock occurs near or ar the throat while for a back
pressure slizhtly more than p,, the shock occurs near or at the exit
plane of the nozzle. For a back pressure less thaw py, further
expansion_ and }}ence oblique shocks will occur downsweam the
nozzle exit section.

ILLUSTRATIVE EXAMPLES

3'1. Dynamic temperature, dynamic pressure, kinetic
pressure
Consider a uniform stream of an ideal gas having k=7/5 and
cp=024 flowing at 200 m[s. What is the value of the dynamic
temperature 7 If the total temperature is 95°C and the static pressure is
1-1 kgf/cm?, state the values of the Linelic and the dynamic pressure.

The dynamic temperature

| 6%
T g,
— 2002
ToxgBIxazxom K Ans.
o 7,==368—-1985=348'15 K
For isentropic process
k

(2)=(Z )
P 7,

. 14
( 338 13—t

348715
<=14x1-214=1"335 kgl/cm?

*. Dynamic pressure=p;—p;

=]'f;35—1'1=0‘253__kgf/cm2 Aus.
. TN 1 4
Kinetic pressure =—29__R————T><2g
1-1 x 20072

T 2927 X348 15X 2% 981
=22 kgf,cm? - Ans.
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3-2. Pitot tube

A pitot tube tn a wind tunnel gives a static pressure rrading of
40°7 kgfjcm® and a stagnotion pressure reading of 98 kgfjcin®. The
stagnation temperature is 90°C. Calculate the acoustic velocity.

p1=40"7 kgf/cm?, p;=98 kgf/cm?

7:=363 K
i
A= (pyp*
14-1
or @=(-g—8~ )74—~
T \407
o =282 K Ans.
Acoustic velocity a-is given by
a=20"1y 7
=201+ 262:=338 m Ans.

3'3. Convergent air nozzle : p..;; ; Azit ; Whaz

When is it necessary to use a convergent-divergent nozzle instead
of convergent nozzle only ?

A convergent nozzle is to discharge I kgls of a gas, which enters
the mozzle at 5 kqf/cm?® and 600°C, and leaves with a speed of 500 m]s.
Assuming frictiontess adiabatic flow, determine the pressure at the
nozzle exit, and the exit area of the nozzle. State whether the nozzle is
discharging atl the mazimum rate for the given entry conditions, giving
Your reasons.

Take ¢p=027 and R=29'9 [Kerala, 1970 Annual)

Considering inlet and exit of nozzle

by +ZgJ 2gJ
Neglecting inler velocity
By S — 0002
Y TIxuilx427
For a perfect gas the change in specific enthalpy
hy—he==cy(T;—T)
29-8=027(873-1T,)

=298 kcal/kg

or  T,=762'5 K
R . 299 )
Now ¢;—co=—7 S =027— =97 =02
_ 6 027
k= co 02 =135
For friction]ess adiabatic flow
Y 135—1
Ty_ —P—z )_/‘— ] 762'5= E,_ 135
T, \'P L 5

P,=2 98 kgf/cm? Ans.
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Now P,V,=mRT,
v _mRT, _1x29-9%x7625

I XLITIXIDE D 0-765 s
7, 5 9% 102 0-765 n.?,
From mass flow equation
77.7.1)2=A202
Exit area, 4,= 2%
Cy
_1x0765 . . .
——500—~/<10 =154 cm Aps.
For maximum discharge the exit pressure should be
k
2 \k—1t
P=ry (i1 )f
1:35
— 2 6_.3\5__ . 2

Discharge is not maximum as P,>-2'685 kgf/cm?  Anms.
3'4. Convergent livergent nozzle, given efficiency : A, ; A,

Show that for flow of gas through a convergent-divergent nozzle

K
P2 Y
P, \k+1
where P =pressure at throat

Py=pressure at inlet
- A gas expands in a convergent-divergent nozzle from & kgf[cm?
to Id kgffem?, the initial temperature being 550°C and ihe nozzle
efficiency is 90 per cent. All the losscs tuke place after the throat.
Find the throat and exit areas per kg of gas per sccond.

Take k=14 and B=29-27 kgf-mlkg/K

k 14 9927
ey e D A
) k
vy Pe 2 k=1
(@) Throot : 7;1_(?
7 k—1 _k xk~1
/ [ Py \ Tk 2 \&-1" &
N Le [P -
o " (Pl) (lc+1 )
-2 _2
E+1 24
T,=823x .2 =685 K

24
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k

2 \E=1
and Pi=p; ( z{ﬁ)
4
=5 (2% )"4‘ 13104 =2:645 x 10 kgf/m®

NOW Pi'UL:mRT;

_ 1X29-27x685
Yt= To645 x 104

Now Vi= '\/-QgJ ne st

=4/ 2% 981 x 427 x U'24(823 — 685)=526 m/s

=0-757 m®/kg

. Throat area, A¢=—‘—c—“—‘——‘———“=l4'4 cm?/kg/s Ans.
(b) Exit

=
|

14—1
i_mf PNk 14\ T4
TZ_.Z,(—PI—) —823 (T ) =k
Efficiency of nozzle,
T,-T, _ 8237,

0-50= T,—T, 825—578
7,=602'5 K
_RT» _2927x6025 .
= = Ao =126 m3/kg
Ve=9144(-24(823-602-5) =665 m/s
. . vy _l96x104 oo
.~ Exit area, Az——‘V—Z- 665 =1895 cm’®|kg/s Ans.

3'5. Airnozzle; A;; C.pit, Avrit

A nozzle is required to pass an air flow of 15 kglsec. The inlet
conditicns are zero velocity, pressure 3°5 kqfjem? and temperature 425°C.
The air is to be expanded to 1'4 Lgf/cm?.  Determine the throat area
required if the coefficient of discharge is assumed to te 0°98.

Also calculate the exit veloci'y and exit area if the mnozzle
¢fficiency 1s assumed to be 95 per cent.

LS e

e, .
pr=3 5 p=r 4 Ry find

: |

(]

| J

Fig. 38
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(i) Isentropic flow
For isentropic flow the critical pressure ratio is given by
k
ﬁ_( 2 )kTI
o\ k+1
14
(-2 ) 04 _o 528
1-44-1
p*=0528 x 3:5=1'848 kgf/cm?

The temperature ratio is

T* 2 2 .
T TRl = Tag =08
T#*=0'834 x698=581'7 K.

__RBT* 2927 %5817
T P* T 1'848x10%
=0923 m3/kg
The velocity V at the throat is givén by
V= 2Je(1,—T%)
=4/ 2x981 %427 x0-24(698—5817)

*

=483-5 m/sec
15
Mass flow = 058 =153 kg/sec
T mo*
.. Throat area, A= T*
1-53x 0923 x 10 _ .
= 3035 =292 cm
(t¢y When flow is not isentropic
k-1
/ k
Ty =T,(p[ps)
04
14 \T4
~698 x(w) ' 537K
Nozzle ¢fici . T, =T,
ozzle efficiency, "=,
L 698—T,
093 =T o8 —537
T,=545K
.- The exit velocity, Vo=V 2¢J ¢ (T, —T,)
or =42x 98] X427 x024(698—545)

=555 mysec
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pecific volume, v,= i;ip_z
2
29-27 x 545

.—:W =114 ma/kg ABS.

mo,
V,
1'5x 114 x 104
= 555
=30'8 cm? Ans.

Exit area required,4,=

EXERCISES 3
SECTION A

3:1. What is the basic difference between compressible and incompressi-
ble fluid flow ? What difference does it cause in the physical nature of the
compressible flow,

3:2. What is velocity of sound ? Derive an equation for the velocity
of sound for a perfect gas. .

3'3. Explain the terms Mach number, Mach cone, Mach wedge and
Mach angle, ‘

3'4. What is subsonic, supersonic, and hypersonic flows ?

35. Explain the terms ‘zone of silence’ and ‘zone of action’.

3'6. Explain the concept of total or stagnation properties.

37. Derive expressions for stagnation temperature, stagnation pressure,
stagnation density, and stagnation entbaipy.

3'8. What is one-dimensiona’ atiabatic flow ? Derive expressions for
dp dp

dA
A, ——and -2 ,
I ° ) for such a flow.

3'9. Whatis isentropic floww © Deduce that in an isentropic flow
convergent passage acts as a nozzle for subsonic flow and as a diffuser for supera
sonic flow, while a divergent flow passaze acts as a diffuser for subsonic flow-
and as a nozzle for supersonic flow

“th ,3'10. For a variable area fivw passage define the terms critical area” and
throat’.

3'11. Show that the condision «f maximum mass flow rate for an air

nozzle occurs at ?”‘=o-528.

3'12. Discuss the eff:
(a) converzent rrzziz, (b) convergent-divergent nozzie.

O pressure ratio on flow through

SECTION B
3'13.(¢) Show that tue change in femperature across an infinitesimal
pressure pulse travelling through an ideal gas is
_Tlk—1dV
- a

JT:
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(6) Skow that for an isentropic flow

at¥=, | —p
k+1

’ (c) The velocity of sound of a gas is found experimentally to be 900
wjscc when the gas pressure is 1+8 kaijom? and the density 0°001 kg/m3. What
1s e value of the specific heat ratio of tnis gas ?

314, Air is supplied through a nozzle with an exit area of 10 cm?2. A tank
. S‘Il?)phes the air at 10 kef/cm® and 200°C and the discharge pressure’is 7°5 kgf/f
M. Assuming no loss, determine the discharge temperature, the discharge
velocity, the Mach number, and the mass flow.,

3'15. A stream of air flowing in-a duct is at a pressure of 2 kgf/cm?, has
a Mach numbezr of 0°6, and flows at the rate of 025 kg/sec. The cross-sectional
area of the duct is 1 cm2. '

(a) Compute the stagnation temperature of the stream.

-, (b) Whzt s the maximum percentage reduction area which could .
be introduced witkcut reducing the flow rate of the stream ?

(c) For the maximum area reduétio.n of part (b), find the velccity and
pressure at the minimum area, assuming no friction and no heat transfer.

3-16. Consider a supersonic nozzle constructed with a ratio of exit of
the throat area of 2'0. The nozzle i$ supplied with air at low speed at 7 kef/cm?
and 40°C. The overall nozzle efficiency from inlet to exit is 90 per cent, but the
flow is isentropic up to the throat, - -

_Calculate the pressure, velocity éﬁa the Mach number at exit, and com-
pare with corresponding values for isentropic flows,

3-17. Air is moving in a pipe with a velocity of 100 m/sec. The tqmpe—]
rature and pressure at one section in the pipe is 40°C and 2kgf;cm2, respectively.

(a) Stagnation pressure
{b) Stagnation temperature
(c) Stagnation density, and
(d, Stagnation enthalpy.

3-18. Pro\;e that the velocity of sound in a Van der Waal’s gas is given by

1 24
a=.| 4RI\ @5 —RT

3:19. The photographs of a bullet in flight show that at a great distance
from the bullet the total included angle of the wave is 50'3°. The pressure -and
ternperature of the undisturbed air are 1 kgf/cm? and 25°C, respectively. Cal-
culate the velocity of the bullet and the Mach number of the buillet. relative to
undisturbed air.

3-20. Air approaches and flows around a body. At'the stagnation point
the pressure is 1 kgf/cm? and temperature 21°C. - At this point the static press-
ure is 0°7 kefjcm?. Find the Mach number at this point.

3:21. Show that in a flow from reservoir, the maximum velocity that
may be reached is given by
2
=00\ | 11 for a perfect gas.

What are the corresponding values of temperature and Mach number ?
Interpret, : ‘
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3:22. For a perfect gas, prove that

(i) a*¥qk+1)==2a>+V2(k—1)

.. , k (k=1)s—s1){R

(ii) (pipy)=(ele1) "—e" )s=s1) )

3-23. A convergent-divergent nozzle is fitted into the side of a large
vessel containing a gis under coastant pressure and femperature. If the ratio
of specific heats of the gas is 1°3 :1, calculate, from first principles, the percen-
tage chaned in () pressure, (b) absolute temperature betwean the reseivoir and
the throat of the nozzle under th: maximum flow conditions, Neglect friction
and assum2 adiabatic expansion. )

[(a) 45:6%, (b) 12%]1-
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POSITIVE DISPLACEMENT
COMPRESSORS

4'1. INTRODUCTION

There is hardly any product used in our daily lives to which com-
pressed air has not contributed in «.ce way. Compressed air is
widely used in chemical and petr chemical industries, for trans-
mitting power, fer conveying solid and powdered materials in pipe
lines, in mines, and steel industry. Compressors are integral part of
gas turbine plants. Compressors are used for delivering natural gas
through long distance pipe lines, compressing the mixture of hydro-
gen and nitrogen in ammonia synthesis plant, delivering lime-kiln
gas for Solvay process, circulating synthesis gases in processes for the
manufacture of primary products of plastics, circulation of carbon
monoxide or helium for cooling the nuclear power plants and
liquefying ammonia in large refrigerating plants. In addition to
_steel industry, where about 10 per cent of the total capital cost of
the plant comprises compressors, it is also used among instrument
manufactures, and for transportation, glass, food, paper, rubber and
plastic products. In a nitric acid plant about 10 per cent and
in an ammonia synthesis plant about 15 to 20 per cent of
total initial cost is of compressors. With regard to such a wide
variety of industrial applications of compressors, it can be said that
compressed air is only next best to electricity and this makes the
study of various types of compressors a very important part of the
education of a mechanical engineer.

The function of a compressor is to incrcase the pressure of the
air or the gas inducted. The term fan is used to describe dynamic
air compressors in which this increase in pressure is less than 035
kgfjcm?®, i.e. the density of the air does rot change appreciably.
Dynamic compressors, which increase the pressure of the fluid passizg
through them upto about 3 kgf/cm? are termed as blowers. Compres-
sors producing vacuum are called exhausters or air pumps and those
which increase the pressure of the fluid already above atmospheric
pressures arc called boosters. Tor the analysis ¢f fans incompressible
flow equations can be wused while the compressibility effects
must De considered in design and analysis of blowers and
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compressors. In this chapter only the positive displacement com-
pressors are discussed. Dynamic compressor form the subject matter
of the next chapter.

4'2. CLASSIFICATION OF AIR COMPRESSORS

Basically the compressors can be classified into two types, namely :—
1. Positive displacement type compressors, and
2. Dynamic compressors.

Positive displacement type of compressors are those in which
successive volumes of air or gas are first confined within a closed
space and then the pressure in this space is increased by decreasing
its volume. Positive displacement type of compressors include
reciprocating, sliding-vane rotary, liquid piston, two or three lobe
rotary, and rotary screw compressors. The pressure developed by
these compressors is independent of speed while the rate of flow
changes with speed. Dynamic compressors are those in which the
compression of air or gas is affected by the dynamic action of
rotating vanes or impellers. These rotating vanes or impellers impart
velocity and pressure to the flowing medium. These include
centrifugal and axial flow compressors. In dynamic compressors
the fluid Aow is steady flow through the machine unlike disconti-
neous flow of positive displacement type compressors. Fig. 14'1 shows
the classification of compressors.

Compressors
|
Dynamic Positive Displacement
! —
I 1( ]
|
Centrifugal Axial flow Mixed flow Rotary Reciprocating
v |
( 1
I
Single rotor Two rotor
| Lobed Screw
(Roots blower)
Sliding Liquid
van: piston

Fig. 4'1. Classification of compressors.

4-3. COMPRESSOR EFFICIENCIES

(i) Isothermal cflicie §y. Since for isothermal compression
the wecrk required to drive the ccmpressor is minimum, it is con-
sidered es a standard tcwerds which each designer will wry to
apprcech ; and the perfcimance o tl.e compressor is given by iso-
thermal efficiency, which is definfed as
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Tsothermal efficiency
Tsothermal work

(1)

T Actual indicated work

(1) Veolumetric efficiency. One of the effects of clearance
volume is to reduce the amount of air which can be sucked in during
the suction stroke  The mass of air inducted is further reduced by
the resistance of inlet and exhaust valves, heating of air du
compressor parts, ¢tc.  The ratio of the mass of air pasdng throuz
the compressor and the mass of air which would completely fill the
swept volume is, defined as volumetric efficiency. The averall
volumetric efliciéncy is given by

Overall voluaietric efficiency
_ Mass of air delivered B
“"Mass of air corresponding to swept volume of
L.P. cylinder at F.A.D. conditious
4 2(a)
where free air delivery (F.A.D) is defined as the volume of air

delivered and reduced to intake pressure and temperature. The
-capacily of a compressor is usually given in terms of F.A.D.

Alternatively, Overall volumetric eflicienc,

_ Volume of free air inhaled 42 (b)
" Swept volume of L P. cylinder

When the volumetric efficiency is calculated in terms of the
conditions at'normal pressure and temperature, abbreviated as N.T.P.,
it is called absolute volumetric efliciency. ’

Absolute voiumetric efficiency

Mass of air delivered

= Mass of air corresponding to swept volume of
L P. cylinder at N T.P.

(43)

n

Alternatively
Absolute volumetric efficiency

Volume of air inhaled at N. T P. (+4)
=~ Swept volume of L.P. cylinder

(it7) Mechanical efficiency. The mechanical_e{ﬁciency ofa
reciprocating compressor is defined as the ratio of indicated power to
the brake power of the shaft supplied to the compressor.

Mechanical efficiency
ndicated or air h.p. (4'5)
Shaft h.p. '
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44. RECIPROCATING COMPRESSOR

The compressing element ofa reciprocating compressor is a piston
in a cylinder, employing basically the same mechanical action as the
intake and compression strokes of a reciprocating internal combus-
tion engine. Fig. 4'2 shows a schematic diagram of such a compres-
sor. During the suction stroke, when the piston travels from top
dead centre to bottom dead cenire, the inlet valve opens and allows
the air to be sucked into the cylinder and closes as the piston reaches

bottom dead cenire. When the piston moves upwards the air i3

—

o —_—
) ~
)

.

2. Schematical diagram of a
reciprocating compressor.

compressed and at a rated pressure the discharge valve opens to
discharge the compressed air to the system. A double acting com-
pressor uses both ends of the cylinder for suction and discharge, thus
discharging approximately twice as much air per cylinder as the
single acting unit. S

Fig. 43 shows P-v and 7'-s diagram ot the theoreticai com-
pression| cycle neglecting the clearanée volume. Process P-1
r‘cpres‘enk‘s suction, process 1-2 the compression from pressure P; to

T
D /A PP Adrwabaltre
2 (I
P l=r
7; ......
Isolhermal.
fi e l
Inle# preossure
[ 5

Fig. 4'3. P-vand T-s diagrams for reciprocating compressor.
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pressure, P, and the process 2. P, delivery at a constant pressure P,
Work done in compressing the air is represented by the area of the

P-» diagram.

, Delivery pressure r
zl 2 2"
3 \ hE—-—— ———
\ \-ﬂdmba//r \a- Adiabalic
\ /.faihermd/ T e ————
PY=¢
———
4 Isothermal
)
,9 4
v s
Fig. 4'4. P-v and T-s diagrams for polytropic and isentropic compression.

For isothermal compression the work done is minimum, (see
Fig. 4'4). However, this is difficult to realize in practice and com-
pression follows the law Pv"=constant with value of n varying

between 125 to 135,
Workdone per cycle=area of P.v diagram

I rrr BLPR ] p,
n y
= 'n——l—-[Psz—PLI’l]

PV
_n - PV, "‘ 1J

51 [( ?)

—1 ] [46 (a
where m is the mass of air per cycle.

The work done per cycle can also be written in terms of
tncrease of temperature during compression by putting PV =mR7T in
eqaation [4 6 ()]

Work done per cycle

n--1

= mR(Ty~-T) [46 (b)
Work done per kg of air
*/lzﬁ (Ty—T))
AT =174) [46 (c)]

It is clear from equavior i+ <) and [4'6 (b)] that the work
done in compressing the ajc depes Ls, aart from- the pressure ratio

n4 initial air temperature, upon the index of compression, n.
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For an adiabatic process (PV Y =constant), work done per cycle

is given by
v—1
Y -

== —1 ) [47(b)]
and for an isothermal process (PV = constant) work done js given by
W=RT1 Ioge(%) (4‘8)
1
P Delivery pressure
Py 2
=C
Atm. line
Py /
4+, o !
——l Vs Volume rnnaled v
Ve Vs

Fig. 4'5. P-v diagram of reciprocating
compressor considering clearance volume.

Fig. 45 sbows the theoretical compression cycle considering
the clearance volume. At the end of the delivery the volume instead
of being zero, has a value equal to V,. During suction, first the air
in the clearance volume Oxpands “to pressure P; and volume V,
{process 3-4) and then suciion takes place Thus the clearance volume
reduces th= amount of air sucked in the suction stroke to only
(¥;—V,) - ‘be work done per cycle, given by the area 1234, is also

Work done per cycle=area 1234

== 1 R(my—mg)(T, —T1) (49)

7w -

while work done per kg of air delivered remains the same as given
by [4°6 (c). 7. e.

R(T,—T1)

n— 1
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The clearance volume affects only the effective stroke of the
compressor during suction and reduces volumetric efficiency but the
power required to drive the compressor per kg of air remains same.
The decrease in volumetric efficiency is more when the compressor
pressure ratio is increased.

441 Maulti-stage compression

During isothermal compression there is no gain in the internal
energy of air because the temperature at the end of compression is
same as that at the beginning of compression. However, in actual
practice the compression is always polytropic and there is a definite
rise in tempesature of the air. The additional work required per
cvele for polytropic compression goes in increasing the temperature
of the air.  The deviation of the actual compression path from the
1sathermal path increases with higher pressure ratios (see Fig. 4'4)
resulting in a corresponding increase in work required percycle. To
reduce the work required per cycle mulii-siage compression is
resorted to when the required pressure ratio exceeds about 5.

Fiz. 46 shows the schematic diagram of a multi-stage com-
pressor and Fig. 47 the coiresponding P-v and 7'-s5 diagrams with

- § 4 % H Sl a’f/ﬂ’é’i‘ 4
{-‘T—-%WWL—‘% 3 H
|

¥ i

\

HP Cytindor

lolereosler

Agrinsof

A\

LR Cylenaer

Fig. 4'6. Schiematic diagram of a multi-stage compressor.

P 3 -AOrk saved 7 g
Py | ~ 4y rrler. ‘?%
;TABMJA/I?
[P
Q\
- y’:: l'a)
Adiabelrc
SsolPbermal.
- 2,
v 5

Fig 4'7. Pv and T-s diagrams with parfect intercooling.
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perfect interccoling. The air after being compressed in the low
pressure cylinder is cooled in an intercooler. If the air is cooled to
its criginal temperature it is called perfect intercooling and if it is not
cooled to its criginal temperature but to a higher temperature jt is
called imperfect intercooling. The work saved by intercooling is
shown by the hatched arca

Assuming that (i) the index of compression is same in each
stage, (u1) intercooling is done at constant pressure, and (i1¢) there
is no pressure loss between stages of a multi stage compressor, we get

Work done per cycle

=wocrk done per cycle in {L.P. cylinder4+H.P. cylinder)

n—1 n-1
n Py > Py \'n
sl G
(410 (a)]
Ifthe intercooling is complete, P V,=P,V,
. p n—1 P in--1
n : n n
= |1 4 -2 3 - .
and W=—"— P, [\Pl) +(P2) 2] (410 (8)]
- HP required:% (@11)

where N is revolutions per minute.

Differentiaticg equation [4°10 (8)] with respect to (P,/P;) and
equating to zero the condition for minimum work in multi-stage
comipression can be obtained as :

P,=Ad P xP, (4°12)
P, P,
or 7;1 ::-:P2

i e. pressure ratio for each stage is same. This also gives equal
work in each stage.

The total work done per cycle, then, is
n—1

, n , [P\ qay
W=2x n—-lplvl[(Pl) _1] (4-13)

Hence the conditions for minimum work are that the pressure
ratio in each stage is same and the intercooling is perfect.

The above analysis is based on perfect intercooling and no
pressure drop in intercooler. In practice due to imperfect cooling
and pressure drop, a compressor designed with Py=4/P, x P, - would
have greater area of H.P. diagram so that the intermediate pressure
is raised above the value of P;.
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‘4'2. Performance of reciprocating compressors

Fig. 48 shows the actual indicator diagram of a single-stage
reciprocating compressor. Due to throttling in inlet and exhaust
valves .he pressures at intake and delivery are different from the
theoretical contant pressures. The actual work required is more due
to inertia of valves, etc.

Exra work adone

Abm. pressure
Pt

Latake depressien
Vatve 7 vanee 4

Fig. 4'8. Actual indicator diagram of a single-stage compressor.

The performance of an air compressor is usually given in
terms of delivery pressure, horse power, volumetric efficiency and
the capacity. Fig. 49 shows the performance of a typical reci-
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Fig. 4'9. Performance of a typical reciprocating compressor.
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procating compressor. Itis evident that as the pressure ratio is
increased the volumetric efficiency decreases, thereby reducing the
air capacity of the compressor. The power required to drive the
compressor also increases with an increase in pressure ratio. One
important characteristic of the reciprocating compressor is that the
pressure ratio is not affected by speed and the amount of air being
delivered by the compressor.

443. Applications of reciprecating compressors

Reciprocating compressors are primarily used in industrial
manufacturing plants and for on-site work. The single-stage com-
pressor is normally used for pressures below 4 kgf/cm?® while two
stage compressor is used for pressures above 7 kgf/cm®. Between
4 kig/cm?® and 7 kgf/cm?® the single-stage unit is used for capacities
below 8 to 9 m®/min and two-stage unit for higher capacities. This
type of compressor is also used in free-piston engines.

Due to high inertia of reciprocating parts and low rotational
speeds this type of compressor has not been used in conjuction with
machines running at very high speeds such as gas turbines. More-
over, the reciprocating compressors are suitable for comparatively
low discharge volumes and high pressure. When very high
discharge pressures are needed, a reciprocating compressor is the
only alternative.

45 ROOTS BLOWER

Roots blower is a rotary type of positive displacement compressor.
Fig. 49 shows a two lobe roots blower. It consists of twe identi-

Air enfake
(5)
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Aer descharge

Arr snfoke

{c)
P
& -3 3 3I
EXTRA WORK
JRREVERSIBLE PRESSURE
N/SE DUE TO BACK FlLOW
A FROM RECIVER
1 2
v

(d) p-v diagram of roots blower.

Fig. 4 9. Suction and discharge cycles of a two lobe roots blower.

cally formed impellers or rotors having epicveloid and hypocycloid
or involute profiles. These profiles provide perfect mating. The

rotors are held in position by two inter-meshed gears mounted on an
b . r e . . . 1
external housing. However, there is nn internal contact between
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the two rotors or between rotors and the outer housing to avoid wear,
but to reduce slip and leakage this clearance is kept minimum. The
Toters rotate in opposite directions

Working of Roots blower. When the rotors rotate the air is
entrapped between them and the sides of the casing at the inlet
side. This volume V is positively displaced as the rotors move and
its pressure remains the same as that at inlet. As soon as the rotor
A is perpendicular to rotor B the discharge port is uncovered and
air starts discharging. [t should be noted that-the air is not com-
pressed by being entrapped between the rotors but is compressed in
the discharge side of the blower. As soon as the discharge port is
uncovered, 7.e. when rotor A passes the point 2 (see Fig. 4:10) back
flow from the air receiver occurs and the pressure is immediately
increased due t» back flow and discharge takes place. The amount of
free air delivered to the receiver is four times that of the entrapped
volume, 7.e. 4V for a tw lobe rotor as this happens four times in one
revolution of the rotor. The air supply is intermittent even when
the rotors are continuously rotating. However, by proper design and
phasing of two lohes it can be ensured that when discharge from
lobe A ends, lobe /4 starts discharging [see Fig. 410 (¢)] and a
continuous supply of air can be obtained.

The working of the Roots blower is shown in Fig. 410 (d) on
a p-v diagram. The dotted line refers to a reciprocating compressor.
Process 2-3 is the instantaneous pressure rise due to back flow of air.
frem the air receiver. Thus it has an inherent irreversibility in its
action and the work required is greater than a corresponding
reciprocating compressor by area 23° 32'. The work done per revolu-
tion of rotor W is given by

W=4V(P,—P,) (4°14)

This extra work done is relatively small at small pressure ratios
which are usual where Roots blower is mostly used. The
efhiciency of the Roots blower depends upon the pressure ratio and
decreases with an increase in it due to increased leakage past the
loties. At low pressure ratiothe efficiency is about 80 per cent but
reduces to 50-60 per cent at higher pressure ratios.

Roots blowers are built with a discharge capacity of 015 to
anproximately 1500 m?®/min and run at speeds upto 7000 rev/min.
4 single-stage unit is sufficient for pressures up to 2 kgf/cru® while
tr higher pressures a two stage unit is used. The number of lobes
may be 4 or 6 for the high pressure ratio compressor.

The Roots blower is used for scavenging and supercharzing of
+wao stroke internal combustion engines, low pressure bulk supnly of
zic i steel furmaces, scwage disposal plants, tow pressure gas hoosters,
and Tor blower service in general.  The Roors blower is not suitable
“» maderate abl bigh pressure requirements,
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4'6. LYSHOLM COMPRESSCR

Lysholm compressor consists of two modified helical rotors-one
grooved rotor, i.e. female rotor and the other a mating male rotor.
These are so designed that at inlet, the air volume 1s gradually
educed and the pressure is increased. The nature of compression
{s similar to that in a reciprocating compressor in that the rotors
have certain compression ratio. There is a small clearance between
the lobes, hence the volumetric efficiency decreases with an increase
in pressure ratio due to increased leakage. An increase in speed
increases the rate of flow at a fixed pressure ratio.

The compression is smooth and continuous with a high
efficiency. Lysholm compressors are built with a wide range of
capacities from 3 m®/min to 350 m®/min at pressures upto 2 kgf/cm?
for single stage unit and up to 7 kgfjcm? with two stage unit.

The volumetric efficiency of a Lysholm compressor decreases
with increased pressure ratios but is better for higher speeds. The
mechanical friction and fluid-friction increases with speed but on a
percentage basis decreases with increasing pressure ratio.

Screw compresscrs are also similar in principle to Lysholm
compressor. Lysholm and screw compressors are used in portable
as well as general industrial plant applications. Thehigh efficiency
and high rates of flow with freedom from surging are the main
characteristics of this compressor. Lysholm compressor is used in
marine gas turbine power plants.

47. VANE TYPE COMPRESSOR

Fig. 4'10 shows the components and the basic principle of operation
of a vane type compressor. It consists of a rotor with a number of
vanes free to slide radially in an offset casing forming sealed sectors.
The position of the inlet port is such that air is taken into the com:-
pressor cylinder when the gap between rotor and cylinder wall is
increasing. The vanes are made of non-metallic fibre or carbon and
are spring-loaded. The sectors vary in their volume with the
position of vanes. When the vanes are {ully extended it is maximum
and a slight further movement isclates the filied sector from the
intake port. With the rotation of sector thisz volume of air is reduced
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Fig, 44, Vane type CLmpressor,



134 GAS TURBINE AND JET AND ROCKET PROPULSION [SEC. 48]

as the cylinder walls and the rotor body converge till the air is dis-
charged and thus its pressure is increased. However, this is not the
total compression obtained by the compresser. Further compression
of the air occurs due to back flow when the delivery port is
uncovered. About half of the total compression is due to vanes and
this reversible compression is shown by the process b.d on the p-v
diagram. The rest half of the compression is due to back flow and
is irreversible.

The flow in a vane type compressor is smooth and free from
pulsations. The vane type compressor can develop pressures upto
3:5 kgf/cm?® with one stage and up to 9 kef/cm? with two stages with
a capacity ranging from 2'5 to 60 m®/min. The rotational speed is
limited to about 2500 r.p m. as compared to about 7000 r.p.m. of
the Roots blower due to difficulties in balancing the changing
acceleration of the vanes. The efficiency of a vane type compressor
varies from 65 to 75 per cent and is higher than that of Roots blower
if the rressure ratio is more than 14,

This 1ype of compressor is used for supercharging I.C. engines,
surply of air to cupola and are very popular in portable compressors
used for construction purposes. ‘

48. LIQUID PISTON ROTARY COMPRESSOR

The liquid piston rotary cempressor (see Fig. 4'11) consists of a
multi-blace roter ‘revolvirg in an elliptical czsing partly filled with
a low viccosity fluid, usvally water. When the 1otor turns, it cairies
with it the water creating a solid liquid ring turning in the casing
at the same speed as that of the rotor. This liquid is forced to enter
and leave the chambe: alternately in a continuons cycle. This is
because the rotor is round while the casing is elliptical. This ac:ion
of water is just like a liquid piston and the air in the spaces
between the vanes of the impeller is displaced. Vacuum can alss be
created by restricting the inlet air.

Liquid piston compressors have a range from 004 to
300 m*/min with pressure varying from approximately 75 cm of
" water vacuum to over 7 kgf/em®. Typical applications of such com-
pressors are in chemical processing, sewage disposal, and Jaberateries.
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DISCHAREE INLET

Fig. 4'11. Liquid piston rotary compressor.

49. RECIPROCATING v»s. ROTARY POSITIVE DIS-
PLACEMENT COMPRESSORS

The reciprocating compressor due to its low speed and high inertia
tends to be bulky. However. it consumes less-power due to its high
efficiency. It has a low initia! cost. Reciprrocating compressors are
capable of developing very high nressure ratins and the maximum
capacity is limited to about 300 m®*/minute. Reciprocating com-
pressors are either water or air cooled while the rotary compressors
are oil coaled. In rotary compressors same oil i3 used for lubrication
as weli as for cooling the air, s » special detergent oil and that too in
large quantities, is needed. Duc to hot oil being used in main’
bearings leakage is a problem. This is snecially so for Tndian
tropical conditions whers oil takes relatively longer time to cool.

Rotary compressors require more power than recisrocating
cempressors for same mass flow as shawn in Table 41 and this
.extra power manifests itself in high=r outlet temperatures. Rotary
compressors have outlet temperatures about 35° to 45°C higher
than their reciprocating counterparts.
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TABLE 4'1
POWER REQUIRED FOR VARIOUS COMPRESSORS

Air delivery, FAD, m3/min 35 4'5/5 6 7 105

Positive displacement rotary 33 56 59 68 96
- . -‘

Reciprocating, h.p. 26 38 ! 49 62 88

Rotary compressors are used for delivering large air quantities
at relatively low pressures upto 8 kgf/cm? Rotary compressors
are high speed machines and can be directly coupled to turbines
and are smaller in size and have a uniform delivery without a large
receiver between the compressors and the air main as provided in
reciprocating types.

ILLUSTRATIVE EXAMPLES

4'l. Reciprocating compressor : power required

4 reciprocating compressor delivers & kg of air per minufe at @
pressure of 7°5 kgf/cm*.  The pressure and temperature of the air before
compression are 1 kgf [em?® and 15°C, respectively, and the compression
process may be assumed to follow the law pvi-*=consiant. If the rate
of heat transfer from the cylinder is estimated to be 1'6 h.p., calculate
the power required for the compression. Take c,= 024, .

y 4
Keffent
75

v
n;—i
T,=T, % (;Tz\) n
o2
:288x(Lf> T2 43 x
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Total power required=mass rate x ¢,(7T,—T,) + heat transferred

53 0°24(403-288) .
1054 +1'6

=131416=14T7 h.p. Ans,
{Note 10-54 kcal/min=1 h.p.)

#2. Two-stage compressor : B.p.; 15, F.A.D. ; heat transfer

A single-acting two-stage compressor with complete intercooling
delivers’ 5 kg/min of air at 15 kgfjem®.  Assuming an intake state of
1 kgf |em® and 15°C, and that the compression and expansion processes
are reversible and polytropic with n=1'3. Calculate the power required,
the isothermal efficiency and the free air delivery. Also calculate the
net hieat transferred in each cylinder and in the intercooler.

If the clearance ratios for the low and high pressure cylinders are
0:04 and 0-06 respectively, calculate the swept and clearance volumes
Sor each cylinder. The speed is 420 rev/min.

P
Kagfjem?2
s

-, 288K

4
Final pressure Py=15 kg/cm? ; Initial pressure Py=1 kg/cm?
Pressure ratio
Pressrre at the end of first stage of compression,

Work done in compression

Total work done per cycle is given by

n~—1
_ ‘n .Pa n
W=2m " lRTl[( —Px) ~1]

1.
2%5 13 . -

1
_'j]

|7

o

3

=2240 gfm|s or 299 h.p. Ans.
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Isothermal work done, W,=mRT, log ‘1;2‘
1

5 .
=0 %2927 x 288 x log, 15
=1908 kgf/s or 254 h.p.

. W,
Isothermal eificiency, yisp=——0
w

25—4 oo
TTE =83% Aas.

Free air delivery
Free air delivery, V=mEL_
Pl
927
=3X "?9‘?—53@:4'21 m®min  Ans.
I x104

Heat tian<ferred
Since there is perfect intercooling, temperature at the eud of

each stage is equal, i.e.

03
wo_m | T ) 3
FeTAsT A TH
15\1% .
) =301

Anplying the First Law of Thermodynamics, the heat tran{ -

ed 70 each ceylinder is given by
Q@=me Ty =T -1

5 92240
) % 0°24(301 - 268y ot
~ { T x4

60
=212-262=—015 kcal:s Ans.

Velumelric cfficiency

The volumetric cffiziency is given by
n-1

Vd P‘z T
"]t‘(£=l—< T:{(T;) —1 }
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For first cylinder volumetric eficiency
n—1

Va n
eor=1— ‘v’;?{(Pz/Pl) —1}

03

=1-004{(3-88)}"3 —1}=8529
For second cylinder
, 03
Ton=1—006{(3-88)1"3 —1}=77-929,

Swept volume and clearance volume

The swept volume is given by

F.AD
Py 22
Ve—Va VX o

First cylinder

F.AD. 421
e Ty= - =0 8
Vy,—Vy Nxr = T00x 0852 001179 m8 Ans.

Second cylinder

FAD
Vo Vi g
4 ‘Dz//[)l x .V x Nvel

421

=0'C0332 m® Ans.

388420 07792
Clearance volume
Clearance volume =Clearance ratio X Swept volume
First cylinder
Clea:an(;e volume=001179 x0'0+=0'000472 m* Ans.

Second cylinder
Clearance volume=0 03332 <006 =0000199 m3. Ans.

43, Recipreeating compressor: unsteady fHow ; time to
produce a specified pressure

A reciprocating compressor delivers air to a recetver having a
volume of & m3. The receiver is tnitially at @ pressure of 15 kgf/cm?
and temperature 25°C ; the pre<sure is (o be increased to 83 kgfiem?,
the temperature being maintainzd constant by means of a cooler. If the
compressor is driven by a 35 h.p. motor and the rate of heat transfer
Sfrom the system is 12 h.p., calculate the time taken to produce the
specified pressure rise (T'ake c,=024 keallkg K, c,=017 keallkg K
and atmospheric temperature by =18°C).
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Initial mass of the air in the receiver,

Final mass of the air in the receiver,

_ 8'5x5x 10
= 2927 298

*. Increase in mass=48'7—86=40"] kg

=487 kg

Writing down the energy equation, we have
Q+W =uymy—uim; +hy(my—ms)
where @ =heat transferred
W =work done
u=internal energy
h=enthalpy

Since the temperature remains constant
Ui—=Uy
Q+ W =m;{my—m;)+hy(my—my)
=cyTi(my—my) +%T1(m2"m¢)
=(my— my)(cyTs+¢,T1)

where 7', is the atmospheric temperatures, 7' =291 K.
Q+W=40"1(0"17 x 298024 x 291)
=4820 kcal
(35—1-2) X 10°54 kcal heat input in 60 seconds

4820 kcal input will be in
60 x 4820

388x1054 c : in. Ans.
388 x 10°54 708 sec or 118 min s

EXERCISES 4
Section A

4:1, Describe the various applications of compressed air._
4'2. Define fans, blowers, exhausters and boosters.

4'3. Tn what way the analysis of fans differ from that of blowers and
compressors 7

4'4, What are the two main types of compressors ? What are the main
differences between them ?

4'5. Define isothermal efficiency. Why the eﬁicieﬁcy of reciprocating
-compressors is given in terms of iscthermal efficiency ?
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4:6. What is free air delivery ? Why capacity of a compressor is given
in terms of free air delivery ?

4'7. Define overall volumetric efficiency in terms of (a) mass ratio,
)} volume ratio. Why volumetric efficiency is less than unity ? What is absolute
volumetric efficiency ?

4:8. Derive the expressions for work done in a single-stage reciprocating
compressor if the compression is (a) adiabatic, (b) polytropic, (c¢) isothermal.

4:9. Define mechanical efficiency of a compressor.

4:10. What is the effect of clearance volume in a reciprocating com-
pressor on (a) work done per kg of cycle, (b) air delivered, (c) volumetric
efficiency ?

4'11. What are the_various methods for approximating to the isothermal
compression in reciprocating compressors ?

4:12. Prove that in a two-stage reciprocating air compressor, if the
ntercool ing is complete, the expression for total work required, W, is given by

o a1 n—1
Wepd T (22) 7 4() T
P P1 Ps
where p;, pe and pg are pressures at inlet to first stage, inlet to second stage

and outlet from second stage respectively, and vy is the volume of ajr entering
low pressure cylinder.

Hence prove that in a two-stage compressor, for maximum efficiency
the intermediate pressure ps is the geometric me=an of the initial pressure p; and
final pressure ps.

. 4'13. What are the conditions for maximum efficiency of a multi-stage
reciprocating compressor ? e

4:14. Show that the temperature rise of the gas in either cylinder of an
ideal two-stage compressor is a minimum when the intercooler pressure
p==(p1p2)®%, where p; and p; are low pressure ~ylinder suction and high pressure
cylinder delivery pressures respectively. State clearly the assumptions which
are made and explain why the low pressure cylinder ratio will in practics
normally exceed that in the high pressure cylinder.

4:15. Prove that the volumetric efficiency of a single-stage reciprocating
air compressor having pressure ratio po/p; and clearance ratio C is given by

1
N
neor=1—C -})—j) no_y,

416, What are the advantages of multi-stage compression ?

4-17. Discuss the typical performance curves of reciprocating air com-
pressors.
4 18. What are the applications of reciprocating compressors ?

4-19. Describe the working of a Root’s blower by the help of a neat
sketch and pressurc volume diagrani.

4:20. What are the applications of Root’s blower ?

4:21. Describe the w'orking of a Lysholm compressor with a sketch.
Where Lysholm compressor is used 7

4:22. Describe, with a skeich, the working -of a vane (ype compressor
and show its pressure-velume diagram. For what applications it is used ?
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4:23, Describe with a sketch the lxqmd pisto rotary compressor. What
are its typical applications ?

4 24, Compare the relative merits and demerits of reciprocating vs
rotary positive displacement compressots.

Scction B
4 25. Vane Compressor

A rotary vane compressor has a free air delivery of 10 m3/min  when it
presses air from 1 kgf/ecm? and 30°C to 2 kgf/cm?®. Estimate the power
cd to drive the compressor when (a) the ports arc so placed that there is
o internal compression, () the ports are so placed that there is a 30 per cent
reduction of volume before back-low occurs.  Assume adiabatic compression.
SWhat is the Isentropic efficiency in each instance ?

B0
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DYNAMIC COMPRESSORS

51 BSYNAMIC CR STEADY FLOW COMPRESSORS

Dynamic or steady {low compressors utilize momentum changes
in tlie flowing air to cause the desired compression. ‘Lhese are
of three types— contrifugal, axial, and mixed flow. In the centri-
fuga! compressor the air is imparted a high velocity and pressure
rise 15 by a row of moving bladcs, 1.¢. an impeller.  The increase in
kinetic energy is converted into further pressure rise by a diffuser.
The flow in an axial flow compressor, as the name implies, is along
the axis of the compressor while in a centrifugal compressor the
flow is essentially at right angles to the axis of the compressor.
The mixed flow compressor combines the advantages of both
centrifugal and axial flow compressors.

Diffuser Radral bladed
bitt u:ermnﬁ tmpelter
& \_Jnducer
N
Fhatt yE 3
Impelier \ i * [
Ditfuser vanes Ourlet

Collector Coilecrar

‘Fig. 5:1. Centrifugal compressor.

(a) Centrifugal compressor. Fig. 51 shows a centrifug.l
ccmpressor.  Alr enters the eye of the impeller in an flxxal or radial
direction and is turned through an angle of 90° in the impeller.
The impeiler rotating with a very ‘high rotational spgedpfabout
20060 to 30000 r.p.m. imparts the air a very }113}1 velocity and a
small pressure rise duing its rach'al. flow in the Lq;)lc}lctr. 'Ih_f’ alr
then passes over 4 dxﬁuserrhavmg ﬁ:.{(%d vanes which provide
gradually increasing arca. The velocz?y of'au' 15 reduced during
its yassage over the diffuser and a substantial part of the kinetic
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energy is converted into static pressure. Single stage centrifugal
compressors can develop a pressure ratio as high as 4:1 with
capacities ranging from 15 to 300 m®min. In multi-stage com-
pressors pressure upto 15 kgf/ecm? or more with capacities from
15 to 400 m3/min can be obtained. It can deliver practically
constant pressure over a relatively wide range of capacities.

() Axial flow cempresser. Fig. 52 shows an axial flow
compressor. It consists of alternate rows of moving and fixed blades

, Compressed
™ - LY
intak e, ,[\Iy[’, Dy[\l,[:' e wb\s D
AVAANUNANY [ i S A
— ﬂUﬂbﬂ n_— % AN it

Wiy Slades o Blag'e morement

rolefing a'v

Fig. 52, Axial flow compressor.

—the moving blades being fixed on a central drum and the fixed
blades on the outer casing. The air moves in the axial direction
and a velocity is imparted to it by the moving blades, and the fixed
blades convert this kinetic energy into static pressure and also guide
the air to flow in the next row of moving blades. The pressure rise
occurs in the moving as well as in the fixed blades. As the pressure
increases-in the direction of flow, the volume of air decreases and to
keep the velocities same for each stage the blade height is usually
decreased along the axis of the compresser (see Fig. 52).

A set of row of moving blades and fixed blades is called 2
stage. The pressure rise per stage is limited to about 1'2 in an
axial flow compressor, so a large number of stages, usually 5 to 14,
are required to give a sufficient increase in pressure. Single stage
axial flow compressors can supply air in capacities from about 150 m®
to 3000 m®/min or more with pressure ratios of 1-03: 1to 1'2 : 1 and
a multistage unit can supply upto 30000 m?*/min. at pressures up tc
10 kgffem? Axial flow compressors provide constant delivery at
variable pressures and generally have a narrower stable operating
range than centrifugal compressors.

(¢) Mixed How compressors. A mixed flow compressor has
a hub of increasing diameters (see Fig. 5'3) so that the flow of air
is turned through an angle less than 90° as compared to a 90° flow
rotation in a centrifugal compressor having hub as a disc perpendi-
cular to the axis of the compressor. The rotating blades give a.



[szo. 52 DYNAMIC COMPRESSORS 145

radial and circumferential velocity and the air leaving the impeller
has a three-dimensional velocity. The air is then delivered to a
diffuser where pressure is increased A mixed flow compressor
is smaller than the.cenirifugal compressor but develops smaller

Ditfuser banés

JTmpeller vanes

Fig.5'3. Schematic diagram of a fixed-fow compressce.

pressure rise for the same tip speed as compared to a centrifugal
compressor. ‘The stable air flow range of mixed flow compressor is
wider than the centrifugal compressor.

52, TOTAL HAAD OR STAGNATION PROPERTIES

Due te very high velocities which are "myartcci to ti:e air in com-
pressors it is mecessary ¢o consider toral head propestics of the air.
The static temperature of b term aev:mnr which would be
measured by a thermomeotsy with the same velocity as the
stream. The folal head or slagection temperature is that tempera-
ture which would be ebtzined if the flowing fluid is isentropically
brought to rest.

By applying the energy equation to a flow through a varying
area with no external heat transfer and no work, we have

Py, , O2 2va Oyt
S Ly Rk R P
C? C 2
or k1+2JJ k,+
or o1y & iy

Fogr =Clet oy
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If Ty is the total head or stagnation temperature, then
C,? .
¢, T+ §;7=C?Tf, since (=0 at total head

conditions.

o T—T1=0C22g9Jc,
2 .
or Tt——q:m (3 l)

Tkhus the total head or stagnation temperature considers the
kinetic energy cf the moving fluid. Similarly, total head or stagna-
tion enthalpy, and total head cr stagnation pressure can be defined
and are given by

hy—h=C2?[2g] (52)
y—1
P (TN 71 .
- and —P——( T) (5 3)

The total head or stagnation enthalpy and total head or
stagnation temperature remain constant in the absence of external
heat and work transfer.

53. WORK DONE IN COMRESSION IN A DYNAMIC COM-
PRESSOR

Fig. 5'4 shows the compression cycle of a dynamic compressor on
P-y and T-s diagrams. The actual compression process follows
the law PV*=( and is given by the process 12. This is different
from the ideal, i.e. isentropic-compression given by the process 12’
because of friction between molecules of air, separation, eddy forma-
tion in the flow, and shock at the entry of air in the vanes. Due to
these effects the work required to drive the compressor is more than
in the ideal case. The extra work required is dissipated in the form
of heat. In case of isentropic compression the work required is given
by the area of the P.v diagram and on the 7-s diagram by the area
2" 3’4 5. The work done in isentropic compression is given by

X
Work done per kg= I[__T_TRTI[(Pzt/Pn)Y_l __1] (5-4a)
=X _glz/—m. 1 ap)
Y_l 2t 1t (5 b)

The work done in a dynamic compressor can be found by
applying steady flow energy equation at inlet and outlet of the
compressor. Thus, we have

O gy O
. w==(he+4-0,2[29J)—(h, +C\2[29J)
~ =hgye— b1 {55 a)

=c(Ts"s—Tr) (559)



{sro. 53] DYNAMIC COMPRESSORS 147

The extra work done in actual practice is due to an increase in
the volume of the air due to = being greater than y and internal

Yy
3

\_»Work done duve
X\ 7o increased volume

Cooled
Adiabalrc ‘
8 i

(@) P-y diazram

2

P

.35\ Werk done due fv
) 1pcrecsed volime

Ineroased weork due
Yo frriction

] S

(b) T-s diagram
Rig.54. P-vand T-s diagrams for dynamic compressor,

{frictional losses. The first one can be represented on P.p diagram
(see Fig. 5°4), while the second cannot be represented. The internal
frictional loss is represented in the 7-s diagram by the area 1265.
Therefore work done in an actual dynamic compressor cannot be
found by the area of the P-v diagram. The area 2 3' 4 6 represents
the total actual work done in compression.

Actual work done=c, X actual rise in temperature.
=Cg(Lye—Tns) (56 a)
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>, Horse powér= mc,(Z’;‘t)g T”‘_J {46 b)

where m is the mass flow per minute.

54. EFFICIENCIES OF DYNAMIC COMPRESSORS
{(a) Isentropic efficiency V

The ideal compression process in dynamic compressor is
isentropic, whereas in reciprocating compressors it is isothermal. It
is because in reciprocating compressors due-to slow speed and
cylinder and interstage cocling the ideal of isothermal compression
is approached. But dynamic compressors are generally uncooled
and of very high speed which cause internal reheating the index of
compression is always more than y. The isentropic efficiency is
defined as the ratic of isentropic work to actual work.

Isentropic work of compression
Actual work

Isentropic efficiency =
(based on total head
conditions)
_h =Ry
-

='3_1_J(_T2It_Tlt) — (Tglt“"Tu)
ek Tpt—The)  (Loe—Ty)

{570)

Thus the isentropic efficiency is also equal to the ratio of the
isentropic temperature rise to actua] temperature rise. When the
efficiency is defined on the basis of static temperature rise it is
given by ,

iy —T,

7 73l 57 b
7,-T, (378)

Isentropic efficiency =
(based on static head

conditions).

For small velocities the total head isentropic efficiency and the
static head isentropic efficiency are same.

() Folytropic or small stage efficiency

(z) In case of a muli-stage compressor the designer tries
to obtain same efficiency for each stage. The small stags or poly-
tropic efliciency is defined as the isentropic efficiency of an elemental
(infinitesimal) stage of the compressor which remains constant
throughout the whole process of compression. The fact that on a
T-s diagram (see Fig. 55) the vertical distance increases with an
increase in entropy clearly illustrates that in a multistage frictionless
compression the isentropi: temperature rise is more for an elemerital
stage at higher entropy than the temperature rise of another
elemental stage at lower entropy and the sum of the isentropic tem
perature rises for all the elemental stages AT, is greater than
the single overall isentropic rise ATV
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5

Fig. 5'5. T-s diagram showing that the vertical distance between two constant
pressure lines ingreased with increase in entropy.
Isetitropic temperature rise
Actual temperature rise
Ty —Tw__ AT

Isentropic efficiency, 7=

T Tyu—Tu AT: .
Polytropic or small stage efficiency, ns:la'+;b’+l;:’+cd'
- 2t —L1¢
S(isentropic temp. rise of stages) __ Z(isentropic temp. rise of stage)
Actual temp. rise Z(actual temp. rise of stages)
_EZATS
AT

Since TATs'> AT the polytropic or small stage efficiency is
greater than the isentropic overall efficiency. This gain in efficiency
is due to preheating and will increase with increasing pressure

ratios.

(i7) Polytropic efficiency in terms of ‘»’

Fig. 56 shows the compression process in an elemental stage.
Process 1-2 is the actual compression process and the process 12’
represents the isentropic compression.

Polytropic or small stage efficiecy
7, —Ty: =(T2'1/T1t)"'1
Ty—Tyw  (T9't/Tr)—1

0=

r-1
_ (Pot/Py) ¥ —1
- n-1
(Pye/Prg) ® —1
y—1 n—1 .

|
|

. e L2t =( Pzt) ¥ Té‘=(§£) " ]
[ Since P and T4 \P,
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P¥%s Constant

= S

Fig. 5°6. Compression process in elemental stage.

-1
(Plt+ AP: )—Y_——-l
P,y
= n—1
(P1t+APz )T-l
Py

P ¥l
AP v
_("I+Pn) !

= n—1 .

AP\ T
(1+——P“) —1

[sEC. 54}

Expanding binomially and neglecting the higher order terms,

we get

=1y APy
X Plt_
W= "1 _ AP
(VRS L

n P]t

Alternately, the polytropie efficiency can be defined as

_Work done with polytropic compression

Actual work done

n

= .5—’(T2t—T1t), for one kg of fluid

n—
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__n%—l . Y*;lcp(th—Tlt)
- cp(T'gi—Ty;)
y—1 n
I — |

[For expansion, as in turbine, the polytropic efficiency is
defined as '

y n—l

h =

y—1 n

(510)

Since the value of n is generally unknown it is more con-
venient to express 7, in terms of known quantities, ¢.e. entry and
delivery temperatures and pressures. We know

) n—1
&t=(’€z_t) "
Ty \ Py
T?g__n—-l 1_)}!
or in T, n In P,
. n—1 =1n(P2t/P,¢)
°* n In(L'efTy4)
Putting this value of nf-l in Eq. (5°9), we get the polytropic

efﬁciehcy in terms of inlet and exit conditions.
7 =Y— ! ln(P,_,t/Plt)
Ty In(TyTye)

The polytropic efficiency defined in this way is very useful in.
the case of multistage compressors since it depends only on'the
" actual temperatures and avoids the use of ideal adiabatic tempera-
ture rise.

(5:11)

If » is the same for all stages the overall efficiency equals that

of each separate stage on the polytropic basis but not on isentropic
definition. This point is further explained later.

(iii) Relation between isentro?ic and  polytropic
efficiency. o
O Lok T
i 1’2t~171t
=1
_ (Py:/Pys) ¥ —1 o
- n—1\

(Py/Py) " —1
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By pumng the value of = from Eq. (5°9), we get

=1

{Py|Py) Y —1 RT
% 2 ’LY_I (512)

(Pyt/Py) ™ ¥ —1

The isentropic efficiency of a compressor is the ratio of the
useful energy output over the total energyinput. However, for a
compressor: useful energy is always measured in terms of pressure.
Moreover, the isentropic efficiency varies with the pressure ratio used
and will have different values for same pressure ratio but having
different energy levels. Of twd® compressors having equally ;good
internal design one which has higher pressure ratio will always have
less isentropic efficiency than cne having a lower pressure ratio
merely because of the increasing divergence of the isentropic and
polytropic processes with increasing pressure ratio. Similarly, the
efficiency of a high pressure ratio turbine will be more than that of
a low pressure turbine. '

Thus isentropic efficiency cannot be a true measure of
compressor performance. The concept of polytropic «fficiency is used
in the design of multistage comprissors to eliminate effect of pressure
ratio. If the polytropic efficiency of a stage designed by a particular
method can be established it can be assumed that the similar stages
will have the same polytropic efficiency and isentropic efficiency of
the complete compressor can be found by using equation (5°12).

5'5. VELOCITY DIAGRAMS

The following is the nomenclature used for the analysis of
centrifugal and axial flow compressors.

a;:ex1t angle from the stator or guide vanes at entrance
G,=inlet angle to the rotor
B,=outlet angle from the rotor
u,=inlet angle to the diffuser or the stator
U/, ==mean blade velocity at the cntrance
U,=mean blade velocity at exit
Cy=absolute velocity at inlet to the rotor
=absolute velocity at outlet to the rotor
Vi=inlet relative velocity to the blade
V,=outlet relative velocity to the blade

C,.=velocity of whirl at inlet (component of C, taken
parallel to the plane of rotation)

C,u=velocity of whirl at outlet (component of C, taken
paralle] to the plane of rotation) ¢
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Cyo=velocity of flow at inlet (component of C; taken pers
pendicular to the plane of rotation)

C,e=velocity of flow at outlet (component of O, taken pers
pendicular to the plane of rotation)

In the case of centrifugal compressors the angles are generally
measured with respect to blade direction while for axial flow com-
pressors the angles are generally measured with respect to the
direction of motion of the blade. To aveid confusion it is always
desirable to mention in the problems how the angles have been
measured.

In the analy sis of the centrifugal and axial r'ompressors the
following assumptions are generally made :

(1) The flow phenomenon is steady.

(2) The flow is uniform throughout the cross-section of the
impeller and the diffuser.

(3) There is no separation of flow.

(4) There is no shock either at the entrance or at the exit of
blades.

(5) The flow through the impeller is frictionless.

(e) GCentrifugal compressor.

Fig. 57 shows the impeller of a centrifugal compressor
and the velocity diagrams at inlet and outlet. The velocity
at inlet to the impeller is assumed to be axial and is
equal to the velocity of flow, i.e., C;=C,s The velocity of whirl C,.,
is zero at inlet to the impeller. The relative velocity of the air at
inlet is ¥}, which makes an angle 8; with the direction ¢f motion.
The air flows through the impeller and in its passage is turned
through an angle of 90° and ideally the outlet is in radial direction,
i e. the absolute velocity at outlet Cy,, is such that its whirl compo-
nent is equal to the blade tip velocity U,. However, the large
amount of the mass of air flowing thrcugh impeller has certain
inertia and due to the formation of eddies the velocity of
air at the tip is always less than the blade speed. This reduces. the
outiet whirl velocity of the air and the How is turned through an
angle less than 90° as compared to a 90° turn in ideal condition.
This !aggmo behind of the air is taken inte account by slip factor.
Slip factor is defined as the ratio of outlet whirl velocity to the blade
velocity at outlet.

. Slip factor, c=f'U2.uz (5:13)

2

The value of the slip factor depends upon number of blades
and affects the amount of power which can be supplied to the air,
Its value is usually about 0'9.

1
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Work done, .
wy=rate of change of momentum X distance
=C4U,—C1Uy [5 14(a)
’II)U .
= w0
=_(£_2_g_2_ J— aU? [5.‘;,_} )
g g
~ =~ Jdeal
Actual

[/ LIS
!

F>g. 5-7. Imgeller of a centrifugal compressor and velecity
diagrams at inlet and outlet. For inlet diagram
actual and ideal are assumed to be same.

Eq. [{5'14 (b)] represents the power required by the compressor.
However, the actual power required by the compressor is more then .
this due to the following reasons :

(¢} The air has certain viscosity and the viscous shearing
forces retard Yhe flow near the wall and create a region
of low kinetic energy than the main flow. If the energy is low the
flow tends to stop and an eddying region is formed along the wall.
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The formation of the eddies constitutes 2 loss. This is called fluid
friction and windage loss.

(77) 1In addirion to the loss in eddies, the effective flow area is
reduced due to the development of boundary layer near the wall
and hence the velocity in the main flow increases giving non-uni-
form flow. This increase in velocity increases the frictional loss.
More important is the fact that this increase in velocity cannct be
recovered efficiently since the stagnation pressure varies across the
cross-section of the flow and mixing losses occur.

{(#47)) Due to increased velocity, flow separation can take place
and may also result in shock losses.

(iv) There is always a circulating flow within the impeller
passages.

The extra work needed to drive the compressor over that given
by Eq. (5°14) is taken into account by multiplying the above quan-

tity by an experimentally determined factor called work factor or
power input factor, p. The value of the power factor it about 1'04.

. Actual work required

U2
=22 (5'15)
g
The energy transferred by the impeller manifests itself in rize

in temperature, pressure, and velocity of the air. Usually the change
in velocity is neglected and the change in temperature is given

by

We

v o U,?
ng—Tﬂ:-%j-cf— [(516 (a)]
The isentropic temperature rise is given by
, nipal,s? "
T, tmau,:—"g’ch [5:16 (1]

where 7; is the total head isentropic efficiency.

The pressure ratio is given by

v—1 -1
Py _( Ty, ) Y __( 1+——-T2t“‘T1t Y
Py Tu #_ Tlt
=( 14 0P5Us"
—( I gJcp Ty ) (©rin)

The power input factor also takes into account the losses
occuring in the diffuser. If the separation of flow is taking place
near the exit of impeller it is very difficult to design a suitable
diffuser configuration for efficient recovery of the kinetic energy.

_ Ordinarily the diffuser consists of an increasing area passage
which reduces the velocity of the flow and increases the static
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pressure. Sometimes a guide vane diffuser is also used. Such
conventional diffusers give a pressure ratio of about 3-5: 1 and are
not suitable for radial and mixed flow compressors of high perfors
mance and compact design. For such cowmpressors the absolute
velocity at exit is so high that exit Mach number is as high as ¢'7
to 1'2 or more. With Mach number as high as 12 the diffusion ratio
required is about 10:.! if the kinetic energy is reduced to negligible.
Any attempt to do so by the conventional diffusers results in separa-
tion of flow and the dissipation losses due to mixing can no longer
be balanced by extra pressure energy obtained from the diffusion
process.

For this reason more than one stage of guide vanes are used
in high performance centrifugal compressors. Use of more guide vane
stages also reduces the mixing losses. Straight line diffusers to mini-
mise secondary flow and resulting losses are used with swirl
vanes.

Mixed flow compressors which have an exit Mach number of
about 132 and centrifugal compressors with Mach number of ‘about
124 are generally provided with a vaneless diffusingspace to reduce
the flow to subsonic conditions and then efficient diffusion is obtain-
ed by providing guide vanes. This also results in a large operating
range to be obtained. 4

() Axial flow comprssors.

The blading arrangement and velocity diagrams at the
inlet and outlet of an axial flow compressor are shown
in Fig. 5'8. One stage of the compressor consists of one
row of moving blade and one row of fixed blade. The air with an
initial velocity C, enters the rotor blades and has a relative velocity
equal to V; at an angle B, to the axial direction (note that reference
direction is axial and not tangential as used for centrifugal com-
pressors). The air then glides over the rotor blades and receives
kinetic energy from them. A part of this kinetic energy is converted
into pressure energy in the converging area between the rotor blades.
Thus the absolute outlet velocity C, is greater than the absolute inlet
velocity €. The air is then passed over to the stator blades where
further pressure rise occurs, and in addition to this the flow is
directed ™ enter the next stage of moving blades with an absolute
velocity Cy equal to C; and at an angle «; equal to «,.

It is clear that the compression takes place 1n the moving as well
as stator blades. The relative velocity is reduced from V; to ¥V, at -
outlet of the rotor blades by deflecting the stream through a small
angle thereby increasing the flow area and hence the pressure. Rest
of the compression takes place in stator blades. The distribution of
the total pressure rise into the two types of blades is indicated by a
factor called degree of reaction. The degree of reaction is defined
as the ratio of the rise in the enthalpy (hence pressure) of the air in
the rotor to that of total enthalpy rise in the siage.
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Degree of reaction

Enthalpy rise in rotor

= "Total enthalpy rise in stage
hz-—hl

- ”3—h1

Compined velociiy diagrom

Fig. 5-8. Blading and velocity diagrams of an axial flow comppessor.

The choice of a particular degree of reaction is important in
aat it affects the velocity triangles, the {luid friction and other losses.
Usuzlly a degree of reactiun eaualito 50 per cent is chosen, It is
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found that with equal inlet and outlet velocities, i.e. C;=C, and
constant axial velocity Cja=C,q, the 50 per cent degree of reaction
gives least fluid friction and tip ciearance losses, asis clear from
Fig. 59, the velocity triangles become symmetrical under these
conditions.

Uy ﬁ

o, = f32

S Ll -——-tJ 2= B,

Fig.5'9. Velocity diagram with symmetricn] blading (R=0.5).

The axial flow compressor is designed to have a constant axjal
velocity. However, duriag first few stages of a multi-stage unit this

=
'

[
Fig. 5:10. Effect of axial velocity change on velocity diagram.

ic not trus and it is only after 4 or 5 stages that the axial velocity
becomes constant. This affects the degree of reaction of the various
stages and medifies the velocity triangles and the efficiency.

The work required per stage can be calculated from the velo-
city diagrams by the assumption of constant axial velocity. The work
required per stage is given by

mU(C w"C w)
w:—#—!——— [519 (a}]
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.

mU
gJ
- ‘g}]—(u—o, tan a,— (s tan 3,)

=7;—;]-[U—_Ca(tan a,+tan 8,)] [519 ()]

C;uf (tan Bi—tan Ba)

Alo, by steady flow energy equation the work required per stage is
given by
w=mcy(Ty—T:) [5:19 (c)]

The actual work required by the compressor is not equal to
that given by equation [519 (¢)]. This expression was derived on
the basis of mean values of the velocity triangles. However, this
is not =0 and there are always deviations from the design value. [f
the axial velocity is above the mean value the whirl component is
reduced (see Fig. 5'10), die less work i+ transferred and if the axial
velocity is less than meaa value due to change in incidence angle of
the blade (see Fig. 5'11) stalling occurs and again results in less work.
So actual work is given by

_ mU(Cpu—Cu) K
g
where K is work done factor and its value is about 0-86.

w

[5:19 ()]

RPM. Effect of rorairen
| on blade

S~
New angle of affack
with azial velocily 12

Fig. 5'11. Change in incidence angle due to change in axial velocity.

If the total head or isentropic efliciency of the stage is N We
have,

_=_T2,t"T1t
N ‘th"Tn‘

or '71'5 =1 + N -TIS
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X
Since Pat =(—F2 ¢ )Y—i
Plt 7] ,lt
P Tyi— Ty T
2t it — 41t —1
- L N DT Tt U
Py, [ T Ly :]
P U Ciw) 5
or ‘2_t' = 1 ¥ '—“-———————“——jw_ 10 .{-1 .
oy [ + 1 gle T, {5-21)
The overall temperature ratio is given by
-{_1
th Pzt YN =
Ly _( Py ) (328

56, DESIGN OF CENTRIFUGAL COMPRESS0ORE

Usually the pressure ratio required and the mass flow are specified
to the designer. The ambient temperature and pressure range in
which the machine is to operate are also known ; for example a jet
engine has to operate at sea-level as well as at varying alitudes.
The application to which it is going to be put decides the speed of
rotation. If the compressor is couvled to an alternator or d.c.
machine, its speed is exactly known. Even in other applications a
rough idea of rotational speed isalways available. Inaddition to
this a rough idea of adiabatic efficiency of the compressor, the
blade pressure coefficients, the inlet velocity at the impelier and
the compressor outlet velocity is always available. The compressor
outlet -velocity is limited by the type of combustion chamber
nsed in: the gas turbine, and by the fact that if compressor is directly
connected to the combustion chamber or through a heat cxchang-cr@
Tn the first case low compressor outlet velocities are required to avoid
blowout at low loads and/or at high altitude, while in the second
case a high velocity is preferred as it resuits in greater heat twansfer.
However, this also increases the pressure losses in the heat exchonger;
thus a compromise is necessary. )

The impeller tip speed and outlet diameters are fixed from
considerations of stress limits, allowable bearing loads, rotational
speéd, and space, limitations, apart from the throretical con.
siderations.

Usually a new design is an improvement of thie part designs, so
dynamic similarily rules can always be applied ro get approzimate
values of tip speed, rotational speed, various cfliciencies, etc. How-
ever, in case of new designs z..d special type of machines such past
experience is not available. Lhus, an actual design is always based
on fundamental theoretical analysis plus on past experience available
in terms of empirical rules and formulae, and a good insight and
experience is always a valuable asset for the designer,

In what follows is a brief discussion of design methods used to
~aleulate the various dimension of a cenirifugal compresscr,
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56'1. Types of impeliers.

There are three basic types of impellers, namely, the forward
curved vanes, radial vanes, and backward curved vanes. These are
shown in Fig. 512. Fig. 513 shows the corresponding velocity
triangles for same tip diameter and rotational speed.

—_ ——
!

{@) Forward curved vane (b) Radial vane (¢) Backward curved vane

Fig. 512, The three types of impellers.
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Fig. 5'13. Exit velocity diagrams for different types of impel'ers.
(Dotted lines show the effect ot increassd volume flow at constant speed),
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Fig. 5-14. Pressure vs volume flow at constant rotational speed-

In an impelier the energy is transferred in the form of kinetic
energy which is convarted to potential energy (pressure) in d.fuser.,
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It can be seen that for a given tip speed the forward curved vane
impeller transfers maximunrienergy and then comes the radjal vane
impeller while the backward curved vane impeller transfers least
amount of energy. Thus the use of forward vanes results in a sma'ler
diameter and lesser weight for the machine. However, it shouls be
noted that ultimately this kinetic energy is converted intc pressure in
a diffuser and diffuser is the least efficient of all the parts of the com-
pressor. So higher the impeller exit velocity more arc the prossure
losses. Tf efficiency is not to be seriously affected the diffuser length
will have to be made quite large.

The pressure ratio obtainable from a given compressor depends
upon the rotational speed, the impeller diameter, and the volume
flow. Yig. 513 shows the effect ot change in volume flow on the
exit velocity diagrams of three types of impeilers. Direction of velecity
C, depends upon the tip speed and its magnitude upon volume flow.
An increase in flow increases the energy transfer for a forward curved
vane impeller and decreases for a backward curved vane impeiler
and remains same for radial vane impeller. This results in a
rising pressure ratio vs volume flow characteristic for forward
curved vane impeller, drooping characteristic for backward curved
impeller, and constant pressure characterstic for radial vane impelier
as shown in figure 514.

One important performance characteristic of 3 COmMPresser is
its stable operational range. The rising characterstic of forward
curved vane impeller gives stable operation over a very narrow range.
This is because first with increasing volume flow the pressure rario
continues to increase but after certain flow level the losses in the ditfu-
ser increase so rapidly that obtainable pressure ratio falls off rapidly
as shown by dotted line in Fig. 5’1+, Such a curve has a :mall
stable operational range near its peak which is characterised by high
losses so that efficiency in the stable range is poor. The characteris-
tic for radial vane impeller remains constant and has reasonzile
efficiency.

Another important point is the ease of manufacture and stress
levels. Usually impeller vanes are forged. Thus both the for.
ward and backward curved vane impellers are diticult to manufac-
ture and are subject to higher stress levels because of their curvature,
They are subjected to bending stresses in addition to centrifugal
stresses.

Thus, though the forward curved vane impeller gives high
encigy transfer, its operational range is very limited and that too
with a lower overall efficiency.  'The increased difficulty in rmanu-
facture and high stress levels are further disadvantages. Consider-
ing thiat about two-third of power developed by gas turbine is used in
driving the conipressor, thus poor efliciency resulis HLd grear loss
0 power.

Radial vane impeilers are most popvliar becazuse of cuse of
<, ¢ration and good stable cperational range with reasonabily good
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efficiency. Almost all aircraft gas tur bine engines and most other
engines use this type of vanes.

vard curved vaned impellers are used only in industrial
turbines where usually lower pressure ratios are needed. This also
gives good efficiency because the exit velocity (and hence loss in
diffuser) is small.

562. Design of impeller.

There are various theories of impeller design. Ia one of the
theories a suitable value of the pressure difference across the blade,
called the blade loading, isassumed and inviscid flow equations arve
writien and integrated to fiud the density and pressure distribation
and various dimensions of the impeller are found by assumning a
suitable variation of radial velocity. However, itis diffcult io ob.
tain a suitable value of blade loading without extenstive develop-
ment work and the procedure for calculation is cumbersome and time
consuming. Another theory considers the fact that the flow losses
occur due (o sudden change in flow path such as bends, etc. So the
impcller passage must vary smoothly and must be kept straight as
far as possible. This requires for a given mass flow and rotational
speed, a hyperboloid surface as the inner wall of the impeiler.
The theoretical blade shape found under such assumption is rather
difficult te manufacture. In the third theory, which will be foliowed
in this book, the impeller is designed to have purely axial inlet and
purely radial exit. The product of passage height and passage width
gives the effective passage area between two impciler blades.
This area is perpendicular to the flow direction. The variation of
passage area from inlet to exit is determined by assuming that it

forms a circular cone of very small cone angle.

Impeller shape

Fig. 515 shows the typical impeller shape along with its rmain
dimensions. These are, D the tip diameter, Dy the hub diameter, D,
the impeller inlet diameter, U,the tip velocity, etc. The main
object of this section is to give a method of determining these dimen-
sions based on theoretical considerations and practical experience.

(¢) Hub diameter. The hub-diameter D, is usually obtained
by strengta and vibration considerations. The size ef impelier shaft
and the thickness of the metal required determines the hub diameter
which must invariably be checked from vibcation poirt of vicw.
The . manufacturing method used for milling the blades, etc., of the
impeller can also require some 1.odification in the calculated value
of hub diameter. The use of a hollow impeller shafi may need eu-
larged hub diameter. Thez axial width ! of thz hub is also determined

iS.

from sirengih consideratic

(1) fmpeller inlet diameier : The annular or eye diameter
. . o . . . . . )
i.c. the irapelicr inlet diameier Dy is determined from  the considera.
tion of pressure losses. The pressure losses are proportiona! to the

{de




164 GAS TURBINE AND JET AND ROCKET PROPULSION  [5EC. 5°6]

relative velocity at inlet for a given mass flow and rotational speed.
The eye diameter Dy is calculated on the assumnption of minimum

< /

Y

D = Tip dizmaisr

Doz Hub wiwmsslor

Ly=. Impeliey infet rame)er
Vo= 77, VF/ac/,fi/

Fig. 5'15. Impeller shape and velocity diagram at exit.

Mach number at inlet. For such a calculation it is assumed that
the absolute inlet velocity is purely axial and the tip velocity Uy is
assumed to be the mean value U,,. The mean value is determined on
the assumption that the mean diameter D, divides the tctal annular
area into two equal part, (see Fig. 5'16), ¢.e.

| Dmr—-\/ D (5-22)
“thus U,=U,=5Dn N

=nNV(DE+13))2 (5-23)
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Fig. 516. Mean diagram.

The axial velocity is assumed to be normal and is given by
Orgm e

ZD2-Dy)

where @, is the volume flow.

The relative velocity at inlet is given by
4% :Umz + 01a2

(D,2+Dy?) 9, .
—p2Ne T 0 1 .
S ey o] L

If @, is the sonic velocity at inlet, then Mach number at inlet is.
- given by
M2= Vlz/alz

_m?NYAD2+ Dy?) 40, 2 oRy
- 2a,* [Tcal(Dlz_DOz) ] (5:25)

Since the hub diameter is designed {rom strength and vibration
cousiderations it will not be a variable in equation (5 25) and can be
assumed constant. Then for a given volume flow @; and rotational
speed N, the condition for minimum Mach number at impeller inlet
can be found by differentiating equation (5:25) with respect teo
D, and equating it to zero. This gives

—(%)2>< o ﬁ;ﬁiﬁzﬁﬁﬁt+“2§ffz”1=o (5+26)
S
or (D,hDo’)sz%( % )2
or Dﬁ—Df:(%)lls (% )2'3=0 87 (% )2’3

' NE -
or D,=\/ 0'87(1—‘7-) + Dt (5:27)
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Diametcr D, is the diameter which correzponds to  the
minimum  Mach number. However, usually a limiting Mach
numbey ¢f 0°8 or even 09 is gencrally used to determine (he impeller
diameter for 2 given volume flow and rotational speed. it should be
assured by sultably Increasing the diameter [; that the axial
velocitics are not very high otherwise losses would be too high.
The ratio of eye diameter to tip diameter varies from 045 to 0-70.
This is to wnsure smooih variation of impeller passage from eye to
the tip of the impeller.

(558) Tnipeller outlet diameter. The impeller cutlet diameter is
usually determined by stress limitations, the rotational speed, and
space limitations. Usually the outlet diameter is given aleng with
the rotational speed. If mnot given, a suitable pressure ratio can be
assumed. With values of power input facior based on past experi-
ence, the tip velocity U, can be found from equation (5'17). Once
thf tip velocity is found the outlet diameter can be found from the
relation

U=nDN (5-28)

Usually the speed N is fixed by tke driven machine and :o
value of D is dctermined by
p=Y

nN

However, where there is a choice of selecting the rotational
speed, the stress, and stress limits, etc., hoth the diameter D and speed
N to be usedshould be decided. The diameter thus obtained must
be <hecked against the empirical rule that eye diameter to impeller
outlet diameter ratio should be between 045t0 €:70, Too large a
ratio will result in incomplete accelaration of the air while tco small
a value will not allow a smooth passage variation from eye 1o outlet
diameter. Lower ratios must be used where efficiency is very
important,

(i) Impeciler oullet width. Out of the total energy transferred
by the rotor to the air about half appears as static pressure head and
rest half as kinetic energy. So the pressure at impeller outlet p,
is assumed to ke equal to

po=py+ 2T (5:29)

and the velocity head is neglected becavse for determining the
volume flow ar outlet only pressure ard temperature are required.
Thus the value of static pressure p, at impelier outlet can be
found. This must be checked against the empirical rule that this
must be about onc-fourth of the ideal pressure rise (py—p,) where
the ideal pressure rise is given by
2 —_
Pai _1 1+_g2._ et (530)
. /]
V41 \ gJe, 1 )
wo values differ a mean value can be taken.
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Similerly, the tcroperature rise from eye to outlet may be
assumed about haif of the total temperature rise, and again neglecting
the outlet velocity, we have

7 7 (j22 31
v gl (5:31)
or Ty o U
T, T 24Jc,T,
s o =(7)/(5)
Since Pl e =z 5-32
& T, Py ( )

With ihe help of equations (529), (5-30) and (5°32) we can find
the ouilet volume flow ¢,. Once the outlet volume flow @, is known
the outlet velocity O, the outlet area 4,, and axial width of impeller
at outlet 1, can be found from the equation

C,=U, tan «, *5-33)

where a suitable value of outlet blade angle «, is assumed.
Usually with vaned diffusers it varies from 5° to 15° while for vane.
fess diffusers its value should vary from 12° to 18°. The lower
values are used for smaller tip speeds. These values of outlet angle
give a reasonable stable operational range to the compressor.

Then outlet area is given by

_ @ .
A= o, (534 a}
The area 45 can also be given by
4,={(=DQ—nt)l, (534 )

where n is the number of blades in the impeller and ¢ its
thickness. The number of blades depend on the size of the impeller.
About 18 1o 22 blades are used in small compressors and 28 to 32
in larger ones. Usually an odd number is chosen in spite of the fact
that an even number facilitates manufacturing. This is because an
odd number of blades does not allow vibration impulses to grow,
‘The number of blades, if high will cause deterioration of compressor
efficiency as the reduced outlet area results in  higher outlet
velocities and hence increared pressure losses in the diffuser. Too
smail a number of blades will result in increased slip factor and
mere turbulence, The thickness of blades again depends upon
the size of the impeiler. - The thickness does not greatly affect the
performance but thinner blades with a taper of 4° to 6° included angle
are preferred.  Taper provides a stiff tip to withstand vibration of
the impeller Thicker blades are used for large diameter impeliers
and they require a greater taver than that used for smaller diameter
impellers,

The axial depth I, of impeller at outlet can be found' from - the
reintion.

) ly=A,/rD (535 a)
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4,
(rD—nt)

if blade thickness is considered.

or from ly=

(535 b)

'v) Entrance buckets. Entrance buckets designates the first
part of flow passage from eye diameter to outlet diameter as shown
in Fig. 5:17. At this section the entrance velocity is assumed to be
purely axial and the tip velocity corresponding to mean diameter
D, is used to calculate the passage height 4.,

Pm
Ve =tm A

Fig. 5'17. Entrance bucket section and corresponding velocity diagrams.

At the mean diameter D, the theoretical passage height is
given by

. ®Dp sin 8,
i ==
£

where n is the number of blades and tan g,= 'g’“ . The value of T,
m

can be found from equation (5°23). The value of the theoretical

passage width must be increased by a factor of 1-3 for best

results when angle B, isless than 45°. TFor higher angles a greater

factor is usually used to ensure a sufficient area corresponding to
this angle.

Once the passage height is found the inlet Mach number
should again be checked at the mean diameter D,, to ensure that
sufficient passage area has been provided.

(vi) Impeller passage. The impeller passage from eye tc tip
is designed such that it provides an increasing area at a rate match-
ing with the diffusion rate. The radius r; (see Fig. 5'18) is chosen .
such that the passage smoothly joins the eye and outlet areas, while
the radius 7, is fixed from the considerations of manufacturing
process, strength and weight. One usual method of determining
the passage is the use of an equivalent circular cone as shown in
Figure 5'18. The cone angle must be very small for good efficiency.
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(@) Impeller passage (6) Equivalent circular cone

Fig. 5°18. Impeller passage and the equivalent circular cone.

56'3. Centrifugal compressor diffuser

Normally the diffuser of a centrifugal compressor is an annular
space with or without vanes in which the air is slowed down and thus
the kinetic energy is converted into static pressure (see Figs. 53-19).

/x
e
%\

Fig. 5°19(a). Vaneless diffuser.

Fig. 519(b). Vaned diffuser.
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When the air comes out of the impeller and enters the diffuser
it behaves like a free vortex if there are no obstructions present.
Such a vortex is given by

rw= constant ' [5 57 (a)]
or 7 X rew=sr X € cos w=constant (537 {9)]
K3 70 cos a.=17,C; cos a, {5°38)

Writing down the continuity equaticn in the radial direction,

we have
pC sin o A=p,C', sin a;4,4
o0 sin a.wDl=,C; sin «g.nDgly
From equation (5°38), we get
o tan a=1l3p, tan o,

ol (539)
pals .

Writing down the energy equation between the impeller inlet
and outlet, we have

or tan «y=

y—1
C,? Tu(Be ¥ —1)
= 5-40
Tt 2gJ¢c, + a Tt 2gJc, (>40)

and energy equation between impeller outlet and diffuser inlet and
at some section of diffuser, we have

C 2 C 2 02
Tyt o =Ty =T 541
o, = T ag0e, =T g, (>4l
Trem the above equations 7' can be found and put in
1
ofea=(T|Tg)" 1 (5-42)
where the value of # can be found from the equation

m—p 0T (543)

1—vy(1—1%o)
where yp is the diffuser efficiency which varies from 82 to 92 per
cent.

The diffuser inlet axial length /3 is made equal to the total tip
width [, plus some clearance on rear side of impeller so that the
radial velocity as well as the angle v; can be found frox.
(7117)-——777)72 C‘;

=D, mU, (544)

tan Hg=
where m is a constant whose value is less than unity. The exact value
depends upon the number of blades.

Thus from equation (5'44), tan «, can be obtained, and from
Eq. (5'42) p]e, can be obtained, or p/p; can be taken to vary between
1-08 to 1'18. When both these values are put in equation (5°39), the
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value of I tan « can be found, i.e. the diffuser outlet angle and outlet
axial wicth can be estimated based on past experience. The diffuser
shape obiained is approximately a logrithmic spiral.

“!u‘w
The diffuser inlet diameter is decided by the clearance between
impeiier outlet and diffuser inlet. The ratio of diameters is usually
D, - -
“Z2 2115 to 1440 (5°49)
UZ
the larger values being preferred where efficiency is more important.
The outer diameter I); is again decided by empirical rules.
For a vaneless diffuser this should be

D4
24 9. 546
D 2:2 (5°46)
while for a diffuser with vanes it should be
D,
—_—= . '47
D218m20 (5:47)

For good efficiency a large value is used but in some appli-
cations such as in aircrafts where space is more important than
efficiency, diameter ratio as small as 1'5is used. This requires a
large number of vanes for good diffusion, which are undesirable as
they are conducive to vibrations.

The passage height %, is given by
Ag=nlsh, (5-48)

whers the area A; is selected to be about !-6to 21 times the

eflective exit area of the impeller. The effective impeller outlet

area is defined as the area required for the absolute velocity C,, ¢.e.
effective impeller outlet area is given by

Ay =nDl,sin o, {349}

or dy'=(=D-—nt) 1, sin «, [5:49 {=)]

whe: number of vanes and their thickness is considered. The
ratio 4,/4, allows sufficient area for air flow in the diffuser. This
ratio is intimately connected with the stable operation of the com-
pressor. A very high ratio of about 2-3 or so may result in a very
narrow stable operational range. Asregards the number of vanes,
at least six of them arc requived for geod efficiency and the vane
thiciness shouid normaily not exceed 3 to 4 mum. The ratio of diffuser
vane outlet arca to inlet avea should be

lyhy
lyhy

Usuzally a valae of 1'6 is preferred. In deciding the outlet
area of the diffuser thought should be given to the area of the
passage into which it is to discharge and the total diffusion required.
For exampgle, some applications, such as a combustion chamber,
require that exit velocity should not be high lest blow out occurs while
; heat exchanger requires a higher outlet velocity for efficient heat

1'5 to 20 (550}
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transfer. The rate of expansion from diffuser inlet to diffuser outlet is
made such that the passage beight increases by a unit length for every
7 to 14 units of passage length.

DESIGN OF AXIAL FLOW COMPRESSORS
57. DEGREE OF REACTION

Since the degree of reaction, which has already been defined as the
ratio of the increase in enthaply in the rotor to that of the total
increase in enthalpy in the stage, has important effect upon the
velocity diagrams and the efficiency of the compressor it is worth
while to derive an expression for it. Usually the inlet and exit
velocity of the comoressor is neglected in such a derivation.

The total increase 'in the enthalpy in a stage is equal to the
work done in the stage and is given by

UC (tan p,—tan p,) (5'51)

h=w=cp\T= 77

This work is utilized in increasing the enthalpy and the kizetic
energy of the rotor such that

Increase in enthalpy in the rotor
==Workdone in the stage— Change in kinetic energy of the rcior

—_— _A,l 2__172 o
=w-— 29J (Vl I2) (V JQ)
But V2=C.2+(Cq tan §,)*

and V=024 (0 tan 8,)°

By putting these values and Eq. (5'52) in Eq. (5°51), we get

Increase in enthalpy in the rotor

ue. C.? 0
— (tan 8;—tan BZ)'—EJ(L’:IHZ fr—tan® 5.}

Degree of reaction

uc,
gJ

002 9
(tan B, —tan 52)—m (ran® g, —tan® 8.)

UC,{tan ,—tan 55)/g)

I

@

=1—1-+ (tan B,}tan §,) (2 33)

A

Also, {from the velocity diagrams, we have

CUa =tan ¢, +tan @ (5-54)
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and —(?:tan 3,+tan o, (5:55)
a .
20
or z,-—_—_(tan oy +tan o,)4(tan f;-+tan f§,)
[+

U
or tan f;+tan B_,:—Q—— —(tan « ;4-tan ¢p)

Cq
Putting this into Eq. {5°53), we get
Degree of reaction

Cy
R=1-1} 7 { i?w(tan a;+tan az)}

or R=1 ——,u—(tan oy +tan o) (5°56)

Thus the degree of reaction can be controlled by the air angles
and by the axial velocity Cy of the air which is kept constant.

For a 50 per cent reaction it follows from Eq. (556), that

tan o, +tan a,=U/C, (5°57)
Comparing it with equations (5'54) and (3°33), we get
w=8,  and  w=p (559

i.c, the velocity diagram is symmetrical. With other -values
of R, the velocity diagram is unsymmetrical and the difference
(C2—C,?) is less than (V;2—V,?), i.e. the pressure rise in the fixed

Reaction R=0 5
(a)

P A7
N

oy

#iz, 5-20, Blading for different degree of reaction,
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blades is a small perceniage of the totzl pressure rise. The non-
symmetrical type of blading is nasuitable for very high rotaticnal
speeds due to Mach nusaber limitations. The stages required for a
given pressure ratio is more in case of non-symmetrical blading than
with symiaetrical blading. Fig. 5 20 shows the blading fer difftient
degrees of reaction.

58. VORTEX THEORY

In the previous section we have discussed symmetrical and non-
symmetrical type of blading arrangements. Another type of blading
called free vortex blading is also used which is designed to produce
axially directed velocity leaving the rotating blades. In the earlier
blade arrangements no consideration was given to the fact that
velocity triangles change with the radius and these wer: calculated
at a particular radius only. The change in peripheral velocity
with radius will modify the velocity triangles. The vortex design
is an attempt to take into account the effect of change in radius of

the blades.

Whenever the fluid has an angular velocity as well as a velo-
city in the direction parallel to the axis of rotation it is said to have
‘vorticity’. The flow through an axial flow compressor is vortex
flow in nature. The rotating fluid is subjected to 2 centrifugal force
and to balance this force a radial pressure gradient is necessary.

Consider a small element of fluid at radius » with pressures
and velocities as shown in Fig. 521. The centrifugal force acting

%

Y ¢
Ca

F. i

he—Gw —
— {{ ~

Fie. 521, Small element at radius # and condition for radial equilibrium.

on this element is pr dr df. C,%[gr. BY resolv.ir}g the fqu€s along the
radial direction, the condition for radial equilibrium is obtained as

folluws ;
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0 V0?2
(P+-dP)(r+4dr)d8 —P.r.d0—Pdr.2 —d——=9 dr rdb ;"’

dp C.*
@ _ 'p‘,;,?‘ (5'59)

or

The tetal enthalpy £ atany radius » for the flowing fluid, which is
assumed to be perlcct is given by
h=c,T+C*29J

Since Cr=Cl+0,2

L NN AR, SR
and cpT = Y D= s
We have

_ "_f P Cg, 02
o r\/——l 'pJ '2_(]]‘ 2gJ

Differentiating the above equation with respect to », we get

dh_Cui CudCo  t LF1 4P P d:7 s
ar = argd T ol T e T )

Assuming that for a small change in pressure dP across the
annulus wall the flow is isentropic, 7.e. it obeys the law P/¢Y=cons-
tant, or in differential form

_P_ e 4P
dr = rP dr
From Eq. (5°59) and (560), we get
dh dC’a dc, gy 1 dP 1 4P
i e P N | I e
dCa ac, = gy 1 Y—1 dP
A R e

By putting the value of dP/dr, we get

C 2
ngh d +C dO "

- : (5:61)

This equation is the basic equation for all vortex flow. In the
design of axial flow compressors it is assumed that the flow is free
vortex flow in which the whirl velocity varies inversely with radius. .

We assume that work mput at all radii is equal to the total
head temperature and hence the enthalpy will remain constant for
all radii. The axial velocity is also assumed to be counstant, t.e.

dhjdr=0

and dCufar=0
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By putting these conditions in equation (5:61), we get
dCy|Cu=—Cy[r
which on integration gives
Cu X r=constant
i.e. the whirl velocity varies inversely as the radius, or in other

words the condition of free vortex blading satisfies the radial equili-
brium requirements.

The air angles needed can be calculated. In Fig. 522 are
shown the blade angles as they vary from root to tip for a 50 per

N Had

Fig.5'22. Free vortex velocity diagram at three section,

cent reaction blading and a free vortex blading. It can be scen
that free vortex blading has a considerable twist. So the Mach
number will also change considerably during the passage of flow
through the stage, and if the inlet Mach number is high shocks will
occur. For this reason the blade and axial speeds are limited,
resulting in bigger dimensions. Also, since the vortex blade is
designed to produce an axially directed velocity leaving the row.
for good efficiency, the air is actually accelerated in ‘the fixed blades
and the pressure reduces instead of increasing in the fixed blades.
This gives less overall pressure rise per stage and the number of
stages required is more than that for other types of blading.

The avoidance of vorticity was earlier thought to be essential
for attaining high efficiencies. However, the marked .wists in the
rotor blades of a free.vortex design and the large frontal areas are
the main disadvantages of this type of design. Moreover, with this
design the best efficiency condition, i.e. 50 per cent reaction, can
only be realized at one radius and not over the entire span of blades.
So now it is thought that free vortex design is not essential for good
efficiency and stable flow ; and the constant reaction blading is used
to maintain constant degree of reacrion from root to tip of the blade
for best efficiency and the condition of constant axial velocity is

relaxed.

5.9, AEROFOIL THEORY

In order to achieve high pressure ratio with compressors with high
2fficiency it is necessary to minimise, as completely as possible, the
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losses occurring in the flow. Minimization of the losses require a

.detailed knowledge of the flow process and for that the aerodynamic
"design of the flow passage is necessary. One important aspect of the
aerodynamic design is the study of blade profiles and the effect of
the presence of other blades on the flow phenomena, 7.e. cascading of
the blades in a compressor.

Aerofecil geometry

Fig. 523 shows the geemetry of an aerofoil. The mean
gamber line is the line representing the locus of all points midway

ie:d:’;g_:; wdse cirele
! Tafbo@ﬂ/ Yo smecr comber lirne
) Upper surface
/N =
s S
4-«\\—-——77//,
Lower surface Chord line
Chorel

~

Rrgle of
Qifack

Fig. 523, Geometry of an aerof;)il. '

between the upper and lower surfaces of an aerofoil as measured
perpendicular to the mean line. Chord line is the line joining the
ends of the mean camber line. Camber is the maximum rise of the
mean line frora the chord line. ILeading edge radius is the radius
of a circle tangent to the uoper and lower surfaces, with its centre
located on the tangent to the mean camber line through the leading
edge of this line. The angle of attack is the angle between the
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relative air flow direction and the . reference jive. The aerofoil is
assumed 0 be stationary-and the relative air flow direction is equal
ard opposite to the velocity of the . aerofoil. " dngle of incidence
is the angle between the chord line and - the 'reference measurcment
_ whereas the augle of attack decides the desposition of the chord line
“of the ‘acrofoil with respect to the air flow. Another important aero-
- foil dimension is the "aspect ratio, i.e. the ratio of blade height ro

blade chord. -

Lift and Drag coefficient of an aerofoil

77 "There are two -types of forces acting on an aerofcil moving
through the fluid: First are the shearing forces due to fluid friction
-of the air "2nd the surface of the aerofoil and the second are the
. pressure forces adting on the acrofoil. Since static pressure cannot
‘produce a resultart foree o a moving aerofoil, the only reason for
the development of the pressure “forces'is the dynamic pressure given
by 4 »V% The maximum force which may be developed is given by ‘
R Tl Vi A » (563}
‘where A is the  arca’/of flow.. over “which ' dynamic pressure is
acting. However, the actual force developed by the-aercfoil is much
greater than that given by Eq.(5'63). ' Let us consider'a vane as
- shown -in:/Fig. 325 deflecting a flow. ~The force developed on the
vane is given by :— = ‘

S

av =1-414y

Fig. 5:24. Deflection of flow by an acrofoil.

" F=rate of change of momentum

.4

=1'414 p AV?
which is 2:828 times greater than given by simple energy equation.

The -aerofoil utilizes this aerodynamic mechanical advantage
obtained by deflectinga flow and is capable of producing forces
greater than those given by Eq. (5:63). The forces developed by the
aerofoil, i.c. the ability of the aecrofoil to deflect a stream of air
depends on its angle of attack, fhe curvature. of the aerofoil (i.e.
camber), the thickness of the aerofoil, and the velocity of air.
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The resultant force acting on the aerofuil can Ye resolved into
two Dorees-one drag force D in the direction of motion representing
the frictional forces tending to retard the motion, and the other life
force L perpendicular to direction of motion.  Lift is the basic force
causing the acroplanc to maintain its fiight,

The drag force is a resultant of the pressure distribution over
the aerofoil and the skin friction and represents a loss, and the ratio
of lift to drag LD is consideced as an indication of the efficiency of
the aerofoil.

The lift and drag force can be given as

i
, 1
D=0(p —o V24 3(5'65)
49
. X 1 . .
¢nd L=?‘L Tg‘o V24 {5-66) .

_where Cpb ahdiQLv':_‘ar'e the drag and lift coefficients respectively and 4
. isthe projected drea of the aerofoil. These cuefficients depend upon
. th; shape of the ‘profile.

The variation of lift and drag coeflizients with angle of incidence

is shown in Fig. 595, If the angle of incidence is too much the flow
breaks away from the profile. o '
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Fig. 525. Variaiion of drag and lift coeffizients with angls of attack.
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5106. CASCADE THEORY

The work done on a rotating blade can be expressed in terms of lift
and drag forces and hence the lift and drag forces can be expressed
in terms of blade angles at inlet and exit.

Let us consider a blade moving with a velocity U, the air enter-
ing with a relative velocity V, at an angle §; with the axial direction
and leaving the blade with a relative velocity ¥, at an angle B,. ¥V,
and V; have a mean velocity Vm at an angle B,,. (See Fig, 526),

The resultant, of drag and lift forces can be resclved into two
components L, and L4, in rotational and axial directions respec-
tively. The rotational component L, represents the force required
to overcome the resistance of motion and L.’ represents the pres.
sure force developed. The useful lift per unit length of blade in the
direction of rotation is given by

Fig. 526. Blade inlet and outlet velocity diagrams.
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L) =Lyp+Dy=L cos Bu+D sin B

¥ .
=05 —;.,l?p V.2 C cos ﬁm—!-ODfQ—;i o Vm? Usin B,

=_2% o V2 € cos Bm{Cr+Cp tan B,,) (5'67)
where area 4 =Cx1, € being the chord.
Since o=V cO8 By
. p O C:+-Cp tan B )
L' = Ego (A
Work done =L, xU
p Ca? Ug an

From Eq. (5-68) the total work dene per unit mass flow is

Ca

W= v (tan B;-~tan B,) {5°69)

WemmW=p Cy sW

P T

0.2,
=p —g"— U s{tan 8,—tan p,) ST
where ¢ is the distance between two blades,

Equating Eqs (5'68) and :3-70), we get

p U2 Ug ‘ 02 Us |, -
2 C&?:(CL+CD tan Bn) = ~_“,Eg_‘m (tan By—tan @)
or UL:Q%(tan 8,—tan B,) cos B,,—Cp tan B {571)

Neglecting Cp in Eq. (571), which is very small as compared
to Ci, we have

Cr=2 %(tan B,—tan By) cos 8, (572)
If dP 15 the loss of pressure in a cascade, this must be equal to

the drag force in the direction of mean velocity. Writing these
forces for unit blade length and equating, we get

»(2% p Vi Cp C=s cos £,.d, (5:73)
Putting this into equation (5:72), we get
raml Gy o8By ,
=7 7 " cosg (5:74)

- o
2gPV1
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Fig. 525 shows the lift and drag coefficients of a fixed geo-
metrical form for different angles of ineidence.. Such data can easily
be obtained frorn wind tunnel tests'and a wide range of geometrical
forms of the cascade can be investigated. - From these coefficients the
blade angles and hLcnce the efliciency of | the aerofeil can be

“found. The efficicncy. of a cascade is definéd as the ratio of actual
to theoretical pressire rise in the cascade, Thus the ae‘rodynramlc
investigations can - give us .a. great insight into the design o the
blades qénducive to ahig?h{fﬁc*“) ncies at higher pressare yatios.

R R S

511. SURGING IN COMPRESSORE AKD IT5 CONTROL

All dynamic compressor$ have certain characteristic instabitity
of flow over their operational range. This instability is assoc..tater‘f_
with separation of flow from the blade surface and formation ot
eddies and can be seen to be of two types—stall and surge. Toth
‘these types of instabilities are associated with the positive slore of
the pressure mass flow curve of the compressor, ¢:e. when the pressure
rise increases with an increase in mass flow. :Stall, in geucrid, s
characterised by reverse flow near the blade tip which upseus the
velocity distribution and hence adversely affects the perfozmance of
the succeeding stages. Surge is a violent overall instability éaf “ow
in which flow fluctuaticns of large amplitudes occur throtigiont the
compressor which can result in destructively severe vibrations and
noise -in- comparison stall results in relatively mild lotal ﬁqw
fluctuations. Both surge and stall impair the performarce and limit

the range of operation of the compressors. '

The mechanism of the instability of flow can be understood as
follows : Consider a typical cascade shown in ¥ig. 5:27. Tt is well
known that a cascade blade at certain angles of attack with the
moving air develops a lift force. As the angle of atrack increases
this lift force increases. However, further increase in the angle of
attack, more than a critical value, results in a drastic. decrease in the
lift coeflicient aleng with a rapid increase in. drag coefficient. (see
¥ig. 5°25). 'This is because an increase in angle B, in Fig. 527 does
not increase B, much but raises the pressure coefficient. When this
increase is critical a separation of flow occurs as the air finds it
difficult to follow the convex surface of the blade. With still more
increase in 8, the angle 8; changes drastically and flow losses due to
separation are high, thereby, reducing the lift coeffieient and increa-
sing the drag coefficient. With reference to Fig. 525, it can be seen
that this will reduce the component (L, D.) which is responsible
for pressure rise in the cascade. This phenomenon is called ““stalling”.
Due to stalling the pressure rise will be reduced. The loss of pressure
causes a recession of delivery, and intermittent back flow occurs. A
similar thing happens when argle B, is reduced below a certain
value. Stall due to too high angle of attack is called “positive stall”
and that due to too low angle of attack is called “negative stall”.
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Caxary One,

.Statied oy
Eaclh Fiow:
”E‘j‘iﬁv

(@) Nozmal operition. (b) Stailed ooeration.

Fig. 5°27. Stalling in a cascade.

Lhe stall does not odcur on all blades at one time, not even
on all blades of a single stagc, but usually occurs on a set of nladss.
This stall moves in a directioa opposite to that of blade rotation with
a velocity egual to half the rotational velocity and is called rotuiing
stall.  Due to this rotation, which dissipates a very large amount
of “nf-rcry' the flow, though having instable flow tendency, is affected
only in the way that the pressure flow curve. has a positiveslo ze and
xeduce< th¢ performance of th: compressor. An increasz in ca'n'oc,r‘
and smgu*r dnU‘Ca increase the iendeoncy of the blade to stail. The
cing and the thickner, of the blades also affect the ten-

;. A decrease in-axial” velonty incresses the angle of
incidence aud stalling tend.yvo/)cvm when the mass flow is rcducei
7.e. ab starting, (ham&, of ot part load.

Surging is also associted with sgparation of flow or stalling but
the main canse of it is the dynamic instability of the system as a
vhoYr Pr ypagating stall may cause severe body vibrations of the
wiio! ss of airin th- compressor. One important characteristic of
px-)pagatmg stall'is that the exited forces developed by it have the
sam= frequency as thenatural frequency of the blades. - This is very
g dangerous as i+ may set severe vibrations and damage the b}ad‘es.

* The phridmena of surging can best be explained with refer-
ziise o the characteristic curve of Fig. 528. For a constant speed
: opcrat’\on of the compressor, starting from low flows the pressure
. rise increases with an increase in flow up to point B, where it reaches
“tiie maximum value. This region has a positive slope and is unstable.
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AB = Slaple brarch
B = Unsiable
bL = Reverse flow

0

Nega Frve C Positive

Fig. 528, Pressurc volume fow characteristics at an axial compressor.

it 4 the compressor operates in normally stable
region. During operation in vrstable region, say at point 2, if the

d i!pwe w1l‘ be‘ an increase in work :md pressure ratio
; i ne will decreass in the first stzge. In the second
e this fow has siowcr ayl‘zl velocity dt.c to the reduced mass flow
as J?ES as °pe"‘h(' volnme. Thisresults in decrease in inlet angle
g, and an increase in rhe angleof attacl' and hence stalling will
occur in the rest of the compressor stages. The effect of reducing
flow is cumulative and the pressure {alls with reduced mass flow.
But if the pressure in the receiver or pipe down stream does not fall
50 rapidly, flow will have a tendency to flew back to the compressor.
After some time the pressure in the downstream pipe reduces and
forward flow takes place. This forward asd backward flow of the
air results in severe pulsations and the phenemenon is called
surging.. [t should be noted that wkile szall produces local pul-
sations the surge causes pulsations in the whole systemm and the
charscteristics of the connecting system eveatly affect the onset of
surge.

For operation in stable region an increzse v‘ mass
the pressure 1iie and ultimately at point € the
mum but pressure ratic is unity, § ¢. the effic ercy is zers,
is called checking flow. Surcc and cheocking decides the lower
upper Jimits of flow

Such ﬂo

There is no absolute remedy for surge. Usually the pressure
ratio in a single unit is limited to about 7 to 9 and by two stage com-
pression pressure ratios ds high as 12 to 16 can be obtamcd
stage bleeds, whereby a portion of the compressor air flow is b
is yscd to help te rednce instability at low speed
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512. CHARACTERISTIC CURVES OF DYNAMIC COM-
PRESSORS

Figs. 529 and 530 show the characteristic curves of centrifugal
and axial flow compressors respectively. Pressure ratio has been
plotied for various mass flow rates at different speeds. Iso-efficiency
curves have also been drawn. The whole of the compressor charac-
teristics can be divided into stable and unstable regions separated by
the susge line. The surge line shows the limit for the stable operation
of the compressor—to its right is the stable region and to its left is
unstable region. It is a single parameter line, .e. it is a fixed mass
flow rate which produces surge at a given pressure ratio.

34

26

s

Fig. 529, Typical cenrifugal compressor characteristics.

The efficiency varies with the mass flow ata given speed and
the maximum value is nearly same for all speeds. A curve repre-
senting the locus of points of maximum efficiency has been drawn in
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Fig. 5:30. Characteristic curves for an axial flow compressor

Fig. 529. It can be seen that this most euicient stable operavon
line is routhy parallel to the surge line. Surge points are Acdumd
in case of axial flow compressors before the pressure ratio mass flow
curve reaches a maximum and hence the stable operation of the
axial flow compressor is limited to a narrower range.

Tie possible pressure ratio and the mass flow, both increass
with speed For axial flow compressor the pressure ratio-mass fow
curve is very steep the and pressure ratio rapidly decreases w itk an
increase iu mass flow.

513 CENTRIFUGAL vs AXI.'—“L FLOW CbMBR SSOR

;‘u.ttir,:n.

The centrifugzl comprestor is rcnm ely uma"-'m cong
cheap and h as a hw“n pressure ratin of about 4 : ﬁper stage as comi-
]nued to abo 2: 1 for axial Hovs compressors,™. Thc efficiency

of a cen: 'ifugal compressor varies from ahout 79 .t Teent over
a wide range of speed Thisis lower than th t» al a‘mv t 83to
9‘0 percent  obtainable in an  axial  flow © Hprnmf‘ﬁsrn The

trifuga. compress r has a largs frontal area for-a friven mass
and is not suitable for multi-staging <due @ dovwsss. between
Since centrifugal compressors ciu r.evemg) s i
per stage, they are used for supercharging 1.5,
bine plants, for fertilizer, nitric acid an
Relatively small size of the impeller eve limits thF- up\
ugal comopressor t2 values which are generally lower:
axial flow compressors cf the same si/_e:., 8

The axial flow compressor has relatively large inlet area and
hence high flow capacity per unit of cross sectnnal arca:  Howrver,
since the centrifugal component of work input is" absent .to" compen
sate, an axial flow compressor nceds relatively higher mlet VClOCthS
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Thus the maximum pressure ratio developed iz relatively low
because the inlet Mach number becomes more than unity (supeiso-
nic) rather earlier as compared to 2 centrifugal compressor.

The axial flow compressor has a large flow capacity with
relatively low pressure ratios (see Fig, 5:30), is compact and has a
good efficiency. Hoewever, the operattional range is very narrow
and for this reason it is not used for normal industrial applications.
Axial flow compressor is widely uscd in steel industry due to its high
capacity and compactness. Due to low frontal area they are also
widely used in jet engines.

Figs. 5:31 and 5-32 show the pressure, mass flow and efficiency
speed curves for different types ¢t compressors. In Fig. 53] the
dotted lines represent the unstable operation. It can be seen that
centrifugal pumps have a falling pressure flow curve with no un-
stability. With centrifugal fans, which are nothing but low pressure
compressors, the characteristic curve depends upon type of blading.
Centrifugal compressors also have a surge limit but its stable range
if relatively broader than the axial flow compressors, In positive
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Fig. 57! . Pressore-mass flow curves for different compressor.
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Fig, 5-32. Efliciencies of positive displacement, centrifugal
and axiai flow compressors.

displacement compressors there is a slight decrease in volumetric
efficiency with decrease in pressure, but no back-flow can occur and
thers is no unstable region. The echiem,y of positive displacement
compressors is higher than that of dynamic compressors (see Fig.
5°52) over full range of operation. The axial compressor has a very
narrow high efficiency cperanorml range.

hows the normue! pressures and flow capacities over
es of compressors are used and it can be seen that
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reciprocating compressor are used where very high pressures are re-
quired a2nd axial flow compressors where high mass flows are requir-
ed. Table 5'1 shows the advantages of the main types of compres-

ors.

TABLE 51

ADVANTAGES OF BASIC TYPES OF COMPRESSORS

Reciprocating

Rotary (Positive
displacement)

Centrifugal

Axial flow

Fan

Highest efficiency, both at full and part load

Compact, high speed, can be free from lubri
cation contamination and usually has higher
efficiency than the centrifugal (not 2z high as
reciprocating).

Fresdom from pulsation in the discherge line
and_ from lubrication contamination, low
maintenance.

Highest capacity. Freedom from lubrication
contamination low maintenance.

Low pressure, freedom from lubrication con-
contamipation, pulsation. High speed, low
maintenance.

ILLUSTRATIVE EXAMPLES

51 Retary Compressor : to,,A““ ; hp

Air flows at the rate of 5 kg[s through a rotary compressor. The
air, initially at a pressure of 1 kgf)em? and temperature 15°C, enters
the compressor with negligible velocity and leaves at a pressure of 30
kgf/em?® through a 300 mm diameter pipe. If the compressor is reversible
and adiabatic and the mechanical efficiency of the compressor is §0%,
calcuiate the tempereture of the air leaving the compressor and the power
required to drive the compressor.

Fic. 534
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Tempefature after compression is given by

el B
JE——T (pz) y " .
D
04

208 (3 ) ~7625 K
—4g95°C.  Aas,

P

Power required to drive the compressor

- __..._?‘.;__._
_5%0:24(762'5 - 288k 561
v @8() S :
' _ﬁ_q990 hp :',; ey Ans.
52 Qentrifugal compxessor ; r,m,,, ; hp '

Show on a temperature-entropy d' gram a fr:ctzonfless admbaiw
compression. Shade the area which reprgsents the work done on ﬁe
gas during compression. On. the sathe diagram show an adiabatic
compression with friction and s,fzade and Yahel the area which represen[s-
the extra work requared due to friction. - .

i o

The preSS'm‘P of ai# bemg) compressed na centr@fugal compressor
is doubled. The inlet tempemture is 270 and final temperature 105°C.
Calculate the wsentropw eﬁimehoy of the!compressor and horse power
required to drive it, if 30 kg of air are compressed per minute. ¢, =0239,

c,=0171.

¢, 0239

Y= =Tt
.‘_‘ ' ‘ P v—1 14-1
AT v 2/ o 2 Vo= 14
}\OW -Tl ——( Pl) _2 ,
© 141
N ,Tg’:’300-2 I'4 =366 K
Azs){'vtrmmc““ 1 *‘1'
- .JGG %\ 0/
_-' —_— = ) r ' /o ’ A *
376__ ou —084s or 84'5%, ns
. Jmcﬂ(TV 71'
hp= =500 ~

42730 x 823y (570—300)
4500

=£3'1 Ans.




DYNAMIC COMPRESSORS , 151
53. Rotary compressor : tip dia ; annulus area ; hp

A single-sided straight vaned rotary compressor is required to
deliver 10 kg of air per second with a total pressure ratio of 45: 1,
and operates at a speed of 16000 r.p.m. The air inlet pressure ami.
lemper aturre are 103 kq /cm’ and 27°C. Find :

o) tep diameter,

(d) inlet eye annulus area,

{€) theoret!cal vhoré'e power lo drive the compressors

T ]z,ﬂ slip fuctor 15.0 94 and the compressor isentropic eﬁicwncy zs
78%,. The air enters the tnlet cye. axially wnh a wvelocity of 1
mfsec. Given cp=024, Y =14 :

Inlet stagnation tcmp'eraturc

ce
=T+ 29Jcy
150
=300+5 5 58T 497 XU 23

4 =311'2K “‘*”T
: .

Fer isentropic compression

B P
nier(£)

04

14

i

E

~3112x(4a
"~::44311

Compressor isentropic -fficiency

fp= th’_Ttl‘_
e th—‘ -,I’“.
0-78= 443—-311-2

th"—‘j’“.
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Total temperature rise
=Tu—Tn
ETESSTIE B Ans.
Workdone on compres:or
=0g(Tey—T'y;)
=024 x 168-9=40'55 keal/kg

Work input— slip factor x (l:g}lade velocity)®

. 0:94x U2
4055 X 427 = —— 2t

40:55x 427 x 98l
094

or

ng
—425 m/s. Ans.

. . 60 x 425
Blade tip dlamctcrz—m=0'5075 m

Air specific volume at entry
' 29%300 .
=Txi06 0 ™/ke

Annular area at eye inlet
10 x 87 o 8
Theoretical horse power t0 drive the compressor

40'55 x 10 x 427
= >;5 X ==2310 hp Ans.

54, GCerntrifugal compressor : velocity diagram ; Tooys 3 Pouyy

Describe the functions of (ke impeller and diffuser in a centrifugal
COMPressor.

Air from a practically quiescent atmosphere, pressure 1:03 kgf/cm?
and temperature 16°C, enters axielly a centrifugal compressor fitbad with
radial blades, and the air leaves the diffuser with negligible velocity. The
i p diameter of the impeller is 40 cm and the speed of rotasion 20000
rev/min. Neglecting all losses, find the temperature end pressure of
k> air ad it leaves the compressor. ~y=1'4. [Agra, 1972 annual)
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1=Inlet to impeller
2=0utlet from impeller
3=Qutlet from diffuser.

Fig. 5'36

The function of the 1mpeller is to transfer the energy of drive
(work input) to the air causmg a rise in both static pressure and
temperature and a rise in velocuy The diffuser converts the kinetic
energy into pressure energy, t e. the air velocity is reduced causing
a rise in both static pressure and temperature.

Peripheral velocity of impeller tip
DN  ©x04x20000

U,= 66 =60 =419 m/s

. i
Work mput:?f(U,CW_ U,C,,) keal/kg

As entry is axial C,,—=0 and since there are no losses the
relative velocity at the impeller tip is radial making Oy,=U,

U2 4192 )
oe. W—W :m—419k€31/kg
Now W=c, AT
The rise in total temperature
W 419 o
AT,_ = 6~22~=175 G

Since the exit vcloc1ty is negligible the rise in static tempera-
ture across the machine is same as rise in total temperature

=175°C.
Exit temperature.from diffuser
=T1+175=288+4175=463 K. Ans.
For isentropic compression
X
-3
P T,
463 17},11_
=103 ( 288 )

=543 kgf/cm?, Ang,
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5'5. Centrifugal supercharger ; impeller dia. Auwnyr; p

A single stage ¢ nirifugal superchurger is to be designed lo main-
lain a total head pressure of 1'5 kgf/em? in the manifold of an internal
combustion engine. when the ambient temperatlure and pressure are
—7°C and 0°67 kgf [cm?. The mixture flow is 1 kg/s and for the
mixture R=28 and y=1'33. .

If the isentropic efficiency of 75 per centis expected, an entry
“welocity of 110 m/s is acceptable und a rotational speed of 20000 revl
min 1S convenient, calculute :

() a suitable impeller diameter ;

(b) the annulus area required for the entry ;

(¢) the theoretical power required to drive the impeller ;

(d) the density of the mixture at the impeller isp.

Assume ro prewhirl and radial discharge.

t

Ambient Diffyser
Condelren Erbry V3idd ek tet
Il 2 13 4

}-p—— AT Deffuser

{ Engrne manifold '
! .

e |
Tik = =266 K /

| Bar =5 Kellem?
Tge= 74
Cy=0

G=0

28¢ 266

TN

28
=327(1'33=1)
cp:yxc.,———l'33><0'198:0264— kcal/kg K

=0-198 kcal/kg K
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Let 1 refer to ambient condition
2 refer to entry to impeller
3 refer to exit from-impeller

4 refer to exit from diffuser or entry to engine mainifold.
Neglecting ambient velocity and delivery velocity in engine manifold
{t.e. C;=C,=0), the conditions at ] and 4 are total head conditions.
{see Fig. 5°37).

Considering iscntropic compression from 1 to 4 and writing
suffix ¢ for total head conditions, we get

y—1 133—1
Ty Pyt T__( 15 \ 133 _ .
T, —( Pre ) =\ 067 ) =122
T, =266x1222=326 K
T4,5—T,t
Eieentrgpic:?"lm
326266

75 =
or : 0 2’45"‘2()()

Ty=346 K=T,

(a) Applying the law of conservation of energy to section 1
an

C,? _ Cl
h1+2‘g"']+w“'k4+ 20—-]
As () and C, are zero
W=hs—h,=c,(Ty—T\)
=0264(346—266)=21-12 kcal
C,.U
gJ

As discharge is radial velocity of whirl at exit=tangential
velocity of impller at exit U.

With no prewhirl, W=

2

. =" _91-12 keal

o gJ
or U:~/9'81X427x21'12=296m/s

nDN
Now U= 60~
= Impeller diameter,
296 x 60
D::-T;z—?ab—@ =0282mor 282em Aaus.

(b) Assuming frictionless adiabatic flow from ambient (section 1)
to entry (section 2}, by law of conservation of energy, we get

5‘14‘2@ hy+ 2,
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Cy?

2 2g J_O'—Cp( 7,)

110)2
or 0'264(266—7’2):—2—**;—5‘);:}‘2—7

A T,=260'5 K

Let P, be the static pressure at entry.
Y-—-l

T, [ P,
Then T = (P1)
260-5
266

or hl k

133
)1'33”‘ —=0618 kgf/cm?

P,=0- 67(

Note carefully that static conditions fmust be used to obtain
mass or specific volume.
Py,=mRT,
or 0°618x 104 xv,=1x28%260'5
& - 9,=1'18 m3/kg
Now Volume=area of cross-section X velocity
. of I
& Area of entry= c. =110
=0-0107 m® or 107 cm? Ans.
(©) hp— IXmXef{Ty—T11)
‘ 75
_ 4271 0-264(346—266)
75

(d) To find the density at impeller tip 3, calculate static
temperature and pressure at 3. In diffuser {3- 4 kinetic energy is
converted to heat. Assuming no loss in the diffuser.

2
g;.] gJ GJ“TS 4)
2962
or %981 x 497 x 24
or  7,=3464+44—390 K

e

_]_Jg_:( T, )W 1

2,4 T4

1'33
390 \I'H=T_, .
:(-1746-) —1€65
Pa=1"5x 1-665—=2'5
25

T 2927x%390

=120 Ans,

=T3—346 [G_‘::O]

* kg/m? Ans,
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56. Centrifugal compressor: vane angles at root and tip,
Mach number.

Discuss the relative merits of axial flow and radial flow compress
sors for internal combustion turbine plants.

A double-sided centrifugal compressor has impeller eye roof and
tip diameters of 18 c¢cm and 30 cm and s to deliver 16 kg of air per
second at 16000 rev./min. The design ambient conditions are 15°C
and 1 kgf/em® and the compressor is to be a part of a stationary power
plant.  Find suitable values for the impeller vane angles at root and
tip of the eye if air is given 20° of pre-whirl at all radii. The axial
component of inlet velocity is constant over the eye and is 150 m/s.

Find also the mazximum Mach number at the eye. What is the
disadvantage of reducing the Muach number by introducing pre-whirl
and how may it be mitigated ? Take ¢,=0"24. :

[(Banaras, M .Sc., (Engg.) 1970]

e

Fig. 5°38.

Annulus area of the impeller
k3 . .
=% (dy2—d,?) = 7 [(0-3)°—(018)]=00452 m?
DN _ =x03x16000 _
Utip= SR 60 =252 m/s

. 00 -
U,ootzrﬁ%i =151 m/s

01f=}50 m[s

i5 150
C1="os90-~ “0og07 — 60 m/s

Temperature equivalent of €y ,
__C2 _ 1602 —19-7°C
T 2¢Je, 2x981x427x024 =12
7,=288—127=2753°C

y—1

14-1
13
T [P\ " 288 :(L)
Now T—L—(Tp1 ) °f 2753 \P; )
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or P;=0843 kgf/cm®
Py 0843 x 104

L —_1- 3
=R~ 29972753 | 047 m/ke
o O
Now  tan 20°= O.a
or Cp=150% 0-364=55'6 m/s
Ca 150
tan B, = Uup—Chw  252—556
.,g.. B]Hp=37.4°'
150
@0 By = 151556

Prroor =5T'5°
Maximum relative velocity at inlet
— 415071 (252—556)2=247 m/s
247
S gyRT
_ 247
V9 8Ix1'4x2927 2753

Maximum inlet Mach number=

=0755

Ans.

Ans.

Ans,

It is possible to reduce the relative velocity at inlet and hence
the Mach number by introducing prewhirl, by allowing the air to be
prawn over the curved inlet guide vanes. The disadvantage is that
athe work capacity of the compressor is reduced. The Mach number
is high at the tip only. It is thus preferable to reduce the prewhirl
gradually from a maximum at the eye tip to zero at the ¢ ye root by

suitably twisting the inlet guide vanes.

5'7. &xial cir compresscr: velecity diagram, isentropic

efficiency.

An axial compressor is fitled with half reaction blading, the blade

tnlet and outlet angles besng 50° and 15° when measured from the axial

rdirection. The mean diameter of a certain blade pair is 85 cm and the
ns at 5500 rev/min. Calculate the necessary isentropic effici-

ey 0 the stage if the pressure ratio of compression is fo be I'4 when

ke air inlet temperature ts 25°C.

nDN =X 085 x 5500

Mean blade speed= = =244'5 m/s

60 60

Draw the velocity diagram to scale and read
A C,=155 m/s
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T-‘—————-—- Y =244-5 w5 __,_.__._}

P

fe ACw -
Fig 5'39.
Ux AC, _ 244'5% 155
Work input/kg—= gA o = ZHOX0 3860 kel/m

+—

—

Isentropic work=Jc,(T;—T1)
1
-
T— T1]
v—1

()
o [(3) " 1]

427 0-24x 298 [(1+4) 14 —1]
3363 kgf/m

. Tsentropic work
Ssagr- efﬁcu:ncy: —Ka\;é‘rl)-\—rca;k— X 100

= 330% < 100=873% Aus.

58. Axial Sow compressor ! Tc; Mp; Caetivery pipe

Derive an expression, tn terms of entry and delivery pressures
and temperatures and the rotio of the specific heats, for the polytropic
or small stage efficiency of a rotary compressor. Explain briefly why it
is sometimes desirable to express compressor efficiency in this form.

The following data refer to a test on an axial flow compressor :
Atmospheric temperature and pressure atl inlet, 20°C and 1-03 kgffcm?
respectively ; total head temperature and pressure in the delivery pipe,
160°C and 3 5 kgf/cm? respectively ; static pressure in delivery pipe, 3
kgflem?®.
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Calculate (a) the total head isentropic and pelytropic eficiencies
of the compressor, and (b) the air velocity in the delivery pipe.

293
)
Fig. 540

=1

IOge ( Pyt ) !

Polytropic, effieiency m—:_____?%___ ()
log. (_it_)
g 7,

where ¢ refers to total or stagnation condition.

The other expression for polytropic or small stage efficiency is
v—1 n 2)

= Yy | -1
However, since the value of » is generally unknown the form
of Eq. (2) is not convenient and hence it is desirable to express
polytropic efficiency in terms of entry and delivery temperatures and
pressures as given by Eq. {iI}). The use of polytropic efficiency isin
the design of multi-stage machines where a common stage efficiency
may be adopted. The polytrepic efficiency is greater than isentropic
efficiency in compressors and less in turbines.

r= r4-1
T () T <25 " e
Ty P1t 103 '
& T,:=293 x1'419=415 K
s . Tz't—Tlt — 415‘—293 Qi ’
Isentropic v, W= g, 435903 =0871 ‘Anms.
r—1 14—1
¥ 35 14
loge ( P > log, (———1.03)
Polyiropic v, == %t = o
2t )
logg( Tlt ) EOgt ———293 )

==("895 Ans.
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"To calculate the air velocity in the delivery pipe we need to
know the static temperature. Consider isentropic process 2¢-2

y—1 C14-—1
Tyt (p) ¥ (3-5) 4
e N 2 = —_— =1'0454
T3 pZ 3
433
T C.,2
N = 2
ow To=Tot 29dc,

O=d29Jc(Tp—T,)

— /2% 981 x 427 024435 —414)
=1955 m/s Ans.

59. Velocity diagram ; no of stages ; hp

The mean value of the velocity of the blades in the second stage of
an uncooled axial flow compressor is 230 m/s, and the axial velocity of
the air is 160 mfs. The shape of the fired and the moving blades are
the same and are such that the difference between the tangents of the
qngl_es at outlet and inlet is 0-56. If the adiabatic efficiency of the stage
is 85 per cent and the air enters the stage with a temperature of 290 K,
Jind the similar stages required to raise the pressure of the air from 1 to
38 kgf lem® and the power required to compress a mass flow of 1000 kg
per minute. Assume ¢, remains 0°24. The mechanical efficiency of
the compressor is 99 per cent, and that the difference in the kLinetic
energy of the air entering successive stages is negligible.

E}-q-— 7 =£3‘£’m/s_’"']

N oA

-«
. ,
Lo, Y
l

N

€y = ¥ Cri=Coa=150
LA yd . ,;V,z ! /s
“//g‘ﬁ/ \\{\QJ,/ 4 |
Fig. 541,
Work done/kg
U
= gJ (TZ_TI)

_U(Cpw—0C10)
Iy
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U
=.:]_§ Co(tan B;—tan B,)

_ 230x150
9-81 x427
Now W.D.=¢, AT

Rise in temperature in second stage

X (—0:56)=—4'61 kcal

461 o
A= ——— 093 =19 2°C.
Pressure ratio for the second stage
X
1 4 Ta=Tos ]Y“
Dst Ty
1 4
19 2 Ji4=1 ,
[:1+085x 550 =1-211
Total pressure ratio=3-8
Assuming  no. of stages
(1-211)==3"8
=696 or say 7 Ans.
' h mC, AT X no. of stages X 427
p= 7]mc<-h><4'500
_ 1000x0-24x19-2X 7 x 427
0-99 x 4500
=3100 Ans.

5'10. Axial-fiow Compressor : h p, blade angles

An eighi-stage axial flow compressor takes in atr at a ten.perature
of 20°C at the rate of 3 kg/s. The pressure ratio is 6 and the isentropic
efficiency is 0-89 ; the compresswn process is adiabatic. The stages of
the compressor are similar and opemle with 50%, reaction : in each
stage the mean blade speed is 180 m|s and the uniform axial velocity of
Slow of the air is 110 m/s.

Determine the power to the air and {he direciion of the air at
- entry to and exit from the rotor and the stator blades.

Assume air to be o perfect gas for which ¢,=0'24 kecalily K and
yis I4.

It is assumed that the temperature change is same in each stage.

Then the power may be obtained by considering the overall
conditions.

'l |

P\ Y
=1 (3t
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fe———— U =180 mfs —>

l—(—f——»—‘A ol P —
)

Fig. 542.
9;4
=293x6 1'4 —488 K
_ T,)-T,
KA ey
488—9293
T,—293
T,=512 K
me, AT
75

_3%024x%x(512—293)427
- 75

0-89=

Power to the air =

203

=900 hp Ans.

Temperature change per stage

= ATy= 2 =227 9758

AT  512—-293
8 8

Work done/kg of air per second

_UXAC
g
A 180X AC, _ 0-24%219
or 981 = g % 427
024 x219x427x 981
or ACy== NI EAZCIRT T
180%8
=153 m/sec

ACy=04(tan B;—tan B,)
o 153=110(tan B;—tan §,)



204 GAS TURBINE AND JET AND ROCKET PROPULSION

and R=1 %"— (tan B,+tan Bg)
. 110 ..
oo 05:—%){ 180~ (tan 8,+tan B,) (#2)
tan B;4-tan B,= l"i
1 2= 110
and tan 8, —tan B,= iii(ef
_ _ 1534180 _ 333
e an b=-TIox3 = Tioxz
B,=56° 40’ Ans
We also have,
tan §,— 180—153 27
MPT 02 220
B=7°
oy =8,=T7" &
g =By = 56° 40 } Ans.

5'11. Axial flow compressor : reaction at blade tip.

A stage of an axial flow compressor is designed to have (a) radial
equilibrium and uniform axial velocity over the annulus at inlet to
and at outlet from the rotor, (b) the same work done per unit mass flow
at all radii.  Show that over any cross-section between the biade rows :

Cp.r=constant

tn which Cy is the langential velocity at a radiusr from the compres-
sor axis and the flow is reversible. Assume that over the annulus at
inlet to the rotor the stagnaiion enthalpy and entropy are unsform.

If the stage reaciion R at the blade root is 30%, estimate the re-
action at the blade tip where the radius is 30%, greater than at the rool.
Assume that at @ given redius the absolute velocities in and out of the
stags are the same both in magnitude and direction, and that the stage
reaction is equal to the actual enthalpy rise in the rofor divided by the
aclual enthalpy rise in the stage. {Panjab, M .E., 1972 April]

Roter btede @) Stator bladte
Lz -

@ @

.__b,_ Axts of rolaleon gg

Fig. 543,
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hy—h,
hy—hy
By steady flow energy equatlon for the rotor (1 to 2), we get
h + 29 h2+ 2 + IV?‘DtOT

Oy — 0,
29

01=Cy ; Cyy=Cyy, B=

R by—hy= Wrot0r+

= Wrotof+§_g"[(02w2+czf2) + (01w2+01)‘2)]

Similarly, for the whole stage (1 to 3)

hl——h3=Wstage=W'rator

(since C;=C; and Witator=0)
! 2 2
. pota=hy :W7010r+29 (Caa*—Cru ,)
*r hl_hs Wrotar
1
"2'5(02(03—01102)
U \Olw—czw)
)

1
- ‘2—(](01'0 + Czw)

. 1 Cro+Cow
- Bro=1~(F55)

=1+

« Clw+02w - QA__ N
- ( - )fq0t=l~R,.,ot—.l——03—07

Now C,.r=constant

le(ﬁg) Tiip= Olw(ro ot)T'root

Troot
blw(hp) —-Cm(root) R
tzp
v. . r
Slm!larly Czw( tip) "Oﬂw(root) X ;‘aat*

tép

”
1“(“1’) + 02%(“1) = (Clw+ Czw)rout X root

ip
U U,
and tip - root
Piip Troot
,
Utw“—Uﬂot)X i
Troot
C C ¢ 1 i
[ “U+ # (01w+02«v)roatx Troot, X———~XT—~—M”
tip tip 2U 401 Tiip
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:(M > X[ Troot |0
2U roct Ttip

1 \2
=0 7X(r*3> =0414

Ohri (Yf\.-,.
-'. RH;‘,:]~(‘- :ZLT — )HP

—1—0414-- 0586 Ans.

The degree _of reaction increases from 03 at root to 0 586 at
tip (almost 9559, increase).

512. Axial Sow compressor : U, ; static pressure

In a stage of an axiul-flow air compressor there is radial equili-
brium over the cross-section of the amnulus at exit from the rotor
blades. Assuming that over this cross-section there 18 constant stagna-
tion enthalpy and constant entropy, show that
3

2 d
ré.——
or

(w)%%(ruw)ﬁ’:o

in which us is the axial component of the air velocity, u, is the tan-

gential component and r the distance from the compressor azis. If the
hub-tip ratio s 08, the axial velocity is proportional to r, and at the

hub,
=150 m/s, Up =215 m[s
Static pressure=1'4 kgf/cm?
Static temperature=20°C.
Show that at the tip, u, will be approzimately 138 mfs and

determine the static pressure there. (Punjab, M .E., 1971-72)
s 0 0
"‘_a“r (us)2+ —a;(ru,,,)?zo
Differentiating 7* 2uy. %1:" -{—27-2_11,0,‘2&”_ 19Uy 2a =0
gr
oy Oy | U2
or Uy _EjT+u’”+ T +7 =0

[which is the vortex equation derived when %, is a constant)

Given u;=kr and u2=k2?

Substituting the values :

0 0

3,839 / 5__

2k3 +a7 + ar (» Uy) *=0
rR¥w, T . Fr

A E(I'llu)‘:—-'[ 2k2r3 dy
I'Rlys R g
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2 2 roéw, 1 k2_74 ¥
or T Uy = 2 )
FRUw 1 ry

2
L— )
re?u?y, r— 1%, R = —2‘ (7R4-7'T )

ny. Rzl’R4 Uy, T‘ZTT"

2rg? 2rp?

2, 2
rT2u2wT — 12Uy = % u2fR - %Urf’[ rT

2 27 2
TR 9 Ur® Tr 5
uz.“- - U R = 7 \.‘ - %u‘hT
7T 2 rr
2 2
re\*  um [ 7w ro
2 2 — e D) dy? _
U T =UR A W SR
w w ( rT) + Z rT TR
T
as Uyr=Usr. —
TR

0 82 1 \2
Whr=0 BY2I5) 4 o (1507~} ( U-?) (15052
Upr=138"5 m/s Ans,

215841508 o
o= 05 T'n- 5 =0 24 X293+ 5 ey =786

o
102T=u2,T=u2u;T=%2/R ( ——TB ) +u2w;T

1
=1502x ———-1-138'52=544x 10?
=1502 % G 138'5 X
ur® 544 %10 .49
and g7 = TX98T 427 °
¢, T1=78'6—649=7211
. 72 11 o
and Tip temperature, Tr= 0 94 =300 K or 27°C
X _1
Pr T \y—1 300 )1
Now e *( Tw ) (293
360 \I—4 . .
Tip static pressure,. pr=1 4 (Egs—) 4 =183 kgf/cm?

Ans.
5:'13. Aerofoil blading : pressure rise ; hp ; number of stages

An axial flow compressor takes in air at a pressure of 07 kgf/
cm? and a temperature of 9°C. The blading is of aerofoil type, the
values of Cu and Cqleing 0-6 and 0°05 respectively, for the angles of
incidence used, which is zero.  T'he chord area of the aerofoil blades is
20 cm* and the blade length 6 5 cm ; the mean diameter of blade ring
18 60 c¢cm and its speed is 5000 rev/mm There are 50 blades on each
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blade ring and the blades occupy one-tenth of the azial area of flow.
The quantity of free air compressed is 850 m®/min.

Assuming adiabatic compression, calculate the pressure rise per
blade ring and the theoretical horse-power required per stage. If
pressure per stage is same for all stages, how many stages are
required to produce a final pressure of 35 kgf [cm® ? What would then
be the theoretical horse-power required to drive the.compressor ? R=
29:27. Assume there is no prewhirl.

 Ca=
C,ap—-(}
Fig. 5-44.
Mass/unit volume, p,v;=mRT,
_ 07x108x1 o 3
m=oguTx 278 0 00 ke/m
~m 086
@=k.n.d.b.Ca.
Blades occupy 1/10th of flow area.
850
60 =09xnx06x0065% ;s
850
- e = F % 00X = X 06 X0065 — 120 0 /s
. 7DN =X 0:6%5000
Blade velocity, U= 60 = 50 =157 m/s
Assuming inlet velocity triangle to be a right angled triangle
1285
tan B, = 57 =0-819
> B,=39° 19’
sin £#,=0'6336, cos p,=0 7736
1285 128'5 —203 mys

1= 5in g, ~ 06336
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Lite, [ CzeAV"
2
A .
—06%00875x 20 203" _ o169 kg
10¢% 2
Drag, DZODP;V —0—2—5— x 2:162=0-1801 kg
h (L sin 8,4+ D cos §)) nndN
P= 4500
_ (2:1620 633601801 x 0:7736) X 50 X X 06 % 5000
4500 ,
=157-9  Ans,
Mass of air compressed/sec
850X 086 ..o a1
Energy imparted to 1 kg of air
157°9x75 '
=g =971 kgf.

-1

Cy=1
P\ 1
71=RT ( ”) Y -1]
9 1 [ P1 X Nadichatic

04
—99:27 % 278 % -1—4 ( )1'4—1]x1
Py

P,

P, = Ans.

Rise of pressure required
=35—-07=28 kgfjcm?
735
P, 05
n=1333, say 14 stages
Total hp=157"9x 4

=5=(1-129)»

=22i0 Ans,
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EXERCISES 5

SECTION A

5°1, How dynamic compressors are classified ?

5°2. Explain the concept of etotal head or stagnation properties.
Derive expressions for stagnation temperature and stagnation pressure.

5'3. Show the work done in a dynamic compressor on p-v and 7-s
diagrams. What is the increase in the work dome due to pon-isentropic
compression ?

Derive an expression for the work done considering the actual process.

54, ‘What is the difference between ithe isentropic efficiency based on
total head condition and static condition ?

5'5. Explain the concept of polytropic . efficiency. What is the need
of this concept ?

5'6. Derive the expression for polytroic efficiency of an axial flow
compressor in terms of

(@) nand vy ;

(0) inlet and exit total head temperatures and pressures ;

5-7. Derive a relation between isentropic and polytropic efliciency.

58. Sketch the velocity diagrams for a contrifugal compressor and

derive the expression
( 40 paly® )
= “gJcpTat.

5-9. Explain the terms ¢slip factor’ and ‘power input factor’.

5:10. Sketch the velocity diagrams for an axial flow compressor and
derive the relation

i
Dae =[1+ _U(Cow—Cw) ]Y—E
D1t ¢ oglep—Ty

5:11. Explain the term ‘degre= of redction®. W hy the degree of reaction
is generaliy kept 50 per cent ?
5-12. What are the three main types of centrifugalcompressor impeliers ?

Draw the exit veiocxty magrams for these three types. Discuss the cna'aetemst.cs
of the three types and give their fields of application.

513, Briefly explain how a centrifugai compressor impeller is designed 7
5'14. RBriefly explain how 2 centrifugal compressor diffuser is designed ?

5:15. Derive an expression for degree of reaction and show that for
509, reaction the blades 2 re symmatrical, i, 2;=85 and ag=53,.

$°16. What is vortex theory 7 Derive an expression for vortex flow.

817, What is an aercfoil 2 Define, with a skeich, the various terms
used in aercfoil geometry. ‘

5'13. What is lift and drag coefficient of an aerofoil ? Write an
express on for lift and drag. - Show by a graph bow the lift and drag coefficients
vary with angle of attack.

“What is meant by cascade theory ?

Explain the phenomena of stalling, surging, and choking in rotary
!‘ompxessors How these can be controlled ?
Compare the chatacteristic curves of centrifugal and axial flow
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5'22. Compare centrifugal and axial flow compressors and comment on
their fizlds of applicatlons.

523, Discuss the advantages and disadvantages and range of operation
of various types of compressors (positive displacement and dynamic}).

SECTION B

5'24. Rotary compressor : power input.

A rotary compressor, having a pressure ratio 10 : 1, takes in 25 kg of
air per second at 15°C. Caiculate the required power input in kW,

Take cp=0'24 and v=14,
[T,=557 K, power 8260 kW]
5-25. Supercharger : hp absorbed.

A supercharger deals with a fuel-air mixture of I to 153, the volume
of mixture produced by 1 kg fue! occupying 12 m?3 at a temperature of 0°C and
a pressure of 1'03 kgf/cm?. The supercharger compresses the mixture from
2 p.essure of 0°55 kgf/em? to 1-03 kgt/cm?, the initial temperature being —5°C.
If v for the mixture is 1'39 and the isentropic efficiency of comiression is 85
pervent.  Find the horse power absorbed in driving the supercharger when the
engine i1s using 4'7 kg of fuel per minute.

[Ty=3292K, hp=103]

5:26. Centrifugal compressor ; n; 3 hp ; As

A centrifugal compressor delivers 100 kg of air par minute at a pressure
of 2 kgf/cm? when compressing from 1 kgffcm? and 15°C. If the temperature
of the air delivered is 97°C and no heat is added to the air from external
sources during compression, determine the efficiency of the compressor relative
to ideal adiabatic compression and estimate the horse power abscrbed,
Take y=1"4, .

Calculate also the change in the entropy of the air during compression
and skeich the compression process on a temperature-entropy diagram.

[Ty=351 K ; m;=7699, ; bp=187 ; As=001265]

5-27. Axial flow compressor ; no. of stages.

An axial flow compressor provides a pressure ratic of 5:1 with an
overall head isemtropic efficiency of 87 per cent when the total head inlet
temperature is 15°C.  The compressor is designed for 509 reaction with inlet
and outlet air angles from the rotor blades of 44° and 13° respectively. The
mean blade speed and axial velocity are constant throughout the compressor,
Assuming a blade velocity of 170 mfs and work input factor of -85, find the
number of stages required. : :

(T,—Ty=193 K ; C,=1421 mfs; ACw=1042m/s, W.D.=36 keal,
Temperature rise=15°C ; No. of stages=13] .

5-28. Total head pressure axd temperatuve.

Show from first principles that the total head temperature rise of tne
air passing through a centrifugal compressor is directly proportional to the
square of the impeller speed. Develop an exnression for the corresponding
tota! head pressure ratio in terms of this rotational speed, expleining how the
former is influenced by a change in the intake total head temperature.

The overall impeller diameter of such a compressor is 50 cm. - Air is
inspired at a total head temperatare of 15°C and the 1sentropic efficiency of
compression is 807%. WNezalecting the effect of slip and other losses, determine
the compressor total head pressure ratio at a speed of 16,030 r.p.m. :ind also
the increase in total hea i temperature.
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5:29. Axial compressor;r; h, vape angles.

An. axial flow air compressor is required to deliver 20 kg of air per
second at a speed of 9000 r.p.m. Static temperature and pressure at inlet to
first stage may be taken as one atmosphere and 300 K. Take stage temperature
rise to be 17°C and the peripheral velocity at mean radius as 180 m/s, axial

velocity 150 m/s.
Find the mean radius, height of blades and air angles for 50 per cent
reaction machine.

5-30. Centrifugal compressor : p2/py ; bp ; vane angles
In 2 double-sided centrifugal compressor the following data is given :

Overall diameter of impeller =50 cm
Eye tip diameter = =30cm
Eye root diameter =15cm
R.P.M. - =15000
Total mass flow =18 kg/s
Inlet total head temperature =295 K
Total head isentropic efficiency =78%
Power input factor =104
Slip factor =09

Find (a) the total head pressure ratio ;
(b) the hp required to drive the compressor ;
(c) the inlet angles of the vanes at the root and tip impeller eye.

Assume that the velocity of air at inlet is 150\mls and is axial, and
remains constant across the eye annulus. [Chandigarh, M.Sc. (Engg.), 1969]

[U=393 m/s ; Pyl P14=3"08 ; hp=3530, 317001 =57"8°, By, =32'4°]

5-31. Aerofoil blading ; hp ; pa.

Air at 1'03 kgf/cm? and temperature 15°C is compressed by an axial
flow compressor fitted with aerofoil blading. The values of Cr for the aerofoil
blade at the angle used is 9'35 and Cp is 0'06. The cord area is 165 cm®, the
mean diameter of the biade ring is 46 cm, length of the blade is 5cm and speed
of the impeller is 8000 r.p.m. The blades occupy 20 per cent of the axial area
of the flow and there are 40 blades per impeller. The quantity of free air com-
pressed per minute is 565 m3. The outlet angle of the fixed blade is 90°.

Calculate the theoretical horse power required per stage and the final
theoretical pressure leaving the stage.

Assume adiabatic efficiency 0'85, y=1'4, and the best angle of inci-
dence=0. R=2927.

[Co1=163 mfs; U=192'6 m/[s, B;,=402°, L=2'3 kg, D=03%4ke,
bp=183, m=11"5 kg, W=1192 kgf-m ; pp/p1=1"126 ; pa=1-152 kef/em?]
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GAS TURBINE
COMBUSTION CHAMBER

61. INTRODUCTION

The main purpose of a gas turbine combustion chamber is to introduce
heat energy into the mass of air compressed by the compressor, by
burning fuel in it so that the products of combustion can be expand-
ed to get useful work output. Combustion in a gas turbine is a cons
tinuous process and peak combustion temperatures exist continucusly
in the combustion chamber. Thisis in contrast to reciprocating
engines where the peak cycle temperature is encountered only for a
very short duration in the cycle. Morecver, due to space limitations
and of energy and momentum requirements the volume flow rate as
‘well as rate of heat release is very high in a gas turbine combustion
chamber 2nd the residence time of fuel is very small, of the order of
a few milli-seconds. Thus continuously high combustion tempera-
tures, large continuous flow, and high heat energy release make the
design and development of a gas turbine combustion chamber
rather difficult. Most combustion chamber designs are empirical
in nature and are result of years of hard development work.
There is still a great deal to learn about combustion phenomena
in a gas turbine combustion chamber. In what follows the salient
features of gas turbine combustion chamber design and its perfor-
mance are discussed in its present state of art.

6'2. REQUIREMENTS

Very high rates of fuel consumption in gas turbine plants require
that the design of the ccmbustion chamber, where all the energy is
developed, must be given a close consideration if such a plant is to
compete with other forms of power plants. The following are, in
brief, the main requirements of a gas turbine combustion chamber :

1. High combustion efficiency.

2. Minimum pressure losses.
3. Stable and smooth combustion over the full operational
range.

4. Uniform exit temperature.

5. Low combustion chamber wall temperature compatible
with long chamber life.
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6. Easy starting.
7. Minimum size and weight.
8. TFreedom from carbon deposits and smoke.
9. High degree of reliability.
10. Easy to dismantle and service.

Many of the above requirements are mutually incompatible ;
for example, a high degree of turbulence necessary for good combus-
tion efficiency results in higher pressure losses ; and again, it is very
easy to get a good combustion efficiency and uniform temperature
distribution if there is no limit on length of the chamber. Morecver,
the above requirements vary widely in their importance over the
type of engine and its application. For aircraft purposes small
space, low weight, and high temperature but with 2 small life of a
few hundrced hours is thought to be sufficient. For industrial applica-
tions a much longer workine life (about 100000 hours) is impor-
tant but size is not very important. In addition to this, a particular
application may impose further requirements. Hence the design of
a combustion chamber is essentially an exercise in compromise of
many mutually incompatible requirements.

63. COMBUSTION PROCESS IN GAS TURBINES

For good combustion efficiency the fuel must be atomised into small
droplets and must be thoroughly mixed with the air. The inlet tem-
perature and the turbulence required for mixing should be sufficient
to reduce igoition delay so that while passing through the combus.
tion chamber with a moderately low velocity the fuel-air mixture
gets sufficient time for complete burning and uniform temperature
distribution before it reaches the exit.

Fig 6'1 {a) shows a combustion chamber in its simplest form,
i.e. a2 Joug duct. Such a combustion chamber will have a very high
degree of pressure loss during combustion which may reach a value
up to about 25 percent of the total compressor pressure. The pressure
loss in a combustion chamber consists of two parts: () Burning
losses which include the losses due to turbulence and change in
momentum of gases. (i2) loss due tc the skin friction between the
gases and the wall. To reduce the pressure losses a diffuser as shown
in Fig. 6°1 (b) is fitted which reduces the velocity to about one-fifth
or one-sixth of the original velocity, 7.e. from about 75 m/s at the
entrance of combustion chamber to about 12 to 15 m/sin the
combustion chamber. But since the flow is continuous, even at
this low velocity it is not possible to have stable combustion and to
achieve this the air should be made almost stagnant or a reversal
of flow is sometimes necessary. This.is done by providing a baffle as
shown in Fig. 61 (¢) or by swirlers.

However, one more shortcoming still remains. Itis the fact
that in a gas turbine plant the overall air-fuel ratio used is about
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60 :1to 70 : 1, which is well outside the inflammability limits. So
a device must be provided by which a local air-fuel ratio of about
15:1to13:1 can be produced for efficient burning of the fuel.
This is done by providing, instead of a baffle, an inner chamber as
shown in Fig. 6:1(d). This chamber has a number of holes through
which the air necessary to produce a near stoichiometric air-fuel
ratio is provided. This air is called primary asr. The products of
combustion in this inner chamber are at very high temperature
(about 2000°C) which cannot be used in turbine, so a secondary
supply of air is provided downstream the inner chamber through
similar holes to reduce the temperatures to an acceptable level. The
secondary air is supplied in such a manner that a thorough mixing
of air and products of combustion takes place to give uniform tem-
perature at the exit of the chamber. The secondary air is also used
to cool the chamber. The primary air amounts to about 25 percent
of the total air supply.

Thus a combustion chamber essentially consists of four impor.
tant parts :  fuel injector, diffuser, inner chamber, and outer cham-
ber supplying the secondary air. Each combustion chamber will
provide for separate combustion and mixing zones, efficient atomis-
ation of fuel for good combustion and some method of recirculation
of a part of products of combustion for maintaining combustion
stability.

64. TYPES OF COMBUSTION CHAMBER

A wide number of configurations are used for combustion chamber
depending upon the gas turbine engine and its applications to meet
the specific requirements of a given use. However, all of them can
be classified into three main types :

1. Tubular or can type.

2. Annular type.

3. Tubo-annular or can-annular type.

1. Tubular or can type combustion chamber

As shown in Fig. 6'2, a tubular or can type combustion chamber

consists of an inner chamber which admits the primary air through
swirl vanes near the fuel jets of the injector nozzle. Some air from
outer chamber is also fed through other holes near the primary

Ouler chamber

Faol i je;fa,-

Jomer chamber

)

Fig. 6'2. Schematic diagram of a tubular cr can combustion chamber of
: a turbojet engine using swirlers.
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zone. Other perforations downstream the chamber admit secondary
air. Fig. 6'3 shows another form of can type combustion chamber.

Inpeelon uler casing
‘\ Flaome lube
Fael nozzle., @ / /
P =
TR R
Comporessor — - " : Tarbing mlef
lecterpe IS SR g
S N s
|
|
Simary combestion zome S L Seconaary combortivs cone

Fig. 6'3. Schematic diagram of a typical ‘can type’ combustor.

An inner chamber is surrounded by a larger cuter chamber through
which compressed air flows. A part of this air is fed to the primary
zone and the rest of the air travels in axial direction and is conti-
nuously fed to the inner chamber till near the dilution zone where
all the secondary air is introduced in the inner chamber.

The air flowing through the outer chamber keeps the innr
chamber cool and also does not allow the heat to go to the outer
wall of holes. A part of the primary air which is introduced through
holes gets preheated in this way resulting in berter vaporisation
and improved combustion.

In a combustion chamber the number of cans varies from 6
to 16 and are arranged arcund the axis of the gasturbine. Each
forms a complete burner in itself. To ensure simultaneous com-
bustion all the cans are interconnected.

Can type of combustion chambers are widely used for indus-
trial applications where bulk or space are not of critical importance.
‘These are not suitable for aircraft engines, due to large frontal
area and weight. This type of combustien chamber is most adapt.
able with the centrifugal type of compressor since diffuser divides the
compressed air into channels. This gives good contrel of combus-
tion. However, it does not utilize space efliciently and large areas of
metal are required to enclose a given gas flow thus, making the com-
bustion chamber heavier. With the replacement of centrifugal
compressor by axial compressor, the popularity ¢f can type
combustion chambers is reducing. Large curvature of chamber
surfaces gives it high strength and resistance to warping.

2. Annular combustion chamber

Annular combustion chamber is a concentric chamber
surrounding the axis of the rotor thusforming an annular shape
between the rotor and the outer casing. The fuel is injected into
an inner annular chamber where primary air is also supplied. This
is surrounded by another annular chamber, exactly like that in can
type chamber, which supplies the secondary air and also the cooling
air,
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Fig. 64 shows 2 double annular combustion chamber which has
two concentric annular chambers.

secondary asr lubes

Gas
out e f

Frimaary iy fubés

Lngine stal”

Fig. 6'd. Annular type combustion chamber.

Annular combustion chambers have least pressure drop due to
larger volume per unit surface area and are more efficient than can
type chambers. It requires about half the diameter of can tvpe
chamber for the same mass flow. However, any change in the
flow velocity will result in significant change in the temperature
distributicn, and distortion of inner annular chamber iscritical.
This is because of lower degree of curvature of the chamber surfaces.

3. Tubo-annular combustion chamber

A tuboannular or can-annular type of combustion chamber,
which is a combination of tubular and annular, chamber, consists of
a number of cylindrical chambers arranged inside a single annuiar
casing all around its circumference as shown in Fig. 65. Each
burner is a small annular chamber in that there is an inner chamber
through which the air flows to cool the inside of the chamber.
Annular combustion chambers have characteristics of both can and
annular type of chambers. The large curvature of linear surface
makes it more resistance to warping and higher strength while the
annular arrangement gives efficient space utilization resulting in

Fig. 6'5. Can-annular combustion chamber.
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reduced diameter and weight. This type of combustion chamber
is robust and has low pressure losses and is used for engines with
higher pressure rates. The table 6'! compares the three types of

combustion chambers.

TABLE 6.1. COMPARISON OF COMBUSTION CHAMBERS
Chamber
S.V. Type Advantages Disadvantages
L Tubular (i) Mechanically robust. (i) High pressure luss.
or can type
(ii) Fuel and air flow (i) Requires more space
patterns easily matched and is heavy.
(iii) Cheap and eésy to | (i) Larger frontal area.
develop.
2 (/) Minimum  pressure ({) Sensitive to change in
: Annular loss. flow velocity.
(7)) Minimum length and (i) Difficult to develop.
weight.
(fii) Minimum engine fron- | (/i) Uniform temperature
tal area. distribution difficult
to obtain,

(iv) Serious buckliug pro-
blem of outer annular
chamber.

e .
3. Tubo-annular (i) Mechanically robust. ({) Requires interconnec-
or ’ tors.
can-
{ annular (ii) Lower pressure loss. (ii) Less compact than
i annular.
i (iii) Shorter and lighter
J’ than tubular chamber.-

65. FLOW PATTERN IN A COMBUSTION CHAMBER

A gas turbine combustion chamber has two main zones. One is
the primary zone of recirculation to stabilize the burning over the
widely varying fuel-2ir ratios covering fuel operational range of the
gas turbine. This recirculation is obtained by supplying a small
portion of the total air with the help of a swirler or some other
device. The recirculation or the back flow of hot gases causes them
to mix with the incoming fuel-air mixture and ensures good coms
bustion stability over a wide range of fuel-air ratios.
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Fig. 66 shows a typical industrial gas turbine combustion
chamber and its flow pattern. The corresponding pressure, tem-

Fig. 6'6 (a). Section showing constructional features of an industrial
gas turbine combustion chamber (Dimensions in mm).

Locws of coré »ad

1. Strong torodial movement near swirler end of chamber.

2. Major part of flow adjacent to wall where velocity has negligible
radial component.

3. Curved stream lines leading to flow reversal,
Inner stagnation zone.
5. OQuter stagnatian zone.

Fig. 66 (b). Flow pattern in the industrial gas turbine
combustion chamber shown above,

perature and velocity profiles are shown in Fig. 6:7. The swirler-
imparts angular momentum to the primary air resulting in strong
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torodial movement near swirler end of the chamber due tc apprecia-
ble radial pressure gradients at this section. The axial velocity is
maximum near the chamber wall (where the radial component of
the velocity is negligible) outside the boundary layer.lThen it
decreases gradually towards the axis of the chamber and reaches a
zero velocity at the core radius. Inside the central core the axial
velocity is negative, ie. recirculation occurs (see Figs. 6°6 and 6'7)
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{a) Pressure and temperature profiles. (b) Velocity profiles.

Fig. 67. Pressure, temperature and velocity profiles in gas turbine
combustion chamber.

‘which is necessary for stable operation. Recirculation increases
the residence time of the fuel-air mixture allowing mcre time for
combustion, thus resulting in efficient combustion. The rangential
velocity is zero at centre indicating fixed body rotation.

In the second combusticn zone secondary air is introduced
gradually to complete the combustion and reduce the temperature
of the burnt gases before reaching the turbine inlet. As the cocling
air is added progressively at wvarious sections downstream the
chamber the specific angular momentum decreases resulting ina
decrease in the tangential velocity as the flow travels downstream.
This is because the cooling air has momentum in axial direction
only. The wall friction losses, in addition to the effect of cooling
air, cause the static pressure to decrease at outer radius of flow ang
increase at centre of the flow (see Fig. 6'8). Thus the axial pressure
gradients near the chamber wall and around centre have opposite
directions giving rise to reversal of flow.

Due to combustion the local stagnation temperature increase
is not uniform which resuits in further non-uniformity due to
different combustion rates. This reduces the radial pressure gradient
in central core of the combustion chamber. The different burning
rates are evident from the temperature profiles in Fig. 67,
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Fig 6'8. Effect of type of mixing and amount of film cooling.

The flow pattern can be greatly modified by the degree of
swirl, size and location of primary and secondarv zone zir holes, and
the fuel spray pattern. o

56. PERFORMANCE AND OPERATING CHARACTERI-
STICS OF COMBUSTION CHAMBERS

The following is a briel and general-discussion of the main per-
formance and operating characteristics of a gas turbine combustion
system., ‘The characteristics which are of imperiance fora given
chamber greatly depend upon its application and are decided
accordingly. Therefore, here no attempt has been made to discuss
the individual application requirements.

661. Combustion efficiency

Combustién efficiency is defined as- the ratic of actual heat
release to the theoretical heat release in a combustion chamber and
is given by :
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Combustion efficiency

Actual total head temperature rise in combustion chamber
‘Lheoretical total head temperature rise

(61)

The heat released in a given combustion system depends upon
a great number of factors, the important being inlet pressure
and inlet temperature. Any increase in pressure and temperature
at combustor inlet reduces the ignition lag. Noting the fact that
the residence time of the fuel-azir mixture in a gas turbine is very
short, of the order of a few milli-seconds, this effect becomes very
important. Higher the inlet temperature lesser is the ignition lag,
hence better is the combustion. Th= inlet pressure for a given combus-
tor also affects the inlet velocity and in turn the turbulence and the
quenching effect of air near the wall and the pressure losses in the
chamber [see Fig. 68 (a)]. The type of mixing used to cool the
products of combustion in secondary zone, and the amount of film
cooling alsc affect combustion efficiency as shown in Fig. 6'8 (b).

Fig. 6°9 shows the relationship between combustion efficiency
and combustion pressure. The figure is divided into four main parts.
Performance limit “‘a’’ refers to the impossibility of combustion due
to poor atomisation and heat losses, zone ‘b’ is the regime in which
the reaction rates determine the combustion efficiency and the
atomisation is relatively unimportant. This regime ranges from
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Fig.6'5.. Combustion efficiency as refated to
combustion pressure.

- a pressure of 0'15 to 2 kgf/cm?.  The third zone refers to normal
combustion chamber operation. It can be seen that very high
combustion efficiencies, very near to 100 per cent are obtainable
in this range 2nd as the pressure increases the combustion efficiency
becomes independent of reaction rates. However, after a certain
pressure the vaporisation and mixing process in the combustor is
adversely affected and combustion efficiency starts falling. Thisis
because of the reduced spray angle and reduced penetration at high
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combustion pressures both of which result in over rich local fuel-air
ratios resulting in an increase in smoke. The inadequate mixing at
higher pressures due to poor atomisation results in reduced combus-
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Fig. 6.10,- Influence of prassure on combustion efficiency of
different combustion zones.

tion efficiencies as denoted by zone C. The combustion efliciencies
obtainable in various zones of a combustor at higher and lower
pressures are shown in Fig. 6:10.

The combustion efficiency of jet-engines usually decreases
with increase in altitude. The reduced heat release rate allowsa
higher inlet velocity in the combustor (combustion in a combustor
can be approximated by Rayleigh flow), .. the residence time
is reduced. This reduction in residence time further reduces the
combustion efficiency because now there is less time available during
which the process of atomisation, vaporisation, mixing and combus-
tion must be completed and the effect of altitude is cumulative in
naturc  tig. 6°I1 shows variation in combustion eﬂimency with
altitude ‘or three different types of combustion chambers.

TJsually © s pos-ible to obtain a combustion efficiency higher
ti 95 percent under normal operating conditions. However,
performance parameters also warrant close consideration for different
applications. For example in an industrial combustor a very good
combustion efficiency of nearly 100 percent can be obtained because
it is possible to have hlgh residence time {as high as 6 milisec), while
due to high flow requirements for an aircraft combustor the residence
time is very low and good combustion efficiency over the operational
range is rather difficult to achieve.

2. Combustion Intensity
One measure of the heat release in a given combustion
chamber is combustion intensity which is defined as :
heat released in keal -
hrxm®*xatm

Combustion intensity=
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From the above relation it is clear that combustion. intensity
is an indication of the heat release rate in a given space and with
a certain pressure, thus takes into account the inlet conditions.
High combustion intensity means a smaller space. Table 62
shows typical combustion intensities for various combustion systems
The aircraft combustors, due to severe space limitations, require
very high coinbustion intensity while industrial gas twbine com-
bustors require a rather low of combustion intensity.

TABLE 6'2.. TYPICAL COMBUSTION INTENSITY

Operating Combustion
SN Process condition intensity
kcallm3-hr-atm
i. Bunsen flame (town } Low pressure, 1-3x10¢
gas).
2. Fuel-oil flames from | Burning in open. 009 to 02x108
commercial atomisers.
3. Oil fired boilers. 0°036 to 0°18x 108
4, Industrial gas turbine | Normal condition. 0'2x 1086
combustor.
5. Aircraft engine (4 2400 rp:s, 110 octane | about 4x 108
stroke). fuel.
6. V-1 engine. Normal runing. about 1'8% 106
7, V-2 rocket. Maximum thrust. 11x108
3. Aero furbinc engine. | Design conditions. 1°5 to 4% 104
Marine Boiler. : 01 to 108
10. Domestic coal boiler. 0°006 x 108

3. Pressure losses

For any, flow process there must be a pressure loss. However
since occurrence of a pressure loss in a Brayton cycle means reductio:;
in the work output and cycle efficiency, the pressure losses in a
combustor must be reduced to a minimum. . Pressure losses also
result in lower mass flow and, hence, in reduced thrust in-case of
aircralt engines, At a pressure ratioc of 4: 1 an. increase” in com-
bustor pressure loss by 3 percent is equivalent to 2 percent reduction
in compressor efficiency. Since about 70 percent of the power
developed by the turbine is used in driving the compressor, this loss
amounts to a big drop in the net output of the turbine. Combustor
pressure losses can be divided into two main parts :
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Fig. 611, Variation of combustion efficiency with altitude
for three different combustors.

1. Pressure losses due to change in momentum as a result of
addition of heat.

2. Skin and fluid friction pressure losses.

The friction pressure losses and momentum pressure losses can
be calculated by assuming one-dimensional adiabatic flow in the
combustion zone. However, the analysis is cumbersome and beyond
the scope of this book.

The turbulence and skin friction losses depend upon the type
of mizing of secondary air with products of combustion. Higher
the turbulence greater is the pressure loss. Hence the requirement
of low pressure loss and uniform temperature distribution at com-
bustor outlet cannot be satisfied simultaneously and a compromise

_is always used by altering the relative amounts of primary and
secondary air by suitable modifications in the mannet in which the
air is introduced in the combustion chamber. ‘

Another important fact which governs the acreptable pressure
loss in a combustor is its length.” Fig. 612 shows how the length of
a combustor can be reduced at the expense of pressure losses. This
also shows the reduction in thrust due to increased pressure losses.
The combustor length can be reduced by providing more mixing so
that combustion is complete over a shorter length. This is done by
allowing a higher air velocity at the exit of the compressor
diffuser and allowing it to enter at steep angle, thus promcting
deep penetration of incoming air' into hot gases. The consequent
rapid mixing results in efficient combustion. One advantage of
this inethod is that the increased pressure losses are partially com-
pensated due to lower level of parasite losses in the compressor
diffuser because now relatively less diffusion is required and highes
exit velocities can be obtained.
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Pressure drop

Fig. 612. Effect of pressure drop on combustor
length and engine output.

4. Combustion chamber length

The combustion chamber length is important because reduced
length means reduced bulk and weight both of which are of prime
importance in aircraft turbines. For industrial wurbines, only when
space is limited this factor might be of importance but normally
length is not important for such uses.

The reduction in length as obtainable by accepting a higner
pressure loss in the combustion chamber has been already described.
Anothr method of reducing turbine engine length at the expense
of a higher pressure loss is the integration of turbine stators into the
burning zone of combustion chamber as shown in Fig. 6'13. Most
of the secondary or diluent combustion air passes through the hollow
turbine stators located within the combustor to cool them and then
goes out through the holes in the surface of an aerofoil to mix with
the primary airflow to complete the combustion process. Thus the

Porous Curdine
slalor

Suol noar/e

J'e:wmhy ar

Fig. 6'13. Combustor with integral turbine stators.
combustion dilution and turbine inlet turning process are accom.
plished togather and w thin the same length. Careful selection of
size and location of the passages in the stator can provide a very
good temperature distribution at turbine inlet. '
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Another method of reducing the overall length is double
banking of flame-tubes as shown Fig. 6-14. This, however, results
in lower combustion efficiency because the intermediate zone of
combustion (see Fig. 6'10), whose function is to recover the dissoci-
ation loss, is removed. This zone, at low pressure, is very similar

Norme! crrangement

Deoubled porked

-

_ saved

Flg. 6°14. Saving in overali length by double banking.

to primary zone and the combustion efficiency falls by a few per-
cent. This loss of combustion efficiency results in higher specific
fuel consumption and must be weighed against reduced weight and
size for a particular application. :

5. Temperature distribution

The turbine blades are the most stressed part of the gas turbine.
The high rotational velocities and the high operating temperatures
(which reduce the material strength) cause them to operate very
near their strength limits. The temperature at the turbine inlet,
therefore, should be uniform otherwise the turbine blades would
expand unevenly, and highly localized stress levels would set up.
This might result in warpage and even cracking of the blades.
Thus very serious stress conditions are created by non-uniform
temperature distribution at turbine inlet. Theoretically the tempe-
rature near the walis should be lower than that at centre because the
secondary air is blown almost longitudinally near the liner walls
to keep them cool. The temperature is higher in the central core
till the opposite boundary layer is reached. This temperature
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distribution is made uniform by providing more mixing length and
higher turbulence in the secondary combustion zone. This, how-
ever, results in increased pressure losses. Even in the central core
the temperature is uneven because of different burning rates across
the combustor cross-section. This is because the uneven local
fuel-air ratio results in lower flame velocities near the outer surfzce
of this central core and higher velocities in the central core.
In addition to this the recirculation necessary for stabilization of
combustion in the primary zone also causes uneven temperature
distribution (see Figs. 6°7 and 6°15).

Theoretroos

I '
H [
- il el
7200 réo0 7600 Gas lemp

\ o et
Fig 6'15. Temperature distribution -as affected by
fuel-air ratio distribution.

Other possible reasons of uneven temperature distribution are
operation outside the stability limits, carbonization, inefficient
combustion and uneven fuel-air ratio distribution due to injection
system used. The control of temperature distribution at combustion
chamber exhaust is very important for avoiding undually high
stresses on turbine blades. Unfortunately no theoretical treatment
is possible and development work is the only approach used to
control this temperature distribution.

6. Blowout
If the flame propagation velocity is more than the axial velo-
city of the fuel-air mixture, the flame will travel out of combustion
chamber exit section and if much less than mixture velocity it can
travel upstream ; in both cases the result is blowout. The ﬁamp
propagation velocity is maximum at near stoichiometric fuel-air
ratio and decreases for lean or reach mixtures (Fig.6'16). Thus
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Fig. 6'16. Flame \\'e]ocity vrs. fuel-air ratio.
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the blewout occurs when too rich or, too Iean air-fuel mixtures are
encountered. This may happen during sudden acceleration or
deceleration from high speed. Due to .inertia of the rotating and
other parts during acceleration, too much fuel is injected resultiag
in very rich mixtures and during deceleration the fuel flow drops
much more rapidly than air flow causing lean mixture blowout.
At high altitude operation the temperatures and pressures are low.
Low pressure causss poor atomisation and lean fuel-air mixture ;
and low temperaturc and low pressure both causes ignition lag to
increase to levels where no burning can take place because it is
more than the residence time of the mixture. Incomplete burning
and flame quenching may also result in blowout. Another possi-
ble reason of blowout may be a comparatively lean mixture which
is extinguished by high turbulence of the secondary air flow. Any
disturbance in temperature, pressure, and velocity profile which may
cause surging in the compressor can also result in blowocut. Thus
careful matching of the various parts of the combustion chamber as
well as those of gas turbine co-cponents is essential to avoid possible
blewout tendencies within the operational range of the gas turbine.

7. Stability

Eariier it was mentioned that when the flame propagation
velocity is either less or more than air velocity blowout occurs.
However, it is neither necessary nor possible that the flame velo-
city be exactly equal to air velocity because the flame front is
never normal to the air flow direction and there is always a range
of flame velocity for a given air velocity which will result in stable
flame. Since flame velocity depends upon fuel-air ratio, there is
arich as well as a lean fuel-air ratio limit, for a given air velocity
as shown in Fig. 6 17 within which a stable operation is possible.
As the air velocity increases the range of fuel-air ratio for stable
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Fig. 6'17. Flame stability limits at different
- air speeds and fuei~air ratios.

operation narrows and after a certain air velocity no combustion
can take place.

A_ny fact'o.r wbich affects the ignition delay, flame velocity
and residence time is likely to affect the stability loop. The effect
of in creased air temperature in enlarging the stability loop is shown
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in Fig. 6:17 and the effect of atomisation is shown in Fig. 6'18.

This figure also shows the stability-limits for different types of
combustion chambers.
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Fig.6'18. Stability characteristics of various combustion
chambers and effect of atomisation on stability.
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Fig. 619 (b) Reverse jet flame holder.
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F ig 6°19. (c) Baffie for stabiiizing flame.

UsuallyY the performance range of a combustion chamber is
increased by production of a combustible air-fuel mixture under
all conditions of operation by means of swirlers, baffles, and flame

" shields. All these devices divert the primary air into a Jow velocity
region where suitable fuel-air ratio is generated and burned. This
protected region may be produced by a transverse jet flame holder
in which hot gases pass through a wall having a2 number of holes
[Fig. 619 (a)] or a reverse jet flame holder [Fig. 6:19 (b)], or a baffle
plate {Fig. 6:19 (c)], which acts as an obstacle for the main air flow
and generates low velocity region uprstream the baffle. The swirler
fsee Fig. 6 6) also stabilizes the flow by producing recirculation of
hot products of combustion.

Good stability range is obtained by good atomisation along
with optimum fuel-air mixing even at the expense of higher pressure
loss in the combustors of aircraft engines which have to operate over
a very wide performance range.

8. Starting and initiation of combustion

A spark plug is used to initiate the combustion. Usually the
normal mixture ratios cbtained in gas turbine combustion chambers
give good starting characteristics. The spark plug must be designed
‘to ensure re-star ting at high altitude where pressure, temperature,
and densities are low.

For ramjet combusiors a considerable forward speed is
necessary before ignition can occur, therefore, such engines are
launched by some other propulsion device before starting of com-
bustion,

9. Carbon deposits and smoke

In the primary combustion zone there is a region in which
of hot gases due to flow reversal meet the incoming fuel spray in
such a manner that the oxygen availability is very low whereas, the
temperature is very high. This results . in craking of the fuel and
production of carbon in the primary zone. A part of this carbon
gets deposited on injection nozzle and rest goes into the secondary
or dilution zone. .- If in the later part of the primary zone or in the
dilution zone oxidation of carbon occurs, a smoke-free exhaust is
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cbtained. Thus carbon deposits on burner and smoke are not
related and both depend upon design factors.

The vane angle of swirler used for reversal. of flow is very
important. There is always an optimum vane angle (which corres-
ponds to optimum ratio for well stirred flow to plug flow in com-
hustion chamber) on both sides of which more carbonisation occurs.
The effect of vane argle is important as it affect the length and
“richness of the reversal zone.

Both carbon formation and smoke are results of over-rich fuel-
air mixture. Under scme operating conditions, such as takeoff,
this is enevitable and smoke always results. Blue smoke is the
result of chilling of flame while black smoke is produced due to
lack of available air.

Another important design factor affecting the carbonisation
is the cone angle of the injection nozzle. Reduction in cone angle
below a certain value always results in increased carbon formation.

Thus we see that swirler, injector, fuel-air ratio, and fuel
characteristics greatly affect the production of carbon which car be
oxidized to avoid smoke at the exhaust of the combustor by proper
matching of dilution and primary air flows. Hence smoke and car-
bon-free operation is greatly a mr atter of design.

It must be noted that occurrence of smoke need not be asso-
ciated with loss of combustion efficiency. Smoke can be produced
even at a combustion efficiency of 99'5 percent. However, it- does
result in other losses and causes atmospheric pollution.

10. Combustion chambher life

Combustion chamber working life is very impeortant in view of
very high combustion intensity associated with it.  Adequate
cooling of chamber walls and use of high heat resistant material
are the two solutions to the problems of metal deterioration which
may result in warping and cracking of linec material. Good com-
bustion chamber life is again a matter of design.

67. FUEL INJECTION IN COMBUSTION CHAMBER

Good atomisation of fuel over the full working range is essential for
stable, efficient, and smoke-free operation of a combustion chamber.
The fuel droplets, smaller than about 10 microns, evaporate too
rapidly and are unable to maintain stable combustion while drop-
lets of size greater than about 200 to 250 microns remain unburned
‘or partially burnt due to short residence tiine and pass on to exhaust
in the form of smoke. The method of fuel injection, thus, has a
pronounced effect on the performance of a combustor.

There are four basic methods of introducing fuel into the
combustion chamber of a gas turbine. These are :
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1. Spray injection system.
2. Vaporiser system.
3. Air blast system.
4. Air spray system.

Spray injection system, in its simplest form, consists of a singie
hole fixed orifice which is designed to give maximum fuel flow at
a reasonable injection pressure. Noting the fact that at low speed
and high altitude the fuel flow rate is cnly about 5to 10 percent of
that at sea level and full spéed and that at least a pressure of 2 kgf/cm?
is required for good atomisation, a very wide pressure range is re-
quired to meet the operational range of the combustion chamber. This
is because the pressure required varies in proportion to the square of
velocity for a given nozzle area, In the simplex or Lub-bock nozzle
[Fig. 6:20 (a)] the orifice area is varied by means of spring-loaded
piston responsive to fuel pressure so that a wide range of a fuel flows
can bLe obtained with a relatively small injection pressure range
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Fig. 6°20. (a) Simplex fuel nozzle. = (5) Single unit duplex nozzle.

Another type of nozzle used to reduce the injection pressure range
for good atomisation is the duplex nozzle [Fig. 6:20 (b)]. This consists
of two fuel passages leading to a small vortex chamber. At low fuel
rates flow passes through only one passage, the other remaining
closed by a spring-loaded relief valve to maintain sufficient pressure
for gocd atomisation. At high fuel flows both the passages supply
fuel to the vortex chamber.

Spray injection system gives relatively low maximum heat
release but wide burning limits, especially a very geod weak extinct-
ion limit. A typical value is 1000 air-fuel ratio compared with a
value of 400 for the vaporiser system. The injection nozzle is suscep-
tible to blockage by deposition of carbon.

In the vaporiser system the fuel and air are mixed within a
vaporising device before being injected into the primary zone. The
fuel-air mixing is better than spray injection and maximum heat
release is obtained with uniform mixture distribution at stoichio-
metric value. Vapour combustion system gives almost a constant
combustion efficiency over a wide range of fuel pressures and mix-
ture ratios. The burning rate is, however, limited by evaporation
rate, gaseous diffusion, and chemical reaction rates, resulting in a
rather inferior stability loop for vaporiser system. This system alse
requires an auxiliary jet for starting.
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TABLE 6'3. COMPARISON OF VARIOUS TYPES OF FUEL INJECTORS

S. No,

——

1.

3.

Injector type

“pray atomiser

Vaporising system.

Air blast system

Air spray system

Advantages

Disadvantages

(i) Wide stability limits.

(ii) Easy to modify during
chamber development.

(iii) Mechanically robust. !

(iv) Good low extinction
limit.

(1) Requires

(2) Outlet

s

(3 Burns with a blue

(1) Outlet temperature

(2) Little exhaust smoke.
(3) Mechanically robust.
(4) At low fuel pressures

(1) Efficient combustion

(2) Good low extinction

(3) Exhaust temperature
distribution insensi-

relatively
low fuel pressures.

temperature
distribution almost
neeligibly  affected
by amount of fuel
sypplied.

flame and hence
emits little lumi-
nous radiation and
produces little ex-
haust smoke.

distribution fairly
insensitive to fuel
flow rates.

operation is satis-
factory, ‘

and good start up.

limits and wide sta-
bility limits.

tive to fuel tlow.

i
(i) Fuel distribut on
and hence outlet
temperature dis-
tribution  varies
with amount of
fuel flow supplied.

(ii) At high pressures
produces exhaust
smoke,

(iii) Needs high fuel
pump pressure.

(1) Needs auxiliary
"~ fuel jet for start-
ing. i

(2) Difficult to design
and develop.

(3) Slow response to
fuel changes.

(4) Mechanically sus-
pect, specially at
high pressures.

(5) Fairly narrow sta-
bility limits.

(1) Very narrow stabi-

lity limits.

(2) Poor combustion
performance at
{fow chamber velo-
cities such - as
during start up.

(1) Needs high degree

of matching for
good operation,

(2) Cost and weight
both increase.

(3) This difficulty
might be over-

"+ come in future as

this system is in
its infancy.
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In the air blast system fuel is caused to flow over a plate
located in a high velocity stream. Fuel as it passes over the plate, gets
atomised by high velocity air and passes on to the combustion zone.
The fuel air mixture is greatly dependent on the flow pattern
because the fuel drops are air borne. This is somewhat similar to
spill type burner in which the fuel is given an atomising vortex and
only a small quantity of fuel is injected while additional fuel needed
spills back to the combustion zone with the irecirculation of the fuel
vortex. Air blast system gives a very good exhaust temperature
distribution, smokeless operation, and is cheap and reliable. How-
ever, its low extinction limit is very poor.

In the air spray system, both spray and air-blast atomisation is
used. The spray supplies fuel at low fuel flow rates to give it a good
low extinction limit, efficient combustion and, good startup ,and
low load running operation, Under normal operatmg conditions the
supply of fuel from the two sources are so- distributed that at
maximum fuel flow rates only the air blast system supplies the fuel.
Thus the disadvantages of spray system such as smoke, sensitively to
fuel flow of the exhaust temperature distribution is avoided.

Table 6'3 compares the various types of fuel injection systems.

6'8. CONCLUSION

Because of a wide range of operations and their conflicting
requirements gas turbine combustion chamber design is essentially
an excercise in compromise. Wide range of air and -fuel flow,
and the resulting fuel-air ratio distribution, rapid acceleration,
deceleration, take-off, starting and high altitude operation (where
inlet air temperature, pressure and densiries are low) are some of the
factors which must be taken into consideration while designing the
combustion chamber. The method of fuel injection affects almost
all the factors inﬂuencing combustion. Not only a compromise and
matching of various combustion chamber parts is necessary but
also matching with other parts of the gas turbine such as compressor
and turbine is essential for stable, efficient and reliable operation of
a combustion chamber. Thus, though the combustion chamber
seems to be the simplest part of a gas turbine system, it requires
much more insight and experieace in fields like thermodynamics,
combustion, aerodynamics, and material science. It is really a
difficult part to design. And to most designers the path of trial and
ervor based on past experience is the only alternative.

EXERGISES 6
6'1. Whatis the main purpose of a gas turbme combustion chamber ?
Why the design of combustion chamber is rather difficult?

6-2. What are the main requirements of a gas turbine combustion
chamber 7 Are these requirements mutually compatible ?

6'3. What are the reason for pressure losses in a combustxon chamber?
Hﬁi;w they can be reduced ?
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6'4. What is the normal range of air-fuel ratios used in gas turbine ?
How combustion is obtained at this air-fuel ratio ?

6'5. What is primary and secondary air in gas turbine combustion
ckamker 2 What are their functions ?

6'6. What are th_e main types of gas turbine combustion chamber ?
Discuss their relative merits and demerits ?

6'7. Sketch a tubular or can type combustion chamber and explain
its construction. Where such chambers are used ?

6'8. Sketch an annular type of combustion chamber. What are its
.advantages and d sadvantages ?

6'9.  ckeich and explain how a tubo-annular combustion chamber
combines the advantages of both tubular and annular type of combustion
chambers.

610. How stabilisation of flame is obtained in a typical gas turbine
.combustion chamber ? Show by a sketch the flow patterns in a typical combus-
tion chamber.

6°11. Discuss in brief the main performance and operating characteristics
of a gas turbine combustion system. illustrate your answer by suitable per-
formance curves. :

6'12. How combustion efficiency of a gas turbine combustion chamber
is defined ? What are the main factors on which it depends ?

613, What is the importance of combustion intensity in a com_bustjon
chamber ? Is the combusticn intensity same for an aircraft gas turbine and
industrial gas turbine ?

6'14. What is the importance of combustion chamber length ?

6'15. What are the reasons for uneven temperature distributions in gas
turbines ? What harm can it cause ?

6°16. What is blowout in gas turbines ? When does. it occur ?

. 6'17. Define ﬂame_ velocity, ignition delay, residence time, and stability
with reference to gas turbine combustion chamber. How flame stabilisation can
be achieved ?

6°18, What factors affect the formation of carbon deposits and smoke in
gas turbine combustion chamber ?

6°19. List the methods of introducing fuel into the combustion chamber
of a gas turbine and discuss their advantages and disadvantages.
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7

ELEMENTARY TURBINE DESIGN

7-1. INTRODUCTION

The analysis of turbines is very similar to that of dynamic com-
pressors discussed in chapter 5. Fig. 7:1 shows the two types of
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Fig.7'1. Turbioe geometry.

turbines, namely, the axial flow turbine and the radial flow turbine.
With the exception of a few, in almost all applications the axial flow
type.of the turbine is employed and, therefore, the treatment of the
radial flow type has been avoided in this chapter. This chapter

" discusses the various theories of turbine design. The limiting factors
in the turbine design, the materials used, and various cooling methods
are also discussed.

7-2. IMPULSE AND REACTION TURBINE

The turbines can be classified into two types:
(i) Tmpulse turbine
(i) Reaction turbine.

In the impulse turbine, the gases expand to a high velocity in
the nozzle and pass over to the moving blades. The moving blades



[smc. 7-3] ELEMENTARY TURBINE DESIGN 241

simply divert the gas flow to the next stage or to exit, and in the
process convert the kinetic energy into useful work. There is
no expansion or pressure drop over the moving blades.

The reaction turbine is characterised by the fact that the
pressure drop or expansion takes place both in the nozzles (or stator
blades) as well as in the moving blades.

In case of an impulse turbine the blade passage area remains
constant while for reaction turbine the passage area varies continu-
ously to allow for the continued expansion of the gas stream over the
moving blades.

7'3. COMPOUNDING OF TURBINES

Highest efficiency is obtained when the blade speed is half that of
the gas stream velocity. Many times, the nozzle outlet velocity and
hence, the blade tip speed for the given pressure drop is so high that
the stresses developed may go beyond the allowable stress limits.
Therefore, it is common to divide the total pressure drop into a
number of stages or to convert the kinetic energy into useful work
output by using more than one stage.

731 Veiocity—compounded‘impulse turbine

Fig. 7 2 shows a velocity-compounded or Curtis turbine stage.
In this type of compounding the whole of the pressure drop occurs
in a single nozzle and the resultant velocity is used over a number
of stages to keep the blade speed low. The pressure and the
velocity as they vary over the turbine section are shown in Fig. 7-2.
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Fig. 72, Velocity-compounded impulse turbine,
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7°'3'2. Pressure-compounded impulse turbine

In pressure-compounded impulse turbine the total pressure
drop, rather than the kinetic energy, is divided into a number of
pressure drops over the stages (Fig. 7'3). In each stage, which
consists of a nozzle and a moving blade, the gases are expanded and
the kinetic energy is used in moving the rotor, and useful work is
obtained. Such a stage is sometimes referred as Reteau stage. The
corresponding pressure and velocity diagrams are given in Fig. 7-3,
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Fig. 73, Pressure-compounded impulse turbine.

7-4. EFFICIENCY OF A TURBINE

The efficiency of a turbine can be defined in a number of ways
depending upon the use to which it is put. The expansion in the
turbine can be regarded as adiabatic and so the ideal turbine is that
turbine in which the expansiop is isentropic. The turbine work is
given by the drop in the stagnation enthalpy, i.e.
WTz'deal =QDho=c, AT v 71
For turbines in which the exhaust energy is not utilized, the
efficiency is defined as total-to-static turbine efficiency. 3 5, (Fig. 7-4)
T01—T3 hol_h‘&

Nis™= Tol—‘Ta” =" ] _‘h3”

This is the ratio of the actual turbine work done to the ideal
work corresponding to total inlet conditions and static exit con-
ditions. Single-stage turbines and turboprops for which the exhaust
velocity is incidental fall in this category.
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Fig 7°4. T-s diagram illustrating efficiency of turbine.

For turbojet, etc., where the exhaust energy is not a loss because
the gases are accelarasted to a high velocity for propulsive thrust
generation, total-to total efficiency is used. This is defined as

ner= Tor _‘_Tos — hnl_hoa
" moor . ”
1 01_103 h 1 /"03

(7°2)

which is the ratio of the actual work done to the ideal work done
corresponding to total inlet and total exit conditions. This
definition also applies to multi-stage turbines because the exhaust
energy from a stage does not go waste.

Another term which is sometimes used is the *‘work ratio’’.
This is defined as the ratio of actual total head temperature drop to
the isentropic temperature drop from total head inlet to static outlet
pressure, and is given by

To,—To,

T 73
To,—To, (7°3)

Work ratio ==

ELEMENTARY DESIGN OF A TURBINE‘
(i) TWO DIMENSIONAL DESIGN

75 VELOCITY DIAGRAMS, WORK AND EFFICIENCY

Fig. 7'5 shows the typical velocity diagram for an axial flow
turbine. The gas enters the nozzle or stator with a velocity C; and
gets expanded to pressure p, and temperaturc 7,, and leaves the
nozzle with an absclute velocity €, at angle «, from the axial direc-
tion. (Angles measured in the direction of rotation are taken as
positive). The gas, then, enters the moving blade at angle g, with a
relative velocity ¥V, and geis deflected. 'The gas leaves the blade
with a relative velocity - V, at an angle §,, (', being its absolute
velocity at an angle «; which is also called swirl angle.
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_In an impulse stage, V; will be either slightly less than ¥, due
to frictional loss or equal to V, but in a reaction stage V; will always
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Fig. 7'5. Velocity diagrams for a turbine stage.
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Fig. 7°6. Combined inlet and outlet velocity’'diagram for the moving blade.

be greater than V, because, then, a part of the pressure drop will

occur in the moving blade which will increase the gas velocity.

Since the blade speed U increases, for a given rpm with increase in the

radius, these diagrams are for a particular radius only. The blade

diagrams will be different for root, tip, and other radii points. How-

ever, due to the highbub to tip ratio used in axial flow turbines, the
radial component of the velocity can be neglected. Insuch a case

this two-dimensional analysis becomes quite representative and we

can draw 1he above diagrams for the mean radius and assume that

they are valid for other sectiens alsc.
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If the moving blade inlet and outlet diagrams are superim-
posed as shown in Fig. 7'6, the change in whirl velocity, AC,, is given
by the distance EF. Due to this change in whirl velocity, i.e, change
in angular momentum, a2 torque is produced on the rotor. The
work done per kg of flow rate is given by

W——ABX EF____UX ACw
g g
( Cw2+CwR)U (7.4_)
g

W, the work done per kg of flow rate is also called speciﬁc
work,

or W=

The efficiency of the rotor blade is given by

Work done on blades
Energy supplied to the blade
_ABXEF[g__ g(Cus+Cus)U

1V,22g Vi

Blading efficiency, 7=

Since Cuwe=V, sin B2
Cuy=V; sin B,

_ gU(V, sin Bo+V, sin By)
nB= Cy?

22U . ' V, sin B,
=gt (1t )

For an'impulse turbine II/;—’ is the blade velocity coefficient
2
K, and if C==sin B,/sin §;, then

o=y Vs sin B, (14 KO)
2

From geometry

V,sin By=0C, sin ay—~U

= é,g (O, sin wg—0) (1+KO)

—26 (sin ay—o) (1+KC)

where c=—¢,2 is blade to gas speed ratio.
3

or ye=2 (1+KC) (o sin ay—0? (7:5)
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Putting %’%B equal to zero for best efficiency
d
%:— (1+KC) (sin «,—20)=0
or P SIn oy . (76)

2

And the maximum blade efficiency is

. in2
nemaz=(14KC) 22 2“2 (77)

If there is a change in the axial velocity, axial thrust is produc-
ed, which is given by

Axial thrust=Mass X Change in axial velocity

=Lg (Ca, —Cay) (7°8)

Energy lost per unit mass flow due to friction over the moving
blade is given by

ViV
29
. . . s Cq?
and the energy lost in exist per unit mass flow is _23__
q

7-6. DEGREE OF REACTION

The degree of reaction is defined as theliratio of the enthalpy
drop in the moving blade to the total enthalpy drop over the stage.
This is given by

_ Pa—hy

R_hol—ho (79)

If the flow is adiabatic
ko, =ho,

hy—hy

ko, —ho

and R=

From inlet and outlet velocity diagrams,

V2=Cg.2 4 Cup2=C0a®+Co,? tan? §8,=C4,%(1 +-tan? §,)

V= Cug?+ Cuy?=Ca®+ Oy’ tan® By=Cos (1+-tan?® §;)

Heat drop across the ideal blade is equal to the changé in
relative velocity, ¢.e.

1
hg—ha=2? (Vaz'“sz)
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1 —1
=2_g 0«32 (1+tarf BI? z‘ 0032 (1 +tan2 B82)

If the axial velocity is constant over the stage, i.¢.

Oal=0a2= 0a3= Ca

then
kz—-k3=§1}— Cu (tan? B,—tan? §,)
1 >
or hz—k3=2? C; (tan B;+tan 3,) (tan B, —tan B,)

Once again from the velocity diagrams,

Coy tan ay=U+Cg, tan B,
and Cgp tan a,=U4C,, tan B,

Since Oa=0a2= Oa3

We get
U
tan ay=—+tan f,
Ca
U :
tan as:-c7+tan Bs (7:10)
N :
or  tan a,-+tan ay=tan B,+tan 8, (7°11)
and kz—h3=—§1— Cq (tan B;—tan B,) (tan «,+tan «)

The change in the stagnatlon enthalpy is equal to the specific
work output, W.

hm - hoa = hoz - k03

_ U{Owg'L'Owa)
h g
_ U(Cuy tan a3+4-Cuy tan o)
a g
=~g— Cq (tan a,+tan ag)
. hy—Fy I C, ]
Degree of reaction, R=m- 5 T (tan B;—tan B,) (7°12)

If 8, is the mean flow angle through the moving blade the
degree of reaction can be approximated by

1 O,
R"—:? U tan B, (7‘13)
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