
Boilers
A  P r A c t i c A l  r e f e r e n c e

K u m a r  r ay a p r o l u

Following the publication of the author’s first book, by CRC Press in 2009, several 
requests were made for a reference with even quicker access to information. 
Boilers: A Practical Reference is the result of those requests, providing a user- 
friendly encyclopedic format with more than 500 entries and nearly the same number 
of supporting illustrations.

Written for practicing engineers and dealing with practical issues rather than theory, 
this reference focuses exclusively on water tube boilers found in process industries 
and power plants. It provides broad explanations for the following topics:

 • A range of boilers and main auxiliaries, as well as steam and gas turbines
 • Traditional firing techniques—grates, oil/gas, and modern systems
 • Industrial, utility, waste heat, MSW and bio-fuel-fired boilers, including    
  supercritical boilers
 • The scientific fundamentals of combustion, heat transfer, fluid flow, and more
 • The basics of fuels, water, ash, high-temperature steels, structurals, refractory,   
  insulation, and more
 • Additional engineering topics like boiler instruments, controls, welding,    
  corrosion, and wear
 • Air pollution, its abatement techniques and their effect on the design of boilers   
  and auxiliaries
 • Emerging technologies such as carbon capture, oxy-fuel combustion, and PFBC

This reference covers almost every topic needed by boiler engineers in process 
and power plants. An encyclopedia by design and a professional reference book by 
focus and size, this volume is strong on fundamentals and design aspects as well as 
practical content. The scope and easy-to-navigate presentation of the material plus 
the numerous illustrations make this a unique reference for busy design, project, 
operation, and consulting engineers.

MEChAnICAl EngInEERIng

ISBN: 978-1-4665-0053-2

9 781466 500532

9 0 0 0 0

K14375

Boilers
A  P r A c t i c A l  r e f e r e n c e

K14375_Cover_mech.indd   1 10/11/12   3:12 PM









Boilers
A  P r A c t i c A l  r e f e r e n c e

K u m a r  r ay a p r o l u



CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20121026

International Standard Book Number-13: 978-1-4665-0054-9 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been made to publish reliable data and 
information, but the author and publisher cannot assume responsibility for the validity of all materials or the consequences of their use. The authors and 
publishers have attempted to trace the copyright holders of all material reproduced in this publication and apologize to copyright holders if permission 
to publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may rectify in any 
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic, 
mechanical, or other means, now known or hereafter invented, including photocopying, microfilming, and recording, or in any information storage or 
retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://www.copyright.com/) or contact 
the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides 
licenses and registration for a variety of users. For organizations that have been granted a photocopy license by the CCC, a separate system of payment 
has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for identification and explanation 
without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



To my late parents for all that they had done

To my wife Usha

and daughters Ramya and Amulya

without whose tacit support and help this book would not have been possible





vii

Contents

List of Figures .................................................................................................................................................................... xxxvii
List of Tables ............................................................................................................................................................................ liii
Preface ...................................................................................................................................................................................... lvii
Acknowledgements .................................................................................................................................................................lix
Author ........................................................................................................................................................................................lxi
Structure of the Book ............................................................................................................................................................ lxiii
Conversion of Units ................................................................................................................................................................lxv
Picture Credits ....................................................................................................................................................................... lxix

 1 A ............................................................................................................................................................................................ 1
1.1 Abrasion and Abrasion Index (see Wear) ............................................................................................................ 1
1.2 Absolute or Dynamic Viscosity (µ) (see Viscosity in Fluid Characteristics) .................................................. 1
1.3 Acid Cleaning (see Commissioning) ................................................................................................................... 1
1.4 Acid Rain (see also Air Pollution Emissions and Controls and Gas Cleaning) .............................................. 1

1.4.1 Continuous Emission Monitoring Systems ........................................................................................ 1
1.5 Acid Sludge (see Refuse Fuels from Refinery in Liquid Fuels) ........................................................................ 2
1.6 Acid Smuts (see Oil Ash) ....................................................................................................................................... 2
1.7 Acoustic Soot Blowers (see Sonic Horns)............................................................................................................. 2
1.8 Acoustic Enclosure (see Noise Control) ............................................................................................................... 2
1.9 Acoustic Leak Detection System .......................................................................................................................... 2
1.10 Adiabatic Flame Temperature (see Combustion) ............................................................................................... 3
1.11 Aeroderivative (see Types of GTs in Turbines, Gas)........................................................................................... 3
1.12 Ageing of Boiler Components .............................................................................................................................. 3

1.12.1 Corrosion ................................................................................................................................................. 3
1.12.2 Erosion ..................................................................................................................................................... 3
1.12.3 Fatigue ..................................................................................................................................................... 3
1.12.4 Overheating ............................................................................................................................................ 4

1.13 Agro-Fuels and Firing ........................................................................................................................................... 4
1.13.1 Bagasse and Its Firing (see also Bagasse-Fired Boilers and Grates) .................................................. 5
1.13.2 Bark and Its Firing ................................................................................................................................. 6
1.13.3 Rice Husk/Hull and Its Firing ............................................................................................................. 6
1.13.4 Wood and Its Firing ............................................................................................................................... 7
1.13.5 Hog Fuels................................................................................................................................................. 7

1.14 Air Ducts (see Draught Plant) ............................................................................................................................... 7
1.15 Air Flow Measurement (see Instruments for Measurement) ........................................................................... 7
1.16 Airheater (see also Backend Equipment in Heating Surfaces) .......................................................................... 7

1.16.1 Airheater, Rotary .................................................................................................................................... 8
1.16.1.1 Ljungstrom (Moving Rotor) Design ................................................................................. 8
1.16.1.2 Rothemuhle (Moving/Rotating Hood) Design .............................................................. 9

1.16.2 Airheater, Tubular ................................................................................................................................ 10
1.16.3 Plate-Type AHs ..................................................................................................................................... 11
1.16.4 Heat Pipe AHs ...................................................................................................................................... 11
1.16.5 Steam Coil Air Preheater .................................................................................................................... 12

1.17 Air Infiltration or Air Ingress in Boiler Setting (see Combustion) ................................................................ 13
1.18 Air Nozzles (in FBC Boilers) (see Fluidised Bed Combustion) ...................................................................... 13
1.19 Air Pollution (see also Acid Rain, Emissions and Controls Gas Cleaning and Green House Gases) ........ 13

1.19.1 Particulate Matter in Flue Gas............................................................................................................ 13
1.19.2 Hazardous Gases ................................................................................................................................. 13

1.19.2.1 Carbon Monoxide .............................................................................................................. 13
1.19.2.2 Nitrogen Oxides (see also Nitrogen Oxides in Flue Gas) .............................................. 13



viii Contents

1.19.2.3 Sulphur Oxides .................................................................................................................. 14
1.19.2.4 Ozone (O3) at Ground Level ............................................................................................. 14

1.20 Air Registers (see Burners) .................................................................................................................................. 14
1.21 Alkali Boil Out (see Commissioning) ................................................................................................................ 14
1.22 Allowable Stresses (see Pressure Part Design) ................................................................................................. 14
1.23 Alloy Steels (see Metals) ....................................................................................................................................... 14
1.24 All Volatile Treatment (see Water) ...................................................................................................................... 14
1.25 Alternate Fuel (see Fuel Firing Modes in Fuels) ............................................................................................... 14
1.26 Altitude .................................................................................................................................................................. 14

1.26.1 Volumetric Machines ........................................................................................................................... 15
1.27 Ambient Conditions ............................................................................................................................................ 15
1.28 Angle of Repose (see Properties of Substances) ............................................................................................... 16
1.29 Amines (see Water) ............................................................................................................................................... 16
1.30 Anthracite .............................................................................................................................................................. 16
1.31 Anti-Segregation Chute (see Grates) .................................................................................................................. 16
1.32 API Gravity (see Liquid fuels) ............................................................................................................................. 16
1.33 Approach Temperature (see also (1) Steaming and Non-Steaming Economiser in Economiser 

Classification and (2) Thermal and Mechanical Design Aspects of HRSG) ................................................ 16
1.34 Arch-Fired Boilers (see Downshot or Arch-Fired Boilers in Utility Boilers) ................................................ 17
1.35 Arch Firing (see Arch Mounted/Downshot/Vertical Burners in Pulverised Fuel Burners) ..................... 17
1.36 Ash (see also Coal Ash and Oil Ash) ................................................................................................................... 17

1.36.1 Coal Ash Analysis ................................................................................................................................ 17
1.36.2 Ash: Bottom and Fly ............................................................................................................................ 18
1.36.3 Clinker ................................................................................................................................................... 18
1.36.4 Ash Fusibility........................................................................................................................................ 18
1.36.5 Ash Corrosion or Gas Side Corrosion ............................................................................................... 19

1.36.5.1 High-Temperature or Hot Corrosion .............................................................................. 19
1.36.5.2 Low-Temperature, Cold Corrosion or Dew Point ......................................................... 19

1.36.6 Ash-Side Erosion .................................................................................................................................. 19
1.36.7 Slagging and Fouling .......................................................................................................................... 20
1.36.8 Base–Acid Ratio .................................................................................................................................... 21

1.37 ASME Boiler and Pressure Vessel Code (see Boiler Codes) ............................................................................ 21
1.38 Ash Recirculation or Recycling or Re-Injection............................................................................................... 21
1.39 Asphalt (see Liquid Fuels) ................................................................................................................................... 22
1.40 Assisted Circulation or Full Load Recirculation (see Circulation) ................................................................ 22
1.41 Atmospheric Fluidised Bed Combustion ......................................................................................................... 22
1.42 Atomisation ........................................................................................................................................................... 22
1.43 Atomiser ................................................................................................................................................................ 22

1.43.1 Mechanical Atomisation ..................................................................................................................... 23
1.43.1.1 Rotary Cup Atomiser ........................................................................................................ 23
1.43.1.2 Pressure Atomisation ....................................................................................................... 23

1.43.2 Steam/Air Atomisation ....................................................................................................................... 24
1.43.3 Atomiser Construction ........................................................................................................................ 24

1.44 Atrita Mills (see Horizontal Mills under Pulverisers) ...................................................................................... 24
1.45 Attemperator and Desuperheater (see also Control Valves in Valves) ........................................................... 24

1.45.1 Spray Attemperator .............................................................................................................................. 25
1.45.2 Surface Attemperator........................................................................................................................... 26

1.46 Austenitic Steels (see Stainless Steels in Metals) .............................................................................................. 27
1.47 Automatic Combustion Control (see Control Range and Boiler Control) ..................................................... 27
1.48 Auxiliaries ............................................................................................................................................................. 27
1.49 Auxiliary Fuel (see Fuel Firing Modes in Fuels) .............................................................................................. 27
1.50 Axial Fan (see also Fans) ....................................................................................................................................... 28

 2 B ........................................................................................................................................................................................... 33
2.1 Back-End Equipment (see Heating Surfaces) .................................................................................................... 33



ixContents

2.2 Bag Filter/Cloth Filter/Fabric Filter (see Dust Collection Equipment).......................................................... 33
2.3 Bagasse and Firing (see Agro-Fuels) .................................................................................................................. 33
2.4 Bagasse-Fired Boilers (see also Bagasse in Agro-Fuels and Grates) ................................................................ 33
2.5  Ball and Racer Mill (see Pulverisers) .................................................................................................................. 36
2.6  Ball and Tube Mill (see Pulverisers) ................................................................................................................... 36
2.7 Ballast or Burden in Fuel (see Proximate Analysis in Coal) ........................................................................... 36
2.8 Banking of Boiler (see Operation and Maintenance Topics) .......................................................................... 36
2.9  Bark (see Agro-Fuels)............................................................................................................................................ 36
2.10  Basalt ...................................................................................................................................................................... 36
2.11  Base–Acid Ratio in Coal Ash (see Ash) .............................................................................................................. 37
2.12  Base Fuel (see Fuel Firing Modes) ...................................................................................................................... 37
2.13  Beater Wheel Mills (see Lignite) ......................................................................................................................... 37
2.14 Belt Feeders in Pulverised Firing (see Fuel Feeders) ....................................................................................... 37
2.15 Benson Boiler (see Once-Through Boiler) .......................................................................................................... 37
2.16  Bernoulli’s Equation (see Fluid Flow) ................................................................................................................ 37
2.17 Bi-Colour Gauges (see Direct Water Level Indicators) .................................................................................... 37
2.18  Bi-Drum Boilers (see Industrial Boilers) ............................................................................................................ 37
2.19  0-Fuels (see Agro-Fuels) ....................................................................................................................................... 37
2.20  Biomass .................................................................................................................................................................. 37
2.21 Bi-Metal Tubes (see Boiler Tubes under Materials of Construction) .............................................................. 37
2.22 Birmingham Wire Gauge (BWG) (see Wire Gauge) ......................................................................................... 37
2.23 Bitumen (see Liquid Fuels) .................................................................................................................................. 37
2.24 Bituminous Coal .................................................................................................................................................. 37
2.25  Bituminous Sands (see Liquid Fuels) ................................................................................................................. 38
2.26  Black Liquor (see Recovery Boiler and Kraft Process) ...................................................................................... 38
2.27 Black Liquor Recovery Boiler (see Recovery Boiler) ........................................................................................ 38
2.28  Black Body (see Heat Transfer) ............................................................................................................................ 38
2.29  Blast Furnace Gas (see Gaseous Fuels) .............................................................................................................. 38
2.30  Blast Furnace Gas-Fired Boilers (see Waste Heat Boilers) ............................................................................... 38
2.31 Blowdown (see also Boiler Blowdown in Water and Safety Valves under Valves) ........................................ 38
2.32 Blowdown Tanks (see also Boiler Blowdown under the Topic of Water)........................................................ 38
2.33  Blowdown Steam Recovery ................................................................................................................................ 38
2.34 Blowing, Steam Line (see Commissioning) ...................................................................................................... 39
2.35 Blow Off (see also Blowdown Tanks and see Boiler Blowdown under the Topic of Water) .......................... 39
2.36 Boil Out (see Commissioning) ............................................................................................................................ 39
2.37 Boiler (or Steam Generator) (see also Boiler Classification) ............................................................................. 39
2.38 Boiler Bank or Convection Bank or Evaporator Bank (see Heating Surfaces) ............................................. 40
2.39  Boiler Bank Tubes (see Pressure Parts) .............................................................................................................. 40
2.40 Boiler Blowdown, Continuous and Intermittent (see Water) .......................................................................... 40
2.41  Boiler Classification ............................................................................................................................................. 40
2.42  Boiler Codes .......................................................................................................................................................... 41

2.42.1  ASME Boiler and Pressure Vessel Code ........................................................................................... 41
2.43  Boiler Control ........................................................................................................................................................ 42
2.44 Boiler Evaporation (see Boiler Steam Flow) ...................................................................................................... 49
2.45 Boiler Heat Duty................................................................................................................................................... 49
2.46  Boiler Horsepower ............................................................................................................................................... 49
2.47  Boiler Island .......................................................................................................................................................... 49
2.48  Boiler Layup (see Operation and Maintenance Topics) ................................................................................... 49
2.49 Boiler Mountings and Fittings (see Auxiliaries) .............................................................................................. 49
2.50  Boiler Operating Modes ...................................................................................................................................... 49
2.51 Boiler Preservation (see Operation and Maintenance Topics) ........................................................................ 50
2.52  Boiler Pressures .................................................................................................................................................... 50
2.53 Boiler Quality Plates (see Materials of Construction)...................................................................................... 50
2.54  Boiler Rating (see also Boiler Steam Flow) ......................................................................................................... 50

2.54.1  Boiler Maximum Continuous ............................................................................................................. 51



x Contents

2.54.2  Boiler Normal Continuous Rating ..................................................................................................... 51
2.54.3  Boiler Peak Rating ................................................................................................................................ 51
2.54.4  Valve Wide Open Condition ............................................................................................................... 51

2.55  Boiler Scope ........................................................................................................................................................... 51
2.56 Boiler Specifications (see Boiler Steaming Conditions) ................................................................................... 51
2.57  Boiler Start up (see Commissioning) ................................................................................................................. 52
2.58  Boiler Steam Flow ................................................................................................................................................ 52
2.59  Boiler Steaming Conditions/Parameters .......................................................................................................... 52
2.60 Boiler Steam Temperatures ................................................................................................................................. 52

2.60.1  Superheater Outlet Temperature ....................................................................................................... 52
2.60.2  Reheater Outlet Temperature ............................................................................................................. 52
2.60.3  Feed Water Temperature ..................................................................................................................... 52

2.61 Boiler Storage (see Operation and Maintenance Topics) ................................................................................. 53
2.62  Boiler Supporting (see Structure) ....................................................................................................................... 53
2.63 Boiler Tubes (see Materials of Construction) .................................................................................................... 53
2.64  Boiler Types (see Boiler Classification) .............................................................................................................. 53
2.65 Boiling (see Properties of Steam and Water) ..................................................................................................... 53
2.66 Bomb Calorimeter (see Measurement of Fuel cv by Bomb Calorimeter under Instruments and 

Measurements) ..................................................................................................................................................... 53
2.67  Bottom Ash (see Ash: Bottom and Fly) ............................................................................................................... 53
2.68  Bottom-Supported Boiler (see Structure) .......................................................................................................... 53
2.69 Bourdon Gauge (see Pressure Measurement under Instruments and Measurements) ............................... 53
2.70 Brayton Cycle or Joule Cycle (see Thermodynamic Cycles) ........................................................................... 54
2.71 Breechings (see Flues and Ducts in Draught Plant) ......................................................................................... 54
2.72 BRIL (see also Refractory, Insulation and Lagging) .......................................................................................... 54
2.73 Brinnel Hardness Test (see Testing of Materials [Metals]) .............................................................................. 54
2.74  Brittleness (see Metal Properties) ....................................................................................................................... 54
2.75  Brown Coal (see Lignite) ...................................................................................................................................... 54
2.76  Bubble Flow (see Flow of Liquids) ...................................................................................................................... 54
2.77 Bubbling Fluidised-Bed Combustion (see also Fluidisation, Fluidised-Bed Combustion and 

Circulating Fluidised-Bed Combustion) .......................................................................................................... 54
2.77.1  The Fluidised Bed ................................................................................................................................ 54
2.77.2  Bed Thickness—Shallow and Deep .................................................................................................. 55
2.77.3  Fuel Feeding .......................................................................................................................................... 55

2.77.3.1  Under-Bed Feeding ........................................................................................................... 55
2.77.3.2  Over-Bed Feeding ............................................................................................................. 56

2.77.4  Bed Combustion ................................................................................................................................... 57
2.77.5  Bed Temperature .................................................................................................................................. 57
2.77.6  Bed Regulation at Part Loads ............................................................................................................. 57
2.77.7  Bed Construction ................................................................................................................................. 58
2.77.8 Air Nozzles ........................................................................................................................................... 58
2.77.9 Freeboard in Bubbling Fluidised-Bed Combustion Boilers ........................................................... 59
2.77.10 Bed Coil in Bubbling Fluidised-Bed Combustion Boilers .............................................................. 59

2.77.10.1 Fully or Partly Immersed Bed Coils ............................................................................... 59
2.77.10.2 Sizing of Bed Coils ............................................................................................................ 59
2.77.10.3 Flat or Sloping Tubes......................................................................................................... 59
2.77.10.4 Tube Materials ................................................................................................................... 60
2.77.10.5 Bed Coil SH ........................................................................................................................ 60
2.77.10.6 Access .................................................................................................................................. 60
2.77.10.7 Bed Coil Erosion ................................................................................................................ 60

2.77.11 Bubbling Fluidised-Bed Combustion versus Circulating Fluidised-Bed Boilers 
Combustion and Stoker Firing ........................................................................................................... 60

2.78 Bubbling Fluidised-Bed Combustion Boilers................................................................................................... 60
2.78.1 Bubbling Fluidised-Bed Combustion Boilers with Open Bottom ................................................ 61

2.79 Buckstays (see Furnace Pressure in Heating Surfaces) ................................................................................... 61



xiContents

2.80 Burden in Fuel (see Ballast in Proximate Analysis in Coal) ........................................................................... 62
2.81 Burners (see 1. Oil and Gas Burners, 2. Pulverised Fuel Burners, 3. Lignite and Brown Coal Firing 

and 4. Low NOx Burners) ..................................................................................................................................... 62
2.82 Burner Management System (see Operation and Maintenance Topics) ....................................................... 62
2.83 Bypass Stack (see Draught Plant) ........................................................................................................................ 62

 3 C .......................................................................................................................................................................................... 63
3.1 Calcination Reaction (see Desulphurisation) .................................................................................................... 63
3.2 Calorific Value of Fuels (see Thermodynamic Properties) .............................................................................. 63
3.3 Calorimeter (see Steam Quality Measurement under Instruments and Measurements) ............................ 63
3.4 Calorising .............................................................................................................................................................. 63
3.5 Capillarity or Capillary Action (see Fluid Properties under Fluid Characteristics) .................................... 63
3.6 Carbon Monoxide (see Air Pollution) ................................................................................................................ 63
3.7 Carbon Monoxide Fuel Gas (see Gaseous Fuels) .............................................................................................. 63
3.8 Carbon Residue (see Fuel Properties under Liquid Fuels) ............................................................................... 63
3.9 Carbon Steels (see Metals) ................................................................................................................................... 63
3.10 Carbon Sequestration and Storage .................................................................................................................... 63
3.11 Carnot Cycle (see Thermodynamic Cycles) ...................................................................................................... 64
3.12 Carry over (see Steam Purity) ............................................................................................................................. 64
3.13 Cast Iron (see Metals) ........................................................................................................................................... 64
3.14 Castings (see Metals) ............................................................................................................................................ 64
3.15 Caustic Embrittlement or Caustic Stress Corrosion (see Water) .................................................................... 64
3.16 Cavitation (see also Control Valves under Valves) ............................................................................................. 64
3.17 Ceramic Fibre Lining (see Insulating Materials) .............................................................................................. 64
3.18 Chang Cycle or Steam Injected Gas Turbine Cycle (see GT Performance under Turbines, Gas) ............... 65
3.19 Char or Fixed Carbon (see Coal Analyses under Coal) .................................................................................... 65
3.20 Charpy Test (see Impact Testing of Metals [Charpy and Izod] under Testing of Materials) ...................... 65
3.21 Chemical Dosing of Boilers (see Water Treatment) .......................................................................................... 65
3.22 Chemical Cleaning of Boilers (see Commissioning) ....................................................................................... 65
3.23 Chimney (see Stack) ............................................................................................................................................. 65
3.24 Chimney Effect (see Stack Effect) ....................................................................................................................... 65
3.25 Choked Flow Condition (see Flow Types in Vertical and Horizontal Tubes) .............................................. 65
3.26 Chordal Thermocouple (see Temperature Measurement under Instruments for Measurements) ............ 65
3.27 Chromising (see Boiler Tubes in Materials of Construction) ......................................................................... 65
3.28 Circulating Fluidised-Bed Combustion (see also Fluidisation, Fluidised-Bed Combustion and 

Bubbling Fluidised-Bed Combustion) ............................................................................................................... 65
3.28.1 Circulating Fluidised-Bed Combustion versus Bubbling Fluidised-Bed Combustion 

(see also Fluidisation) ............................................................................................................................ 66
3.28.2 Circulating Fluidised-Bed Combustion versus Pulverised Fuel (see also Pulverised Fuel 

Firing) .................................................................................................................................................... 66
3.28.3 Types of Circulating Fluidised-Bed Combustion ............................................................................ 66
3.28.4 Combustor ............................................................................................................................................. 67
3.28.5 Freeboard .............................................................................................................................................. 68
3.28.6 Cyclones ................................................................................................................................................. 68
3.28.7 Loop Seal/Seal Pot/L Valve/J Valve/Siphon ................................................................................... 70
3.28.8 Fluid Bed Heat Exchanger .................................................................................................................. 70
3.28.9 Bottom Ash ........................................................................................................................................... 70

3.28.9.a Screw Coolers .................................................................................................................... 71
3.28.9.b Rotary Coolers ................................................................................................................... 71
3.28.9.c Fluidised-Bed Ash Coolers .............................................................................................. 71

3.28.10 Heating the Bed for Start Up (see also Hot Gas Generators and Duct Burners) ........................... 71
3.29 Circulating Fluidised-Bed Combustion Boilers (see also Utility Circulating Fluidised-Bed 

Combustion Boilers) ............................................................................................................................................ 72
3.29.1 Hot Cyclone Circulating Fluidised-Bed Combustion Boilers ........................................................ 73
3.29.2 Compact Boilers ................................................................................................................................... 74



xii Contents

3.29.3 Cold Cyclone Boilers (see Circofluid or Cold Circulating Fluidised-Bed 
Combustion System) ..................................................................................................................74

3.29.4 Internal Re-Circulation Circulating Fluidised-Bed Combustion Boilers (see Internal 
Re-Circulation Circulating Fluidised-Bed System) ............................................................................74

3.30 Circofluid or Cold Circulating Fluidised-Bed Combustion System (see also Fluidised-Bed 
Combustion, Circulating) ................................................................................................................................... 74

3.31 Circulation............................................................................................................................................................. 76
3.31.1 Circulation Ratio .................................................................................................................................. 77

3.31.1.1 Natural Circulation ........................................................................................................... 77
3.31.1.2 Assisted Circulation or Full-Load Re-Circulation ....................................................... 78
3.31.1.3 Forced Circulation ............................................................................................................. 78

3.31.2 Aims of Good Circulation .................................................................................................................. 78
3.31.2.1 Exit Quality ........................................................................................................................ 79
3.31.2.2 Minimum Velocity ............................................................................................................ 79
3.31.2.3 Saturated Water Head ....................................................................................................... 79

3.32 Clad Tubes (see Boiler Tubes under Materials of Construction) ..................................................................... 80
3.33 Cladding (see Lagging) ........................................................................................................................................ 80
3.34 Clean Coal Combustion ...................................................................................................................................... 80
3.35 Clinker (see Ash) ................................................................................................................................................... 80
3.36 Cloth Filter (see Dust Collection Equipment) ................................................................................................... 80
3.37 Coal ........................................................................................................................................................................ 80

3.37.1 Coalification .......................................................................................................................................... 81
3.37.2 Coal Classification ................................................................................................................................ 81
3.37.3 Coal Analyses ....................................................................................................................................... 81

3.37.3.1 Proximate Analysis ........................................................................................................... 82
3.37.4 Ultimate Analysis ................................................................................................................................ 83
3.37.5 Analysis Reporting Method ............................................................................................................... 84
3.37.6 Coal Calorific Value (see also Thermodynamic Properties) ............................................................ 84
3.37.7 Coal Grindability Index (see Hardgrove Index Hardgrove Index) ............................................... 84
3.37.8 Caking or Agglomerating Coals (see also Coking Coals) ................................................................ 84
3.37.9 Coking Coals ......................................................................................................................................... 85
3.37.10 Coal Erosion (see Wear)........................................................................................................................ 86

3.38 Coal Ash (see Ash, Oil Ash) ................................................................................................................................ 86
3.39 Coal Bed Methane Coal Bed Methane (see Gaseous Fuels) ............................................................................ 86
3.40 Coal Pipes (see Pulverised Fuel Piping) ............................................................................................................ 86
3.41 Coal Tar (see Liquid Fuels) .................................................................................................................................. 86
3.42 Co-Firing/Co-Combustion ................................................................................................................................. 86
3.43 Carbon Monoxide Gas (see Gaseous Fuels) ...................................................................................................... 86
3.44 Carbon Monoxide Boilers (see Waste Heat Boilers) ......................................................................................... 87
3.45 Cogen Cycle (see Thermodynamic Cycles) ....................................................................................................... 87
3.46 Coke ....................................................................................................................................................................... 87
3.47 Coke Breeze ........................................................................................................................................................... 87
3.48 Coke Oven Gas (see Gaseous Fuels) ................................................................................................................... 87
3.49 Coke Oven Gas-Fired Boilers (see Waste Heat Recovery Boilers).................................................................. 87
3.50 Coking Coal (see Coal) ......................................................................................................................................... 88
3.51 Cold Drawn Seamless Cold Drawn Seamless (CDS) Tubes (see Materials of Construction) .................... 88
3.52 Combination (Combo) Boilers (see Hybrid Boilers in Smoke Tube Boilers) ................................................. 88
3.53 Combined Cycle (see Thermodynamic Cycles) ................................................................................................ 88
3.54 Combined Cycle Power Plant or Combined Cycle Gas Turbine ................................................................... 88
3.55 Combined Heat Transfer (see Heat Transfer) .................................................................................................... 88
3.56 Combustion ........................................................................................................................................................... 88

3.56.1 Combustible .......................................................................................................................................... 89
3.56.2 Ignition Temperature ........................................................................................................................... 89
3.56.3 Adiabatic Flame Temperature ............................................................................................................ 90
3.56.4 Stages of Combustion .......................................................................................................................... 90



xiiiContents

3.56.5 Combustion Air .................................................................................................................................... 90
3.56.6 Air Infiltration or Air Ingress in Boiler Setting ............................................................................... 90
3.56.7 Primary, Secondary and Tertiary Airs .............................................................................................. 90
3.56.8 Combustion Calculations.................................................................................................................... 91
3.56.9 Heat of Combustion ............................................................................................................................. 91
3.56.10 Three Ts ................................................................................................................................................. 91
3.56.11 Combustion Reaction .......................................................................................................................... 92
3.56.12 Dissociation ........................................................................................................................................... 93
3.56.13 Spontaneous Combustion (see Spontaneous Combustion) ............................................................ 93

3.57 Combustion Turbines (see Gas Turbines) .......................................................................................................... 93
3.58 Combustor (in Fluidised-Bed Boilers) (see Circulating Fluidised-Bed Combustion) ................................. 93
3.59 Commissioning of Boilers ................................................................................................................................... 93

3.59.1 Alkali Boil Out ...................................................................................................................................... 93
3.59.2 Acid Cleaning ....................................................................................................................................... 94
3.59.3 Steam Blowing ...................................................................................................................................... 95
3.59.4 Safety Valve Floating ........................................................................................................................... 96

3.60 Compensators (see Expansion Joints under Draught Plant) ............................................................................ 97
3.61 Composite Tubes (see Boiler Tubes under Materials of Construction) .......................................................... 97
3.62 Compressibility (see Fluid Properties under Fluid Characteristics) .............................................................. 97
3.63 Compressible Fluid (see Types of Fluid under Fluid Characteristics) ........................................................... 97
3.64 Condensate (see Water Types in Water) ............................................................................................................. 97
3.65 Conduction (see Heat Transfer) ........................................................................................................................... 97
3.66 Conductivity (for Total Dissolved Solids in Measurement Steam and Water) ............................................ 97
3.67 Contact Corrosion of Steel Materials (see Corrosion) ...................................................................................... 98
3.68 Continuous Blowdown (see Boiler Blowdown in Water) ................................................................................ 98
3.69 Continuous Emissions Monitoring Systems (see Acid Rain) ......................................................................... 98
3.70 Control Range (see also Boiler Control) .............................................................................................................. 98
3.71 Convection (see Heat Transfer) ........................................................................................................................... 98
3.72 Convection Bank (see Heating Surfaces) ........................................................................................................... 98
3.73 Convective Superheater (see Superheater Classification in Heating Surfaces) ............................................ 98
3.74 Corner Firing (see Pulverised Fuel Burner Arrangement) ............................................................................. 98
3.75 Corrosion (see also Ash Corrosion) ..................................................................................................................... 98

3.75.1 Pitting or Pitting Corrosion ................................................................................................................ 99
3.76 COR-TEN Steel .................................................................................................................................................... 100
3.77 Counter Flow of Fluids (see Fluid Flow Patterns in Fluid Flow) ................................................................. 100
3.78 Cracking (of Petroleum) (see also Crude Oil or Petroleum in Major Liquid Fuels under 

Liquid Fuels) .................................................................................................................................................100
3.79 Creep (see Metal Properties) ............................................................................................................................. 100
3.80 Crevice Corrosion (see in Corrosion) ............................................................................................................... 100
3.81 Critical Flow and Pressure (for Nozzles) ........................................................................................................ 100
3.82 Critical Pressure Point of Steam and Water (see also Properties of Steam and Water) ............................. 101
3.83 Critical Pressure (see Critical Pressure Point of Steam and Water) ............................................................. 102
3.84 Critical Temperature (see Critical Pressure Point of Steam and Water)...................................................... 102
3.85 Critical Heat Flux (see Boiling under Properties of Steam and Water) ........................................................ 102
3.86 Cross Flow of Fluids (see Fluid Flow Patterns in Fluid Flow) ...................................................................... 102
3.87 Crude Oil (see Liquid Fuels) .............................................................................................................................. 102
3.88 Cycle Efficiency (see also Thermodynamic Cycles) ........................................................................................ 102
3.89 Cycling Mode of Operation (see Boiler-Operating Modes) .......................................................................... 102
3.90 Cyclone Furnace and Firing ............................................................................................................................. 102
3.91 Cyclones, Hot and Cold (see also Circulating Fluidised-Bed Combustion) ................................................ 105

3.91.1 Cyclones Steam or Water Cooled ..................................................................................................... 105
3.92 Cyclone Separators ............................................................................................................................................. 105
3.93 Cyclone Steam Separators (see Drum Internals) ............................................................................................ 105



xiv Contents

 4 D ........................................................................................................................................................................................ 107
4.1 Dampers (see Draught Plant) ............................................................................................................................ 107
4.2 Darcy–Weisbach Formula (see Fluid Flow) ..................................................................................................... 107
4.3 Deaeration/Deaerator (see Water) .................................................................................................................... 107
4.4 Dealkalisation (see Water) ................................................................................................................................. 107
4.5 Deflection Baffles in Steam Drum (see Drum Internals) .............................................................................. 107
4.6 Degrees Engler (see Liquid Fuels and Instruments for Measurement) ....................................................... 107
4.7 Deionisation (see Demineralisation of Water in Water) ................................................................................ 107
4.8 Demineralisation (see Water) ............................................................................................................................ 107
4.9 Denitrification or DeNOx (see NOx Reduction) .............................................................................................. 107
4.10 Density of Air and Gas (see Properties of Air and Flue Gas) ....................................................................... 107
4.11 Density of Solids (see Bulk and True Densities of Solids in Properties of Substances) ............................ 107
4.12 Density (ρ) of Steam and Water (see Properties of Steam and Water) ......................................................... 107
4.13 Deoxidation of Steels (see Metallurgy) ............................................................................................................ 107
4.14 Departure from Nucleate of Boiling (see Properties of Steam and Water) ................................................ 107
4.15 Design Pressure of Boiler (see Boiler Pressure) .............................................................................................. 107
4.16 Desulphurisation or DeSOx Reaction .............................................................................................................. 108

4.16.1 In Situ Desulphurisation ................................................................................................................... 108
4.16.2 Flue Gas Desulphurisation ............................................................................................................... 109

4.17 Desuperheater (see Attemperator) .....................................................................................................................110
4.18 Deslaggers (see Wall Blowers in Sootblowers) .................................................................................................110
4.19 Dew Point Corrosion (see Ash Corrosion) .......................................................................................................110
4.20 Dew Point or Dew Point Temperature (Tdp) ....................................................................................................110
4.21 Diameter, Equivalent (de) and Hydraulic (dh) ..................................................................................................111
4.22 Dimensionless Numbers in Heat Transfer (see Heat Transfer) .....................................................................111
4.23 Direct Water Level Indicators (see also Water Level Indicators and Remote Water Level Indicators) .....111
4.24 Dissociation of Flue Gas (see Combustion) ......................................................................................................113
4.25 Distillation (see also Major Liquid Fuels: Crude Oil or Petroleum) ..............................................................113
4.26 Distributed Control Systems .............................................................................................................................113
4.27 Division Wall (in Furnace) (see Pressure Parts) ...............................................................................................114
4.28 Dosing of Chemicals (see Water Treatment) ....................................................................................................114
4.29 Downcomers or Supplies (see Pressure Parts) .................................................................................................114
4.30 Down Shot Burners (see PF Burners) ................................................................................................................114
4.31 Down Shot-Fired Boilers (see Utility Boilers) ..................................................................................................114
4.32 Drain Piping (see Integral Piping in Pressure Parts) ......................................................................................114
4.33 Draught (see also Furnace Draught under Fans) ...............................................................................................114
4.34 Draught Plant .......................................................................................................................................................115

4.34.a Flues and Ducts ...................................................................................................................................115
4.34.b Expansion Joints or Compensators ...................................................................................................116
4.34.c Dampers ...............................................................................................................................................116
4.34.d Bypass Stack .........................................................................................................................................118

4.35 Drums (see Pressure Parts) .................................................................................................................................119
4.36 Drum Anchoring (see Drum Supporting) .......................................................................................................119
4.37 Drum Internals (see also Steam Purification) ...................................................................................................119
4.38 Drum Pressure (see Boiler Pressures) .............................................................................................................. 121
4.39 Drum Slings ........................................................................................................................................................ 121
4.40 Drum Supporting Method................................................................................................................................ 122
4.41 Drum Water Treatment (see Water) .................................................................................................................. 122
4.42 Dry Air (see Combustion Calculations in Combustion) ............................................................................... 122
4.43 Dry Bulb Temperature Tdb (see Psychrometric Chart) ................................................................................... 123
4.44 Dry Wall Flow or Film Boiling (see Flow Types in Vertical and Horizontal Tubes) ................................. 123
4.45 D-type Boilers (see Package Boilers in Oil and Gas Fired Boilers) .............................................................. 123
4.46 Ductility (see Metal Properties) ........................................................................................................................ 123
4.47 Dulong Formula (see Coal Calorific Value under Coal) ................................................................................. 123
4.48 Dust Collection Equipment .............................................................................................................................. 123



xvContents

4.48.1 Mechanical Dust Collectors .............................................................................................................. 124
4.48.1.a Inertial Separators ........................................................................................................... 124
4.48.1.b Cyclone Separators .......................................................................................................... 125

4.48.2 Filters .................................................................................................................................................... 125
4.48.2.a Electro Filter or Electrostatic Precipitator .................................................................... 125
4.48.2.b Bag Filter/Cloth Filter/Fabric Filter .............................................................................. 128

4.48.3 Wet Scrubbers ..................................................................................................................................... 130
4.49 Dynamic Classifier (see Vertical Mills in Pulverisers) .................................................................................. 131

 5 E ......................................................................................................................................................................................... 133
5.1 Economiser (see also Backend Equipment in Heating Surfaces and Pressure Parts) ................................. 133
5.2 Effective Projected Radiant Surface (see Furnace in Heating Surfaces) ..................................................... 136
5.3 Efficiency (η) of Boiler ........................................................................................................................................ 136

5.3.1 Definitions of η ................................................................................................................................... 136
5.3.1.1 Heat Credits ..................................................................................................................... 137
5.3.1.2 Various Shades of Efficiencies ....................................................................................... 137

5.3.2 Acceptance and Routine Testing...................................................................................................... 137
5.3.3 Boiler η Calculation ............................................................................................................................ 137
5.3.4 Break up of Losses in η Calculation ................................................................................................ 138
5.3.5 Heat Loss Calculation ........................................................................................................................ 138

5.3.5.1 Stack Losses Are a Measure of How Efficiently ......................................................... 138
5.3.5.2 Unburnt Loss ................................................................................................................... 139
5.3.5.3 Radiation Losses Are Small ........................................................................................... 139
5.3.5.4 Sensible Heat Loss of Ash .............................................................................................. 140
5.3.5.5 Unaccountable Losses ..................................................................................................... 140

5.3.6 η Testing of Boiler by Simplified Method ....................................................................................... 140
5.3.7 η Testing by Regular Method ........................................................................................................... 143
5.3.8 η Testing of Hrsgs (see Heat Recovery Steam Generators) ........................................................... 143

5.4 Efficiency, Ligament ........................................................................................................................................... 143
5.5 Elasticity (of Fluids) (see Fluid Properties under Fluid Characteristics) ..................................................... 144
5.6 Electro-Filters (see Electrostatic Precipitators under Dust Collection Equipments) .................................. 144
5.7 Emissivity (see Radiation Heat in Heat Transfer) .......................................................................................... 144
5.8 Energy (E) (see Thermodynamic Properties) .................................................................................................. 144
5.9 Electromatic Safety Valve (see Safety Valves under Valves) .......................................................................... 144
5.10 Electronic Water Level Indicators (see Remote Water Level Indicators) ..................................................... 144
5.11 Electrostatic Precipitators (see Dust Collection Equipment) ........................................................................ 144
5.12 Emissions and Control (see also Acid Rain) .................................................................................................... 145
5.13 Endurance Limit or Fatigue Strength (see Metal Properties) ....................................................................... 145
5.14 Energy (E) (see Thermodynamic Properties) .................................................................................................. 145
5.15 Engler, Degrees for Fuel Oils (see Fuel Properties in Liquid Fuels) ............................................................ 145
5.16 Enthalpy (H) (see Thermodynamic Properties) .............................................................................................. 145
5.17 Entropy (s or ϕ) (see Thermodynamic Properties) ......................................................................................... 145
5.18 Enthalpy–Entropy Diagram (H–s Diagram) (see  Entropy in Thermodynamic Properties) ................... 145
5.19 Equivalent Diameter (De) (see Diameter, Equivalent) ................................................................................... 145
5.20 Erosion (see Wear) ............................................................................................................................................... 146
5.21 Electrically Resistance Welded Tubes (see Boiler Tubes) .............................................................................. 146
5.22 Evaporation of Boiler (see Boiler Rating and Boiler Steam Low) .................................................................. 146
5.23 Evaporation of Water (see Properties of Steam and Water) .......................................................................... 146
5.24 Evaporator Bank (see Heating Surfaces) .......................................................................................................... 146
5.25 Evaporator (Pulp) (see Kraft Pulping Process)................................................................................................ 146
5.26 Excess Air (see Combustion) ............................................................................................................................. 146
5.27 Expanded Drums (see Steam Drum in Pressure Parts) ................................................................................ 146
5.28 Expansion Joints (see Draught Plant) ............................................................................................................... 146
5.29 Extended Surfaces .............................................................................................................................................. 146

5.29.1 Fins or Gills ......................................................................................................................................... 146



xvi Contents

5.29.2 Circular Fins ....................................................................................................................................... 147
5.29.3 Rectangular Plate Fins ....................................................................................................................... 147
5.29.4 Longitudinal Fins ............................................................................................................................... 148
5.29.5 Fin Efficiency ...................................................................................................................................... 148

5.30 Explosion in Boiler (see Operation and Maintenance Topics) ...................................................................... 148

 6 F ......................................................................................................................................................................................... 149
6.1 Fabric Filter (see Dust Collection Equipment) ................................................................................................ 149
6.2 Fanning’s Friction Factor (see Moody’s Factor) .............................................................................................. 149
6.3 Fans ...................................................................................................................................................................... 149

6.3.1 Furnace Draught (see also Draught) ................................................................................................. 149
6.3.2 Boiler Fans ........................................................................................................................................... 149
6.3.3 Fans versus Compressors ................................................................................................................. 149
6.3.4 Fans and Boiler Performance (see also System Resistance of Boiler) ........................................... 150
6.3.5 Fan Construction ................................................................................................................................ 150
6.3.6 Fan Control.......................................................................................................................................... 151
6.3.7 Fan Laws .............................................................................................................................................. 152
6.3.8 Fan Operation (Series and Parallel) ................................................................................................. 152
6.3.9 Fan Power ............................................................................................................................................ 153
6.3.10 Fan Static Head and η......................................................................................................................... 153
6.3.11 Fan Types ............................................................................................................................................. 153

6.3.11.1 By Support ........................................................................................................................ 154
6.3.11.2 By Number of Inlets ........................................................................................................ 154
6.3.11.3 By Type of Drive .............................................................................................................. 154

6.4 Fatigue Strength or Endurance Limit (see Metal Properties) ....................................................................... 155
6.5 Feeders (see Fuel Feeders) .................................................................................................................................. 155
6.6 Feed Water (see Water) ....................................................................................................................................... 155
6.7 Feed Water Temperature (see Boiler Steam Temperatures) .......................................................................... 155
6.8 Ferritic Steels (see Metals) .................................................................................................................................. 155
6.9 Ferritic Austenitic Steels (see Metals) ............................................................................................................... 155
6.10 Fibre Glass (see Insulating Materials) .............................................................................................................. 155
6.11 Field-Erected Boilers (see also Field-Erected Boilers in Oil- and Gas-Fired Boiler) ................................... 155
6.12 Filling of Boiler (see Operation and Maintenance Topics) ............................................................................ 155
6.13 Film Boiling (see Properties of Steam and Water) .......................................................................................... 155
6.14 Fins (see Extended Surfaces) ............................................................................................................................. 156
6.15 Finned Tubes (for Hrsgs) (see Heat Recovery Steam Generators) ................................................................ 156
6.16 Fire Bricks (see Refractories) .............................................................................................................................. 156
6.17 Fire Clay Refractories (see Refractories) .......................................................................................................... 156
6.18 Fire Tube Boiler (see Smoke Tube Boilers) ....................................................................................................... 156
6.19 Fittings (for Boilers) (see Auxiliaries) ............................................................................................................... 156
6.20 Fixed Carbon (see Coal) ..................................................................................................................................... 156
6.21 Flame Monitors/Scanners ................................................................................................................................. 156
6.22 Flame Supervisor Safety System (see Operation and Maintenance Topics) .............................................. 157
6.23 Flash Point (see Liquid Fuels) ............................................................................................................................ 157
6.24 Flow Measurement ............................................................................................................................................ 157
6.25 Flow Types in Vertical and Horizontal Tubes................................................................................................ 157

6.25.1 Flow in Vertical Tubes ....................................................................................................................... 158
6.25.2 Flow in Horizontal Tubes ................................................................................................................. 158

6.26 Flow Nozzle (see Steam Flow Measurement in Instruments) ...................................................................... 159
6.27 Flue Tube Boilers (also Fire/Smoke Tube/Shell Type Boilers) (see Smoke Tube Boilers) .......................... 159
6.28 Flue Gas (see Properties of Air and Flue Gas) ................................................................................................ 159
6.29 Flues and Ducts (see Draught Plant) ................................................................................................................ 159
6.30 Flue Tube Boilers (see Smoke Tube Boilers) .................................................................................................... 159
6.31 Flue Gas Desulphurisation (see Desulphurisation) ....................................................................................... 159
6.32 Flue Gas Recirculation or Recycling (see Gas Recirculation) ....................................................................... 159



xviiContents

6.33 Fluid Characteristics .......................................................................................................................................... 160
6.33.1 Fluid ..................................................................................................................................................... 160
6.33.2 Types of Fluid ..................................................................................................................................... 160
6.33.3 Fluid Properties .................................................................................................................................. 160
6.33.4 Viscosity (see also Kinematic Viscosity of Oils under Liquid Fuels) .............................................161

6.34 Fluid Flow ............................................................................................................................................................161
6.34.1 Types of Fluid Flow ............................................................................................................................161
6.34.2 Study of Fluids .....................................................................................................................................162
6.34.3 Vena Contracta ....................................................................................................................................162
6.34.4 Fluid Flow Patterns in HXs (see also Log Mean Temperature Difference [LMTD or Δtm]) ......162
6.34.5 Bernoulli’s Equation............................................................................................................................162
6.34.6 Velocity Head .......................................................................................................................................162
6.34.7 Darcy–Weisbach Formula for Head Loss (see also Moody’s Diagram of Friction Factor) ........ 163
6.34.8 Moody’s Friction Factor ..................................................................................................................... 163
6.34.9 Piping or Ducting Losses .................................................................................................................. 163

6.35 Fluid Velocities (see also Draught Plant) .......................................................................................................... 163
6.36 Fluidisation ......................................................................................................................................................... 164
6.37 Fluidised Bed Combustion ............................................................................................................................... 166

6.37.1 Pressurised Fluidised Bed Combustion ......................................................................................... 168
6.38 Fluidised Bed Ash Coolers (see Circulating Fluidised Bed Combustion) .................................................. 170
6.39 Fluidised Bed Heat Exchanger (see Circulating Fluidised Bed Combustion) ........................................... 170
6.40 Fly Ash (see Ash: Bottom and Fly) .................................................................................................................... 170
6.41 Foaming and Priming (see Operation and Maintenance Topics) ................................................................ 170
6.42 Forced Circulation (see Circulation) ................................................................................................................ 170
6.43 Forgings (see Materials of Construction) ........................................................................................................ 170
6.44 Fossil Fuels .......................................................................................................................................................... 170
6.45 Fouling (see Slagging and Fouling) ................................................................................................................. 171
6.46 Fourier’s Law of Heat Conduction (see Conduction Heat in Heat Transfer) .............................................. 171
6.47 Frame Machines in Gas Turbines (see GT Types in Gas Turbines).............................................................. 171
6.48 Freeboard (see Fluidised Bed Combustion, Bubbling and Circulating) ...................................................... 171
6.49 Free Burning Coals (see Caking Coals in Coal) ............................................................................................. 171
6.50 Free Convection (see Convection in Heat Transfer) ....................................................................................... 171
6.51 Fuels (see also Fossil Fuels and Coals of the World in Appendix 3) ............................................................. 171
6.52 Fuel Classification (see also Coals of the World in Appendix 3) ................................................................... 173
6.53 Fuel Distributors or Spreaders ......................................................................................................................... 173
6.54 Fuel Feeders .........................................................................................................................................................174

6.54.1 Rotary Feeder.......................................................................................................................................174
6.54.2 Screw Feeder ........................................................................................................................................174
6.54.3 Drag Link/Volumetric Feeder .......................................................................................................... 175
6.54.4 Belt/Gravimetric Feeder .....................................................................................................................176
6.54.5 Plate Feeder (see Lignite) ................................................................................................................... 177

6.55 Fuel Firing Modes .............................................................................................................................................. 177
6.56 Fuel Oils (see Liquid Fuels) ............................................................................................................................... 177
6.57 Fuel Ratio (see Coal Classification under Coal) ............................................................................................... 177
6.58 Furnace (see Pressure Parts and Heating Surfaces) ........................................................................................ 178
6.59 Furnace Air Staging (see Separated Overfire Air) ......................................................................................... 178
6.60 Furnace Safeguard Supervisory System (see Operation and Maintenance Topics) .................................. 178
6.61 Furnace Draught (see Fans) ............................................................................................................................... 178
6.62 Fusibility of Fuel Ash (see Ash Fusibility) ...................................................................................................... 178

 7 G ........................................................................................................................................................................................ 179
7.1  Gas Bypassing .................................................................................................................................................... 179
7.2 Gas Cleaning (see also 1. Dust Collection Equipment, 2. Desulphurisation, 3. Nitrogen Oxides in 

Flue Gas, 4. Reburning, 5. Selective Catalytic Reduction, 6. Selective Non-Catalytic Reduction, 
7. Separated Overfire Air) ................................................................................................................................. 179



xviii Contents

7.3  Gas Electric Igniters (see Igniters) .................................................................................................................... 180
7.4  Gaseous Fuels ..................................................................................................................................................... 180

7.4.1  Methane (CH4) .................................................................................................................................... 180
7.4.2 Natural Gas ......................................................................................................................................... 180
7.4.3 Blast Furnace Gas (see also Whrbs in Steel Plant under Waste Heat Recovery Boilers) ............ 181
7.4.4 Coke Oven Gas (see also Whrbs in Steel Plant under Waste Heat Recovery Boilers) ................ 182
7.4.5 Carbon Monoxide Gas (see also Carbon Monoxide Boilers under Whrbs 
 in Oil Refineries) ................................................................................................................................. 182
7.4.6 Producer Gas ....................................................................................................................................... 183
7.4.7  Refinery Gas (see also Crude Oil or Petroleum under Liquid Fuels) ............................................ 183
7.4.8 Coal Bed Methane, Coal Mine Methane, Coal Bed Gas or Coal Seam Gas ............................... 183
7.4.9 Shale Gas ............................................................................................................................................. 184

7.5 Gas-Fired Boilers (see Oil- and Gas-Fired Boilers) ......................................................................................... 184
7.6 Gas Laning .......................................................................................................................................................... 184
7.7 Gas Recirculation or Recycling and Gas Tempering .................................................................................... 184
7.8  Gas Side Corrosion (see Ash Corrosion) .......................................................................................................... 185
7.9 Gas Turbines (see Turbines, Gas) ...................................................................................................................... 185
7.10 Gas Turbine Cycle (see Thermodynamic Cycles) ........................................................................................... 185
7.11 Gas Velocities ...................................................................................................................................................... 185
7.12 Gauge Glasses (see Water Level Indicators) .................................................................................................... 186
7.13  Glass Wool (see Insulating Materials) .............................................................................................................. 186
7.14 Grain Size of Steel (see Metallurgy) ................................................................................................................. 186
7.15  Graphitisation in Steel Pipe .............................................................................................................................. 186
7.16 Grashof’s Number (see Dimensionless Numbers in Heat Transfer) ........................................................... 186
7.17  Grates ................................................................................................................................................................... 186

7.17.1 General................................................................................................................................................. 187
7.17.1.1 Grate .................................................................................................................................. 187
7.17.1.2  Grate Types ....................................................................................................................... 187

7.17.2 Types of Burning ................................................................................................................................ 187
7.17.2.1  Mass Burning ................................................................................................................... 188
7.17.2.2  Spreader Burning ............................................................................................................ 188
7.17.2.3  Semi-Pile Burning ........................................................................................................... 189

7.17.3 Types of Fuel Feeding ........................................................................................................................ 189
7.17.3.1  Underfeed Grates ............................................................................................................ 189
7.17.3.2  Overfeed Grates ............................................................................................................... 189

7.17.4  Ash Discharge .................................................................................................................................... 190
7.17.5  Grate Combustion .............................................................................................................................. 190

7.17.5.1  Gravity Feed ..................................................................................................................... 190
7.17.5.2 Spreader Feeding ............................................................................................................. 190
7.17.5.3 Moistening of Coal .......................................................................................................... 190
7.17.5.4 Uniform Fuel Bed ............................................................................................................ 190
7.17.5.5 Pros and Cons of Grate Firing ....................................................................................... 190

7.18  Grate Types ......................................................................................................................................................... 191
7.18.1  Grate, Pinhole ..................................................................................................................................... 191
7.18.2  Grate, Dumping .................................................................................................................................. 191
7.18.3.a Grate, Chain ........................................................................................................................................ 193
7.18.3.b Grate, Travelling ................................................................................................................................. 193
7.18.4 Grate: Reciprocating, Pulsating, Step or Pusher (see also MSW Boilers Mass Burning) .......... 195
7.18.5  Grate, Vibrating .................................................................................................................................. 197

7.19 Green Liquor (see Kraft Pulping Process and Recovery Boiler) ................................................................... 198
7.20  Green House Gases ............................................................................................................................................ 198
7.21  Grindability Index (see Hardgrove Index) ...................................................................................................... 199
7.22 Grinding (see Pulverising)................................................................................................................................. 199
7.23 Gross Calorific Value (see Thermodynamic Properties) ............................................................................... 199
7.24  Gross Steam Generation (see Steam Generation) ........................................................................................... 199



xixContents

7.25 Gross Thermal η (see Definitions of η under Efficiency of Boiler) ............................................................... 199
7.26 Guillotine Dampers (see Dampers in Draught Plant) ................................................................................... 199

 8 H ........................................................................................................................................................................................ 201
8.1 Hardenability (of Steel) (see Metallurgy) ........................................................................................................ 201
8.2 Hardness of Steel (see Metallurgy)................................................................................................................... 201
8.3 Hardness of Water (see Water) .......................................................................................................................... 201
8.4 Hardness Measurements of Metals (see Testing of Materials) ..................................................................... 201
8.5 Hardgrove Index ................................................................................................................................................ 201
8.6 Headers (see Pressure Parts) ............................................................................................................................. 202
8.7 Heat or Heat Energy (see Thermodynamic Properties) ................................................................................ 202
8.8 Heat Balance (see also Definition of Efficiency in Efficiency of Boiler) ....................................................... 202
8.9 Heat Credits (see Heat Loss Calculation in Efficiency of Boiler) ................................................................. 203
8.10 Heat Distribution to HSs (at Various Pressure Levels) (see Industrial Boilers) ......................................... 203
8.11 Heat Duty of Boiler (see Boiler Heat Duty) ..................................................................................................... 203
8.12 Heat Exchangers in Boiler (see also Fluid Flow Patterns in HXs and Log Mean Temperature 

Difference [LMTD or Δtm]) .............................................................................................................................. 203
8.13 Heat Flow Equation (see Thermodynamic Properties) ................................................................................. 203
8.14 Heat Flux (see Thermodynamic Properties) ................................................................................................... 203
8.15 Heat Input into Boiler (Hin) (see also Heat Release Rate) ............................................................................... 203
8.16 Heat Loss Account (see Break up of Losses in Efficiency of Boiler) ............................................................ 204
8.17 Heat of Combustion (see Combustion) ............................................................................................................ 204
8.18 Heat of Evaporation (see Properties of Steam and Water) ............................................................................ 204
8.19 Heat Output of Boiler (see Boiler Heat Duty) ................................................................................................. 204
8.20 Heat Pipe AH (see Airheater) ............................................................................................................................ 204
8.21 Heat Rate (see Thermodynamic Properties) ................................................................................................... 204
8.22 Heat Release Rate ............................................................................................................................................... 204
8.23 Heat Released and Available (see Heat Input) ................................................................................................ 204
8.24 Heat Treatment of Steel (see Metallurgy) ........................................................................................................ 204
8.25 Heat Loss Method in Boiler Testing (see Efficiency of Boiler) ...................................................................... 205
8.26 Heat Resistant Castings (see Castings in Materials of Construction) ......................................................... 205
8.27 Heating Surfaces (see also Pressure Parts) ....................................................................................................... 205

8.27.1 Designating HSs ................................................................................................................................. 205
8.27.2 HSs in Boiler ....................................................................................................................................... 205
8.27.3 Effectiveness of Boiler HSs ............................................................................................................... 205

8.27.3.1 Furnace ............................................................................................................................. 206
8.27.3.2 Superheater....................................................................................................................... 212
8.27.3.3 Reheater ............................................................................................................................ 217
8.27.3.4 Boiler/Convection/Evaporation Surface ...................................................................... 218
8.27.3.5 Economiser (see in Section E and see also Backend 
 Equipment below) ........................................................................................................... 220
8.27.3.6 Airheater (see in Section A and see also Backend 
 Equipment below) ........................................................................................................... 220

8.28 Heat Recovery Steam Generators .................................................................................................................... 221
8.28.1 Hrsgs versus Conventional Boilers ................................................................................................. 222
8.28.2 Design Issues of Hrsgs ...................................................................................................................... 222
8.28.3 Hrsg Scope .......................................................................................................................................... 222
8.28.4 Fired and Unfired Hrsgs ................................................................................................................... 223
8.28.5 Finned Tubes for Hrsgs ..................................................................................................................... 223

8.28.5.a Fin Types (see also Extended Surfaces) .......................................................................... 223
8.28.5.b Fin Thickness ................................................................................................................... 224
8.28.5.c Tube and Fin Materials ................................................................................................... 224

8.28.6 Thermal and Mechanical Design Aspects of Hrsg ....................................................................... 224
8.28.7 Horizontal and Vertical Hrsgs ......................................................................................................... 225

8.28.7.a Horizontal Hrsgs ............................................................................................................. 226



xx Contents

8.28.7.b Vertical Hrsgs................................................................................................................... 228
8.28.8 Efficiency Testing of Hrsgs ............................................................................................................... 229

8.29 Heat Released and Available (see Heat Input into Boiler) ............................................................................ 230
8.30 Heat Transfer ...................................................................................................................................................... 230

8.30.1 Conduction Heat ................................................................................................................................ 230
8.30.1.1 Fourier’s Law of Heat Conduction ................................................................................ 230

8.30.2 Convection Heat ................................................................................................................................. 230
8.30.2.1 Single-Phase Convection Can Be Either Forced Convection or Free/Natural 

Convection ........................................................................................................................ 230
8.30.2.2 Two-Phase Convection Can Take Place as in the Case of Boiling 
 or Condensation .............................................................................................................. 231

8.30.3 Radiation Heat .................................................................................................................................... 231
8.30.3.1 Kirchoff’s Law of Thermal Radiation ........................................................................... 231
8.30.3.2 Stefan–Boltzmann’s Law of Radiation ......................................................................... 231
8.30.3.3 Radiation: Luminous and Non-Luminous .................................................................. 232

8.30.4 Combined Heat Transfer ................................................................................................................... 232
8.30.5 Dimensionless Numbers ................................................................................................................... 232

8.30.5.1 Reynold’s Number (Re) (see also Moody’s Friction Factor) ......................................... 232
8.30.5.2 Prandtl Number (Pr) ....................................................................................................... 233
8.30.5.3 Nusselt Number (Nu) ..................................................................................................... 233
8.30.5.4 Stanton Number (St)........................................................................................................ 234
8.30.5.5 Grashof Number (Gr) ...................................................................................................... 234
8.30.5.6 Rayleigh Number ............................................................................................................ 234

8.31 Heating/Calorific Value (hv/cv) of Fuels (see Thermodynamic Properties) .............................................. 234
8.32 High Temperature Corrosion (see Ash Corrosion) ........................................................................................ 234
8.33 Hog Fuel (see Agro-Fuels) ................................................................................................................................. 234
8.34 Hooke’s Law (see Metal Properties) ................................................................................................................. 234
8.35 Hoppers ............................................................................................................................................................... 234
8.36 Horizontal Mills (see Pulverisers and Beater Mills in Lignite and Firing) ................................................. 234
8.37 Horse Shoe Furnace (see Pile Burning) ........................................................................................................... 234
8.38 Hot Gas Generators ............................................................................................................................................ 234
8.39 Humidity (see Psychrometric Chart) ............................................................................................................... 235
8.40 Hybrid Boilers (see Smoke Tube Boilers) ......................................................................................................... 235
8.41 Hydraulic Diameter (see Equivalent Diameter) ............................................................................................. 235
8.42 Hydraulic or Hydrostatic Testing .................................................................................................................... 235
8.43 Hydrogen Embrittlement (see Water) .............................................................................................................. 236

 9 I .......................................................................................................................................................................................... 237
9.1 Ignifluid Boilers .................................................................................................................................................. 237
9.2 Igniters ................................................................................................................................................................. 237

9.2.1 Gas–Electric Igniters .......................................................................................................................... 238
9.2.2 High-Energy Arc Igniters ................................................................................................................. 238
9.2.3 Hot Carbon Rod Igniters ................................................................................................................... 239
9.2.4 Spark Electric Igniters ....................................................................................................................... 239

9.3 Ignition Temperature (see Combustion) .......................................................................................................... 239
9.4 Implosion (see Operation and Maintenance Topics) ...................................................................................... 240
9.5 Incineration ......................................................................................................................................................... 240
9.6 Inconel ................................................................................................................................................................. 240
9.7 Indirect Firing (in Pulverised Fuel Boilers) (see Pulverised Fuel Firing) ................................................... 240
9.8 Industrial Boilers (see also 1. Boiler, 2. Boiler Classification and 3. Utility Boilers) ................................... 240

9.8.1 Classification of Industrial Boilers .................................................................................................. 240
9.8.1.1 Bi-Drum Boilers ............................................................................................................... 241
9.8.1.2 Single-Drum or Radiant Boilers .................................................................................... 241

9.8.2 Industrial Boilers Can Also Be Classified on the Type of Fuel and Firing Equipment ........... 242
9.8.2.1 Oil/Gas-Fired Boilers: (see also Oil and Gas-Fired Boilers) ....................................... 242



xxiContents

9.8.2.2 Grate-Fired Boilers (see also Grates and Grate Types) ................................................. 242
9.8.2.3  Fluidised-Bed Combustion Boilers (see also Fluidised-Bed Combustion) ............... 242
9.8.2.4 Pulverised Fuel Boilers (see also Pulverised Fuel Firing and Pulverised 

Fuel Boilers) ...................................................................................................................... 243
9.8.2.5 Boilers with Pile Burning (see Pile Burning) ............................................................... 243
9.8.2.6 Heat Recovery Steam Generators Behind Gas Turbines (see Heat 

Recovery Steam Generators) .......................................................................................... 243
9.8.2.7 Waste Heat Recovery Boilers in Process Industries (see Waste Heat Recovery 

Boilers) .............................................................................................................................. 244
9.9 Inertia in Boilers ................................................................................................................................................. 244
9.10 Initial Ash Deformation Temperature (see Ash Fusibility) .......................................................................... 244
9.11 Input–Output Method (in Boiler Testing) (see Efficiency Testing) .............................................................. 244
9.12 Instruments for Measurement ......................................................................................................................... 244

9.12.1 Air Flow Measurement ..................................................................................................................... 245
9.12.1.a Orifice Meter/Plate .......................................................................................................... 245
9.12.1.b Venturi Meters ................................................................................................................. 246
9.12.1.c Aerofoils ........................................................................................................................... 247
9.12.1.d Piezometer (see Pressure Measurement) ...................................................................... 248

9.12.2 Steam Flow Measurement ................................................................................................................ 248
9.12.3 Flue Gas Analysis by Orsat Apparatus ........................................................................................... 248
9.12.4 Flue Gas O2 Analysers—Zirconia Type .......................................................................................... 249
9.12.5 Measurement of cv of Fuel by Bomb Calorimeter ........................................................................ 249
9.12.6 Viscosity Measurement of Oils ........................................................................................................ 250

9.12.6.a Saybolt Seconds ............................................................................................................... 250
9.12.6.b Redwood Seconds ........................................................................................................... 251
9.12.6.c Engler, Degrees for Fuel Oil........................................................................................... 251

9.12.7 Velocity Measurement ....................................................................................................................... 251
9.12.7.a Pitot Tube .......................................................................................................................... 251
9.12.7.b Pitot-Static or Prandtl Tube ............................................................................................ 251

9.12.8 Pressure Measurement ...................................................................................................................... 252
9.12.8.a Manometers ..................................................................................................................... 252
9.12.8.b Mechanical Pressure Gauges ......................................................................................... 252
9.12.8.c Piezometer ........................................................................................................................ 252

9.12.9 Steam Purity Measurement .............................................................................................................. 253
9.12.9.a Specific Conductance or Conductivity Method (see also Conductivity 

[for Total Dissolved Solids in Measurement Steam and Water]) .............................. 253
9.12.9.b Na Tracer Method or Sodium Flame Photometer ...................................................... 253
9.12.9.c Na Ion Analyser ............................................................................................................... 254
9.12.9.d Steam Sampling ............................................................................................................... 254

9.12.10 Steam Quality Measurement (see also Steam Quality or Dryness of Steam 
 and Throttling) ................................................................................................................................... 254
9.12.11 Temperature Measurement .............................................................................................................. 255

9.12.11.a Thermocouples ................................................................................................................ 255
9.12.11.b Thermometers .................................................................................................................. 257
9.12.11.c Pyrometers ....................................................................................................................... 257

9.12.12 Opacity Measurement (see Opacity of Stack) ................................................................................. 258
9.13 Insulating Materials ........................................................................................................................................... 258

9.13.1 Calcium Silicate .................................................................................................................................. 258
9.13.2 Mineral or Slag or Rock Wool .......................................................................................................... 258
9.13.3 Glass Wool or Fibre Glass ................................................................................................................. 259
9.13.4 Ceramic Fibre Linings ....................................................................................................................... 259
9.13.5 High-Temperature Plastic Cement .................................................................................................. 259

9.14 Insulating Castables (see Refractories) ............................................................................................................ 259
9.15 Integral Piping (see Pressure Parts) .................................................................................................................. 259
9.16 Intermittent Blowdown (see Blowdown in Water) ......................................................................................... 260



xxii Contents

9.17 Iron–Carbon Diagram (see Metallurgy) .......................................................................................................... 260
9.18 Internal Re-Circulation Circulating Fluidised-Bed System (see also Circulating Fluidised-Bed 

Combustion)........................................................................................................................................................ 260
9.19 Iron Castings (see Castings in Materials of Construction) ........................................................................... 262

 10 J .......................................................................................................................................................................................... 263
10.1 Joule Cycle (see Brayton Cycle) ......................................................................................................................... 263
10.2 J-Valve (see Loop Seal in Fluidised-Bed Combustion, Circulating) ............................................................ 263

 11 K ........................................................................................................................................................................................ 265
11.1 Killed Steel (see Deoxidation of Steels) ............................................................................................................ 265
11.2 Kinematic Viscosity (υ) (see Fluid Characteristics) ........................................................................................ 265
11.3 Kirchoff’s Law of Thermal Radiation (see Radiation Heat under Heat Transfer) ...................................... 265
11.4 Kraft Pulping Process (see also Recovery Boiler) ............................................................................................ 265

 12 L ......................................................................................................................................................................................... 267
12.1 Lagging ................................................................................................................................................................ 267
12.2 Laminar Flow (see Fluid Flow Types) .............................................................................................................. 267
12.3 La Mont Boiler (see Once-Through Boiler) ...................................................................................................... 267
12.4 Lane Blowing (see Sootblowers) ....................................................................................................................... 267
12.5 Laws of Steam and Water (see Thermodynamic Properties)........................................................................ 267
12.6 Laws of Thermodynamics (see Thermodynamic Properties) ...................................................................... 267
12.7 Latent Heat (see Properties of Steam and Water) ........................................................................................... 267
12.8 Life Extension ..................................................................................................................................................... 267
12.9 Ligament Efficiency (see Efficiency, Ligament) .............................................................................................. 268
12.10 Lignite and Firing .............................................................................................................................................. 268

12.10.1 Lignite Properties ............................................................................................................................... 268
12.10.2 Brown Coals ........................................................................................................................................ 269
12.10.3 Plate Belt Feeders ............................................................................................................................... 269
12.10.4 Beater Mills ......................................................................................................................................... 270
12.10.5 Lignite and Brown Coal Firing ........................................................................................................ 272
12.10.6 Lignite-Fired Boilers .......................................................................................................................... 272

12.11 Limestone .............................................................................................................................................................274
12.12 Liquid Fuels .........................................................................................................................................................274

12.12.1 Fuel Properties .................................................................................................................................... 276
12.12.1.1 API Gravity (see also Specific Gravity) .......................................................................... 276
12.12.1.2 Carbon Residue ................................................................................................................ 276
12.12.1.3 Flash Point ........................................................................................................................ 277
12.12.1.4 Kinematic Viscosity of Oils (see also Viscosity in Fluid Properties) ......................... 277
12.12.1.5 Pour Point ......................................................................................................................... 277
12.12.1.6 Sulphur in Oils................................................................................................................. 277
12.12.1.7 Ash (see also Oil Ash) ....................................................................................................... 279
12.12.1.8 Sediment ........................................................................................................................... 279

12.12.2 Major Liquid Fuels ............................................................................................................................. 279
12.12.2.1 Crude Oil or Petroleum .................................................................................................. 279
12.12.2.2 Bitumen/Asphalt and Coal Tar ..................................................................................... 281
12.12.2.3 Fuel Oils ............................................................................................................................ 281
12.12.2.4 Refuse Fuels from Oil Refinery ..................................................................................... 282
12.12.2.5 Liquefied Natural Gas .................................................................................................... 282
12.12.2.6 Liquefied Petroleum Gas ................................................................................................ 283
12.12.2.7 Naphtha ............................................................................................................................ 283
12.12.2.8 Oil/Tar/Bituminous Sands ............................................................................................ 284
12.12.2.9 Oil Shale ............................................................................................................................ 284
12.12.2.10 Orimulsion ....................................................................................................................... 285



xxiiiContents

12.12.2.11 Sludge (see also Bubbling Fluidised-Bed Combustion Boilers with Open 
Bottom under Bubbling Fluidised-Bed Combustion Boilers) .................................... 285

12.13 Liquid Penetrating Test (see Testing of Materials) ......................................................................................... 286
12.14 Liquefied Natural Gas (see Liquid Fuels) ........................................................................................................ 286
12.15 Liquefied Petroleum Gas (see Liquid Fuels) ................................................................................................... 286
12.16 Log Mean Temperature Difference (see also Fluid Flow Patterns in Fluid) ............................................... 286
12.17 Louvre Dampers (see Dampers) ....................................................................................................................... 287
12.18 Low Cement Castables (see Refractories) ........................................................................................................ 287
12.19 Low NOx Burners (see also NOx in Flue Gas) .................................................................................................. 288
12.20 Low Sulphur Heavy Stock (see Fuel Oils under Liquid Fuels) ..................................................................... 289
12.21 Low Temperature Corrosion (see Ash Corrosion) ......................................................................................... 289
12.22 Luminous Radiation (see Radiation in Heat Transfer) .................................................................................. 289
12.23 L-Valve (see Loop Seal in Circulating Fluidised-Bed Combustion) ............................................................ 289

 13 M ....................................................................................................................................................................................... 291
13.1 Magnetic Particle Testing (see Non-Destructive Testing in Testing of Materials) .................................... 291
13.2 Malleability (see Metal Properties) ................................................................................................................... 291
13.3 Manometer (see Pressure Measurement under Instruments for Measurement) ....................................... 291
13.4 Manufacturing Topics ....................................................................................................................................... 291

13.4.1 Tube Expansion .................................................................................................................................. 291
13.4.2 Tube Swaging ...................................................................................................................................... 291

13.5 Mass Blowing (see in Rotary Sootblowers under Soot Blowers) ................................................................... 292
13.6 Mass Burning (see Types of Firing in Grates) ................................................................................................. 292
13.7 Mass Velocity (see Thermodynamic Properties) ............................................................................................ 292
13.8 Materials of Construction ................................................................................................................................. 292

13.8.1 Boiler Quality Plates .......................................................................................................................... 292
13.8.1.1 CS Plates ........................................................................................................................... 293
13.8.1.2 Low- and Medium-AS Plates ......................................................................................... 293
13.8.1.3 High-AS Plates ................................................................................................................. 293

13.8.2 Boiler Tubes ......................................................................................................................................... 293
13.8.2.1 Tube versus Pipe .............................................................................................................. 293
13.8.2.2 Tube Classification .......................................................................................................... 294
13.8.2.3 Tube Materials ................................................................................................................. 294
13.8.2.4 Special Tubes .................................................................................................................... 294
13.8.2.5 Chromising ...................................................................................................................... 295

13.8.3 Pipes (see also Schedule of Pipes) ...................................................................................................... 296
13.8.4 Castings ............................................................................................................................................... 296
13.8.5 Forgings ............................................................................................................................................... 297

13.9 Maximum Continuous Rating (MCR) (see Boiler Ratings) ........................................................................... 297
13.10 Maximum Operating Pressure (see Allowable Pressure in Boiler Pressures) ................................................297
13.11 Mean Metal Temperature (see Temperature in Pressure Part Design) ....................................................... 297
13.12 Mean Temperature Difference (see Log Mean Temperature Difference [LMTD or Δtm]) ....................... 297
13.13 Membrane Panel/Wall (see Pressure Parts and Furnace in Heating Surfaces) .......................................... 298
13.14 Metals ................................................................................................................................................................... 298

13.14.1 Cast Iron .............................................................................................................................................. 298
13.14.2 Steel ...................................................................................................................................................... 299

13.14.2.1 Carbon Steels ................................................................................................................... 300
13.14.2.2 Alloy Steels ....................................................................................................................... 300
13.14.2.3 Stainless Steels ................................................................................................................. 300

13.15 Metal Properties ................................................................................................................................................. 301
13.15.1 Steel Properties ................................................................................................................................... 302

13.15.1.1 Tensile and Yield Strengths (see also Tensile Test in Testing) .................................... 302
13.15.1.2 Ductility and Malleability ............................................................................................. 302
13.15.1.3 Toughness and Brittleness ............................................................................................. 303
13.15.1.4 Creep ................................................................................................................................. 303



xxiv Contents

13.15.1.5 Stress Rupture .................................................................................................................. 303
13.15.1.6 Fatigue Strength or Endurance Limit ........................................................................... 304

13.15.2 Hardness and Hardenability ............................................................................................................ 304
13.15.2.1 Moh’s Hardness Scale ..................................................................................................... 305

13.16 Metallurgy........................................................................................................................................................... 306
13.16.1 Iron Carbon Diagram ........................................................................................................................ 306
13.16.2 Heat Treatment ................................................................................................................................... 307
13.16.3 Heat Treatment Processes ................................................................................................................. 308
13.16.4 Alloying Elements of Steel ................................................................................................................ 309
13.16.5 Grain Size .............................................................................................................................................311
13.16.6 Deoxidation of Steels ..........................................................................................................................311

13.17 Methane (CH4) (see Gaseous Fuels) .................................................................................................................. 312
13.18 Mills or Milling Plant (see Pulverisers) ........................................................................................................... 312
13.19 Mineral Matter (see Coal Ash) .......................................................................................................................... 312
13.20 Mineral Wool (see Insulating Materials) ......................................................................................................... 312
13.21 Moh’s Hardness Scale (see Metal Properties) ................................................................................................. 312
13.22 Molecular Weight/Mole/Molar Volume (see Thermodynamic Properties) .............................................. 312
13.23 Mollier Chart/Diagram (see Thermodynamic Properties)........................................................................... 312
13.24 Mono Wall (see Pressure Parts and Furnace in Heating Surfaces)............................................................... 312
13.25 Moody’s Friction Factor (see Fluid Flow)......................................................................................................... 312
13.26 Mountings and Fittings (see Auxiliaries) ........................................................................................................ 312
13.27 Multiclones (see Dust Collection Equipment) ................................................................................................ 312
13.28 Municipal Solid Waste ....................................................................................................................................... 313

13.28.1 Mass Burning.......................................................................................................................................314
13.28.2 Refuse-Derived Fuel Burning .......................................................................................................... 315

13.29 MSW Boilers-Mass Burning (see also Grates: Reciprocating, Pulsating, 
 Step or Pusher) .....................................................................................................................................................316
13.30 MSW Boilers: RDF Burning .............................................................................................................................. 319

13.30.1 RDF on Spreader Stokers .................................................................................................................. 319
13.30.2 RDF in Suspension Firing ................................................................................................................. 319

 14 N ........................................................................................................................................................................................ 321
14.1 Naphtha (see Liquid Fuels) ................................................................................................................................ 321
14.2 National Fire Prevention Association Codes ................................................................................................. 321
14.3 Natural Circulation (see Circulation) ............................................................................................................... 321
14.4 Natural Convection (see Convection in Heat Transfer) ................................................................................. 321
14.5 Natural Gas (see Gaseous Fuels) ....................................................................................................................... 321
14.6 Net Calorific Value (see Calorific Value) .......................................................................................................... 321
14.7 Newtonian Fluid (see Fluid in Fluid Characteristics) ................................................................................... 321
14.8 Nitrogen Oxides in Flue Gas ............................................................................................................................ 321

14.8.1 NOx Generation .................................................................................................................................. 322
14.8.2 Ill Effects of NOx (see also Acid Rain) ............................................................................................... 322
14.8.3 NOx Reduction or Denitrification .................................................................................................... 323

14.8.3.a Pre-Combustion Methods .............................................................................................. 323
14.8.3.b Post-Combustion Processes ........................................................................................... 324

14.9 Noise Control ...................................................................................................................................................... 325
14.10 Non-Destructive Examination/Testing (see Testing of Materials) .............................................................. 326
14.11 Non-Luminous Radiation (see Radiation in Heat Transfer) ......................................................................... 326
14.12 Normal Continuous Rating (see Boiler Ratings) ............................................................................................ 326
14.13 Nozzle .................................................................................................................................................................. 326
14.14 Nucleate Boiling (see Boiling in Properties of Steam and Water) ................................................................ 326
14.15 Nusselt Number (see Dimensionless Numbers in Heat Transfer) ............................................................... 326

 15 O ........................................................................................................................................................................................ 327
15.1 Operation and Maintenance Topics ................................................................................................................ 327



xxvContents

15.1.1 Banking of Boilers .............................................................................................................................. 327
15.1.2 Burner Management Systems or Burner Management and Safety Systems or 

Flame Supervisor Safety System...................................................................................................... 327
15.1.3 Explosion and Implosion .................................................................................................................. 329
15.1.4 Filling of Boilers with Water ............................................................................................................. 329
15.1.5 Foaming and Priming ....................................................................................................................... 330
15.1.6 Furnace Cleaning (see also SBs) ......................................................................................................... 330
15.1.7 Purging of Furnace and Boiler Setting (see also Explosions) ........................................................ 330
15.1.8 Layup/Preservation/Storage of Boilers .......................................................................................... 331

15.1.8.a Wet Storage Procedure Is as Follows ............................................................................ 331
15.1.8.b Dry Storage Procedure Is as Follows ............................................................................ 332

15.2 Odourisation of Natural Gas (see Natural Gas in Gaseous Fuels) .............................................................. 332
15.3 Oil Ash ................................................................................................................................................................. 332
15.4 Oil and Gas Burners (see 1. Oil and Gas Burners, 2. Pulverised Fuel Burners, 3. Lignite and 

Brown Coal Firing and 4. Low NOx Burners) ................................................................................................ 333
15.4.1 Burner Components ........................................................................................................................... 334
15.4.2 Burner Types by Construction ......................................................................................................... 334

15.4.2.1 Circular Burners .............................................................................................................. 334
15.4.2.2 Tangential Burners .......................................................................................................... 335
15.4.2.3 Scroll Burners (see also Whrbs for Steel Plants under Waste Heat Recovery 

Boilers) .............................................................................................................................. 335
15.4.3 Burner Sizes for Circular Burner ..................................................................................................... 335
15.4.4 Burner Performance ........................................................................................................................... 336

15.4.4.1 Burner Turndown ............................................................................................................ 336
15.4.4.2 Hot Air .............................................................................................................................. 336
15.4.4.3 Excess Air in Burners...................................................................................................... 336

15.4.5 Duct Burners ....................................................................................................................................... 337
15.5 Oil- and Gas-Fired Boilers ................................................................................................................................ 337

15.5.1 Package Boilers ................................................................................................................................... 338
15.5.1.a O-Type Boilers .................................................................................................................. 338
15.5.1.b A-Type Boilers .................................................................................................................. 339
15.5.1.c D-Type Boilers .................................................................................................................. 339

15.5.2 Field-Erected Boilers .......................................................................................................................... 341
15.5.3 Utility Boilers ...................................................................................................................................... 343

15.6 Oil Pumping and Heating Unit ....................................................................................................................... 343
15.7 Oil Shale (see Liquid Fuels) ............................................................................................................................... 344
15.8 Omega (Ω) Tubes ................................................................................................................................................ 344
15.9 Once-Through Boiler ......................................................................................................................................... 345
15.10 Once-Through Steam Generator ...................................................................................................................... 345
15.11 Opacity of Stack .................................................................................................................................................. 346
15.12 Open Cycle in Gas Turbines (see Thermodynamic Cycles) .......................................................................... 347
15.13 Operating Pressure of Boiler (see Boiler Pressures)....................................................................................... 347
15.14 Optical Pyrometer (see Temperature Measurement in Instruments) ......................................................... 347
15.15 Orbital Welding (see Welding) .......................................................................................................................... 347
15.16 Orifice .................................................................................................................................................................. 347
15.17 Orifice Meter/Plate (see Flow Measurement in Instruments) ...................................................................... 347
15.18 Orimulsion (see Liquid Fuels) ........................................................................................................................... 347
15.19 Orsat Analyser (see Flue Gas Analysis in Instruments for Measurements) .............................................. 347
15.20 Oxy-Fuel Combustion ....................................................................................................................................... 347
15.21 Oxygen Scavenging (see Water) ........................................................................................................................ 348
15.22 Ozone (O3) at Ground Level (see Air Pollution) ............................................................................................. 348

 16 P ......................................................................................................................................................................................... 349
16.1 Package Boilers (see Oil- and Gas-Fired Boilers) ............................................................................................ 349



xxvi Contents

16.2 Parallel Flow of Fluids (see Fluid Flow Patterns in Fluid Flow) .................................................................. 349
16.3 Partial Pressure of Gas (see Properties of Substances) .................................................................................. 349
16.4 Particulate Matter in Flue Gas (see Air Pollution) ......................................................................................... 349
16.5 Peak Rating (see Boiler Ratings) ....................................................................................................................... 349
16.6 Peat ....................................................................................................................................................................... 349
16.7 Pensky Marten Flash Point Testing Apparatus (see Liquid Fuels) .............................................................. 349
16.8 Percentage Saturated Water Head (see Circulation) ...................................................................................... 349
16.9 Performance Test Codes .................................................................................................................................... 349
16.10 Performance Testing (see Efficiency Testing of Boilers) ................................................................................ 349
16.11 Petroleum/Crude Oil (see Liquid Fuels) ......................................................................................................... 349
16.12 Petroleum Coke or Petcoke ............................................................................................................................... 350

16.12.1 Delayed Coking .................................................................................................................................. 350
16.12.2 Fluid Coke ........................................................................................................................................... 350

16.13 pH (see Properties of Substances) ..................................................................................................................... 351
16.14 Piezometer (see Pressure Measurement in Instruments for Measurement) .............................................. 351
16.15 Pile Burning ........................................................................................................................................................ 351
16.16 Pinch Point (in Hrsg) (see Thermal and Mechanical Design Aspects of Hrsg under Heat 

Recovery Steam Generators) ............................................................................................................................. 352
16.17 Pin Hole Grate (see Grates) ................................................................................................................................ 353
16.18 Pipes (see Materials of Construction and see also Tubes) ............................................................................... 353
16.19 Piping or Ducting Losses (see Fluid Flow) ...................................................................................................... 353
16.20 Pitot Tube (see Pressure Measurement in Instruments for Measurements) .............................................. 353
16.21 Pitot-Static or Prandtl Tube (see Pressure Measurement in Instruments 
 for Measurements) ............................................................................................................................................. 353
16.22 Pitting or Pitting Corrosion (see Corrosion) ................................................................................................... 353
16.23 Plastic Chrome Ore Refractory (see Refractories) .......................................................................................... 353
16.24 Platen Superheater (see Superheater in Heating Surfaces) ........................................................................... 353
16.25 Pour Point (see Liquid Fuels) ............................................................................................................................. 353
16.26 Power Plant Cycles (see Thermodynamic Cycles) .......................................................................................... 353
16.27 Prandtl Number (Pr) (see Dimensionless Numbers in Heat Transfer) ....................................................... 353
16.28 Pressure (see Properties of Substances) ........................................................................................................... 353
16.29 Pressure Parts or Scantlings (see also Heating Surfaces) ............................................................................... 353

16.29.1 Drums .................................................................................................................................................. 353
16.29.1.a Steam Drum ..................................................................................................................... 354
16.29.1.b Water Drum ..................................................................................................................... 355

16.29.2 Headers ................................................................................................................................................ 355
16.29.3 Panels for Furnace and Second Pass ............................................................................................... 355

16.29.3.a Membrane or Monowall Panels (see also Furnace Wall Construction under 
Heating Surfaces) ............................................................................................................ 355

16.29.3.b Tangent Tube Walls (see also Furnace Wall Construction under Heating 
Surfaces) ............................................................................................................................ 356

16.29.4 Division Walls .................................................................................................................................... 356
16.29.5 Coils for SH, RH, Economiser and In-Bed (see also Superheaters under 
 Heating Surfaces) ............................................................................................................................... 357
16.29.6 Platens for SH and RH ...................................................................................................................... 358
16.29.7 Boiler Bank Tubes (see also Boiler Bank, Convection Bank or Evaporator Bank) ...................... 358
16.29.8 Risers and Downcomers ................................................................................................................... 359

16.29.8.1 Risers ................................................................................................................................. 359
16.29.8.2 Downcomers or Supplies ............................................................................................... 359

16.29.9 Integral Piping .................................................................................................................................... 359
16.30 Pressure Measurement (see Instruments for Measurement) ........................................................................ 359
16.31 Pressure Part Design (see also Stresses, Allowable or Permissible in Pressure Parts) .............................. 359

16.31.1 Pressure ............................................................................................................................................... 360
16.31.2 Temperature ........................................................................................................................................ 360

16.31.2.1 Mean Metal Temperature ............................................................................................... 360



xxviiContents

16.31.3 Allowable Stresses ............................................................................................................................. 360
16.32 Pressure Reducing and Desuperheating (see Steam Conditioning) ........................................................... 361
16.33 Pressurised Firing (see Draught) ...................................................................................................................... 361
16.34 Pressurised Fluidised Bed Combustion (see Fluidised Bed Combustion) ................................................. 361
16.35 Pressurised Milling (see Pulverisers)............................................................................................................... 361
16.36 Prime/Principal Fuel (see Fuel Firing Modes) ................................................................................................ 361
16.37 Priming (in Steam Drums) (see O&M [Operation and Maintenance] Topics) ........................................... 361
16.38 Producer Gas (see Gaseous Fuels) .................................................................................................................... 361
16.39 Projected Radiant Surface (see Furnace in Heating Surfaces) ...................................................................... 361
16.40 Propeller Fans (see Axial Fans) ......................................................................................................................... 361
16.41 Properties of Air and Flue Gas ......................................................................................................................... 361

16.41.1 Air (see also Combustion Air under Combustion) .......................................................................... 361
16.41.2 Flue Gas ............................................................................................................................................... 361

16.42 Properties of Steam and Water ......................................................................................................................... 362
16.42.1 Water .................................................................................................................................................... 362
16.42.2 Steam .................................................................................................................................................... 363
16.42.3 Phase Change of Water ..................................................................................................................... 363
16.42.4 Latent Heat, Heat of Evaporation or Heat of Transformation ...................................................... 363
16.42.5 Boiling or Evaporation ...................................................................................................................... 363

16.42.5.a Nucleate Boiling .............................................................................................................. 364
16.42.5.b Film Boiling ...................................................................................................................... 364
16.42.5.c Departure from Nucleate Boiling and Critical Heat Flux ......................................... 364

16.42.6 Superheat ............................................................................................................................................. 364
16.42.7 Reheat................................................................................................................................................... 365
16.42.8 Density (ρ) of Steam and Water ........................................................................................................ 365
16.42.9 Specific Volume of Steam and Water ............................................................................................... 365
16.42.10 Steam by Weight and Volume .......................................................................................................... 366
16.42.11 Throttling ............................................................................................................................................ 366

16.43 Properties of Substances ................................................................................................................................... 366
16.43.1 Angle of Repose ................................................................................................................................. 366
16.43.2 Bulk and True Densities of Solids .................................................................................................... 366
16.43.3 Partial Pressure .................................................................................................................................. 367
16.43.4 pH ......................................................................................................................................................... 367
16.43.5 Relative ρ (see Specific Gravity) ........................................................................................................ 367
16.43.6 Relative Humidity (see also Psychometric Chart) .......................................................................... 367
16.43.7 Specific Gravity of Fluid .................................................................................................................... 367
16.43.8 Specific Weight ................................................................................................................................... 367
16.43.9 Specific Volume .................................................................................................................................. 367

16.44 Proximate Analysis (see Coal) ........................................................................................................................... 367
16.45 Psychrometric Chart .......................................................................................................................................... 367
16.46 Pulsating Grate (see Grate Types) ..................................................................................................................... 368
16.47 Pulse Jet Filter (see Bag Filters) ......................................................................................................................... 368
16.48 Pulverising or Grinding .................................................................................................................................... 368
16.49 Pulverisers (see also Beater Mills in Lignite and Firing) ............................................................................... 369

16.49.1 Pulveriser Types ................................................................................................................................. 369
16.49.1.a Verticals Mills/Pulverisers ............................................................................................ 370
16.49.1.b Horizontal Mills/Pulverisers .........................................................................................374
16.49.1.c Beater Mills (see Lignite and Firing) ............................................................................. 375
16.49.1.d Atrita Mills ....................................................................................................................... 376

16.49.2 Pulveriser Capacity ............................................................................................................................ 377
16.49.3 Pulveriser Power ................................................................................................................................ 377
16.49.4 Fires in Pulverisers and Mill Inerting ............................................................................................. 377
16.49.5 Pulveriser Requirements ................................................................................................................... 378
16.49.6 Milling Plant ....................................................................................................................................... 378

16.50 Pulverised Fuel Firing ....................................................................................................................................... 378



xxviii Contents

16.50.1 Direct and Indirect PF Firing ........................................................................................................... 379
16.50.2 Limitations of PF Firing .................................................................................................................... 379
16.50.3 PF Firing versus CFBC ...................................................................................................................... 380

16.51 Pulverised Fuel Burners (see also 1. Burners 2. Oil and Gas Burners 3. Lignite and Brown Coal 
Firing and 4. Low NOx Burners) ....................................................................................................................... 380
16.51.1 Circular Horizontal Burners ............................................................................................................ 380
16.51.2 Tangential Burners ............................................................................................................................. 382
16.51.3 Arch Mounted/Downshot/Vertical Burners ................................................................................. 383

16.52 Pulverised Fuel Burner Arrangement ............................................................................................................. 383
16.52.1 Front/Rear Wall Firing ...................................................................................................................... 383
16.52.2 Opposed/Dual/Twin Wall Firing ................................................................................................... 384
16.52.3 Tangential Firing ................................................................................................................................ 384
16.52.4 ‘T’ Firing .............................................................................................................................................. 384
16.52.5 Corner Firing ...................................................................................................................................... 384
16.52.6 Downshot or Vertical Firing ............................................................................................................. 384

16.53 Pulverised Fuel-Fired Boilers (see also Utility Boilers) .................................................................................. 384
16.54 Pulverised Fuel Piping ...................................................................................................................................... 385
16.55 Pumps .................................................................................................................................................................. 386

16.55.1 Boiler Feed Pumps ............................................................................................................................. 387
16.55.2 Boiler Circulating Pumps ................................................................................................................. 391

16.56 Pumping and Heating Unit (see Oil Pumping and Heating Unit) .............................................................. 392
16.57 Purge Systems (see Operation and Maintenance Topics) ............................................................................. 392
16.58 Pyrometer (see Temperature Measurement under Instruments for Measurement) .................................. 392
16.59 Pyrometric Cones (see Refractory Properties under Refractories) ............................................................... 392

 17 R ........................................................................................................................................................................................ 393
17.1 Radiant Boilers (see Industrial Boilers) ............................................................................................................ 393
17.2 Radiation Heat (see Heat Transfer) ................................................................................................................... 393
17.3 Radiant Superheater (see Superheater Classification in Heating Surfaces) ................................................ 393
17.4 Ramming Mix (see Refractories) ...................................................................................................................... 393
17.5 Rankine Cycle (see Thermodynamic Cycle) ................................................................................................... 393
17.6 Rayleigh Number (see Dimensionless Numbers in Heat Transfer) ............................................................ 393
17.7 Refuse Derived Fuel-Fired Boilers (see MSW Boilers: RDF Burning) ......................................................... 393
17.8 Reburn (see also Reburning in Nitrogen Oxides in Flue Gas) ...................................................................... 393
17.9 Recovery Boiler (see also Kraft Process) ........................................................................................................... 394

17.9.1 Black Liquor (see also Kraft Pulping Process) ................................................................................. 394
17.9.2 BLR Boiler Size ................................................................................................................................... 395
17.9.3 BLR Boiler Process ............................................................................................................................. 396
17.9.4 Chemical Recovery in BLR Boiler .................................................................................................... 397
17.9.5 BLR Boiler Construction ................................................................................................................... 398
17.9.6 BLR Boiler Auxiliaries ....................................................................................................................... 400
17.9.7 Smelt–Water Reaction (see also Emergency Drain Valve in Control Valves under 

the Topic of Valves) ............................................................................................................................ 402
17.10 Redwood Seconds of Viscosity (see Liquid Fuels and Instruments for Measurement) ............................ 403
17.11 Refinery Gas (see Gaseous Fuels) ..................................................................................................................... 403
17.12 Refractories ......................................................................................................................................................... 403

17.12.1 Refractory Types ................................................................................................................................ 403
17.12.2 Refractory Properties ......................................................................................................................... 403

17.12.2.1 Refractoriness .................................................................................................................. 404
17.12.3 Refractory Selection ........................................................................................................................... 404
17.12.4 Various Types of Refractories ........................................................................................................... 404

17.12.4.1 Fireclay Refractories ........................................................................................................ 404
17.12.4.2 High-Alumina Refractories ........................................................................................... 404
17.12.4.3 Silica Refractories ............................................................................................................ 405
17.12.4.4 Basic Refractories ............................................................................................................. 405



xxixContents

17.12.4.5 Insulating Refractories ................................................................................................... 405
17.12.5 Various Types of Bricks ..................................................................................................................... 405

17.12.5.1 Refractory/Fire Bricks and Tiles ................................................................................... 405
17.12.5.2 Refractory Castables ....................................................................................................... 406

17.13 Refuse Derived Fuel (see Municipal Solid Waste) .......................................................................................... 408
17.14 Reheat (see Properties of Steam and Water) .................................................................................................... 408
17.15 Reheater (see Heating Surfaces) ........................................................................................................................ 408
17.16 Reheater Inlet and Outlet Pressure (see Boiler Pressures) ............................................................................ 408
17.17 Reheater Outlet Temperature (see Boiler Temperatures) .............................................................................. 408
17.18 Relative Density (see Specific Gravity in Properties of Substances)............................................................ 408
17.19 Relative Humidity of Air (see in Properties of Substances) ......................................................................... 408
17.20 Releasers or Risers (see Pressure Parts) ........................................................................................................... 408
17.21 Remote Water Level Indicator (see Water Level Indicators and Direct Water Level Indicators) ............. 408

17.21.1 Manometric Gauges ........................................................................................................................... 409
17.21.2 Electronic Drum Level Indicator of Conductivity Type ............................................................... 409

17.22 Residence Time in Furnace (see Furnace Size or Volume in Heating Surfaces) ........................................ 409
17.23 Reverse Gas Filters (see Dust Collection Equipment) .................................................................................... 409
17.24 Reynold’s Number (Re) (see Dimensionless Numbers in Heat Transfer) ................................................... 409
17.25 Ribbed Tubes (see Boiling or Evaporation in Properties of Steam and Water) .......................................... 410
17.26 Rice Husk/Rice Hull and Firing (see Agro-Fuels) ......................................................................................... 410
17.27 Rimmed Steel (see Deoxidation of Steels in Metallurgy) .............................................................................. 410
17.28 Rifled Tubes (see Boiling or Evaporation in Properties of Steam and Water) ............................................ 410
17.29 Ringlemann Number (see Opacity of Stack)................................................................................................... 410
17.30 Risers (see Pressure Parts) ................................................................................................................................. 410
17.31 Residual Life Assessment (see Life Extension) ............................................................................................... 410
17.32 Rockwell Tests for Steel Hardness (see Testing of Materials) ....................................................................... 410
17.33 Rockwool (see Mineral Wool or Rockwool in Insulating Materials) ........................................................... 410
17.34 Roughness Factor (see Moody’s Friction Factor in Fluid Flow) ................................................................... 410

 18 S ..........................................................................................................................................................................................411
18.1 Safety Valves (see Valves) ...................................................................................................................................411
18.2 Safety Valve Floating (see Commissioning) .....................................................................................................411
18.3 Saybolt Seconds (see Liquid Fuels and Instruments for Measurement) .......................................................411
18.4 Saturated Water (see Water in Properties of Steam and Water) ....................................................................411
18.5 Scantlings (see Pressure Parts) ...........................................................................................................................411
18.6 Schedule (of Pipes) ..............................................................................................................................................411
18.7 Scrubber ................................................................................................................................................................411
18.8 Seal Pot (see Loop Seal in Circulating Fluidised Bed Combustion) .............................................................411
18.9 Selective Catalytic Reduction (see also Post-Combustion Processes in Nitrogen Oxides in 

Flue Gases [NOx]) ............................................................................................................................................... 413
18.10 Selective Non-Catalytic Reduction (see also Post-Combustion Processes in Nitrogen Oxides 

in Flue Gases [NOx]) ............................................................................................................................................414
18.11 Self-Pulverisation (see Pulverising) .................................................................................................................. 415
18.12 Separated Overfire Air (see also Nitrogen Oxides [NOx] in Flue Gas) ......................................................... 415
18.13 Shale Gas (see Gaseous Fuels) ........................................................................................................................... 415
18.14 Shell-Type Boiler (see Smoke Tube Boilers) ..................................................................................................... 415
18.15 Silencers (see Noise Control) ............................................................................................................................. 415
18.16 Silica (SiO2) in Steam (see Steam Purity) ......................................................................................................... 415
18.17 Silicon Carbide (see Castables under Refractories) ......................................................................................... 415
18.18 Simple Cycle Operation (of GTs) (see Thermodynamic Cycles) ................................................................... 415
18.19 Single Drum Boilers (see Industrial Boilers) ....................................................................................................416
18.20 Single-Pass Boilers (see Utility Boilers) .............................................................................................................416
18.21 Siphon (see Loop Seal in Fluidised Bed Combustion, Circulating) .............................................................416
18.22 Slag Wool (see Insulating Materials) .................................................................................................................416
18.23 Slagging and Fouling (see Ash) .........................................................................................................................416



xxx Contents

18.24 Sliding Pressure Operation (see Variable Pressure Operation) ....................................................................416
18.25 Sling Rods (see Structure, Boiler) ......................................................................................................................416
18.26 Sludge (see 1. Water and 2. Liquid Fuels) ..........................................................................................................416
18.27 Slug Flow (see Flow Types in Vertical and Horizontal Tubes) ......................................................................416
18.28 Smelt (see Recovery Boilers) ...............................................................................................................................416
18.29 Smoke Tube Boilers also Fire/Flue Tube and Shell/Shell and Tube Boilers ...............................................416
18.30 Hybrid Combination Boilers ............................................................................................................................ 418
18.31 Sodium Flame Photometry (see Steam Purity in Measurements in Boilers) ............................................. 418
18.32 Softening Temperature of Ash (see Ash Fusibility) ....................................................................................... 418
18.33 Solid Fuels ........................................................................................................................................................... 418
18.34 Sonic Horns ......................................................................................................................................................... 419
18.35 Soot Blowers (see also Furnace Cleaning in Operation and Maintenance Topics) .................................... 420

18.35.1 Wall Blowers, Short Retractable Blowers or Furnace Deslaggers ............................................... 420
18.35.2 Rotary SB ............................................................................................................................................. 421
18.35.3 Long Retractable SB ........................................................................................................................... 421
18.35.4 Rake-Type Blowers ............................................................................................................................. 423

18.36 Sour Gas (see Natural Gas in Gaseous Fuels) ................................................................................................. 424
18.37 SOx or Sulphur Oxides (see Air Pollution)....................................................................................................... 424
18.38 Specific Gravity (see Properties of Substances) .............................................................................................. 424
18.39 Specific Gravity of Fuel Oils (see Fuel Oils in Liquid Fuels) ........................................................................ 424
18.40 Specific Volume (υ) (see Properties of Substances) ........................................................................................ 424
18.41 Specific Weight (Y) (see Properties of Substances) ......................................................................................... 424
18.42 Spontaneous Combustion ................................................................................................................................. 424
18.43 Spreader Burning ............................................................................................................................................... 425
18.44 Spreader Stoker ................................................................................................................................................... 425
18.45 Stack or Chimney ............................................................................................................................................... 425

18.45.1 Stack Instrumentation (see also Continuous Emission Monitoring System in Acid Rain). ...... 427
18.46 Stack Effect .......................................................................................................................................................... 427
18.47 Stainless Steels (see Metals) ............................................................................................................................... 427
18.48 Standard Wire Gauge (see Wire Gauge) .......................................................................................................... 427
18.49 Stanton Number (see Dimensionless Numbers in Heat Transfer) .............................................................. 427
18.50 Start up of Boiler (see Commissioning) ........................................................................................................... 427
18.51 Start up Vent (see Vent Piping) ......................................................................................................................... 427
18.52 Start up Fan (see Boiler Fans under Fans) ........................................................................................................ 427
18.53 Steam (see also Properties of Steam and Water).............................................................................................. 427
18.54 Steam and Water Sampling System ................................................................................................................. 427
18.55 Steam Blowing (see Commissioning) .............................................................................................................. 428
18.56 Steam Coil Air Preheater (see Airheaters) ....................................................................................................... 428
18.57 Steam Conditioning (see also Turbine Bypass Systems) ................................................................................ 428
18.58 Steam by Weight and Volume (see Properties of Steam and Water) ........................................................... 429
18.59 Steam Cycle (see Thermodynamic Cycles) ...................................................................................................... 429
18.60 Steam Drum (see Pressure Parts) ..................................................................................................................... 429
18.61 Steam Generator (see Boiler).............................................................................................................................. 429
18.62 Steaming Economiser (see Economiser in Heating Surfaces) ...................................................................... 429
18.63 Steam Mass Velocity (see Superheater in Heating Surfaces) ........................................................................ 429
18.64 Steam Purification (see also Drum Internals) .................................................................................................. 429
18.65 Steam Purity ....................................................................................................................................................... 429
18.66 Steam Purity Measurement (see Instruments for Measurements) .............................................................. 430
18.67 Steam Quality or Dryness of Steam ................................................................................................................ 431
18.68 Steam Quality Measurement (see Instruments for Measurements) ............................................................ 431
18.69 Steam Sampling (see Steam Purity Measurement under Instruments for Measurement) ....................... 431
18.70 Steam Scrubber (see Drum Internals) .............................................................................................................. 431
18.71 Steam Separator (see Drum Internals) ............................................................................................................. 431
18.72 Steam Temperature Control ............................................................................................................................. 431
18.73 Steam Turbine (see Turbine, Steam) ................................................................................................................. 431



xxxiContents

18.74 Steel (see Metals) ................................................................................................................................................. 431
18.75 Steel Alloying Elements (see Metallurgy) ....................................................................................................... 431
18.76 Steel Classification (see Metallurgy) ................................................................................................................ 431
18.77 Steel Properties (see Metal Properties) ............................................................................................................ 431
18.78 Stefan–Boltzmann’s Law of Radiation (see Radiation Heat under Heat Transfer) ..................................... 431
18.79 Stellite Alloys ...................................................................................................................................................... 431
18.80 Steam Injected Gas Turbine Cycle (see Turbines, GT under GT Performance) ........................................... 432
18.81 Stoichiometric Air (see Combustion) ............................................................................................................... 432
18.82 Stoker Firing (see Grate Firing) ......................................................................................................................... 432
18.83 Stress .................................................................................................................................................................... 432
18.84 Stress Corrosion (see Corrosion) ....................................................................................................................... 432
18.85 Stress Rupture (see Metal Properties) .............................................................................................................. 432
18.86 Stresses, Allowable or Permissible in Pressure Parts (see also Pressure Part Design) .............................. 432
18.87 Boiler Structure .................................................................................................................................................. 432

18.87.1 Supporting Methods .......................................................................................................................... 434
18.87.2 Drum Supporting (see Drum Supporting) ..................................................................................... 435
18.87.3 Sling Rods/Top Suspension Hangers/Suspension Slings ........................................................... 435
18.87.4 Drum Slings (see Drum Slings) ........................................................................................................ 436
18.87.5 Top Suspension Girders .................................................................................................................... 436
18.87.6 Buckstays (see Furnace Pressure in Heating Surfaces) ................................................................. 436

18.88 Stubbed Drum (see Steam Drum under Pressure Parts) ............................................................................... 436
18.89 Sub-Bituminous Coal ........................................................................................................................................ 436
18.90 Sub-Cooled Water (see Properties of Steam and Water) ............................................................................... 436
18.91 Sub-Critical Pressure (see Critical Pressure Point of Steam and Water) ..................................................... 436
18.92 Suction Milling (see Pulveriser Types under Pulverisers) ............................................................................. 436
18.93 Sulphation Reaction (see Desulphurisation) ................................................................................................... 436
18.94 Sulphur Oxides (see Air Pollution) ................................................................................................................... 436
18.95 Sulphur (in Coal) (see Sulphur in Ultimate Analysis in Coal) ..................................................................... 436
18.96 Supercritical Boilers (see Utility Boilers) ......................................................................................................... 437
18.97 Super-Critical Pressure (see Critical Point of Steam and Water).................................................................. 437
18.98 Superheat (see Properties of Steam and Water) .............................................................................................. 437
18.99 Superheater (see Heating Surfaces [HSs] and Pressure Parts) ..................................................................... 437
18.100 Superheater Outlet Pressure (see Boiler Pressures) ....................................................................................... 437
18.101 Superheater Outlet Temperature Boiler Steam Temperatures..................................................................... 437
18.102 Supplies (see Downcomers) ............................................................................................................................... 437
18.103 Surface Tension (see Fluid Properties under Fluid Characteristics) ............................................................. 437
18.104 Suspension Hangers/Slings/Rods (see Sling Rods) ...................................................................................... 437
18.105 Swaging (see Tube Swaging under Manufacturing Topics) .......................................................................... 437
18.106 Sweet Gas (see Natural Gas) .............................................................................................................................. 437
18.107 Swell Effect in Steam Drums (see Swell Volume in Steam Drum under Pressure Parts) ......................... 437
18.108 System Resistance of Boiler .............................................................................................................................. 437

 19 T ......................................................................................................................................................................................... 439
19.1 T Firing (see Pulverised Fuel Burner Arrangement) ..................................................................................... 439
19.2 Tangent Tube Walls (see Heating Surfaces Pressure Parts) .......................................................................... 439
19.3 Tangential Burners (see Pulverised Fuel Burners) ......................................................................................... 439
19.4 Temperature (T, t) (see Thermodynamic Properties) ..................................................................................... 439
19.5 Temperature of Gas (High-Velocity and Multiple-Shield High-Velocity Thermocouples) (see 

also High-Velocity and Multiple-Shield High Velocity Thermocouples under Instruments for 
Measurement) ..................................................................................................................................................... 439

19.6 Temperature–Entropy Diagram (see Critical Pressure Point in Steam and Water) .................................. 440
19.7 Temperature Measurement (see Instruments for Measurements) .............................................................. 440
19.8 Tempering Air for Mill ...................................................................................................................................... 440
19.9 Tensile Strength (see Metal Properties) ........................................................................................................... 440
19.10 Tensile Test (see Testing of Materials) .............................................................................................................. 440



xxxii Contents

19.11 Testing of Materials (Metals) ............................................................................................................................ 440
19.11.1 Destructive Testing ............................................................................................................................ 440

19.11.1.1 Hardness Testing of Metals (Brinnel, Vickers, Rockwell) ......................................... 440
19.11.1.2 Impact Testing of Metals (Charpy and Izod) .............................................................. 441
19.11.1.3 Tensile Testing of Metals (see also Tensile and Yield Strengths in Metal 

Properties) ........................................................................................................................ 441
19.11.2 Non-Destructive Testing/Examination .......................................................................................... 444

19.11.2.1 Liquid Penetrant Testing ................................................................................................ 444
19.11.2.2 Magnetic Particle Testing ............................................................................................... 445
19.11.2.3 Ultrasonic Testing ........................................................................................................... 445
19.11.2.4 Radiographic Testing ...................................................................................................... 446

19.12 Thermal Efficiency (see Efficiency of Boiler) ................................................................................................... 446
19.13 Thermal Flux (see Thermodynamic Properties) ............................................................................................ 446
19.14 Thermal Resistivity (see Thermal Conductivity under Thermodynamic Properties)............................... 446
19.15 Thermodynamic Cycles .................................................................................................................................... 446

19.15.1 Rankine or Steam Cycle .................................................................................................................... 447
19.15.2 Brayton, Joule, Open or Simple Gas Turbine Cycle ....................................................................... 448

19.15.2.1 Cogeneration Cycle ......................................................................................................... 448
19.15.2.2 Combined Cycle .............................................................................................................. 449

19.16 Thermodynamic Processes ............................................................................................................................... 449
19.17 Thermodynamic Properties ............................................................................................................................. 450

19.17.1 Calorific Value or Heating Value of Fuel ........................................................................................ 451
19.17.2 Energy .................................................................................................................................................. 451
19.17.3 Enthalpy .............................................................................................................................................. 451
19.17.4 Entropy ................................................................................................................................................ 451
19.17.5 Heat or Heat Energy or Thermal Energy ....................................................................................... 452
19.17.6 Heat Flow Equation ........................................................................................................................... 452
19.17.7 Heat Flux or Thermal Flux ............................................................................................................... 453
19.17.8 Heat of Evaporation, or Latent Heat (see Properties of Steam and Water) ................................. 453
19.17.9 Heat Rate ............................................................................................................................................. 453
19.17.10 Heat of Transformation or Latent Heat (see Properties of Steam and Water) ............................ 453
19.17.11 Laws of Steam and Water.................................................................................................................. 453
19.17.12 Laws of Thermodynamics ................................................................................................................ 453
19.17.13 Mass Velocity ...................................................................................................................................... 454
19.17.14 Molecular Weight/Mole/Molar Volume ........................................................................................ 454
19.17.15 Pressure ............................................................................................................................................... 454
19.17.16 Temperature ........................................................................................................................................ 454
19.17.17 Thermal Conductivity ....................................................................................................................... 455

19.18 Thermal Energy (see Thermodynamic Properties)........................................................................................ 455
19.19 Thermocouple (see Instruments for Measurements) ..................................................................................... 455
19.20 Thermometer (see Instruments for Measurements) ...................................................................................... 455
19.21 Throttling (see Properties of Steam and Water) ............................................................................................. 455
19.22 Throttling Calorimeter (see Steam Quality in Instruments for Measurement) ........................................ 455
19.23 Tie Bars/Tie Channels (see also Furnace Pressure in Furnace under Heating Surfaces) .......................... 455
19.24 Top-Supported Boiler (see Boiler-Supporting Systems in Structure) .......................................................... 455
19.25 Top-Suspension Girders (see Structure) .......................................................................................................... 455
19.26 Top Suspension Hangers (see Structure) ......................................................................................................... 455
19.27 Total Dissolved Solids in Water (TDS) ............................................................................................................ 456
19.28 Toughness (see Metal Properties) ..................................................................................................................... 456
19.29 Tower-Type Boilers (see Utility Boilers) ........................................................................................................... 456
19.30 Transition Flow (see Fluid Flow Types) ........................................................................................................... 456
19.31 Transmissivity (see Radiation Heat under Heat Transfer) ............................................................................. 456
19.32 Travelling Grate (see Grates, Travelling) ......................................................................................................... 456
19.33 Tube Expansion (see Manufacturing Topics) .................................................................................................. 456
19.34 Tube Swaging (see Manufacturing Topics) ..................................................................................................... 456



xxxiiiContents

19.35 Tubes (see Materials of Construction) .............................................................................................................. 456
19.36 Turbines, Gas ...................................................................................................................................................... 456

19.36.1 Main Components of a GT ................................................................................................................ 456
19.36.2 Types of GTs ........................................................................................................................................ 457

19.36.2.1 Industrial/Land Turbines .............................................................................................. 457
19.36.2.2 Aero Derivative Gas Turbines ....................................................................................... 457

19.36.3 Definitions of Gas Turbine Terms .................................................................................................... 457
19.36.4 Gas Turbine and Steam Turbine....................................................................................................... 458
19.36.5 Gas Turbine Performance ................................................................................................................. 458

19.36.5.1 Steam and Water Injection ............................................................................................. 460
19.36.5.2 Evaporative Cooling ........................................................................................................ 460
19.36.5.3 Regenerative/Recuperative Cooling............................................................................. 460

19.37 Turbines, Steam .................................................................................................................................................. 460
19.37.1 Steam Turbine Classification ............................................................................................................ 461
19.37.2 Steam Turbine versus Gas Turbine .................................................................................................. 463
19.37.3 Range of Steam Turbine .................................................................................................................... 463

19.38 Turbine Bypass Systems .................................................................................................................................... 463
19.39 Turbulent Flow (see Fluid Flow Types) .................................................................................................... 464
19.40 Turndown ............................................................................................................................................................ 464
19.41 Two-Pass Boilers (see Utility Boilers) ............................................................................................................... 464
19.42 Two-Phase Flow (see also Circulation and Flow Types in Vertical and Horizontal Tubes) ...................... 465

 20 U ........................................................................................................................................................................................ 467
20.1 Ultrasonic Testing (see Non-Destructive Testing/Examination under Testing of 
 Materials [Metals]) ............................................................................................................................................. 467
20.2 Utility Boiler (see also 1. Boilers, 2. Boiler Classification and 3. Industrial Boilers) ................................... 467

20.2.1 Utility versus Industrial Boilers ....................................................................................................... 467
20.2.2 Small and Large Utility Boilers ........................................................................................................ 468
20.2.3 Single-Pass or Tower-Type Boilers ................................................................................................... 468

20.2.3.1 Utility PF Boiler Designs Based on Gas Flow ............................................................. 468
20.2.3.2 Utility Boiler Designs Based on Steam Pressure ........................................................ 472
20.2.3.3 Utility CFBC Boilers (see also Circulating Fluidised Bed 
 Combustion Boilers) ........................................................................................................ 485

20.3 Ultimate Analysis (see Coal) ............................................................................................................................. 487
20.4 Ultrasonic Testing (see Non-Destructive Examination) ................................................................................ 487
20.5 Ultra Supercritical Boilers (see SC Boilers) ...................................................................................................... 487
20.6 Universal Pressure Boiler (see Supercritical Boilers) ..................................................................................... 487

 21 V ........................................................................................................................................................................................ 489
21.1 Vacuum Degassing of Steel (see Metallurgy).................................................................................................. 489
21.2 Valve Wide Open Condition (see Boiler Rating) ............................................................................................ 489
21.3 Valves ................................................................................................................................................................... 489

21.3.1 Boiler Valves ........................................................................................................................................ 489
21.3.2 Valve Terminology ............................................................................................................................. 489
21.3.3 Classification Based on Valve Size ................................................................................................... 491
21.3.4 Materials of Construction of Valves ................................................................................................ 491

21.4 Valves in Boiler ................................................................................................................................................... 491
21.4.1 Blowdown Valves: Continuous and Intermittent (CBD and IBD) ............................................... 491
21.4.2 Control Valves..................................................................................................................................... 492
21.4.3 Main Steam Stop Valve...................................................................................................................... 495
21.4.4 Non-Return Valves for Steam and Water ....................................................................................... 496
21.4.5 Safety Valves ....................................................................................................................................... 497

21.4.5.a Electromatic SV ................................................................................................................ 499
21.4.6 Start-Up Vent Valves (see Vent Piping) ............................................................................................ 499
21.4.7 Air Vent Valves ................................................................................................................................... 499



xxxiv Contents

21.4.8 Drain Valves ........................................................................................................................................ 499
21.5 Vapour ................................................................................................................................................................. 500
21.6 Vapour Pressure (see Fluid Properties under Fluid Characteristics) ........................................................... 500
21.7 Vanadium in Oil Ash (see Oil Ash Corrosion) ............................................................................................... 500
21.8 Variable/Sliding Pressure Operation of Boilers ............................................................................................ 500
21.9 Vegetable Fuels (see Agro-Fuels) ...................................................................................................................... 501
21.10 Velocity Coefficient ............................................................................................................................................ 501
21.11 Velocities of Fluids (see Fluid Velocities) ......................................................................................................... 501
21.12 Vena Contracta (see Fluid Flow) ....................................................................................................................... 501
21.13 Vent Piping (see also Integral Piping in Pressure Parts) ................................................................................ 501
21.14 Ventilation of Boiler Room ................................................................................................................................ 502
21.15 Venturi Meter/Tube (see Instruments for Measurement) ............................................................................. 502
21.16 Vertical or Down Shot Burners (see Pulverised Fuel Burners) ..................................................................... 502
21.17 Vertical Economisers (see Economiser in BLR Boiler Construction under Recovery Boilers) ................. 502
21.18 Vertical Mills (see Pulverisers) .......................................................................................................................... 502
21.19 Vicker’s Test (see Hardness Testing of Metals in Testing) ............................................................................ 502
21.20 Viscosity, Absolute/Dynamic and Kinematic (see Fluid Characteristics) .................................................. 502
21.21 Volatile Matter (see Coal) ................................................................................................................................... 502
21.22 Volatile Organic Compounds ........................................................................................................................... 502
21.23 Volumetric Machines (see Ambient Conditions) ............................................................................................ 502

 22 W ....................................................................................................................................................................................... 503
22.1 Wall Blowers (see Soot Blowers) ....................................................................................................................... 503
22.2 Waste Fuels ......................................................................................................................................................... 503
22.3 Waste Heat .......................................................................................................................................................... 503
22.4 Waste Heat Recovery Boilers (see also Industrial Boilers and Heat Recovery Steam Generators) ........... 505

22.4.1 Whrb versus Hrsg: A Comparison .................................................................................................. 505
22.4.2 Classification of Whrbs ..................................................................................................................... 505
22.4.3 Whrbs in Chemical Plants ................................................................................................................ 506
22.4.4 Whrbs in Steel Plant (see also Blast Furnace Gas and Coke Oven Gas) ....................................... 506
22.4.5 Whrbs in Oil Refineries ..................................................................................................................... 508

22.4.5.a Carbon Monoxide Boilers (see also Carbon Monoxide Gas 
 under Gaseous Fuels) ....................................................................................................... 508

22.4.6 Whrbs in Cement Plants ................................................................................................................... 509
22.4.7 Whrbs for Exhaust Gases in Various Plants ....................................................................................511

22.4.7.a Whrb in Copper Plant .....................................................................................................511
22.4.7.b Whrb in Sponge Iron Plants .......................................................................................... 512
22.4.7.c Whrbs in Carbon Black Industry .................................................................................. 513

22.5 Water .....................................................................................................................................................................514
22.5.1 Impurities in Water .............................................................................................................................514
22.5.2 Terminology of Water .........................................................................................................................514
22.5.3 Solids in Water .................................................................................................................................... 515
22.5.4 Hardness of Water ............................................................................................................................. 515
22.5.5 Alkalinity of Water (see also Hardness) ............................................................................................516
22.5.6 Water Types ..........................................................................................................................................516
22.5.7 Water Treatment for Boilers .............................................................................................................. 517
22.5.8 Dealkalisation of Water ..................................................................................................................... 517
22.5.9 Demineralisation of Water ................................................................................................................ 517
22.5.10 Deaeration ........................................................................................................................................... 518
22.5.11 Deaerator ............................................................................................................................................. 518
22.5.12 Oxygen Scavenging ........................................................................................................................... 519
22.5.13 Boiler Water Conditioning ................................................................................................................ 519
22.5.14 Drum Water Conditioning (see also Water Conditioning for SC Boilers under Utility 

Boilers) ................................................................................................................................................. 520
22.5.15 All Volatile Treatment of Boiler Water ............................................................................................ 520



xxxvContents

22.5.16 Chemical Dosing of Boilers .............................................................................................................. 520
22.5.17 Boiler Blowdown, Continuous and Intermittent (see also Blowdown Tanks and 

Blowdown Valves under Valves in Boiler) ....................................................................................... 521
22.5.18 Effects of Water on Boilers ................................................................................................................ 521
22.5.19 Water Quality for Feed and Boiler Water ....................................................................................... 522
22.5.20 Caustic and Hydrogen Embrittlement ............................................................................................ 522
22.5.21 Amines................................................................................................................................................. 523

22.6 Water Carryover (see Steam Purity) ................................................................................................................. 523
22.7 Water Drum (see Pressure Parts) ...................................................................................................................... 523
22.8 Water-Holding Capacity of Boiler (see also Steam Drum in Pressure Parts) .............................................. 523
22.9 Water Lancing (see Soot Blowers) ..................................................................................................................... 523
22.10 Water Level Indicators (see also Direct Water Level Indicators and Remote Water 
 Level Indicators) ................................................................................................................................................. 523
22.11 Water Tube Boilers (see Boilers) ........................................................................................................................ 524
22.12 Water Wall (see also Furnace Wall Construction in Heating Surfaces) ....................................................... 524
22.13 Water Wall Circuit (see Circulation) ................................................................................................................ 524
22.14 Wear ..................................................................................................................................................................... 524
22.15 Welding ............................................................................................................................................................... 525

22.15.1 Comparison of Welding Processes .................................................................................................. 526
22.15.2 Types of Weld Joints .......................................................................................................................... 527
22.15.3 Welding Positions .............................................................................................................................. 527
22.15.4 Welding Electrodes ............................................................................................................................ 527
22.15.5 Orbital Welding .................................................................................................................................. 528

22.16 Wet Air (in Combustion) (see Combustion Calculations in Combustion) ................................................. 528
22.17 Wet Bulb Temperature Twb (see Psychrometric Chart) .................................................................................. 528
22.18 Wet Flue Gas (see Properties of Air and Flue Gas) ........................................................................................ 528
22.19 Wet Scrubbers (see Dust Collection Equipment) ............................................................................................ 528
22.20 Wet Steam (see Properties of Steam and Water) ............................................................................................. 528
22.21 Wet Wall Flow (see Properties of Steam and Water) ...................................................................................... 528
22.22 White Liquor (see Kraft Pulping Process and Recovery Boiler) ................................................................... 528
22.23 Wire Gauge ......................................................................................................................................................... 529
22.24 Wobbe Index (see Gaseous Fuels) ..................................................................................................................... 529
22.25 Wood and Firing (see Agro-Fuels) ................................................................................................................... 529

 23 Y ......................................................................................................................................................................................... 531
23.1 Yancey–Geer Price Index for Coal Abrasion (see Wear) ................................................................................ 531
23.2 Yield Point (see Tensile Test in Testing and Metal Properties) ...................................................................... 531
23.3 Yield Strength (see Tensile Test in Testing and Metal Properties)................................................................ 531

List of Abbreviations ........................................................................................................................................................... 533

Symbols of Elements and Compounds ............................................................................................................................ 537

List of Symbols ...................................................................................................................................................................... 539

Organisations Related to Boilers ....................................................................................................................................... 541

References and Further Reading ....................................................................................................................................... 543
Codes ................................................................................................................................................................................ 543
Books ................................................................................................................................................................................. 543
Technical Articles/Reports ............................................................................................................................................ 545

Appendix 1: Combustion Constants ................................................................................................................................. 555

Appendix 2 : The Periodic Table of Elements ................................................................................................................. 559

Appendix 3: Coals of the World ......................................................................................................................................... 561





xxxvii

List of Figures

1.1 Acid rain phenomenon ................................................................................................................................................ 1

1.2 In situ integrated continuous stack monitoring system .......................................................................................... 2

1.3 Vertical tri-sector Ljungstrom (moving rotor) AH .................................................................................................. 9

1.4 Vertical Rothemuhle (moving hood) AH .................................................................................................................. 9

1.5 Permissible minimum metal temperature versus sulphur in fuel for RAHs. ..................................................... 9

1.6 Typical vertical TAH .................................................................................................................................................. 10

1.7 Typical horizontal TAH ............................................................................................................................................. 11

1.8 Typical plate-type airheater ...................................................................................................................................... 11

1.9 Typical individual heat pipe ..................................................................................................................................... 11

1.10 Horizontal gas–air AH using heat pipes ................................................................................................................ 12

1.11 Specific volume variation of air with altitude ........................................................................................................ 12

1.12 Schematic arrangement of a large Scaph ................................................................................................................ 15

1.13 Ash fusibility stages ................................................................................................................................................... 19

1.14 Permissible CS tube temperature versus sulphur in fuel for TAH and economiser ........................................ 20

1.15 Slagging and fouling zones in a PF-fired boiler .................................................................................................... 21

1.16 Effect of slagging and fouling potential on boiler sizing ..................................................................................... 21

1.17 Burner with rotary cup atomiser ............................................................................................................................. 23

1.18 Cross-sectional view of a typical steam jet atomiser ............................................................................................ 24

1.19 Spray attemperator of a large boiler ........................................................................................................................ 26

1.20 Spray attemperators—conventional and CSDH .................................................................................................... 26

1.21 Schematic arrangement of a drum-type attemperator ......................................................................................... 26

1.22 Schematics of attemperators with water and condensate sprays ........................................................................ 27

1.23 Blade control hub of an axial fan .............................................................................................................................. 28

1.24 Single- and twin-stage axial flow fans .................................................................................................................... 28

1.25 Cross-sectional views of a twin-stage axial fan supported on anti-vibration mountings .............................. 29

1.26 Method of placing vertical axial flow fans (a) inside a stack or (b) on steel structure ..................................... 29

1.27 Types of foundations for horizontal (a–e) and vertical (f) axial fans .................................................................. 30

1.28 Comparison of characteristic curves of centrifugal and axial flow fan ............................................................. 30

1.29 Typical propeller fan .................................................................................................................................................. 31

2.1 Top-supported DG spreader stoker bagasse-fired boiler with two-pass BB ..................................................... 35

2.2 Top-supported TG spreader stoker bagasse-fired boiler with single-pass BB .................................................. 36

2.3 Sources of biomass ..................................................................................................................................................... 37

2.4 Vertical IBD tank ........................................................................................................................................................ 39



xxxviii List of Figures

2.5 Heat recovery scheme from boiler blowdown ....................................................................................................... 39

2.6 Instrumentation symbols as per SAMA ................................................................................................................. 43

2.7  Signal processing symbols ........................................................................................................................................ 44

2.8 Typical plant master control ..................................................................................................................................... 45

2.9 Boiler master control for multiple boilers running in parallel ............................................................................ 45

2.10 Single positioning or jack shaft combustion control ............................................................................................. 45

2.11 Parallel positioning combustion control ................................................................................................................. 45

2.12 Combustion control using lead–lag/cross-limiting circuit .................................................................................. 46

2.13 Combustion control for stoker-fired boilers ........................................................................................................... 46

2.14 PF-fired boiler control system ................................................................................................................................... 47

2.15 Oxygen trim control ................................................................................................................................................... 47

2.16 Furnace draught control ............................................................................................................................................ 47

2.17 Different drum level controls—single, two and three element controls ........................................................... 48

2.18 Schematic of a typical PF-fired boiler showing TPs .............................................................................................. 53

2.19 Bubbling fluidised bed .............................................................................................................................................. 55

2.20 Lower furnace of a BFBC boiler ............................................................................................................................... 55

2.21 Under-bed fuel feeding scheme in a BFBC boiler.................................................................................................. 56

2.22 Over-bed fuel feeding scheme in BFBC boiler ....................................................................................................... 56

2.23 Air nozzles ................................................................................................................................................................... 58

2.24 Multi-fuel-fired BFBC boiler with both over and under feeding systems ......................................................... 61

2.25 Lower furnace of a BFBC boiler with open bottom arrangement ....................................................................... 62

3.1 Carbon sequestration process ................................................................................................................................... 64

3.2 Schematic of CFBC process ....................................................................................................................................... 66

3.3 CFBC combustor and cyclone system ..................................................................................................................... 68

3.4 Action of cyclone in a CFBC boiler .......................................................................................................................... 69

3.5 Water- or steam-cooled cyclone ................................................................................................................................ 69

3.6 Inertial dust separators termed as U-beams by B&W ........................................................................................... 69

3.7 Concept of FBHE ........................................................................................................................................................ 70

3.8 ‘Intrex’ coil arrangement in compact boilers of FW .............................................................................................. 70

3.9 Ash screw cooler arrangement together with ash disposal system .................................................................... 71

3.10 Rotary ash cooler ........................................................................................................................................................ 71

3.11 Fluidised-bed ash cooler............................................................................................................................................ 72

3.12 Hot gas generator (HGG) ........................................................................................................................................... 72

3.13 Large conventional hot cyclone utility range CFBC re-heat boiler ..................................................................... 73

3.14 Industrial range conventional hot cyclone CFBC boiler ....................................................................................... 74

3.15 ‘Compact’-type utility range re-heat CFBC boiler of FW ..................................................................................... 74

3.16 Small cold cyclone boiler with two cyclones .......................................................................................................... 76



xxxixList of Figures

3.17 Schematic arrangement of a cold cyclone CFBC boiler system ........................................................................... 76

3.18 Process of natural circulation ................................................................................................................................... 77

3.19 Self-limiting feature of natural circulation boilers ................................................................................................ 78

3.20 Concept of assisted circulation or full-load re-circulation ................................................................................... 78

3.21 Forced circulation in sub-c boilers ........................................................................................................................... 79

3.22 Forced circulation in SC boilers ............................................................................................................................... 79

3.23 Coalification process .................................................................................................................................................. 81

3.24 Pictorial presentation of proximate analysis of coal ............................................................................................. 82

3.25 Various methods of reporting of coals analysis ..................................................................................................... 84

3.26 Coke profiles from swelling test ............................................................................................................................... 85

3.27 Schematic of a CC power plant ................................................................................................................................. 88

3.28 Large CCPP with in line GT, ST and common TG (a) isometric view (b) heat balance.................................... 89

3.29 Combustion process of fossil fuel ............................................................................................................................ 92

3.30 Circulation method of acid cleaning ....................................................................................................................... 95

3.31 Surface pitting of metals ............................................................................................................................................ 99

3.32 Convergent–divergent nozzle ................................................................................................................................. 101

3.33 Temperature–enthalpy (T–s) diagram of steam ................................................................................................... 102

3.34 Small cyclone-fired boiler ........................................................................................................................................ 103

3.35 Cyclone furnace ........................................................................................................................................................ 103

3.36 Utility-sized cyclone-fired re-heat boiler with two rows of cyclones ............................................................... 105

4.1 Effect of bed temperature and Ca/S ratio on sulphur removal in BFBC ......................................................... 108

4.2 Limestone–gypsum wet scrubbing FGD process .................................................................................................110

4.3 Tubular gauge glasses ...............................................................................................................................................111

4.4 Reflex gauge glasses ................................................................................................................................................. 112

4.5 Transparent gauges .................................................................................................................................................. 112

4.6 Bi-colour gauges........................................................................................................................................................ 112

4.7 Port-type gauge ......................................................................................................................................................... 112

4.8 Typical DCS ................................................................................................................................................................113

4.9 Draught profiles in forced and balanced draught firing .....................................................................................114

4.10 Flues and ducts in a typical PF-fired boiler ...........................................................................................................116

4.11 Rectangular metallic expansion joint .....................................................................................................................116

4.12 Circular fabric or cloth expansion joint ..................................................................................................................117

4.13 Multi-flap motorised louver damper ......................................................................................................................117

4.14 Guillotine damper .....................................................................................................................................................117

4.15 Diverter damper ........................................................................................................................................................118

4.16 Multi-flap weather damper ......................................................................................................................................118

4.17 Bypass stack assembly in CCPP along with other main equipment .................................................................119



xl List of Figures

4.18 Cross-section of steam drum showing the drum internals ............................................................................... 120

4.19 Inertial separation of steam and water .................................................................................................................. 120

4.20 Vigorous swirling motion of steam and water inside a vertical cyclone separator ........................................ 120

4.21 Steam separating equipment inside the steam drum ......................................................................................... 121

4.22 Steam separation with four rows of cyclones in a high-capacity boiler with large steam drum ................. 121

4.23 An isometric view of all the drum internals and external connections in a steam drum ............................ 122

4.24 Bar and laminated drum slings ............................................................................................................................. 122

4.25 Dust gradation and dust collection........................................................................................................................ 123

4.26 Collection efficiencies of various types of dust collection equipment ............................................................. 124

4.27 Multi-clone type centrifugal dust collector .......................................................................................................... 125

4.28 Performance of a multi-cyclone dust collector ..................................................................................................... 125

4.29 Operating principle of an ESP ................................................................................................................................ 126

4.30 Typical large ESP and its parts ............................................................................................................................... 126

4.31 Discharge and collecting electrodes of ESPs ........................................................................................................ 127

4.32 Reverse and pulse jet fabric filters ......................................................................................................................... 129

4.33 Reverse gas filter or bag house ............................................................................................................................... 130

4.34 Pulse jet filter or bag/fabric or cloth filters ........................................................................................................... 130

4.35 Wet scrubber ............................................................................................................................................................. 131

5.1 Continuous helical or spiral finned tubes ............................................................................................................ 134

5.2 Rectangular welded plate fins on steel tubes ....................................................................................................... 134

5.3 Modular steel tube economiser with rectangular plate fins .............................................................................. 135

5.4 Pin studded tubes ..................................................................................................................................................... 135

5.5 CI gilled tube element.............................................................................................................................................. 135

5.6 Variation of boiler unburnt and stack losses with change in excess air .......................................................... 138

5.7 ABMA chart of radiation losses (PTC 4.1) ............................................................................................................. 139

5.8 Uniform spacing of tube holes ............................................................................................................................... 144

5.9 Alternate spacing of tube holes .............................................................................................................................. 144

5.10 Staggered pitching of tube holes ............................................................................................................................ 144

5.11 Various types of fins to create extended surfaces ................................................................................................ 146

5.12 Serrated and solid circular fins .............................................................................................................................. 147

5.13 Method of fixing the rectangular plate fins on tube ........................................................................................... 148

5.14 Tube with rectangular welded plate fins .............................................................................................................. 148

5.15 Longitudinal strip fins on tube .............................................................................................................................. 148

6.1 Comparison of fan and compressor characteristics ............................................................................................ 150

6.2 Forward and backward curved blading and their effects on discharge velocities ........................................ 150

6.3 Forward, backward and radial blading with variations in between ................................................................ 150

6.4 H–Q and P–Q characteristics of various types of fans ....................................................................................... 151



xliList of Figures

6.5 Various methods of fan control .............................................................................................................................. 151

6.6 Inlet vane control (IVC) assembly .......................................................................................................................... 151

6.7 Parallel and series operation of a pair of centrifugal fans .................................................................................. 152

6.8 Centrifugal fan .......................................................................................................................................................... 153

6.9 Propeller fan .............................................................................................................................................................. 153

6.10 Tube and vane axial fans ......................................................................................................................................... 154

6.11 Overhung design of centrifugal fan ...................................................................................................................... 154

6.12 Impeller-on-motor shaft design of centrifugal fan .............................................................................................. 154

6.13 Double inlet simply supported centrifugal fans .................................................................................................. 154

6.14 Single inlet overhung design centrifugal fan ....................................................................................................... 155

6.15 Belt-driven centrifugal fan ...................................................................................................................................... 155

6.16 Action of a flame scanner ........................................................................................................................................ 156

6.17 Good location for a flame scanner ......................................................................................................................... 157

6.18 Components of a flame scanner system ................................................................................................................ 157

6.19 Flow versus pressure drop relationship in differential pressure flow meters ................................................ 157

6.20 Various stages of two-phase flow in heated vertical tubes individually depicted ......................................... 158

6.21 Two-phase flow in a heated vertical tube with all stages sequentially arranged ........................................... 159

6.22 Liquid flow patterns in heated horizontal tubes ................................................................................................. 159

6.23 Relationship between stress and strain for various types of fluids .................................................................. 160

6.24 Vena contracta ............................................................................................................................................................162

6.25 Fluid flows in parallel and counter flow in heat exchangers ..............................................................................162

6.26 Moody’s diagram for Reynold’s number versus relative roughness and friction factor ............................... 163

6.27 Fluidisation regimes between the static bed and full entrainment .................................................................. 165

6.28 Bed pressure drop versus air/gas velocity at various stages of fluidisation ................................................... 166

6.29 Increasing slip velocity in fluidised bed regime .................................................................................................. 166

6.30 Modes of combustion in BFBC and CFBC .............................................................................................................167

6.31 Effect of FBC parameters on emissions ..................................................................................................................167

6.32 Simplified schematic of PFBC in combined cycle mode ..................................................................................... 169

6.33 Formation of fossil fuels over the geological times ............................................................................................. 170

6.34 Reserves of fossil fuels around the world ............................................................................................................. 171

6.35 World fuel consumption patterns .......................................................................................................................... 172

6.36 Typical rotary mechanical spreader/distributor .................................................................................................. 173

6.37 Pneumatic fuel distributor for agro-fuels ..............................................................................................................174

6.38 Rotary coal feeder ......................................................................................................................................................174

6.39 Rotary bagasse feeder .............................................................................................................................................. 175

6.40 Screw feeder for bagasse ......................................................................................................................................... 175

6.41 Drag chain volumetric feeder ................................................................................................................................. 175



xlii List of Figures

6.42 Drag chain feeder in assembled condition ............................................................................................................176

6.43 Gravimetric belt feeder .............................................................................................................................................176

6.44 Microprocessor-based control of a gravimetric coal feeder ............................................................................... 177

7.1 Gas bypassing in the rear pass of two-pass RH boiler ....................................................................................... 179

7.2 Extraction of coal bed/coal mine methane (CMM) ............................................................................................. 183

7.3 Example of gas laning .............................................................................................................................................. 184

7.4 Scheme of gas recirculation and gas tempering in a boiler ............................................................................... 184

7.5 Mass burning in gravity-fed chain/travelling grate ........................................................................................... 188

7.6  Spreader firing of bio-fuel on travelling grate ..................................................................................................... 188

7.7  Combustion on dumping grate .............................................................................................................................. 189

7.8 Semi-pile burning in inclined grate followed by mass burning on a dump grate ......................................... 189

7.9 Undergrate feeding of coal ...................................................................................................................................... 189

7.10 Overgrate feeding of coal ........................................................................................................................................ 189

7.11 Burning process of coal on grate ............................................................................................................................ 190

7.12 Casting of a pinhole grate ....................................................................................................................................... 191

7.13 Small manual dumping grate assembly in shop floor in closed and dumping positions ............................. 191

7.14 Castings of a dumping grate with operating lever .............................................................................................. 192

7.15 SS dumping grate boiler for bio-fuel ..................................................................................................................... 192

7.16 Typical chain grate ................................................................................................................................................... 193

7.17 Grate bars/castings of travelling grates ................................................................................................................ 194

7.18 Typical chain and link assembly of travelling grate chain ................................................................................ 194

7.19 Hydraulic grate drive ............................................................................................................................................... 194

7.20 Mechanical grate drive ............................................................................................................................................ 194

7.21  Biomass with supplementary oil/gas-fired SS travelling grate boiler .............................................................. 195

7.22 Typical small reciprocating grate for burning bio-fuels ..................................................................................... 196

7.23  Long and thin grate bars in reciprocating grates for bio-fuels .......................................................................... 197

7.24 Reverse side of the large-sized grate bar for reciprocating grate for MSW ..................................................... 197

7.25 HP boiler for burning MSW on reciprocating grate ........................................................................................... 198

7.26 Flat water-cooled vibrating grate ........................................................................................................................... 198

8.1  Hardgrove machine ................................................................................................................................................. 201

8.2  Variation of mill capacity and power with HGI .................................................................................................. 202

8.3  Sankey diagram for heat balance in an RH boiler ............................................................................................... 203

8.4 Reducing effectiveness of heating surfaces with flue gas cooling .................................................................... 206

8.5 Refractory layer over pin studs in a furnace wall ............................................................................................... 206

8.6 FEGT in a PF fired boiler with multiple fuels ...................................................................................................... 207

8.7 Floating buckstay assembly .................................................................................................................................... 208

8.8  Resistance to flow of heat form flue gas to water in tube ................................................................................... 208



xliiiList of Figures

8.9 Comparative furnace sizes for coal, oil and gas .................................................................................................. 209

8.10  Early efforts at water cooling of brick-walled furnace ........................................................................................ 210

8.11  Membrane or mono wall membrance ................................................................................................................... 210

8.12  Tangent tube wall ......................................................................................................................................................211

8.13  Flat studded wall .......................................................................................................................................................211

8.14  Tube and tile wall construction ...............................................................................................................................211

8.15 Spaced tube construction of walls ..........................................................................................................................211

8.16  Pin studded tube wall ...............................................................................................................................................211

8.17  Cross section of pin studded tube covered with refractory ............................................................................... 212

8.18  Narrowing lateral tube spacing with cooling flue gases .................................................................................... 212

8.19 SH and RH nomenclature and location in a two-pass utility boiler................................................................. 213

8.20  SH and RH classification based on flow arrangements .......................................................................................214

8.21 Mixed flow arrangement in SH and RH ................................................................................................................214

8.22 Steam temperature variation with load in convective and radiant SHs .......................................................... 215

8.23  Radiant and convective SH coils in a stoker-fired boiler .................................................................................... 215

8.24  Single- and two-pass steam flow arrangements .................................................................................................. 215

8.25 Horizontal SH and RH coils and supports ........................................................................................................... 215

8.26  Vertical inverted loop drainable SH in a package boiler .....................................................................................216

8.27  Typical vertical pendant SH in a large utility boiler ............................................................................................216

8.28  In-line and staggered arrangement of tubes in a tube bank/bundle ............................................................... 217

8.29  Single and multiple tubes per loop ........................................................................................................................ 217

8.30  Multi-drum multi-bank bottom supported LP/MP boiler of early twentieth century .................................. 218

8.31 Gas temperature drop over a boiler bank ............................................................................................................. 218

8.32 Different boiler bank configurations in a two-pass boiler ................................................................................. 219

8.33  Typical wing wall evaporator ................................................................................................................................. 219

8.34  Boiler efficiency rise versus drop in gas exit temperature ................................................................................. 220

8.35  Combined cycle power generation using GT, Hrsg and ST—(a) isometric and 
(b) schematic presentations .................................................................................................................................... 221

8.36  Tubes with (a) serrated and (b) solid fins .............................................................................................................. 223

8.37  Pinch point and approach temperatures in Hrsg design ................................................................................... 224

8.38 Concept of horizontal and vertical Hrsgs ............................................................................................................. 226

8.39  Schematic of a large horizontal 3P+RH type Hrsg with supplementary firing .............................................. 226

8.40  Cross section of a typical horizontal 2P Hrsg with supplementary firing and catalyst chamber ............... 227

8.41  Schematic of a vertical 3P+RH Hrsg in CCPP application .................................................................................. 228

8.42  2P vertical Hrsg for Cogen application ................................................................................................................. 229

8.43  Combined heat transfer ........................................................................................................................................... 232

8.44  Types of fluid flow—laminar, transition and turbulent ..................................................................................... 233



xliv List of Figures

9.1 Typical Ignifluid boiler installation ....................................................................................................................... 238

9.2 Action of igniter ........................................................................................................................................................ 239

9.3 GE igniter ................................................................................................................................................................... 239

9.4 HEA igniter ............................................................................................................................................................... 239

9.5 Reduction of latent heat in steam with rising pressures .................................................................................... 241

9.6 Single-drum industrial PF boiler with 4 mills and rotary AH .......................................................................... 244

9.7 Permanent pressure loss in various flow measuring devices ............................................................................ 246

9.8 Arrangement of orifice plate in a pipe for flow measurement ........................................................................... 246

9.9 Venturi meter for flow measurement .................................................................................................................... 247

9.10 Aerofoil for flow measurement in ducts ............................................................................................................... 247

9.11 Flow nozzle for steam flow measurement ............................................................................................................ 248

9.12 Orsat analyser for measurement of gas composition .......................................................................................... 249

9.13 Oxygen analyser of zirconia type .......................................................................................................................... 249

9.14 Bomb calorimeter for cv measurement ................................................................................................................. 250

9.15 Saybolt viscometer for viscosity measurement of oils ........................................................................................ 250

9.16 Redwood viscometer for viscosity measurement of oils .................................................................................... 251

9.17 Static, dynamic and total pressures of fluid flowing in a pipe .......................................................................... 251

9.18 (a) Pitot and (b) Prandtl tubes ................................................................................................................................. 252

9.19 Pressure and vacuum measurements in manometers ........................................................................................ 252

9.20 Bourdon-type pressure gauge ................................................................................................................................ 253

9.21 Throttling calorimeter for measurement of steam dryness ............................................................................... 254

9.22 Tips of TCs ................................................................................................................................................................. 255

9.23 Rise in furnace tube metal temperatures with the formation of inside deposit ............................................. 256

9.25 Difference between HVT and multiple shield HVT TCs .................................................................................... 256

9.24 Shielded high-velocity TC for measuring furnace and SH gas temperatures ................................................ 256

9.25 Difference between HVT and multiple shield HVT TCs. ................................................................................... 256

9.26 Mercury in glass thermometer of industrial class .............................................................................................. 257

9.27 Operating principle of an optical pyrometer ....................................................................................................... 257

9.28 Temperature measurement by photometric matching in a radiation pyrometer ........................................... 257

9.29 Thermal conductivity of calcium silicate .............................................................................................................. 258

9.30 Thermal conductivity of resin-bonded mineral wool blanket .......................................................................... 259

9.31 Thermal conductivity of ceramic wool blanket ................................................................................................... 259

9.32 Typical single-drum HP non-reheat IR-CFB boiler for CPP .............................................................................. 261

9.33 Cross-section of U-beams ........................................................................................................................................ 262

11.1 Kraft pulping process .............................................................................................................................................. 265

12.1 A, M and Lcv of lignites from major fields ........................................................................................................... 269

12.2 Plate belt feeder with twin fuel inlets ................................................................................................................... 270



xlvList of Figures

12.3 Isometric view of a plate belt feeder ...................................................................................................................... 271

12.4 Direct firing of medium-moisture lignites ........................................................................................................... 272

12.5 Direct firing of high-moisture brown coals .......................................................................................................... 272

12.6 Beater mill for medium moisture in fuel—isometric and cross-sectional views ........................................... 273

12.7 Beater mill for high moisture in fuel or wet fan mill—isometric and cross-sectional views ....................... 273

12.8 Burner for brown coal firing ....................................................................................................................................274

12.9 Eight beater mills around the furnace of a brown coal-fired boiler ..................................................................274

12.10 A large tower type SC brown coal-fired boiler with eight mills and three levels of firing .......................... 275

12.11 Pensky–Marten apparatus for flash point determination for FOs .................................................................... 277

12.12 FO viscosity variation with temperature .............................................................................................................. 278

12.13 Atmospheric or straight distillation ...................................................................................................................... 280

12.14 Vacuum distillation .................................................................................................................................................. 280

12.15 Thermal cracking ..................................................................................................................................................... 280

12.16 Catalytic cracking ..................................................................................................................................................... 280

12.17 Overview of LNG cycle ........................................................................................................................................... 283

12.18 Chain of events from oil shale mining to conversion to liquid fuels ............................................................... 284

12.19 Parallel and counterflow arrangements of fluids in heat exchangers .............................................................. 287

12.20 Correction factor Fc for LMTD of cross flow ........................................................................................................ 287

12.21  Wall-mounted low NOx burner (LNB) .................................................................................................................. 288

13.1 Tube expansion ......................................................................................................................................................... 291

13.2 Tube expander ........................................................................................................................................................... 292

13.3 Swaged end of a tube ............................................................................................................................................... 292

13.4 Composite tube wall ................................................................................................................................................ 295

13.5 Stress–strain relationship for steel materials ....................................................................................................... 302

13.6 Stages of time-dependent creep strain .................................................................................................................. 303

13.7 Stress rupture charts for a steel for various temperatures ................................................................................. 304

13.8 S–N curve (stress–cycles of reversals) for a steel at a specified temperature .................................................. 304

13.9 Solubility of elements in ferrite and the effects on hardenability ..................................................................... 305

13.10 Moh’s scale of hardness for various minerals ...................................................................................................... 306

13.11 Iron–carbon (Fe–C) diagram for steel ................................................................................................................... 306

13.12 Microstructures of various alloys of Fe–C diagram ........................................................................................... 307

13.13 Heat treatment ranges plotted on Fe–C diagram ................................................................................................ 308

13.14 Effect of carbon on properties of steel ................................................................................................................... 309

13.15 Classification based on deoxidisation of steels .....................................................................................................311

13.16 Cross section and details of a typical MSW fired boiler plant .......................................................................... 315

13.17 Processing of MSW .................................................................................................................................................. 315

13.18 Cross section of a typical boiler plant firing RDF.................................................................................................316



xlvi List of Figures

13.19 Isometric view of a three-stage pusher grate for burning MSW ....................................................................... 317

13.20 Cross section of a typical boiler plant for burning MSW on three-stage step pusher grate ..........................318

13.21 Cross section of a boiler with spreader stoker for firing RDF ........................................................................... 320

14.1 Relationship of NOx generation with flame temperature and excess air ......................................................... 323

14.2 Typical LNB for gas firing with FGR ..................................................................................................................... 323

14.3 Separated overfire air (SOFA) ................................................................................................................................. 324

14.4 Injection of NH3 above the burner zone for SNCR .............................................................................................. 324

14.5 SCR reactor placed ahead of AH ............................................................................................................................ 325

14.6 Safety valve vent silencer in manufacturer’s shop .............................................................................................. 325

14.7 Fan inlet silencer in manufacturer’s shop ............................................................................................................. 326

15.1 Register-type circular oil and gas burner ............................................................................................................. 334

15.2 Parallel-flow manually operated venturi-type circular burner for oil firing .................................................. 335

15.3 Scroll burner for BFG and FO ................................................................................................................................. 336

15.4 Duct burner elements .............................................................................................................................................. 337

15.5 Horizontal duct burners for supplementary oil/gas firing in an Hrsg ............................................................ 337

15.6 Circular duct burner for sidewise installation ..................................................................................................... 338

15.7 O-type oil- and gas-fired boiler for small and medium steaming .................................................................... 338

15.8 A-type three-drum oil- and gas-fired boiler for small and medium steaming .............................................. 339

15.9 D-type bi-drum oil- and gas-fired boiler for medium and large steaming ..................................................... 340

15.10 Drainable inverted loop SH in D-type boilers ..................................................................................................... 340

15.11 Small single-burner oil- and gas-fired FM boiler ................................................................................................ 341

15.12 Bottom-supported pressurised field-erected bi-drum boiler for oil and gas .................................................. 342

15.13 Field-erected bottom-supported bi-drum BFG boiler ......................................................................................... 343

15.14 Large top-supported field-erected HP 1½-pass oil and gas boiler with drainable surfaces ......................... 343

15.15 Large field-erected top-supported bi-drum boiler with pendant SH ............................................................... 343

15.16 Schematic of oil pumping and heating unit ......................................................................................................... 344

15.17 Specially extruded omega tubes ............................................................................................................................ 344

15.18 Classical design of (a) La Mont and (b) Benson type of OT boilers .................................................................. 345

15.19 Size comparison of Otsg and Hrsg behind LM 6000 turbine ............................................................................ 346

15.20 Ringlemann’s chart in progressively darkening squares ................................................................................... 346

15.21 Opacity/Ringlemann number versus optical density ........................................................................................ 347

15.22 Schematic of oxy-fuel combustion ......................................................................................................................... 348

16.1 Plan view of a cell of a horse shoe furnace used in pile burning of bio-fuels ................................................. 352

16.2 Cross section of a LP process boiler employing pile burning ........................................................................... 352

16.3 Membrane or monowall panel ............................................................................................................................... 356

16.4 Tangent tube wall construction .............................................................................................................................. 356

16.5 Eco coils stacked in the shop floor complete with supporting arrangement .................................................. 357



xlviiList of Figures

16.6 Closely spaced pin studding ................................................................................................................................... 357

16.7 Widely spaced studding of tubes ........................................................................................................................... 357

16.8 Supporting of horizontal coils from the top ......................................................................................................... 358

16.9 Vertical and horizontal platen SHs ........................................................................................................................ 358

16.10 Phase change diagram of water at atmospheric pressure .................................................................................. 363

16.11 Nucleate and film boiling shown on H–t curve ................................................................................................... 364

16.12 Ribbed or rifled tube ................................................................................................................................................ 364

16.13 Reheat steam cycle and its depiction on T-s chart ............................................................................................... 365

16.14 Density variations of saturated water and steam with pressure ...................................................................... 365

16.15 SBV and SBW at various drum pressures ............................................................................................................. 366

16.16 Psychometric chart for air ....................................................................................................................................... 368

16.17 Actions of impact, crushing and attrition ............................................................................................................. 369

16.18 Ball and racer mill .................................................................................................................................................... 370

16.19 Roller- and bowl-type MPS mill............................................................................................................................. 370

16.20 Flow streams in vertical coal mill and their measurements .............................................................................. 372

16.21 Large roll wheel pulveriser ......................................................................................................................................374

16.22 Low-speed horizontal ball mills—isometric and cross-sectional views ......................................................... 375

16.23 High-speed horizontal Atrita mills ....................................................................................................................... 377

16.24 Milling plant in a boiler with horizontal boiler ................................................................................................... 378

16.25 Stages and manner of combustion of PF particles............................................................................................... 379

16.26 Direct-fired PF boiler................................................................................................................................................ 380

16.27 Combustion versatility of CFBC compared to PF firing ..................................................................................... 380

16.28 Horizontal circular PF burner ................................................................................................................................ 381

16.29 Splitting of air streams for the reduction of NOx in circular PF burners ......................................................... 382

16.30 Tangential PF burner placed at the four corners of furnace .............................................................................. 382

16.31 Tiltable flame ball created in the middle of furnace by the four tangential burners ..................................... 382

16.32 Lower furnace in a downshot-fired boiler ............................................................................................................ 383

16.33 Long flames in the downshot firing ...................................................................................................................... 383

16.34 Different modes of PF firing ................................................................................................................................... 384

16.35 T-type PF firing ......................................................................................................................................................... 384

16.36 Water side system resistance in a boiler ................................................................................................................ 388

16.37 Pump characteristics imposed on the system resistance curve ........................................................................ 388

16.38 Parallel operation of two BFPs to meet the load .................................................................................................. 388

16.39 Characteristic curves of BFPs ................................................................................................................................. 389

16.40 Pump control by throttling and speed variation ................................................................................................. 389

16.41 Working of automatic pump recirculation valve ................................................................................................. 390

16.42 Radial or ring section centrifugal pump .............................................................................................................. 390



xlviii List of Figures

16.43 Barrel casing centrifugal pump for higher pressures ......................................................................................... 391

16.44 Axially split centrifugal pump ............................................................................................................................... 391

16.45 Vertical glandless wet stator pump for bw recirculation ................................................................................... 391

16.46 Horizontal back pull out single-stage hot water centrifugal pump ................................................................. 392

17.1 Reburning process.................................................................................................................................................... 393

17.2 Schematic showing the flow streams around a BLR boiler ................................................................................ 396

17.3 Lower furnace of a BLR boiler ................................................................................................................................ 397

17.4  Cross section of a large-capacity HP single-drum BLR boiler with vertical ECO .......................................... 398

17.5  Vertical economiser in a BLR boiler ....................................................................................................................... 399

17.6  Bidrum BLR boiler with vertical economizer ...................................................................................................... 400

17.7  Oscillating BL sprayer assembly unit .................................................................................................................... 400

17.8  Start-up gun in a BLR boiler ................................................................................................................................... 401

17.9 Load-carrying gun in a BLR boiler ........................................................................................................................ 401

17.10  Cyclone evaporator for BL concentration .............................................................................................................. 401

17.11  Cascade evaporator for BL concentration ............................................................................................................. 401

17.12  Liquid-filled manometric gauge for remote drum level indication .................................................................. 409

17.13  Diaphragm-type manometric remote water level indication ............................................................................ 409

17.14  Electronic drum level measurement...................................................................................................................... 409

18.1 Scheme of selective catalytic reduction (SCR) ...................................................................................................... 413

18.2 Scheme of selective non-catalytic reduction (SNCR)............................................................................................414

18.3 Separated overfire air (SOFA) system for wall-fired boilers .............................................................................. 415

18.4 Three-pass oil/gas-fired dry back saturated smoke tube boiler ....................................................................... 417

18.5 Schematic diagram of two-pass wet back saturated smoke tube boiler along with its accessories ............. 417

18.6 Biomass- and oil-fired hybrid boiler ...................................................................................................................... 418

18.7 Some common solid fuels ....................................................................................................................................... 419

18.8 Sonic horn .................................................................................................................................................................. 420

18.9 Motorised wall blower ............................................................................................................................................. 420

18.10 Action of a wall blower, short retractable or furnace deslagger ........................................................................ 421

18.11 Motorised rotary SB ................................................................................................................................................. 421

18.12 Action of a rotary SB ................................................................................................................................................ 421

18.13 Mass and lane blowing ............................................................................................................................................ 421

18.14 Isometric view of a long retractable SB ................................................................................................................. 422

18.15 Action of retractable SB ........................................................................................................................................... 422

18.16 Rake-type sootblower for cleaning gilled tube economisers............................................................................. 423

18.17 (a) Self supporting, (b) guyed, and (c) structurally supported stacks ............................................................... 426

18.18 Sample cooler ............................................................................................................................................................ 428

18.19 SWAS panel ............................................................................................................................................................... 428



xlixList of Figures

18.20 Steam conditioning valve or PRDS ........................................................................................................................ 429

18.21 Permissible SiO2 limits in drum water at various drum pressures .................................................................. 430

18.22 Allowable high-temperature stresses for common PP steels ............................................................................. 433

18.23 Isometric view of the boiler structure for a large top-supported utility boiler .............................................. 435

18.24 Sling rods at the top of the boiler ........................................................................................................................... 436

18.25 System resistance and fan selection ....................................................................................................................... 437

19.1 Measured and actual gas temperatures by different measuring techniques .................................................. 439

19.2 Comparison of material hardness scales .............................................................................................................. 441

19.3 Specimen in (a) Charpy and (b) Izod impact testing .......................................................................................... 442

19.4 (a) Round and (b) square test specimen in tensile testing .................................................................................. 443

19.5 Stress–strain curve from tensile testing ................................................................................................................ 443

19.6  (a) Elongation (b) fracture of specimen in tensile test ......................................................................................... 443

19.7  Proof stress ................................................................................................................................................................ 444

19.8  Liquid penetrant test ................................................................................................................................................ 445

19.9 Magnetic particle testing ......................................................................................................................................... 445

19.10 Ultrasonic testing ..................................................................................................................................................... 445

19.11 Carnot cycle on T–s and p–V diagrams ................................................................................................................ 447

19.12 Rankine cycle presentation on T–s chart and the cycle components ............................................................... 447

19.13 Main components and working streams of a GT, Brayton or open cycle ........................................................ 448

19.14 Ideal Brayton or GT cycle on both p–V and T–s charts ....................................................................................... 448

19.15 GT-based cogen cycle generating power, steam and hot water ......................................................................... 449

19.16 Combined cycle of GT and ST ................................................................................................................................ 450

19.17 Mollier or enthalpy–entropy diagram for steam in SI units .............................................................................. 452

19.18 Part of Mollier diagram which is of relevance to boiler engineers ................................................................... 453

19.19 Designating pressures ............................................................................................................................................. 454

19.20 Cross-sectional view of a small industrial-type GT ............................................................................................ 458

19.21 Steam-injected GT (STIG) cycle .............................................................................................................................. 460

19.22 Evaporative cooling cycle along with regenerative heating of air .................................................................... 461

19.23 Regenerative or recuperative cooling of GT exhaust gases ................................................................................ 461

19.24 Single-casing back pressure turbine ...................................................................................................................... 461

19.25 Single-casing straight condensing turbine ........................................................................................................... 461

19.26 Extraction condensing process turbine ................................................................................................................. 462

19.27 Tandem compound steam turbine ......................................................................................................................... 462

19.28 Cross compound steam turbine ............................................................................................................................. 462

19.29 Typical standard sizes of STs for cogen and utility application ........................................................................ 463

19.30 Turbine bypass system in a utility plant ............................................................................................................... 464

19.31 Turbine bypass systems in a CC power plant ...................................................................................................... 465



l List of Figures

20.1 Tower-type SC boiler with opposed firing, SOFA and SCR arrangements ..................................................... 469

20.2 Differences between tower and two-pass boilers ................................................................................................ 470

20.3  Modified tower-type sub-c boiler with drainable ECO in second pass ........................................................... 471

20.4 Two-pass drum-type opposed-fired boiler with single back pass .................................................................... 472

20.5 Two-pass corner-fired boiler with single rear pass and part vertical SH and RH .......................................... 473

20.6  Two-pass opposed wall-fired boiler with divided back pass and part vertical SH and RH ..........................474

20.7 W-type down shot-fired boiler with divided back pass and ball mills .............................................................474

20.8 Sub- and supercritical steam cycles on T-s chart for comparison ......................................................................474

20.9 Rise of steaming conditions over time in Europe and Japan ............................................................................. 475

20.10 Differences between sub- and SC boilers plotted on H-p diagram .................................................................. 476

20.11 Three types of SC boilers namely (a) Multipass, (b) Spiral, and (c) Benson vertical ...................................... 476

20.12 Furnace tube arrangement in UP boiler ............................................................................................................... 477

20.13 Furnace with spiral tubes and the reduction in the number of tubes in spiral wall construction .............. 477

20.14  Heat absorbed by vertical and spiral wall tubes in a furnace ........................................................................... 477

20.15 Supporting of spiral wall furnace in SC boilers .................................................................................................. 478

20.16 Forgings to connect spiral to vertical tubes in upper furnaces of SC boiler ................................................... 478

20.17 Optimised multi-lead ribbed tubes (OMLR) for vertical Benson furnaces ..................................................... 479

20.18 Enhanced cycle efficiencies, fuel savings and emissions with rise in steam parameters ............................. 479

20.19 High temperature materials for various sections in a SC boiler of 300 bar/600/620°C ................................. 480

20.20 Influence of Cr on corrosion resistance of steels at elevated temperatures ..................................................... 481

20.21 Reduction in corrosion at high metal temperatures of ~700°C with higher nickel in steel ........................... 484

20.22  Start-up schematic of spiral walled SC boiler with variable operation ............................................................ 486

20.23  Two pass, coal fired, spiral furnace, corner fired SC boiler with a single rear pass and single RH............. 486

20.24  The first 250 Me boiler with four cyclones and pant leg arrangement of bottom combustor ....................... 487

20.25  460 MWe SC RH boiler of compact design in operation in Poland ................................................................... 487

21.1 Manually operated LP gate valve with flanged ends.......................................................................................... 489

21.2 Continuous blowdown (CBD) valve with welded ends in forged steel ............................................................ 492

21.3 Motorised intermittent blowdown (IBD) valve .................................................................................................... 492

21.4 A typical sliding stem, single-seat globe-type CV assembly ............................................................................. 492

21.5 Diaphragm actuator ................................................................................................................................................. 492

21.6 Flow versus lift for various types of trims ........................................................................................................... 493

21.7 Examples of valve trims .......................................................................................................................................... 494

21.8 Pressure reduction and recovery in flow through valve .................................................................................... 494

21.9 Three-way mixing CV ............................................................................................................................................. 494

21.10 Butterfly-type CV ..................................................................................................................................................... 495

21.11 Combined spray and desuperheating (CSDH) valve .......................................................................................... 495

21.12 HP wedge gate-type MSSV with rising stem and pressure seal bonnet.......................................................... 496



liList of Figures

21.13 HP parallel slide-type MSSV with non-rising stem and pressure seal bonnet ............................................... 496

21.14 CS swing check valve for LP and MP application with flanged ends .............................................................. 496

21.15 CS piston check valve for LP and MP application with flanged ends .............................................................. 497

21.16 Screw down non-return/stop check valve ........................................................................................................... 497

21.17 Spring-operated safety valve .................................................................................................................................. 498

21.18 Blowdown adjustment by upper and lower rings in a spring operated SV..................................................... 498

22.1 Solid wastes arranged by their hv and ease of burning ..................................................................................... 504

22.2 Whrb in sulphuric acid plant in a fertiliser unit .................................................................................................. 506

22.3 Whrb in a sulphur recovery plant in an oil refinery ........................................................................................... 506

22.4 Whrbs for COG and BFG in an integrated steel complex ................................................................................... 507

22.5 Multi fuel scroll burner for firing COG, BFG, NG anf FO .................................................................................. 507

22.6 Schematic diagram of a coke quenching plant with its Whrb ........................................................................... 508

22.7 Whrb in a coke quenching plant ............................................................................................................................ 508

22.8 Bi-drum bottom supported boiler for firing CO gas in refineries ..................................................................... 510

22.9 Waste heat in cement plants—at the inlet and outlet ends of kiln .................................................................... 510

22.10 Power generation in a large cement plant from Whrbs at preheater and clinker cooler ................................511

22.11 Typical forced circulation vertical tube Whrb for cooling preheater exhaust gases .......................................511

22.12 Typical forced circulation horizontal tube Whrb for cooling gases from clinker cooler............................... 512

22.13 Schematic arrangement of Whrb section of a copper plant ............................................................................... 512

22.14 Typical forced circulation vertical tube Whrb in a copper plant ...................................................................... 512

22.15 Process of making sponge/direct reduced iron ................................................................................................... 513

22.16 Whrb in DRI/sponge iron plant ............................................................................................................................. 513

22.17 Stages in water cycle in a process plant .................................................................................................................516

22.18 Scheme of demineralisation of water .................................................................................................................... 517

22.19 Solubility of oxygen in water under differing pressures and temperatures ................................................... 518

22.20 Vertical spray-type deaerator mounted on a horizontal storage tank .............................................................. 519

22.21 Spray- and tray-type deaerator ............................................................................................................................... 519

22.22 HP and LP dosing and other chemical injection into boilers ............................................................................ 521

22.23 Aligning trips and alarm levels in drum.............................................................................................................. 524

22.24 Heat-affected zone around a weld ......................................................................................................................... 525

22.25 Different types of welds .......................................................................................................................................... 527

22.26 Welding positions ..................................................................................................................................................... 527

22.27 Orbital welding for welding of mainly tubes and stubs in boilers ................................................................... 528

22.28 Circular wire gauge ................................................................................................................................................. 529

A3.1 Reserves of coal and lignite world wide ............................................................................................................... 561

A3.2 Coal classification by the end use .......................................................................................................................... 561

A3.3 Variation of fuel prices during 2000–2009 ............................................................................................................ 563





liii

List of Tables

1.1 Types of Analysers for CEMS ..................................................................................................................................... 2

1.2 Properties of Typical Agro-Fuels of Northern Europe ........................................................................................... 5

1.3 Range of Proximate Analysis of Rice Husk .............................................................................................................. 6

1.4 Comparison of Tubular and Rotary AHs ................................................................................................................. 8

1.5 Design Features of Vertical and Horizontal TAHs ................................................................................................ 10

1.6 Variation of Barometric Pressure with Altitude .................................................................................................... 15

1.7 Altitude Correction Factor for Discharge Volume of Machines .......................................................................... 15

1.8 Pressure and Steam/Air Atomisation Comparison .............................................................................................. 25

2.1 Maximum Permissible Grate Rating for Burning Bagasse ................................................................................... 33

2.2 Factors for Sizing Furnace in Bagasse Firing ......................................................................................................... 34

2.3 Properties of Basalt Lining ........................................................................................................................................ 37

2.4 Inputs and Outputs for a Conventional Boiler ....................................................................................................... 52

3.1 Comparison of BFBC and CFBC Boiler Systems .................................................................................................... 67

3.2 Design Parameters of Cold Cyclone Boilers ........................................................................................................... 75

3.3 Permissible Steam by Volume from Risers at Various Drum Pressures ............................................................ 79

3.4 Minimum Water Velocities at the Inlet of Circuits ................................................................................................ 79

3.5 Percentage of Minimum-Saturated Water Head Required at Various Pressures ............................................. 80

3.6 Classification of Coals by ASTM .............................................................................................................................. 81

3.7 List of ASTM Standards for Coals ........................................................................................................................... 85

3.8 Coke from High- and Low-Temperature Carbonisation ...................................................................................... 87

3.9 Typical Proximate Analysis of Coke Breeze ........................................................................................................... 87

3.10 Selected Combustibles in Fossil Fuels and Heats of Combustion ....................................................................... 89

3.11 Combustibles and Their Ignition Temperatures .................................................................................................... 89

3.12 Excess Air Required for Various Fuels and Firing Equipments .......................................................................... 91

3.13 Selected Combustibles and Heats of Combustion ................................................................................................. 92

3.14 Chemicals Used in Chemical Boil Out Process...................................................................................................... 94

3.15 Chemical Composition (Heat Analysis, %) ........................................................................................................... 100

3.16 Mechanical Properties at Room Temperature, in the State of Delivery Condition ........................................ 101

4.1 Permissible Air and Gas Velocities in Flues and Ducts .......................................................................................115

4.2 Dust Collection Methods and Their Areas of Application ................................................................................ 124

5.1 Unburnt Losses with Various Fuels in Different Firing Equipments ............................................................... 139

5.2 Normally Accepted Figures for Lu, MM and Tolerances ................................................................................... 140

5.3 Measurements and Tolerances as per Heat Loss Method .................................................................................. 142



liv List of Tables

5.4 Salient Points of Difference between PTC 4.1-1964 (1991) and PTC 4-1998 ....................................................... 142

5.5 Differences in Measurements of Losses and Credits between PTC 4.1 and PTC 4 ........................................ 143

5.6 Typical Emission Norms in Advanced Countries ............................................................................................... 145

5.7 Spacing of Solid Fins on Tubes and the Range of Application .......................................................................... 147

6.1 Compressibility Factors for Various Pressure Ratios of Fans ............................................................................ 153

6.2 Calculation of Piping or Ducting Losses .............................................................................................................. 164

6.3 Range of Fluid Velocities Employed in Pipes ....................................................................................................... 165

6.4 Capabilities of Grate, BFB and CFB Modes of Combustion ................................................................................167

6.5 Comparison of Bubbling, Expanded and Circulating Fluidised Bed Boilers ................................................. 168

7.1  Properties of Blast Furnace Gas ............................................................................................................................. 182

7.2 Properties of Coke Oven Gas .................................................................................................................................. 182

7.3  Properties of CO Gas................................................................................................................................................ 183

7.4  Norms for Lateral Tube Spacing and Maximum Gas Velocities in Tube Banks for Various Fuels .............. 186

8.1 Furnace Residence Times in Seconds for Various Fuels ..................................................................................... 209

8.2 Norms for Mass Flow Velocities of Steam in SH and RH Tubes in Convection Zone ................................... 213

8.3  Tube Materials to Suit Various Wall Temperatures ............................................................................................. 213

8.4  Fin Materials and Their Limiting Temperatures ................................................................................................. 224

8.5 Comparison of Horizontal and Vertical Hrsgs .................................................................................................... 229

8.6 Measuring Tolerances in the Direct Measurement of Various Process Parameters ....................................... 229

9.1 Igniter Classification as per NFPA 85E .................................................................................................................. 238

9.2 Comparison of Igniters ............................................................................................................................................ 239

9.3 Composition of Some Commonly Used Inconel Steels ....................................................................................... 240

9.4 Increasing SH and reducing Evaporator Surfaces with Rising Steam Pressures ........................................... 241

9.5 Comparison of Flow Measuring Devices.............................................................................................................. 245

9.6 Overview of Pressure Measuring Instruments in Boilers .................................................................................. 252

9.7 Metal Combinations and Temperature Measuring Ranges in TCs .................................................................. 255

9.8 Properties of Insulating Materials ......................................................................................................................... 260

9.9 Salient Design Parameters of IR-CFB Boilers ....................................................................................................... 260

12.1 Typical Analysis of German Brown Coals (Lignites) .......................................................................................... 269

12.2 Physical Properties of Limestone ........................................................................................................................... 275

12.3 Chemical Analysis of Limestone ............................................................................................................................ 275

12.4 List of ASTM Standards on Fuel Oils .................................................................................................................... 276

12.5 Fuel Oil Viscosity Conversion Table ...................................................................................................................... 278

12.6 Properties of Coal Tar .............................................................................................................................................. 281

12.7 Physical Properties of FOs ...................................................................................................................................... 282

12.8 Chemical Analysis and Properties of FOs ............................................................................................................ 282

12.9 Properties of Orimulsion ......................................................................................................................................... 285



lvList of Tables

12.10 Properties of Typical Sludge from Pulp Mill ........................................................................................................ 286

13.1 Boiler Quality Plates to ASME Specification ........................................................................................................ 293

13.2 Boiler Tubes ASME Specification ........................................................................................................................... 295

13.3 Pressure Pipes to ASME Specification ................................................................................................................... 296

13.4 Boiler Quality Pressure Castings to ASME Specifications ................................................................................. 297

13.5  Boiler Quality Pressure Forgings to ASME Specifications ................................................................................. 298

13.6 Composition of Various Stainless Steels ............................................................................................................... 301

13.7 Proximate Analysis of MSW ................................................................................................................................... 313

13.8 Ultimate Analysis of MSW...................................................................................................................................... 313

13.9 Properties of MSW and RDF Compared with Low-Ash Coal ............................................................................316

13.10 Parameters for Sizing the Grate and Furnace for Boilers Firing MSW and RDF .............................................316

14.1 NFPA Codes Relevant to Boilers ............................................................................................................................ 321

14.2 Noise Exposure Limits Permitted as per OSHA ................................................................................................. 325

15.1 Broad Steaming Capabilities of All Standard Package Boilers .......................................................................... 341

15.2 Broad Capabilities of Bi-Drum and Single-Drum Boilers .................................................................................. 342

16.1 List of Performance Test Codes of Relevance to Boilers ..................................................................................... 350

16.2 Properties of Delayed Petroleum Coke ................................................................................................................. 351

16.3 Notable Properties of Air at STP Conditions (15°C and 760 mm wg) ............................................................... 362

16.4 Properties of Air at Elevated Temperatures ......................................................................................................... 362

16.5 Angles of Repose for Various Bulk Materials ...................................................................................................... 366

16.6 Fineness Requirements from the Mills for Various Types of Coals .................................................................. 372

16.7 US Sieve Sizes and Their Equivalents ................................................................................................................... 373

16.8 Approximate Specific Power Consumption of Mills in kWh/te of Coal .......................................................... 375

16.9 Comparison of Vertical and Horizontal Mills...................................................................................................... 376

16.10 Comparison of PF Firing and CFBC ...................................................................................................................... 381

17.1 Analysis of Dry BL for Various Raw Materials Used in Pulping Process........................................................ 395

17.2 Properties of Insulating Bricks ............................................................................................................................... 405

17.3 Refractoriness of Bricks Used in Boilers ............................................................................................................... 406

17.4 General Physical and Chemical Properties of Shaped Refractories Used in Boilers ...................................... 406

18.1  Nominal Wall Thickness for Seamless and Welded Steel Pipes According to ANSI B36.10 ........................ 412

18.2  Summary of SBs ........................................................................................................................................................ 423

18.3 Allowable High Temperature Stresses for Common PP Steels (ASME B&PV Code 2007) ........................... 433

19.1  Performance Parameters of GT on Open/Simple Cycle Mode .......................................................................... 457

19.2 Comparison of Aero Derivative and Land Turbines/Frame Machines ........................................................... 457

19.3  Salient Data of Notable Aero Derivative GTs of 50 Hz ....................................................................................... 459

19.4  Salient Features of Some of the Current Land Turbines of 50 Hz ..................................................................... 459

19.5 Effects of Ambient Conditions on the Performance of GTs ............................................................................... 460



lvi List of Tables

20.1 Comparison of Utility and Industrial Boilers ...................................................................................................... 468

20.2 Comparison of Two-Pass and Tower-Type Boilers .............................................................................................. 470

20.3 Comparison of Start-Up Times between Sub-c and SC Boilers ......................................................................... 480

20.4A Nominal Composition of Ferritic Steels for Use at High Temperature in Boilers .......................................... 482

20.4B Nominal Composition of Austenitic Steels for Use at High Temperature in Boilers ..................................... 483

20.5 Acceptable Water Quality Limits for SC Boilers at Various Stages of Steam Cycle ........................................ 485

21.1 Materials Used in the Construction of Cast and Forged Steel Valves .............................................................. 491

22.1 Common Industrial and Agro Wastes and Their Temperatures....................................................................... 504

22.2 Various Process Waste Gases and Their Temperatures ...................................................................................... 505

22.3 Differences between Whrb and Hrsg .................................................................................................................... 505

22.4 Indicative Properties of Waste Gases in Cement Plants ......................................................................................511

22.5 Typical Composition of CO/Tail Gas in a Carbon Black Refinery .................................................................... 513

22.6 Water Impurities, Their Effects and Removal ...................................................................................................... 515

22.7 Stage Wise Transformation of Raw Water to Demineralised Water ................................................................. 518

22.8 ASME Guidelines for Feed and Drum Water Quality in Subcritical Drum-Type Boilers up to ~140 Bar ....... 522

22.9 Comparison of Commonly Used Welding Techniques in Boiler Manufacturing .......................................... 526

22.10 Gauge Conversion Chart ......................................................................................................................................... 529

A1.1 Combustion Constants of American Gas Association Combustion Constants .............................................. 556

A2.1  Periodic Table of Elements ...................................................................................................................................... 559

A2.2 List of Elements, Atomic Numbers and Masses .................................................................................................. 560

A3.1 Typical As-Received Analysis of Coals from Various Countries ...................................................................... 562

A3.2 Typical as Received Analysis of Lignites from Various Countries ................................................................... 563



lvii

Preface

In his long association with boilers, the author has always found that there have been very few books on the subject 
of boilers for practising engineers. Books from the academic community tend to have more stress on theory, which 
does not quite sustain the interest of practising engineers, as the issues in the actual field are very different. There 
are a few books by working professionals but they are more on operational aspects.

To contribute to this acute shortage of literature on boilers, the author compiled his first book, Boilers for Power and 
Process, which was published in the USA in early 2009 by CRC Press. This was a structured exposition of the sub-
ject covering the fundamentals, engineering and major types of boilers based on different combustion techniques. 
Since then, there were several requests that another book be written, which should be even more user friendly, 
where one can get to the subject matter straightaway without having to search in the usual manner. This book, 
written in the format of an encyclopaedia, is the result of such a suggestion.

The word ‘boiler’ means different things to different people. From a small device to heat domestic water to the 
gigantic generators producing steam at supercritical conditions in large power stations, all of them pass for boilers. 
However, to provide focus and bring out the personal expertise, this book restricts itself to water tube boilers as 
found in the process industries and power plants. This includes fired and unfired process waste heat boilers and 
those behind gas turbines. Specifically excluded are fire tube (except for a passing mention), marine and miniature 
boilers as well as the boilers for nuclear power plants.

There are around 550 key boiler words in the book which are elaborated along with nearly the same number of 
illustrations in support. It was a revelation of a kind to learn that in these few words, almost the entire boiler tech-
nology can be covered.

The book explains, broadly, the following topics:

• Almost the whole range of boilers and main auxiliaries, along with steam and gas turbines
• Traditional firing techniques like grates, oil/gas and PF and modern systems like FBC, Hrsg and so on
• Industrial, utility, waste heat, MSW and bio-fuel-fired boilers, including supercritical boilers
• The underlying scientific fundamentals of combustion, heat transfer, fluid flow and so on as relevant
• Basics of fuels, water, ash, high-temperature steels, structurals, refractory, insulation and so on
• Other engineering topics like boiler instruments, controls, welding, corrosion, wear and so on
• Air pollution, its abatement techniques and their effect on the design of boilers and auxiliaries
• Emerging technologies like carbon capture, oxy-fuel combustion, PFBC and so on

Any effort of this type is sure to fall short of expectations simply because of the vastness of the subject. Also, there 
is no ‘syllabus’. However, in the experience of the author, almost all topics needed by boiler engineers in process 
and power plants are covered here.

For want of a more appropriate word, the book is titled as a ‘reference’. It would be more appropriate to name this 
work as an encyclopaedia but it would fall short in size and therefore the expectations of the readers. By naming 
it as ‘Practical Reference’, the author hopes to convey that the book is a reference manual directed more towards  
practising engineers.

By its size and focus, it is a regular professional book, to be used by boiler engineers of all walks as a desk book 
for constant reference. Design, project, operation, consulting engineers connected with boilers should find the book 
of good use. Students in power plant and heat power engineering, seeking a secondary reference, would also find 
the volume useful. It is strong on fundamentals and design aspects, besides being elaborate on the practical side. 
The numerous pictures should greatly aid in enhancing understanding, as they are very carefully chosen to add to 
the explanation and not serve as repetition.

Finally, it is hoped that this unique book of reference, the like of which is not there in the market, besides adding 
to the sparsely filled gallery of practical books on boilers, serves the needs of serious readers well.

 Kumar Rayaprolu
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