Gas Turbines:
Fundamentals, Maintenance, Inspection & Troubleshooting



THIS BOOK WAS DEVELOPED BY IDC TECHNOLOGIES

WHO ARE WE?

IDC Technologies is internationally acknowledged as the premier provider of practical, technical training
for engineers and technicians.

We specialize in the fields of electrical systems, industrial data communications, telecommunications,
automation and control, mechanical engineering, chemical and civil engineering, and are continually
adding to our portfolio of over 60 different workshops. Our instructors are highly respected in their fields
of expertise and in the last ten years have trained over 200,000 engineers, scientists and technicians.

With offices conveniently located worldwide, IDC Technologies has an enthusiastic team of professional
engineers, technicians and support staff who are committed to providing the highest level of training and
consultancy.

TECHNICAL WORKSHOPS
TRAINING THAT WORKS
We deliver engineering and technology training that will maximize your business goals. In today’s
competitive environment, you require training that will help you and your organization to achieve its goals
and produce a large return on investment. With our ‘training that works’ objective you and your
organization will:
e Get job-related skills that you need to achieve your business goals
Improve the operation and design of your equipment and plant
Improve your troubleshooting abilities
Sharpen your competitive edge
Boost morale and retain valuable staff
Save time and money

EXPERT INSTRUCTORS
We search the world for good quality instructors who have three outstanding attributes:
1. Expert knowledge and experience — of the course topic
2. Superb training abilities — to ensure the know-how is transferred effectively and quickly to you in
a practical, hands-on way
3. Listening skills — they listen carefully to the needs of the participants and want to ensure that you
benefit from the experience.
Each and every instructor is evaluated by the delegates and we assess the presentation after every class to
ensure that the instructor stays on track in presenting outstanding courses.

HANDS-ON APPROACH TO TRAINING
All IDC Technologies workshops include practical, hands-on sessions where the delegates are given the
opportunity to apply in practice the theory they have learnt.

REFERENCE MATERIALS
A fully illustrated workshop book with hundreds of pages of tables, charts, figures and handy hints, plus
considerable reference material is provided FREE of charge to each delegate.

ACCREDITATION AND CONTINUING EDUCATION
Satisfactory completion of all IDC workshops satisfies the requirements of the International Association
for Continuing Education and Training for the award of 1.4 Continuing Education Units.

IDC workshops also satisfy criteria for Continuing Professional Development according to the
requirements of the Institution of Electrical Engineers and Institution of Measurement and Control in the
UK, Institution of Engineers in Australia, Institution of Engineers New Zealand, and others.



CERTIFICATE OF ATTENDANCE
Each delegate receives a Certificate of Attendance documenting their experience.

100% MONEY BACK GUARANTEE

IDC Technologies’ engineers have put considerable time and experience into ensuring that you gain
maximum value from each workshop. If by lunchtime on the first day you decide that the workshop is not
appropriate for your requirements, please let us know so that we can arrange a 100% refund of your fee.

ONSITE WORKSHOPS

All IDC Technologies Training Workshops are available on an on-site basis, presented at the venue of
your choice, saving delegates travel time and expenses, thus providing your company with even greater
savings.

OFFICE LOCATIONS
AUSTRALIA < CANADA -« INDIA « IRELAND « MALAYSIA « NEW ZEALAND « POLAND -
SINGAPORE » SOUTH AFRICA « UNITED KINGDOM « UNITED STATES

idc@idc-online.com www.idc-online.com

IDC Technologies produce a set of 6 Pocket Guides used by
thousands of engineers and technicians worldwide.

Vol. 1 — ELECTRONICS Vol. 4 — INSTRUMENTATION
Vol. 2 - ELECTRICAL Vol. 5 - FORMULAE & CONVERSIONS
Vol. 3 - COMMUNICATIONS Vol. 6 — INDUSTRIAL AUTOMATION

To download a FREE copy of these internationally best selling pocket guides go to:
www.idc-online.com/downloads/

On-Site Training

All IDC Technologies Training Workshops are available on an on-site basis, presented at the venue of
your choice, saving delegates travel time and expenses, thus providing your company with even
greater savings.

For more information or a FREE detailed proposal contact Kevin Baker by e-mailing:
training@idc-online.com




IDC TECHNOLOGIES
Worldwide Offices

AUSTRALIA
Telephone: 1300 138 522 « Facsimile: 1300 138 533

West Coast Office
1031 Wellington Street, West Perth, WA 6005
PO Box 1093, West Perth, WA 6872

East Coast Office
PO Box 1750, North Sydney, NSW 2059

CANADA
Toll Free Telephone: 1800 324 4244 - Toll Free Facsimile: 1800 434 4045
Suite 402, 814 Richards Street, Vancouver, NC V6B 3A7

INDIA
Telephone : +91 444 208 9353
35 4th Street, Kumaran Colony, Vadapalani, Chennai 600026

IRELAND
Telephone : +353 1473 3190 « Facsimile: +353 1 473 3191
PO Box 8069, Shankill Co Dublin

MALAYSIA
Telephone: +60 3 5192 3800 « Facsimile: +60 3 5192 3801
26 Jalan Kota Raja E27/E, Hicom Town Center
Seksyen 27, 40400 Shah Alam, Selangor

NEW ZEALAND
Telephone: +64 9 263 4759 < Facsimile: +64 9 262 2304
Parkview Towers, 28 Davies Avenue, Manukau City
PO Box 76-142, Manukau City

POLAND
Telephone: +48 12 6304 746 « Facsimile: +48 12 6304 750
ul. Krakowska 50, 30-083 Balice, Krakow

SINGAPORE
Telephone: +65 6224 6298 « Facsimile: + 65 6224 7922
100 Eu Tong Sen Street, #04-11 Pearl’s Centre, Singapore 059812

SOUTH AFRICA
Telephone: +27 87 751 4294 or +27 79 629 5706 « Facsimile: +27 11 312 2150
68 Pretorius Street, President Park, Midrand
PO Box 389, Halfway House 1685

UNITED KINGDOM
Telephone: +44 20 8335 4014 - Facsimile: +44 20 8335 4120
Suite 18, Fitzroy House, Lynwood Drive, Worcester Park, Surrey KT4 7AT

UNITED STATES
Toll Free Telephone: 1800 324 4244 - Toll Free Facsimile: 1800 434 4045
7101 Highway 71 West #200, Austin TX 78735

Website: www.idc-online.com
Email: idc@idc-online.com




TECHNOLOGIES

Technology Training that Works

Presents

Gas Turbines:
Fundamentals, Maintenance,
Inspection and Troubleshooting

Revision 9

Website.: www.idc-online.com
E-mail: idc@idc-online.com



IDC Technologies Pty Ltd

PO Box 1093, West Perth, Western Australia 6872

Offices in Australia, New Zealand, Singapore, United Kingdom, Ireland, Malaysia, Poland, United States of
America, Canada, South Africa and India

Copyright © IDC Technologies 2012. All rights reserved.
First published 2009

All rights to this publication, associated software and workshop are reserved. No part of this publication
may be reproduced, stored in a retrieval system or transmitted in any form or by any means electronic,
mechanical, photocopying, recording or otherwise without the prior written permission of the publisher. All
enquiries should be made to the publisher at the address above.

Disclaimer

Whilst all reasonable care has been taken to ensure that the descriptions, opinions, programs, listings,
software and diagrams are accurate and workable, IDC Technologies do not accept any legal responsibility
or liability to any person, organization or other entity for any direct loss, consequential loss or damage,
however caused, that may be suffered as a result of the use of this publication or the associated workshop
and software.

In case of any uncertainty, we recommend that you contact IDC Technologies for clarification or assistance.
Trademarks

All logos and trademarks belong to, and are copyrighted to, their companies respectively.
Acknowledgements

IDC Technologies expresses its sincere thanks to all those engineers and technicians on our training
workshops who freely made available their expertise in preparing this manual.



Contents

Preface %
1 General Overview of Gas Turbines 1
1.1 Introduction 1
1.2 Frame type heavy-duty gas turbines 1
1.3 Industrial type gas turbines 3
1.4 Aircraft derivative gas turbines 4
1.5 Comparison between aircraft-derivative and industrial
heavy-duty turbines 5
1.6 Small and micro gas turbines 6
1.7 Aircraft gas turbines 7
1.8 Gas turbine components 8
2 Fundamental Gas Turbine Cycle Thermodynamics 19
2.1 Reversible cycles with ideal gases 19
2.2 Constant pressure or Brayton cycle 19
2.3 Ideal inter-cooled and reheat cycles 25
24 Actual gas turbine cycles 34
2.5 List of terms and symbols used 43
3 Gas Turbine Components 45
3.1 Compressors 45
3.2 Centrifugal compressors 45
3.3 Axial-flow compressors 52
3.4 Compressor theory 53
3.5 Compressor aerodynamics 54
3.6 Common problems affecting axial compressor operation
and performance 55
3.7 Air compressor performance characteristics 58
3.8 Combustors 63
3.9 Combustor performance and efficiency 67
3.10 Turbines 74
3.1 Fuel nozzles and igniters 84
3.12 Emission control 89



Materials of Construction 95
4.1 Introduction 95
4.2 General metallurgical behavior in gas turbines 95
4.3 Gas turbine blade materials 99
4.4 Blade manufacturing techniques 107
4.5 Future materials 108
Bearings and Seals 113
5.1 Bearing materials 113
5.2 Through hardened materials 113
5.3 Case hardened materials 114
54 Cage materials 114
5.5 Babbitts 114
5.6 Bearing design principles 115
5.7 Tilting-pad journal bearings 119
5.8 Design of thrust bearings 121
5.9 Seals 121
Lubrication System in Gas Turbines 131
6.1 Introduction 132
6.2 Oil reservoir 132
6.3 Pumps and oil jets 132
6.4 Lubrication oil filters 134
6.5 Oil coolers 135
6.6 Relief valves 135
6.7 Lubricant selection 135
6.8 Oil system cleaning and conditioning 136
6.9 Filter selection 137
6.10 Oil sampling and testing 137
Fuels and fuel supply systems 139
71 Introduction 139
7.2 Fuel specifications and fuel properties 139
7.3 Other important fuel properties 141
7.4 Fuel treatment 141
7.5 Economics of fuel selection 142
7.6 Gas fuels 142
7.7 Heavy fuels 143
7.8 Comparative fuel costs 144
7.9 Cleaning of turbine components 146
7.10 Fuel supply and control systems 146
7.11 Dual-fuel operation and operational flexibility 150
712 Integrated gasification combined cycle 152



Sound Suppression in Exhausts, Air Requirements and

Environmental Considerations 153
8.1 Noise from gas turbine engines 153
8.2 Aircraft sound suppression methods 154
8.3 Air requirements and environmental considerations 155
9 Auxiliary Systems 159
9.1 Starting systems 159
9.2 Fuel washing systems 164
9.3 Gears 165
9.4 Gear design and performance parameters 170
9.5 Couplings and shaft alignment 172
9.6 Shaft alignment 175
10 Performance and Mechanical Equipment Standards 181
10.1 Introduction 181
10.2 Performance standards 181
10.3 Mechanical standards 182
11 Control Systems and Instrumentation 185
11.1 Control systems 185
11.2 Startup and shutdown considerations 187
11.3 Control of the equipment during operation 193
11.4 Lifecycle costs 193
11.5 Condition monitoring systems and their implementation 195
11.6 Temperature, pressure and vibration measurement 198
11.7 Campbell diagram 201
11.8 Gas turbine performance measurement and calculations 202
11.9 Protection systems and alarms 206
11.10 Failure diagnostics 208
12 Installation Requirements, Operation and Maintenance 211
121 Installation requirements 211
12.2 Philosophy of maintenance 215
12.3 Maintenance techniques 218
12.4 Maintenance of critical gas turbine components 221
12.5 Maintenance planning and scheduling 222
12.6 Spares and inventory management 224
12.7 Maintenance tools 224
12.8 Inspection 225
12.9 Gas turbine overhaul and repair 228
12.10 Training 229
12.11 Training types 230
12.12 Typical problems 230



12.13 Health monitoring in gas turbines 232
12.14 Troubleshooting in gas turbines 236
12.15 General troubleshooting techniques for compressors,
combustors and turbines 239
12.16 Evaluation of the effectiveness of gas turbine maintenance 247
Bibliography 251
Appendices 253
Appendix A: Exercises 253
Appendix B: Exercise Answers 269
Appendix C: Revised Practical Sessions 275

Appendix D: Answers 279



Preface

Gas turbines are increasingly being used in power plants both in the utility and power sectors for their
compactness, tremendous energy producing capacity, inherent flexibility, operational reliability, high
performance and multiple fuel capability. The last few years have witnessed an exponential growth in
this field, especially technological advances that have resulted in the design and development of highly
efficient gas turbine units. Today, gas turbines have found wide acceptance in a variety of applications
ranging from the petrochemical industry to the sophisticated aircraft industry. With the continuing
focus on designing more and more efficient gas turbine engines, the potential for growth in this field is
unlimited.

Capabilities and constraints

In addition to possessing most of the qualities of other types of engines, gas turbines as prime
movers possess certain other distinct advantages, some of which are:

. Advantage of direct firing.

. Low ratio of weight to output power.

. Lack of heavy vibrations.

. Power output in the form of rotary motion.

. High performance and reliability arising out of the intrinsic simplicity of the basic turbine cycle.
. Absence of high operating pressures and unbalanced forces.

. Availability of turbine exhaust heat

. Multiple fuel application

. Lowest maintenance and capital costs among major prime movers.
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As a producer of shaft power, the turbine may be utilized in power generation, pumps and compressor
drives and many other applications requiring a dependable shaft power output. But it is specifically in
the fields of energy savings and lower manpower costs that the gas turbine excels. With heat recovery
from the exhaust and the production of shaft power output, recovery of 75% to 80% of the total fuel
input to the turbine is a real possibility. The low manpower requirements of a gas turbine unit is best
illustrated by the fact that most of the modern day turbines have their control function performed from a
remote location.

The most important advances made in gas turbine technology have originated from the aircraft industry.
This has revolutionized commercial air transportation. Along with its obvious advantage of greater
speed over the conventional piston type engine, the jet gas turbine engine has also posted a remarkable
record of dependability.

The profitable application of a gas turbine engine to a specific market, depends largely on the general
economic factors governing the market and also local influences such as manpower, fuel and electric
energy costs. Another area where the gas turbine has gained rapid acceptance is the field of electric
power generation. Many power generation gas turbines provide peaking power at remote locations
away from the base load condition. What makes them attractive for peaking service is their smaller
space requirement, low noise level and operational dependability when unattended. In nearly all
applications, the simple cycle gas turbine is normally chosen for peaking service on account of its lower
installed cost. Additionally, the extremely low load factor of a peaking station does not warrant the use
of heat recovery apparatus. However, in other electric power generation installations of a base load



character, it is a generally accepted practice to use a recuperative gas turbine type or some other type of
heat recovery device. Some other electric power generation installations use a combined gas and steam
turbine cycle where the hot gas turbine exhaust stream rich in oxygen, provides preheated combustion
air for the boilers generating steam for the turbine.

The efficiency of a gas turbine is governed to a large extent by two important factors, namely pressure
ratio and temperature. Developments in the recent past have resulted in pressure ratios of 35:1 and
turbine inlet temperatures as high as 1600°C (2912°F).This increase in pressure ratio no doubt
contributes to a substantial increase in gas turbine thermal efficiency, when accompanied by a
subsequent increase in turbine firing temperature. But increasing the pressure ratio beyond a certain
value, actually tends to lower the overall cycle efficiency in addition to reducing the operating range of
the compressor. This may result in the compressor becoming more intolerant to dirt build-up in the inlet
air filter and compressor blades and thereby creating large drops in cycle performance and efficiency. It
may sometimes lead to compressor surge, a flameout or even cause serious damage to the compressor
blades and components such as radial and thrust bearings of the turbine. Furthermore, the high inlet
temperature conditions have a disastrous effect on turbine blade life. Proper cooling must be provided
to achieve optimum blade cooling to temperatures below the onset of hot corrosion. The developments
in recent times of highly efficient turbine blade cooling techniques and also related developments in the
field of material and coating technology have led to minimizing the adverse effects of high temperature
on turbine blades.

Another offshoot of these high temperature conditions is the increase in the emission of toxic nitrogen
oxide emissions. Environmental considerations demand that the system’s impact on the environment be
within legal limits and this therefore needs to be carefully addressed. The development of new dry low
nitrogen oxide combustors have contributed to significantly reducing the nitrogen oxide output although
that has warranted a further increase in the number of fuel nozzles and the complexity of the control
algorithms.

For most power generation purposes the gas turbine unit is operated at a constant speed, as any
variation could cause major grid problems. Control over the load has to be exercised by controlling the
fuel input and therefore the turbine firing temperature and also the inlet guide vane position controlling
the air flow. The effect of this is to try and maintain the exhaust temperature from the gas turbine at a
relatively high value, especially in combined cycle or cogeneration plants. This is especially so, since
this gas is used in the heat recovery steam generator whose effectiveness is in turn dependent on this
temperature

The gas turbine engine has among the lowest capital and maintenance costs of any major power plant.
The design of gas turbines involves certain essential requirements such as:

e High system reliability and efficiency.

e Ease of installation and maintenance.

e Conformance to environmental standards.

¢ Flexibility with regard to meeting various service and fuel requirements.

e Incorporation of reliable control and auxiliary systems.

The two factors which have the maximum impact on turbine efficiency are pressure ratio and firing
temperature. The developments over the last few years have seen a dramatic increase in the pressure
ratio, accompanied by an increase in turbine firing temperatures. The increase in these parameters has
witnessed huge improvements in both the overall efficiency of the plant and the work output.
Significant improvements in turbine blade metallurgy and the incorporation of effective cooling
techniques have helped overcome the problems associated with the rising turbine firing temperatures.



Availability and reliability together constitute one of the most important parameters in the design of a
gas turbine plant. While availability refers to the percentage of time that a given plant is available in
order to generate power in a given period of time, reliability is the percentage of time between planned
overhauls.

Availability is given by A = (P-S-F) % 100 %
P

Where

P is the period of time normally assumed as one year and amounting to 8760 hours
S is the scheduled outage hours for planned maintenance and

F is the forced outage hours on account of breakdown and repair

Reliability is given by R = (P-F) x 100 %
P

Some important design considerations with regard to achieving a high availability and reliability factor
are blade and shaft stresses, blade loading, material integrity and the auxiliary and control systems.

Easy installation and serviceability are critical to the gas turbine design. The advantage with gas
turbine units is that they can be tested and packaged at the factory itself. Adoption of the modular
system of gas turbine design coupled with readily available monitoring and inspection ports at all
major points, especially the hot section, and easily serviceable parts such as split casings and
combustion cans have also contributed to the ease of service.

The unit is also designed such that of its operation must be within legal limits. Care must be taken to
ensure low emission of dangerous compounds such as nitrogen oxides, sulphur-dioxide, carbon-
monoxide and hydrocarbons. This problem has been largely alleviated by the use of catalytic and dry,
low-nitrogen oxide combustors.

Control systems control various critical operational parameters such as fuel supply, pressure,
temperature and vibration throughout the operating range of the plant. Unfortunately, they also
contribute a large deal to machine downtime, when they malfunction. Therefore proper attention
should be paid towards their design and also the design of auxiliary systems such as lubrication and
starting systems. Additionally the auxiliary systems mentioned must have backup systems for
emergency requirements.

Flexibility in design and operation is a must, especially when the turbine is operating under various
operating conditions. There is also a need for flexibility regarding the fuel type in the form of a turbine
unit with multiple fuel applications, as different turbine fuels may be in short supply at different times.

There are a number of variables that affect the ultimate design and choice of gas turbines. They are the
nature and type of application, location of the proposed plant and its size, the type of fuel proposed for
use, the planned operation mode and the startup techniques that are likely to be used. Although gas
turbines are used in a multitude of applications, the three major types are aircraft propulsion,
mechanical drives and power generation. The gas turbines used for aircraft propulsion are basically of
three types, the turbojet, the turbofan and the turboprop. The gas turbines used as mechanical drives
are used extensively for driving pumps and compressors in the petro-chemical industry and mostly
consist of aero-derivative turbines. The turbines used for power generation include small turbines of
less than 2 MW capacity, the medium ones with capacities between 5 and 50 MW, and the larger



power turbines in the range between 50 and 480 MW, operating at very high pressure ratios and firing
temperatures.

The location of the plant is another important determining factor for choosing the turbine type, for
example, aero-derivative engines being chosen for offshore applications, industrial turbines chosen for
petro-chemical applications and large frame type heavy duty turbines chosen for power generation.
The size of the plant is another important consideration in evaluating plant costs; the larger the size,
the less the initial cost per unit of power produced. Although the aircraft-derivative turbines have
traditionally been very efficient, recent developments have led to the design and development of newer
frame type turbines having higher efficiencies.

The proposed fuel to be used, the planned plant operation mode and the type of starting system are the
other important factors governing the selection of a gas turbine engine. As regards the fuel type,
natural gas when readily available is found to be most suitable for use as gas turbine fuel, because of
the low maintenance costs involved and its minimal effect on the environment. Most of the other fuels
have higher contamination levels. They require online washing to minimize the harmful effects of their
constituents on the turbine components. Plant operation mode refers to the type of load conditions the
gas turbine is used in — like base and peak loads. The startup of gas turbines is generally achieved by
the use of electric diesel or air motors and even by steam turbines.

This manual contains a detailed study of gas turbines beginning with a general overview of the various
turbine types. Then follows a separate chapter dedicated to the fundamentals of gas turbine
thermodynamics consisting of both the ideal and actual gas turbine cycles and concluding with a
discussion on compressor characteristics and the combustion process. This is followed by a discussion
on the design, function and operating principles of the different components like compressors,
combustors, turbines, igniters and fuel nozzles.

Considering their importance, a whole chapter is dedicated to the study of the materials of construction
and material trends with emphasis on present and future materials in addition to including a discussion
on coating technology. A detailed discussion is also included on the turbine bearings, seals and
couplings the design of which is critical to efficient turbine performance, followed by a study of the
lubrication and fuel systems. A detailed mention is also made of the air quality requirements and
environmental considerations along with the emission control measures and exhaust sound
suppression techniques. This is followed by a discussion on the auxiliary systems such as starting and
fuel washing systems.

The performance and mechanical standards governing gas turbine performance are dealt with
exclusively, with particular emphasis on ASME and API standards. Turbine control systems and
instrumentation which are vital to the efficient operation of the turbine and encompassing varied topics
like condition monitoring systems, estimation, measurement and actual calculations of turbine
performance parameters, life cycle costs and diagnostic systems are also discussed separately.

Last but not the least comes a comprehensive discussion on the various aspects governing gas turbine
operation and maintenance with particular emphasis on the different maintenance techniques, the
standard inspection, overhaul and repair procedures including a discussion on the latest inspection
techniques like borescopy. Topics like maintenance planning and scheduling, tools, training and
documentation are also exclusively dealt with, along with the typical problems encountered in gas
turbines. The discussion concludes with a general evaluation of the maintenance procedures that are
usually followed.
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1.1

1.2

General Overview of Gas Turbines

Introduction

Gas turbine engines are generally classified based on the type and nature of application, size and
location. This chapter contains a general overview of the different types of gas turbines in use, and
also a brief introduction to the various components comprising the gas turbine engine in addition to
discussing the concept of heat recovery in combined cycle gas turbine plants. Gas turbines in
general are broadly classified into five categories. They are:

e Frame type heavy-duty
Industrial type
Aircraft derivative
Small gas turbines
Micro-turbines

These categories of turbines are discussed in detail from the point of view of their design,
construction, principle of working and application.

Frame type heavy-duty gas turbines

Frame type heavy-duty gas turbines are high-efficiency machines finding widespread application as
prime movers in large power generation units. A majority of modern day heavy duty gas turbines
work on the combined gas turbine cycle, although earlier gas turbines of this type were designed
mainly as an extension of steam turbines. With the success encountered in achieving higher firing
temperatures in the range of 1426°C (2600°F), the efficiency levels of these categories of turbines
have been found to reach as much as 50%. A sectional view of a typical heavy duty gas turbine is
shown in Figure 1.1.
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Figure 1.1
Sectional view of a frame type gas turbine

Since space and weight restrictions are not considered that important in the design of these
turbines, they are large with distinct features like heavy wall casings, large diameter combustors,
thick-sectioned blades and large frontal areas. These turbines largely employ multistage axial-flow
compressors and turbines, with multiple can-annular combustors connected to each other by
crossover tubes. The cross-over tubes achieve flame propagation from one chamber to the other
and pressure equalization between each chamber. A common example of this type is the GE heavy
duty large gas turbine. However not all frame type turbines employ can-annular combustors. While
the older Siemens V type heavy duty turbines employed silo type combustors, the newer ones use
annular combustors with Hybrid Burner Ring. Certain designs also employ annular combustors
with sequential firing. Examples being Alstom GT 24, 26.

The multistage operation of the compressors is carried out in stages, varying between 15 and 17, in
order to achieve high overall pressure ratios in the range between 16:1 and 25:1. As the pressure
increase is carried out in many stages, there is a small pressure rise in each stage and therefore the
operation is highly stable. The compressor along with the generator is driven by the expander
section usually consisting of a 2-4 stage axial flow turbine. The compressor, turbine and combustor
types are discussed in the chapters to follow.

Although these units produce large noise levels, they are nowhere as high as that produced in
aircraft derivative turbines. Their large frontal areas reduce the air inlet velocity and thereby air
noise. The advantages with these turbines are their long life, high operating reliability, high
availability and high overall efficiency.

As mentioned earlier, the high efficiency levels achieved in these turbine types are partly due to the
high turbine inlet temperatures of around 1371°C (2500°F). Research is continuously on to push
this temperature up further to around 1649°C (3000°F), which would make these turbines even
more efficient.
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Industrial type gas turbines

Industrial Type gas turbines are medium range gas turbines and are quite similar in design to the
heavy duty gas turbines, but with reduced power outputs. They are largely used in petrochemical
plants and operate both on simple and combined cycles. A sectional view of a medium size
industrial type gas turbine is shown in Figure 1.2.
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Figure 1.2
Sectional view of a medium size industrial type gas turbine

These turbines usually employ multi-stage axial compressors that result in pressure ratios in the
range of 5:1 to 15:1. Can-annular type or silo combustors are normally used in these turbines.
These types are explained in detail in subsequent chapters.

The expander section of these turbines consists of a gas generator employing a 2 or 3 stage axial
turbine. The first stage nozzle guide vanes and blades will be air cooled. The power turbine will
comprise a one or two stage axial flow turbine. One major disadvantage with industrial turbines is
that they require relatively long warm up periods and perform best only when operated constantly
at base load.

The majority of industrial applications can be broadly categorized based on economic factors as:

e Applications using aero-derivative gas turbines used as industrial type gas
turbines. The running hours are relatively low, thereby rendering thermal
efficiency unimportant. They are used mainly in standby and emergency
installations. This area has witnessed significant developments in the recent past
with the emergence of the aircraft derivative gas turbines as industrial units
mainly on account of their fast startup, high power to weight ratio giving large
power outputs for short durations and low specific cost.
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e Base load applications involving non aero-derivative industrial gas turbines,
where fuel cost forms a negligible part of the overall operational cost thereby
rendering thermal efficiency unimportant. This is particularly applicable to oil
producing regions of the world where natural gas or crude oil is used as fuel. The
choice with regard to the selection of a gas turbine here rests on its ability to burn
the local fuel and its operational efficiency. Non aero-derivative gas turbines are
normally designed for base load applications because of their higher reliability.

e Applications in which the exhaust heat of a low efficiency engine is utilized to
increase the overall thermal efficiency. In the COGEN application, the gas
turbine provides a large heat source, with electricity generation being a secondary
objective. The economic viability of using these turbines depends upon the ratio
of the turbine fuel cost to the cost of other available heating fuels.

Efforts at designing high efficiency turbines of this type have proved successful as demonstrated by
the achieving of around 38% efficiency on the latest regenerative gas turbines which have largely
replaced the earlier turbines working on the simple cycle. The regenerators, whose working
principle will be discussed later, utilize the heat produced by exhaust gases to improve the turbine
efficiency. Being split shaft designed, these turbines exhibit high efficiency in part load operations.

Aircraft derivative gas turbines

Aircraft derivative turbines are largely employed in the power and petrochemical industries. For
power generation purposes, these turbines are used in the combined cycle mode, while in the case
of the petrochemical sector, they are usually used on off-shore platforms for gas-reinjection. They
are also used as power plants on account of their compact design and ease of repair. These turbines
also find wide applications as variable speed mechanical drives. These turbines have one enormous
advantage when compared with most heavy duty and industrial turbines in that they readily
perform peak duty operations, starting up and shutting down at frequent intervals. This is a very
important feature. The fact that they can be quickly removed and replaced in the event of failure, or
during overhauls, makes them an attractive proposition in a wide range of applications. A sectional
view of an aircraft derivative gas turbine engine is shown in Figure 1.3.
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Figure 1.3
Sectional view of an aircraft derivative gas turbine engine

The aero-derivative turbines consist of two basic components, the aircraft-derivative gas generator
and a power turbine. The gas generator is in most cases an aircraft derivative engine modified to
burn industrial fuels and is used to produce energy. The engine may be subjected to various
modifications in order to increase their suitability for use in a ground based environment. As
indicated in Figure 1.3, axial flow compressors provided in these turbines generally comprise of
two sections, a low pressure and a high pressure compressor which are in turn respectively driven
by a low pressure and high pressure turbine.
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As the name suggests, the aircraft derivative turbines are those turbine types which originate from
aircraft engines that have in turn been modified for adoption in power generation units. This is
usually accomplished by removing the by-pass fans in aircraft engines and adding a power turbine
at their exhaust. This modification results in efficiency levels ranging between 35-45%. One
important point to be noted is that the power turbine in aero-derivative gas turbines is a separate
entity which is not mechanically coupled, the only connection being via an aerodynamic coupling.
This power turbine operates at speeds independent of the gas generator turbine and is in most cases
is supplied by a different manufacturer.

The installation costs incurred on these gas turbines is considerably less because of their compact
size and reduced weight. The aero-derivative part of these turbines can be easily replaced. This is
very advantageous especially during times of overhaul and maintenance. Since the auxiliary and
monitoring systems in these turbines are not complex, remote controlling and monitoring of the
turbine operations is possible. Also, since the power turbine temperatures in these units are lower,
they do not normally encounter the sort of problems that are usually associated with aero engines.

Comparison between aircraft-derivative and industrial heavy-duty
turbines

1. Aircraft-derivative gas turbines have favorable installation costs, higher power to weight ratio
and lower specific costs when compared with industrial heavy duty turbines.

2. Aircraft-derivative turbines give larger power outputs than industrial turbines for short time
durations.

3. The starter power and torque requirement for industrial turbines is greater when compared with
the aero-derivative type.

4. Aero-derivative types have faster startup as compared to the industrial type.

5. Industrial heavy duty gas turbines have higher operational reliability and efficiency than aero-
derivative gas turbines.

6. Aero-derivative types have higher noise levels as compared to industrial turbines.

7. Aero-derivative turbines can perform peak duty operations and can startup and shutdown at
frequent intervals, whereas the industrial turbines give optimum performance only at constant
base load operation.

8. Industrial heavy duty type turbines are suitable for constant speed applications such as
generator drives and pump/compressor drives whereas the speed flexibility of the aero-
derivative type makes it possible for it to meet or exceed load-speed requirements of all types of
driven equipment including variable speed drives.

9. Industrial turbines have longer life and are more rugged in design and construction when
compared with the aircraft- derivative type.

10. Industrial type turbines are more suitable for use in continuous duty applications where there is
a large power requirement demanding longer endurance life and having no size restriction.

11. The auxiliary and monitoring systems in aero-derivative turbines are not as complex as in
industrial heavy duty turbines and therefore remote monitoring and control is relatively easy.

12. Maintenance and overhaul is easier in aircraft-derivative turbines as compared to the industrial

type.

13. Lower inlet temperature conditions in aircraft-derivative turbines result in fewer problems when
compared with industrial turbines.
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1.6

Small and micro gas turbines

Small gas turbines usually generate less than 5 MW of power. Their design is normally modeled on
larger industrial turbines and in the simplest form, consists of a single stage centrifugal compressor
with a single silo combustor and a radial-inflow turbine. They are rugged and simple in
construction and this ensures long periods of trouble free operation in most cases. Although the
efficiency levels of these turbines are much lower on account of the reduced efficiency levels of
their components and limitations with regard to the turbine inlet temperature, it is possible to obtain
higher thermal efficiencies of these turbines by utilizing the exhaust gas heat.

Figure 1.4a shows a small turbine unit with a centrifugal compressor and a radial inflow turbine.

The compressed air from the compressor flows into the silo combustion chamber from where a
portion enters the combustor head, to mix with the fuel for combustion, while the remaining air
passes through the combustor walls to mix with the hot gases. An even temperature distribution is
attained in the hot gases by efficient atomization of fuel and controlled mixing. The hot gases are
allowed to expand in the turbine, to impart rotational energy used for driving the external load and
other auxiliary systems.

Small turbines can also be derived from aircraft. These are similar to the aircraft derivative turbines
already discussed and with the same principles of design and operation, but smaller in size.

Another example shown below (Figure 1.4b) is that of a small aircaft gas turbine engine with both
an axial and centrifugal compressor.

Combustor

-

\

\

Centrifugal Compressor Radial Inflow Turbine

Figure 1.4a
Sectional view of a small land based turbine unit with a centrifugal compressor and a radial inflow turbine
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Figure 1.4b
View of a small gas turbine with a final stage centrifugal compressor.

Micro turbines

These turbines are so called because of the fact that they generate very little power, usually 350 kW
and less and are comparatively small in size. They find application in base load and co-generative
(COGEN) units and are powered either by natural gas or diesel fuel.

The micro turbines usually consist of radial flow turbines and compressors and are in most cases
provided with regenerators to obtain high thermal efficiencies. Their relative advantages in the
form of compactness, low manufacturing cost, and quietness in operation, quick start-ups and
minimal emissions make them ideal candidates for industrial applications of the future (in the form
of distributed power systems).

Aircraft gas turbines

Aircraft gas turbines are designed for greater performance, reliability and flexibility in operation
and use the most sophisticated and modern technology that has evolved over the years. Thrust to
weight ratio is the most critical aspect in the design of these gas turbines and considerable success
has been achieved in recent times with the development of high-aspect ratio blades and maximum
work output per unit mass flow. Although different types of gas turbine engines are used for
propelling aircraft, they are basically categorized as:

e Turbojet

e Turbofan and

e Turboprop engines

The turbojet engine consists of a gas generator section and a thrust section. In the gas generator
section, the high pressure, high temperature gas is produced, while in the thrust section, engine
thrust is provided by a nozzle. The propulsion efficiency in these engines is quite low on account of
the high velocity of the exiting gases. Jet engines have been in the forefront in achieving higher
firing temperatures and pressure ratios in the range of 1371°C to 1649°C (2500°F to 3000°F) and
40: 1 respectively.

To achieve higher propulsion efficiencies additional air must be compressed. More power has to be
extracted in the turbine, without increasing the work done to drive the compressor. This results in
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no increase in the amount of fuel supplied to the engine. This is essentially the working principle in
turbofan engines, where the propulsion efficiency is increased by reducing the overall exit velocity.

The turbofan engine is therefore a modified turbojet engine where the first compressor stages are
replaced by fans. The added turbine capability needed to drive the fan and the compressor is largely
dependent on the fan pressure ratio and the amount of air bypassing the turbojet. The specific fuel
consumption in these engines is lower on account that this added thrust does not require any
increase in fuel flow.

In a turboprop engine, the propulsion is achieved by a combination of an external propeller and the
thrust obtained by the exit of the exhaust gases from the turbine. This is also essentially a
modification of the turbojet engine, in which an additional turbine is provided to drive the
propeller, through a reducing gear mechanism. This engine therefore combines the advantages of
both the turbojet and the propeller in order to achieve higher propulsion efficiency.

Gas turbine components

Introduction

A gas turbine unit consists of various components like the compressor for delivering pressurized air
to the combustion chamber or combustors where the actual combustion occurs, the expander
section comprising the turbine where the exhaust gases are expanded to do work, the regenerators
which utilize the heat generated by the exhaust gases to improve turbine efficiency, exhaust
nozzles, igniters and fuel atomizers. A brief introduction to the important turbine components is
given below; to be followed by a detailed discussion in subsequent chapters.

Compressors

A compressor is a device which pressurizes a gas. It is a critical component of the gas turbine plant
since it consumes a large percentage of the turbine energy and plays a significant role in
determining the overall performance and efficiency of the unit. Compressors are categorized, by
their principle of operation and the mass flow and pressure requirements.

Positive displacement compressors

Positive displacement compressors are not continuous flow devices and are therefore not used for
compressing the air in gas turbines. They are normally used for high pressure and low flow
applications.

Centrifugal compressors

Centrifugal compressors are continuous flow devices and are therefore widely used in gas turbine
applications requiring medium pressure and flow. They possess the relative advantages of smooth
operation, higher tolerance to process fluctuations and higher operational reliability.

A majority of the centrifugal compressors in use (such as those in small turbines), produce pressure
ratios in the range of 1.2:1 to 4.5:1 in a single stage. A typical centrifugal compressor stage consists
of an impeller or rotor and a diffuser. At the entrance to the impeller is the inducer where the fluid
enters. The inducer inlet is sometimes provided with inlet guide vanes for imparting circumferential
velocity to the fluid. The fluid is then forced through the impeller by the rotating blades and the
resulting action ensures that the velocity of the fluid is partially converted into pressure energy. The
fluid is then directed towards the diffuser which consists of vanes designed tangential to the
impeller and it is here that most of the velocity of the fluid is converted to pressure energy by the
diverging vane passages. The fluid coming out of the diffuser exit enters a scroll or collector.

Some of the advantages of centrifugal compressors are:
e They are very durable
e They are less prone to damage by foreign objects
e They are cheaper to manufacture and have low maintenance requirements
e They are less sensitive to fouling
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Some of the disadvantages of these compressors are:

e They have very large diameters when compared to other compressors
e  With reduction in size, they become less efficient

e They experience loss in efficiency with increase in pressure ratio

e Pressure ratios in these compressors rarely exceed 4.5: 1

Axial-flow compressors

Axial flow compressors are also continuous flow devices and are therefore extensively used in gas
turbines for high flow applications. These are invariably multi-stage devices achieving pressure
ratios as high as 40: 1, through a series of small increases in each stage, resulting in very high
efficiency levels.

The working fluid in axial flow compressors is compressed by initially accelerating the fluid in a
row of rotating blades and then diffusing it with a row of stationary blades (stators). Thereby
converting the velocity increase obtained by the action of the rotating blades to a pressure increase.
A stage therefore comprises a rotor and a stator. These compressors usually incorporate an
additional row of stator blades called inlet guide vanes that makes the fluid enter the first stage
rotors at the desired angle. The IGVs are sometimes adjustable to match mass flow to power
required from the engine.

The advantages with using these compressors are:
e They are most suitable for multi-staging operations
e They give higher efficiencies at high pressure ratios
e Higher mass flow with smaller frontal areas.

Some of the disadvantages associated with axial flow compressors are:

e Their efficiency decreases with reduction in engine size on account of the high
percentage of blade-tip leakage in smaller compressors.

e Narrow range of stable operation between surging and choking limits makes part
load operations difficult.

Combustors

Air leaving the compressor enters the combustor through the diffuser zone. The diffuser zone acts
as a transition zone between the compressor discharge and the combustor inlet. Here the
compressor discharge air is diffused such that its velocity reduces. This is done in order to
minimize pressure loss which in turn is a function of the squared velocity.

A combustor in a gas turbine is where the actual combustion takes place. There is an almost
complete burning of the fuel in combination with 1/3™ or less of the compressor discharge air.
These high temperature exhaust gases are then completely mixed with the remaining air to arrive at
a suitable turbine inlet temperature.

Design of a good combustor should achieve the following:

e Ensure stable and efficient operation over a wide operating range

e Ensure uniform temperature distribution for greater efficiency in operation

e A near complete release of chemical energy in the space provided for efficient
combustion

e Pressure drop across the combustor should be minimal

e High combustion efficiency giving greater reliability in operation and low
emission levels

All combustion chambers irrespective of their design features consist of three distinct zones as
shown in Figure 1.5.
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Figure 1.5
A typical combustor can with straight through flow

These three zones are:

AN

e A recirculation zone where the fuel is partially burnt and evaporated, in order to
prepare it for full combustion in the burning zone. This zone of the combustor
where the fuel is injected and ignition occurs. The fuel injection should be done
in such a manner that a uniform distribution of the fuel-air mixture takes place.
The air velocity in this zone should be kept below the flame velocity, to ensure
that the flame is not carried out of the combustor. The fuel should be injected in a
highly atomized condition at high velocity to ensure complete and efficient

combustion.

e A burning zone where the fuel is completely burnt to form products of

combustion and

e A dilution zone where the products of combustion in the form of the hot burnt
gases are mixed with the morning air, in order to attain a suitable turbine inlet

temperature.

Normally combustion temperatures range from 1871°C to 1927°C (3400°F to 3500°F). The
combustor efficiency is largely determined by the effectiveness and completeness of the
combustion procedure, the pressure decrease across the chamber and the uniform distribution of

outlet temperature.

Types of combustor arrangements

Combustion chambers can be arranged as follows:

Can type combustion chambers

A sectional view of a simple can type combustor arrangement is shown in Figure 1.6.
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Can type combustion chambers

The can type combustors extensively used in various industrial applications are made up of a
number of small diameter units. They are called cans with their individual liners and casing. They
are arranged concentrically about the turbine axis. These combustors are reliable and give high
combustion efficiencies. They are also easy to maintain, as the individual cans may be separately
inspected, removed or replaced. They also possess excellent structural strength without excessive
weight and can be operated for long periods without maintenance.

One of the major disadvantages associated with these combustion chambers are their unusually
large size due to the inefficient use of cross-sectional area by the individual can. There is also a
tendency in these combustors for hot spot formation, because of inadequate mixing of dilution air
with the burnt gases. Additionally, the use of separate small chambers with their narrow inlet and
exit ducts, results in appreciable pressure loss in the chambers.

Annular type combustion chambers

The annular type combustion chamber is theoretically the most suitable combustor from the point
of view of simplicity in design, space saving and reduced pressure losses. They are extensively
used in aircraft applications, where small frontal area is important. Figure 1.7 shows the
arrangement in an annular type combustion chamber.

— CASING
———. LINERS
x FUEL INLET

Figure 1.7
Annular combustion chamber
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The annular combustion chamber in its simplest form is essentially a single chamber made up of
concentric cylinders mounted co-axially about the engine axis. The outside radius of this combustor
is the same as the compressor casing and overall design is such that, the available space is used
effectively.

These combustors are used extensively in high temperature applications on account of the fact that
their smaller surface areas require less cooling air. They also provide a near uniform gas mixture at
the turbine nozzle inlet with very low pressure drop and therefore give high overall efficiencies.

The major disadvantage with this combustor (from the maintenance point of view) is that the entire
combustion chamber must be removed for inspection and repairs. These combustion chambers also
have warping tendencies and are structurally weaker.

Can-annular type combustion chambers

The can annular type combustion chamber is an improvement on the can type and is used in a
number of gas turbine engines. This combustor consists of individual cans placed inside a
cylindrical chamber. The cans are usually joined by flame tubes which are used to propagate the
flame. The sectional view of a can-annular type combustor arrangement is shown in Figure 1.8.

‘ ‘ ———. LINERS
x FUEL INLET

Figure 1.8

Can-annular type of arrangement

The advantage with this combustor is that it makes good use of the available space, unlike the can
type. Additionally a good amount of control can be exercised over the flow of fuel and air, because
the individual cylinders receive air through a common annular housing. The can-annular type
combustors possess greater structural stability, give less pressure loss and utilize the cross-sectional
area better, when compared with the can type. The temperature distribution at the turbine nozzle
inlet is even and this reduces the possibility of formation of hot spots. The design and arrangement
of these combustion chambers, like the can type, facilitates easy maintenance. Most importantly,
the combustion process is also even, as each can has its own nozzle and separate small combustion
zone.

This combustion chamber is not suitable for use in high temperature applications because of the
reduced availability of air for cooling.

‘Silo’ type cylindrical combustors are widely used by industrial engines. There may be more than
one per engine. They are internally lined with metallic tiles. They can be vertically or horizontally
mounted.
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Silo type combustion chambers

Silo type cylindrical combustors are widely used by industrial engines. There may be more than
one per engine. They are internally lined with metallic tiles. They can be vertically or horizontally
mounted.

Regenerators

Regenerators are usually employed in gas turbines to increase the cycle efficiency. They utilize the
heat generated by the exhaust gases, which is otherwise wasted by transferring it to the combustor
incoming air, resulting in reduced fuel consumption.

A schematic of a typical regenerator unit used in gas turbines is shown in Figure 1.9 below. Air
entering the regenerator air inlet absorbs heat from the hot exhaust gases before leaving via the air
outlet to enter the combustor. By utilizing the concept of regeneration in gas turbines, a reduction
in fuel consumed to the tune of almost 30 % can be achieved. The example shown in Figure 1.9 is
widely used in industrial applications.
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Figure 1.9
Plate fin type regenerator

Turbines

The expander section of gas turbines can be one of two basic types. They are:
e The axial-flow turbine and
e The radial-inflow turbine

Of these two turbine types, axial-flow turbines are the most efficient.

Radial-inflow turbine

The radial-inflow turbine is basically a centrifugal compressor with reversed flow and opposite
direction of rotation. There are two types of radial-inflow turbines:

e The Cantilever type and

e The Mixed-flow type.
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The cantilever type is similar in design to the axial-flow turbine, but with radial blading. This type
is not very popular because of the difficulties associated with its design and manufacturing.

The mixed-flow radial turbine is the most widely used and is identical in design to a centrifugal
compressor, except for the fact that the components in this turbine serve a different purpose.

This turbine consists of an impeller or rotor around which nozzle blades are fitted. These blades
direct the fluid flow inwards. Acceleration in flow takes place when the fluid flows through these
blades. The exit section of the blading is known as the exducer. The exducer is curved in order to
remove some of the tangential velocity force at the outlet. The outlet diffuser provided in the
turbine, converts the high velocity fluid flow from the exducer into static pressure energy.

Like radial flow compressors, the work produced by a single stage in a radial-flow turbine is
equivalent to that of two or more stages in an axial turbine. Its lower initial costs are an added
advantage. Widespread use of these turbines is made in turbochargers of internal combustion
engines, as an expander in environmental control systems and as standby generating units.

Axial-flow turbine

Axial-flow turbines are the most widely used in gas turbine units. They are highly efficient in most
operational ranges. The flow in these turbines is in the axial direction, both at the entrance and exit
sections. Like their compressor counterparts, they usually consist of more than one stage. There are
two types of axial-flow turbines:

e The Impulse and

e The Reaction

In the Impulse type axial-flow turbine, the fluid enters the rotor at very high velocity, because the
entire enthalpy drop takes place in the nozzle, whereas in the case of reaction turbines, the enthalpy
drop is divided between the nozzle and the rotor.

The various concepts associated with the design, function and operating principles of the
components described above, are discussed in detail under ‘Gas Turbine Components’.

Heat recovery steam generators (HRSG)

One method of heat recovery in gas turbines utilizes the turbine exhaust gases for generating steam
in power plants operating on the combined cycle. This is a combination of the gas turbine and a
steam turbine. This combined cycle finds extensive application in modern power plants because of
the following advantages:
e High thermal efficiencies at smaller unit sizes.
Reduction in cooling requirements because cooling is required to be carried out only on
the steam turbine portion of the cycle. The plant can be extended in stages, meaning an
initial simple cycle gas turbine plant can be upgraded at a later stage by the addition of
a steam turbine, to form the combined cycle power plant.
e High operational stability and performance at different ranges of operation.
The gas turbine in a combined cycle plant exhausts into the Heat Recovery Steam
Generator (HRSG). The HRSG transfers the heat energy to water to produce steam.
e There are various configurations of HRSG units. These are:
o The unfired HRSG unit, where no additional energy is added to the gas
turbine exhaust gases between the gas turbine exit and the inlet to the HRSG.
o and
o The supplementary fired HRSG unit, where additional fuel is supplied
between the gas turbine exhaust and the HRSG boiler.

Figure 1.10 shows a typical combined cycle plant with an unfired heat recovery steam generator.
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Figure 1.10
Heat recovery without supplementary firing

The HRSG unit usually consists of a de-aerator, a pre-heater or economizer, an evaporator and a
superheater, which may be of the single-stage or multi-stage type. The function of the de-aerator is
to remove the gases from the water or steam. Without de-aeration, the oxygen content in the water
or steam can cause severe corrosion related problems. The de-aerator is quite simple in design and
is nothing but a heater onto which the condensate is sprayed and heated, in order to release the
gases that are absorbed by water or steam.

The economizer in the HRSG heats the water to a temperature close to its saturation point. Care
should be taken to ensure proper design of the economizer so that it doesn’t generate steam which
can lead to blocking the flow. This may be prevented by keeping the water at the outlet in a slightly
sub-saturated state. Steam formation in the economizer can also be prevented, by maintaining high
pressure with the help of a feed water control valve installed downstream of the economizer. The
difference between the water temperature at the economizer exit and the saturation temperature is
called approach temperature and is maintained as small as possible in the range between —12°C and
—6°C. The water exits from the economizer in the form of a saturated liquid. The minimum
temperature difference which occurs at this point between the gas stream and the water stream is
known as the pinch point which is usually in the range between —1.1°C and 10°C. Lower pinch
points result in greater heat recovery i.e. the amount of energy transferred from the exhaust gases to
the water can be increased by bringing down the pinch point temperature. This requires larger heat
exchanger surface areas for which cost factors come into play. Excessively lower values of pinch
points can also mean insufficient steam generation, especially if the exhaust gas is low in energy.

In the evaporator, conversion of water from the saturated liquid state to the saturated vapor state
takes place. This saturated vapor is finally superheated in the superheater before entry into the
steam turbine section.

In a combined cycle plant, about 60% of the power requirement is met by the gas turbine, while
around 40% is met by the steam turbine. The thermal efficiencies of the combined cycles with heat
recovery can be as high as 60%, although the individual thermal efficiencies of the gas and steam
turbine units are between 30-40%. The improved efficiency levels attained by the introduction of
the concept of heat recovery in combined cycles are obvious.

As discussed earlier, combined cycle plants with supplementary firing have additional heat
supplied between the gas turbine exhaust and the HRSG inlet as shown in Figure 1.11.
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Figure 1.11
Heat recovery with supplementary firing

The typical HRSG inlet temperatures in these units are usually in the range of 427°C—-815°C (800-
1500°F).

Supplementary firing enables the system to track demand i.e. produce more steam as the load
swings upwards. This is not possible in unfired combined cycle units.

The other advantage with supplementary fired units is that the gas turbine can be made to handle
base load requirements, while the higher load swings are taken care of by the supplementary firing.
This also results in higher HRSG inlet temperatures allowing for a significant reduction in heat
transfer area and thereby the cost. The other advantages of supplementary firing in combined cycle
plants are

e Itresults in an increase in the total combined output of the cycle

e It helps control the HRSG inlet temperature which in turn influences the gas

temperature and air flow rate at the gas turbine exit

Adequate care should be taken in the design and construction of combined cycle supplementary
fired systems, (like using special alloy material for the evaporator and the superheater) in order to
withstand higher temperatures, ensuring sufficient length of the inlet duct for complete combustion,
avoiding direct flame contact on the heat transfer surfaces and increasing the insulation thickness
on the duct section.

In natural circulation HRSGs, the circulation of the steam-water mixture through the evaporator is
due to convection.

Forced circulation HRSGs use a re-circulating pump for circulating the steam-water mixture
through the evaporator tubes. This forced method of circulation allows the use of smaller sized
tubes with increased heat transfer coefficients although a pump for this purpose will increase the
load of auxiliaries.

While natural circulation HRSGs are normally of the horizontal flow type, forced circulation
HRSG’s normally have a vertical exhaust flow arrangement. This may not always be the case and
may vary according to manufacturer specification and design.

Drum Type HRSG and Once Through Steam Generator (OTSG)
The most commonly used heat recovery system in combined cycle plants is the drum type HRSG
with forced circulation. These are vertical type heat recovery generators having vertical gas flow
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with the drums being supported by steel structures provided in the unit. Drum type HRSG’s can be
of both the natural or forced circulation type.

The Once through Steam Generator or OTSG is another type of HRSG that is finding increasing
acceptance in combined cycle plants. These units have the advantage of simple design, can be
installed in a much shorter time and are cost effective. They basically differ from the other HRSGs
in that they do not have defined economizer, evaporator and super-heated sections. Also the drums
and the circulation pumps are totally dispensed with. The OTSG instead simply consists of a tube
where the water enters from one end, absorbs heat during the course of flow through the tube and
exits as steam from the other end. OTSGs are often applied for supercritical steam conditions.

The multi-pressure steam generator is the other HRSG variant which is being increasingly used.
The restriction in the amount of heat recovered in single pressure steam generators on account of
their inability to reduce the exhaust gas temperature below the steam saturation temperature, is a
serious impediment which can be overcome by using multi-pressure steam generators. Here steam
is supplied to the steam turbines at different pressures resulting in greater thermal efficiencies and
better heat energy utilization of the exhaust gases.

Combined cycle for power generation

By virtue of their high efficiency levels of around 55%, combined cycle plants are the obvious
choice for power applications. They exhibit rapid starting and acceleration characteristics and
thereby allow full power output to be reached quickly and can be used for both base and peaking
loads. In fact, new gas turbines in the combined cycle mode are being selected in preference to
steam turbines as base load providers of electric power.

As already discussed, combined cycles range from the simple single-pressure cycle where the
steam is generated at only one pressure to multi-pressure cycles where steam is generated at
different levels. One important consideration in a combined cycle power generation plant is
whether the unit is to be a separate system or is to be connected to a larger existing system. While a
separate system will maintain its own frequency control, the latter will have the frequency
controlled by the main system.

In the combined cycle power plant used for power generation, the gas turbine is to be operated at
constant speed since any variations in speed could cause major problems. The load here is
controlled by modulating the fuel input which is in turn a function of the turbine firing temperature
and inlet guide vane position. The gas turbine exhaust temperature must be held relatively high
because the effectiveness of heat recovery is dependent on maintaining this temperature.

Combined cycle power generation plants can be either of the single or the two-shaft configuration.
In the single-shaft arrangement, the steam turbine, gas turbine and the generator are provided on a
single shaft, while in the case of the two-shaft arrangement, the steam and gas turbines have
separate shafts. Nowadays, all large base load combined cycle power plants are of the single-shaft
configuration. Gas turbines in combined cycle power plants can also be categorized as hot or cold
end drive application types.
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