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Industrial gas turbines



Foreword

Improving gas turbine performance involves the bringing together and
optimisation of the disciplines and skills required to achieve an operationally
competitive gas turbine engine. Certainly, the design and performance of
individual engine components, such as the compressors, combustors and
turbine, could alone present an engineer with a worthwhile career. It is,
however, the overall performance of the gas turbine that the customer actually
purchases. The optimisation process involves many uncertainties and a proper
understanding of these, together with the established facts and the method of
handling this information, is required to permit manufacturers to develop their
engines successfully and allow operators to operate the machines to their best
advantage. This is particularly true in the de-regulated market in which many
operate today and which others will be joining in the near future.

Although there are many very remarkable books on industrial gas turbine
performance and engineering, this book offers something different through
a combined approach to the theory of gas turbines, their performance, and
the use of gas turbine simulators. Simulators form an analysis method which
can be used to bring together the many disciplines involved and which
provides a way of assessing the impact of uncertainties. The combination of
the book with the example simulators provides an added dimension to the
product and this seems to conform to what many educational and training
experts in this field have been demanding for some time. The book/simulator
combination provides a useful reference text for students and practising
engineers in both gas turbine manufacturing and operations.

The book initially covers the theory of gas turbine performance from a
design and off-design point of view, including transient analysis, and gives
much detail on these two very important aspects of engine performance. The
latter part of the book revisits the earlier chapters, using the simulators to
highlight in detail the issues facing industrial gas turbines in the real world.
The simulators are effectively virtual engines with respect to performance,
deterioration, emissions, control, and life usage. There is also a useful life
cycle calculation module. This provides a clear view of the operability of the
gas turbine under different conditions.
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The book includes numerous simulation exercises. These exercises are
not restrictively academic but include much of the author’s experience, gained
from an operator’s viewpoint. Unlike numerical exercises, which give a
somewhat narrow understanding of the problem, simulation exercises provide
a holistic view of performance, which students, manufacturers and operators
will find invaluable.

Robin Elder, BSc, PhD, C Eng, FIMechE
Director, PCA Engineers Limited



Preface

The use of industrial gas turbines is widespread in many industries that require
power. The power is used to generate electricity or drive equipment such as
pumps and process compressors. Gas turbines are also used extensively in
naval propulsion and in this case are often referred to as naval gas turbines. In
any of these applications, the performance of the gas turbines is the end product
that strongly influences the profitability of the business that employs them.
Industrial gas turbines often have to operate for prolonged periods at conditions
that do not correspond to their design conditions. Therefore, understanding the
performance of gas turbines at such operating conditions is particularly
important, especially in a deregulated market.

Other factors in addition to the performance of gas turbines affect their
operability. These factors include emissions, deterioration, life usage and
controls. For example, legislation may result in emissions being too high and
the means to control them could affect the engine performance and thus revenue.
Gas turbine performance deterioration is inevitable. This could be due to
compressor fouling, which can be easily rectified by compressor washing, or
to more serious damage to compressors or turbines. Therefore, an understanding
of performance deterioration is now paramount. Various engine operating limits
are imposed by manufacturers and correspond to the exhaust gas turbine limit,
speed and power. These are necessary to achieve suitable engine life, namely
turbine creep life. It is the responsibility of the engine control system to ensure
that such operating limits are not exceeded. Furthermore, it is also the job of
the control system to ensure that any engine load changes occur safely.

Improving the understanding of the above issues has provided the impetus
to write this book. The book begins with a brief revision of engineering
thermodynamics before considering the design point performance of gas
turbines, including both simple and complex cycles. The performance of gas
turbine components (compressors, combustors and turbines) is also discussed.
Means to improve dry low-emission combustion systems are included. The
prediction and modelling of the off-design performance of gas turbines is
discussed, including the modelling of complex cycles which employ
intercooling, reheat and regeneration. The impact and detection of performance
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deterioration and the importance of such detection and rectification are also
discussed. Control system performance, including the prediction of the transient
performance of gas turbines, is considered. Furthermore, the application of
control systems to improve the performance of dry low-emission combustion
systems by the use of variable geometry components is discussed.

The CD accompanying the book contains two gas turbine simulators, which
correspond to single-shaft and two-shaft engines. These two engine
configurations cover the vast majority of industrial gas turbines operating in
the field. Much of the text describing the performance and operability of
industrial gas turbines can be illustrated and enlivened by the use of these gas
turbine simulators. The simulators are used extensively in Parts II and III to:

(1) simulate the effects of ambient temperature, pressure and humidity on
performance, turbine creep life and emissions, including the impact of
inlet and exhaust losses;

(2)  simulate the effects of engine deterioration on performance, creep life
and emissions;

(3) simulate the impact of power augmentation and enhancement using
turbine inlet cooling, peak rating, water injection and optimisation on
performance, creep life and emissions;

(4) simulate control system performance on engine operability including
proportional off-set, integral wind-up and engine trips;

(5)  simulate the effect of a change in fuel type (e.g. natural gas or diesel) on
performance and emissions.

There are nearly 50 simulation exercises included using each simulator.
Exercises using simulators give a holistic view of engine performance and
operability which numerical exercises fail to achieve. Nevertheless, numerical
exercises are essential to augment the understanding of engine performance
and some worked examples are given.

The simulators include other useful features and can show:

(1) impact on life cycle costs, revenue and profitability (including the impact
of emissions taxes such as CO, and NO, on life cycle costs and, thus,
profitability);

(2) output from the turbine inlet cooling simulation which can be used to
evaluate the suitability of turbine inlet cooling for any gas turbine for a
particular site;

(3)  trends for many engine parameters, including key parameters such as
EGT and speeds that protect the engine from damage;

(4) compressor characteristics and the operating point during engine
transients;

(5) Dbar charts;

(6) simulated data that can be exported to other computer packages (e.g.
Microsoft Excel spreadsheets).
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Note about the CD-ROM accompanying
this book

As stated in the Preface, this CD-ROM includes software simulating the
operation of a single-shaft gas turbine and a two-shaft gas turbine. The
simulators are built on the engine modelling concepts discussed in the book
and should be used to repeat the simulation discussion in Parts IT and III and to
perform the exercises in Chapter 21.

e Minimum system requirements
This CD-ROM is intended for use with Windows-compatible computers. You
will require an internet connection for registration (see below).

Please note that, as part of the registration process, you will need to make a
note of the Disk ID Number. This can be found on the front of the plastic
wallet containing the CD-ROM. We suggest you make a note of this number
now. You need take no further steps in the registration process until you install
the CD-ROM.

e Software requirements
Adobe® Reader®

¢ Installation instructions

Insert the CD-ROM into the CD-ROM drive. The CD-ROM should auto-run.
If the CD-ROM does not auto-run, open Microsoft Internet Explorer® on your
computer and open the file index.html. If you continue to experience difficulties,
please contact Gas Path Analysis Ltd for help (e-mail: support@gpal.co.uk)

e Registration process

Once you have inserted the CD-ROM and want to install the simulator software,
you will need to go through a registration process to ensure uninterrupted use
of the software. The registration process is designed to prevent unauthorised
copying and distribution of the software. The CD-ROM contains an installation
guide which will take you through the relevant steps.



CD-ROM: copyright information and
terms of use

The CD-ROM which accompanies this book is © 2007 Gas Path Analysis Ltd.
All rights are reserved. Use of the CD-ROM is governed by the terms of the
software licence agreement which follows. The licence grants licensees a non-
exclusive, non-transferable, single-user licence. The licensed software may be
installed on only one computer at a time. Installation of the software on two or
more computers requires the purchase of additional licences from Gas Path
Analysis Ltd. Loading the CD-ROM implies you agree to the terms of the
software licence agreement. You will be asked to confirm your agreement to
the terms of the licence as part of the installation process for the CD-ROM.

Gas Path Analysis Ltd (GPAL) gas turbine simulator
software licence agreement

This licence is issued by:

Gas Path Analysis Ltd
Email: support@gpal.co.uk
Website: www.gpal.co.uk

Read this agreement carefully as it constitutes the terms of the software licence
agreement.

1. Software product

This agreement is for a single-user licence of the GPAL Gas Turbine Simulator
Software CD-ROM (‘the Software’) supplied with your purchase of Industrial
gas turbines: performance and operability from Woodhead Publishing Limited.

2. Software licence

Gas Path Analysis Limited (GPAL) ‘the Licensor’ grants to the Licensee a
non-exclusive, non-transferable, single-user licence. The registered version of
the Software may only be installed on one computer at a time and requires a
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registration code to function properly. The registration code can be obtained
from the Licensor. Installation of the Software on a second or more computers
requires the purchase of additional licences which can be obtained from Gas
Path Analysis Limited.

3. Liability

The CD-ROM contains information from authentic and highly-regarded
sources. Reprinted material is quoted with permission, and sources are indicated.
Reasonable efforts have been made to publish reliable data and information,
but neither Gas Path Analysis Limited and Woodhead Publishing Limited, nor
anyone else associated with this CD-ROM, are engaged in rendering
professional services and shall not be liable for any loss, damage or liability
directly or indirectly caused or alleged to be caused by any material contained
in this CD-ROM or the accompanying book.

4. Proprietary rights

The Licensee agrees that the Software is the property of the Licensor. Any
rights under patents, copyrights, trademarks, and trade secrets related to the
Software are and shall remain vested in the Licensor. The Licensee agrees to
preserve any copyright notices contained within the Software. The Licensee
acknowledges that he or she is specifically prohibited from reverse engineering
or disassembling the Software in whole or in part.

Unless otherwise stated in the installation guide and user guides contained
in this CD-ROM, neither this CD-ROM nor the accompanying book or any
part may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, microfilming and recording, or by any
information storage or retrieval system, without permission in writing from
Gas Path Analysis Limited. The consent of Gas Path Analysis Limited does
not extend to copying for general distribution, for promotion, for creating new
works, or for resale. Specific permission must be obtained in writing from Gas
Path Analysis Limited for such copying.

5. General

The laws of England shall govern in all respects as to the validity, interpretation,
construction and enforcement of this licence.

6. Copyright

All rights are reserved and all copyrights in the Software belong to Gas Path
Analysis Limited (UK company registration number: 3447319).
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MCFC
MEA
MW
NGV
NO,
NTU

PID
pr

RQL

Abbreviations and notation

thermal capacity ratio

carbon monoxide

carbon dioxide

specific heat at constant pressure
specific heat at constant volume

dry low emission

exhaust gas temperature

gas generator

enthalpy

high pressure

intercooled, reheat and regenerative cycle
intermediate pressure

International Standards Organisation
Joules

Kelvin

kilogram

low pressure

lean premixed

mass flow rate

molten carbonate fuel cell

methanol amine

MegaWatt or molecular weight
nozzle guide vane

oxides of nitrogen

number of transfer units

pressure

Proportional, Integral and Derivative
pressure ratio

heat input

gas constant

Rich-burn, Quick-quench, Lean-burn
second



XXii Abbreviations and notation

S entropy

SCR selective catalytic reduction
SOFC solid oxide fuel cells

SOT stator outlet temperature

T temperature

TET turbine entry temperature
UHC unburnt hydrocarbons
VIGV variable inlet guide vane
VSV variable stator vane

work output

number of carbon atoms
number of hydrogen atoms
compressibility factor

ratio of specific heats
effectiveness of heat exchanger
efficiency

relative humidity

specific or absolute humidity

Ee3 M= N< * g
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