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Foreword I 

fOREWORD 

The genesis of this project can be traced to several colleagues who asked me 
if there was a book on the market describing the basic aspects of fossil-fired steam 
generator design. I could think of two excellent but very detailed books, Babcock 
and Wilcox's Steam and Combustion Engineering's (now Alstom Power) 
Combustion, but it appeared that a need existed for a condensed version of this 
material. This book is also "generated" in part by changes in the utility industry, 
and indeed in other industries-the "do more with less" philosophy. Plants are 
now being operated by people who have to wear many hats, and may not have 
extensive training in areas for which they are responsible. The book therefore 
serves as an introduction to fundamental boiler design for the operator, manager, 
or engineer to use as a tool to better understand his/her plant. It also serves as a 
stepping-stone for those interested in investigating the topic even further. 

I could not have completed this book without the assistance of many friends 
who supplied me with important information. These individuals include Mike 
Rakocy and Steve Stultz of Babcock & Wilcox, Ken Rice and Lauren Buika of 
Alstom Power, Stacia Howell and Gretchen Jacobson at NACE International, Jim 
King of Babcock Borsig Power, Jim Kennedy of Foster Wheeler, and Pat Pribble 
of Nooter Eriksen. All supplied illustrations or granted permission to reproduce 
illustrations. 

The structure of the book is as follows: 

• Chapter 1 discusses fundamentals of steam generation and conventional 
boiler design 

• Chapter 2 discusses some of the "newer" (in terms oflarge-scale use) tech­
nologies, including fluidized-bed combustion and heat recovery steam gen­
eration (HRSG). For the latter subject, I had the aid of a fine book pub­
lished by Penn Well, Combined Cycle Gas & Steam Turbine Power Plants, 2nd 
ed For those who really wish to examine combined-cycle operating char­
acteristics in depth, I recommend this book 

• Chapter 3 looks at fuel and ash properties 

• Chapter 4 examines typical fossil-fuel plant metallurgy. This is very impor­
tant with regard to plant design and successful operation 

xiii 

www.TechnicalBooksPDF.com



xiv 
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• Chapter 5 reviews many important topics regarding air pollution control­
a constantly evolving issue. Utility managers will most certainly be faced 
with new air emissions control challenges in the years and decades to come 

I hope you enjoy this book. I spent a number of years at a coal-fired utility, 
where practical information was of great importance. I have always tried to follow 
this guideline when writing so the reader can obtain useful data without having to 
wade through a mountain of extraneous material. I hope this comes through in the 
book. 

Brad Buecker 
February 2002 
(785) 842-6870 
Fax: (785) 842-6944 
E-mail: beakertoo@aol.com 
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Fossil-Fired Boilers­
Conventional Designs 

INTRODUCTION 

People throughout much of the world have become dependent upon 
electricity to operate everything from home lighting systems to the most advanced 
computers. Without electricity, industrial societies would collapse in short order. 
A very large part of electric power production comes from steam-driven tur­
bine/generators, and even though other sources of energy are becoming more pop­
ular, steam-produced electricity will meet our needs for years to come. 

Steam also powers many industrial processes that produce goods and 
services, including foods, pharmaceuticals, steel, plastics, and chemicals. Yet issues 
related to global warming, acid rain, conservation of resources, and other economic 
and environmental concerns require that existing plants be operated with 
the utmost efficiency, while better energy production technologies are being 
developed. 

This chapter provides information about fundamental boiler designs, many of 
which are still in use today. Knowledge of these basics provides a stepping-stone 
for understanding newer steam generation technologies, such as the heat recovery 
steam generator (HRSG) portion of combined-cycle plants. 

The steam generating process can be rather complex, especially when electri­
cal generation is part of the network. Consider Figure 1-1. The boiler produces 
steam to drive both an industrial process and a power-generating turbine. 
Condensate recovered from the industrial plant is cleaned, blended with con­
densed steam from the turbine, and the combined stream flows through a series 
of feedwater heaters and a deaerator to the boiler. The superheater increases steam 
heat content, which in turn improves turbine efficiency. The turbine itself is an 
intricate and finely tuned machine, delicately crafted and balanced to operate 
properly (see Appendix 1-1). 
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Main steam 

Vent 

Industrial 
plant 

Condensate return 

Demineralizer 

Boiler 
Feedwater 
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An1on exchanger 

Mixed-bed 
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Fig. 1-1: Possible water/steam network at a co-generation plant 
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exchangers 

water 

Polisher 

How did steam-generating units evolve into such complex systems? The 
process has taken several hundred years. 

Early history of steam generation 

The Industrial Revolution of the eighteenth and nineteenth centuries drove a 
spectacular increase in energy requirements throughout Western Europe, the U.S., 
and other areas of the world. Some of the industries that blossomed, such as steel 
making, utilized a great deal of direct heating. However, many processes also 
required what might be termed indirect or step-wise heating, in which combustion 
of fossil fuels in a pressure vessel converts water to steam. It is then transported to 
the process for energy transfer. Water is used as the energy transfer medium for 
many logical reasons. It is a very stable substance, available in great abundance, and 
because of its abundance, is inexpensive. 

The first chapter of Babcock & Wilcox's book, Steam, outlines the early his­
tory of steam generation. The French and British developed practical steam appli­
cations in the late 1600s and early 1700s, using steam for food processing and 
operating water pumps, respectively. The boilers of that time were very simple 
devices, consisting of kettles heated by wood or charcoal fires. 
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Technology slowly progressed throughout the 1700s, and by the end of the 
century and into the early 1800s, several inventors had moved beyond the very 
basic, and very inefficient, kettle design, developing simple forms of water tube 
boilers (Fig. 1-2). This period also witnessed the development of fire tube boilers, 
in which combustion gases flow through boiler tubes with the liquid contained by 
the storage vessel. The fire tube design had one major disadvantage-the boiler 
vessel could not handle very high pressures. Many lives were lost due to fire tube 
boiler explosions in the 1800s, and the design lost favor to water tube boilers. Since 
the latter dominate the power generation and most of the industrial market, this 
book will focus exclusively on water tube boilers. 

The world changed forever with the invention of practical electrical systems 
in the early 1880s and development of steam turbines for power generation around 
the turn of the twentieth century. Ever since, inventors and researchers have 
worked to improve generation technology in the quest for more efficient electric­
ity production. This chapter looks at conventional boiler types from the late 1950s 
onward. 

Fig. 1-2: An early steam boiler developed by Stephen Wilcox (Reproduced with permission from 
Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 

Steam generating fundamentals 

This section first examines the basics of heat transfer, beginning with the 
three major types of energy transfer in nature, providing a basis for understanding 
heat transfer in a boiler. 

3 
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Radiant energy, conduction, and convection 

Consider a summer day after sunrise. Radiant energy from the sun directly 
warms the soil. The soil re-radiates some of this energy in the infrared region, but 
it also heats air molecules that vibrate and agitate other air molecules. This heat­
ing process is conduction. As the air warms, it rises, and cooler air flows in to take 
its place. This flow of fluids due to density difference is convection. 

All three energy transfer mechanisms-radiant energy, conduction, and con­
vection-are at work in a boiler. Radiant heat is obvious-burning fuel emits ener­
gy in the form of light and heat waves that travel directly to boiler tubes and trans­
fer energy. Conduction is another primary process wherein the heat produced by 
the burning fuel greatly agitates air and the combustion-product molecules, which 
transfer heat to their surroundings. Conduction is also the mode of heat transfer 
through the boiler tubes; but in this case, the vibrating molecules are those of the 
tubes. Convection occurs both naturally and mechanically on the combustion and 
waterside of the boiler. Fans assist convection on the gas side, while waterside con­
vection occurs both naturally and assisted by pumps. Waterside and combustion­
side flow circulation are examined in more detail in this chapter and chapter 2. 

Properties of water and steam 

In addition to the reasons mentioned earlier for the selection of water as a 
heating medium, another is its excellent heat capacity. At standard temperature 
and pressure (STP) of25oC (7TF) and one atmosphere (14.7 psi), heat capacity is 
1 British thermal unit (Btu) per lbm-oF ( 4.177 kJ per kg-oC). Other physical 
aspects are also important. Between the freezing and boiling points, any heat 
added or taken away directly changes the temperature of the liquid. However, at 
the freezing and boiling points, additional mechanisms come into play. Consider 
the scenario in which water is heated at normal atmospheric pressure, and the tem­
perature reaches 212°F (lOOT). At this point, further energy input does not raise 
the temperature, but rather is used in converting the liquid to a gas. This is known 
as the latent heat of vaporization. Thus, it is possible to have a water/steam mix­
ture with both the liquid and vapor at the same temperature. At atmospheric pres­
sure, it takes about 970 Btu to convert a pound of water to steam (2,257 kJ/kg). 
Once all of the water transforms to steam, additional heating again results in a 
direct temperature increase. Likewise, when water is cooled to 32°F, additional 
cooling first converts the water to ice before the temperature drops any lower. This 
is known as the latent heat of fusion. 

As a closed pressure vessel, a boiler allows water to be heated to temperatures 
much higher than those at atmospheric conditions. For example, in a boiler that 
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operates at 2,400 psig (16.54 mPa), conversion of water to steam occurs at a tem­
perature of 663oF (351 °C). Thus, it is possible to add much more heat to the water 
than at atmospheric pressure. This in turn gives the fluid more potential for work 
in a heat transfer device. The following discussion of boiler designs illustrates how 
the boiler components extract energy from burning fuel to produce steam. 

Fundamental boiler design 

Figure 1-3 is the simple outline of a natural circulation, drum-type boiler. 
While this is an elementary diagram, the essentials of water/steam flow are illus­
trated in this drawing. 

Feedwater /"" 

Water 
Steam-Free 1' Subcooled ·········· 

Steam Drum ancJ Separators 

Furnace···· 
Tubes 

Steam-Water 
Mixture 

( 

~ 

)~ .. ···~· 4 y"'" "~"' 
J Supriies ., __ 

Fig. 1-3: A simplified view of water flow in a drum-type, natural-circulation boiler (Reproduced 
with permission from Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 

Steam generation begins in the waterwall tubes located within the furnace 
area of the boiler. As the boiler water flowing into the tubes absorbs heat, fluid 
density decreases and the liquid rises by convection. Conversion to steam begins as 
the fluid flows upwards through the waterwall tubes, known as risers. (As 
Appendix 1-2 outlines, a smooth transition of water to steam in the tubes is 
important.) The water/steam mixture enters the drum, where physical separation 

5 
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occurs with the steam exiting through the main steam line at the top of the drum. 
The remaining boiler water, plus condensate/feedwater returned to the drum from 
the turbine or other processes, flows through unheated downcomers to lower 
waterwall headers. 

Many boilers are of the natural circulation type, in which density change is the 
driving force for movement of water through the boiler. Resistance to flow is pri­
marily due to vertical head friction in the waterwall tubes. The maximum practi­
cal pressure for natural circulation units is 2,800 psia (19.31 MPa). At this pres­
sure, the density of water has decreased to about three times that of steam, reduc­
ing the boiler's natural circulation capabilities. Contrast this with a 1,200 psia 
(8.27 Mpa) boiler, where the density ratio of water to steam is 16:1. 

A popular design for high-pressure, but still "subcritical" ( <3,208 psig) drum 
units is the forced-circulation type, in which pumps within the downcomer lines 
mechanically circulate water through the boiler. Additional details regarding these 
units appear later in this chapter, as well as information on once-through steam 
generators. 

Drum-type boilers have been and still are very popular because the physical 
separation of the boiler water and steam allows for steady operation and helps pre­
vent steam contamination. Figure 1-4 illustrates a common arrangement of inter­
nal drum components. Note the cyclone and secondary steam separators. The 
cyclones impart a circular motion to the rising steam, which throws entrained 
moisture to the outside of the canisters where it drains back to the drum. The sec­
ondary separators have a chevron vane configuration, and remove water by forcing 
the steam to make directional changes. Residual water droplets impinge on the 
vanes and drain back to the drum. A number of different steam separator designs 
exist, but all serve the same purpose-to remove entrained moisture and prevent 
carryover of boiler water solids to the superheater and turbine. Damage to separa­
tors, poor drum level control, improper water treatment programs, or severe boil­
er water contamination will allow impurities to enter the steam with potentially 
dire consequences. 

Water entering the drum from the risers may be agitated due to the steaming 
process in the tubes. Severe turbulence can cause false drum level readings. Figure 
1-4 illustrates drum baffle plates (called manifold baffle plates on the figure), 
which dampen the agitation of the entering water/steam mixture. 

Condensate and makeup feed to the boiler enter through the feedwater line. 
This is a perforated pipe that traverses part of the drum length to ensure a uniform 
distribution of flow. Feedwater to a utility boiler consists of spent steam recovered 
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Pipes 

Fig. 1-4: Steam drum with steam separators and other internal components (Reproduced with 
permission from Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 

from the turbine plus a small amount of makeup. Makeup in the range of 1% to 
2% is common, and higher percentages suggest major steam leaks. Feedwater in an 
industrial or co-generation system may come from several different sources, 
including industrial process returns. Not infrequendy, some of the condensate is 
consumed by the industrial process and must be replenished with fresh makeup. 
The condensate may be of too poor a quality to be direcdy introduced to the boil­
er, and must be cleaned up or dumped. As condensate return percentages decrease, 
makeup water rates increase. 

The chemical feed line to the drum is typically only an inch or so in diame­
ter, as common chemical feed rates are usually slight and are measured in gallons 
per hour (liters per hour). This line also traverses a portion of the drum to ensure 
adequate distribution of treatment chemicals. 

Continuous water evaporation causes impurities to build up in the boiler 
water. Potential contaminant sources include the condenser, makeup water system, 

7 
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condensate return lines, and even chemical feed tanks if they are not properly pro­
tected from the plant environment. Without some method of boiler bleed-off, 
impurities will eventually accumulate to a level that causes water and steam chem­
istry problems. Removal of contaminants is a function of the drum blowdown, 
which is a small diameter (1" or so) extraction line that resides below the drum 
water level. While manual blowdown is employed at some plants, automatic blow­
down is common-a control system opens a valve when the specific conductivity 
of the boiler water reaches a preset limit. 

A very common drum-boiler design is the two-drum arrangement. An exam­
ple of a small industrial two-drum boiler is shown in Figure 1-5. The lower drum 
is referred to as the mud drum. Its primary purpose is to serve as a collection point 
for solids produced by precipitating chemical treatment programs (see Appendix 
1-2). The mud drum usually has a manually operated blowdown. A short bleed­
off every day or on some periodic schedule drains precipitates generated by chem­
ical treatments. The operator must be careful not to leave the mud drum blow­
down open, as this could drain the boiler and cause a unit trip due to low water 
level. Excessive blowdown also results in loss of energy. 

Fig. 1-5: Outline of a small industrial boiler (Reproduced with permission from Steam, 40th ed., 
published by Babcock & Wilcox, a McDermott Company) 
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Steam generating circuits 

Figure 1-6 outlines the component arrangement of a large utility boiler. 
Although the design is rather complex, it is being introduced now because it illus­
trates most of the important pieces of equipment in a steam generator. This sec­
tion discusses water and steam circuit configurations, which will be helpful in the 
examination of common boiler designs later in the chapter . 

. ,/V<t 
-\(•C.f'ilk: 

.. r 
Gas to 

Fig. 1-6: Illustration of a large, subcritical boiler (Reproduced with permission from Combustion: 
Fossil Power, Alstom) 
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Waterwall tubes 

Most large drum boilers have a vertical waterwall tube arrangement, although 
a horizontal orientation is common in certain types of boilers or in specific areas 
of boilers. Floor tubes in cyclone boilers and arch tubes in boilers of many types 
are two examples of non-vertical tubing. Vertical design allows the tubes to be sus­
pended from the boiler ceiling, which in turn eases stress on the tubes as they 
expand and contract at start-ups and shutdowns. 

The most common tube design is straight-wall, although alternative designs 
have been developed to enhance turbulent flow and uniform steam generation 
within the tubes. One of the most popular alternative designs is the ribbed tube, 
which contains a spiraled pattern of raised ridges with geometry similar to the pat­
tern in a rifle barrel. The grooves impart turbulent characteristics to the water that 
helps ensure uniform boiling. 

The waterwall concept allows boilers to be designed with very little refracto­
ry material, as the water flowing through the tubes keeps them cool and prevents 
thermal failure. The mean tube temperature in a properly operated boiler is around 
800oF (42TC), which is suitable for mild carbon steel, the preferred material for 
waterwall tubes. Factors that may cause temperature excursions in waterwall tubes 
include direct flame impingement on the tubes and, more commonly, waterside 
buildup of scale and iron oxide deposits inhibiting heat transfer. 

The common structural configuration of waterwall tubes is illustrated in 
Figure 1-7. This is known as a membrane design. Construction of a large boiler 
usually involves fabrication of numerous waterwall membrane panels, which are 

Fig. 1-7: Waterwall tubes showing membrane construction (Reproduced with permission from 
Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 

www.TechnicalBooksPDF.com



Fossil Fired Boilers-Conventional Designs I 

field erected. Feed to the waterwall circuits from the downcomers enters through 
headers at the base of each waterwall circuit, i.e., front wall, sidewall, rear wall, etc. 
The headers are usually interconnected to help distribute flow evenly throughout 
the boiler. 

The membrane design, with an exterior coating of insulation, confines heat to 
the boiler and provides for high heat transfer to the water/steam fluid in the tubes. 
In coal-fired boilers, the tubes accumulate slag (the molten residue of mineral mat­
ter, see chapter 3), which inhibits heat transfer. Waterwall tubes in these units are 
usually designed with studs extending outwards towards the furnace. The studs 
increase heat transfer, and are especially helpful in transferring heat when the tubes 
are coated with slag. 

Waterwall tubes in natural circulation units are typically 2" to 4" in diameter 
(50.8 to 101.6 mm), while those in forced-circulation units may only be an inch 
(25.4 mm) or so in diameter. Diameters are larger in natural-circulation units to 
reduce frictional losses. The advantage of smaller tubes in forced-circulation units 
is wall strength. It is possible to construct thinner walls, which keep the tubes cool­
er. Forced circulation also improves the uniformity of flow through all of the cir­
cuits. An important design feature in forced-circulation units is that the tubes are 
orificed at the lower headers. This is done to ensure uniform pressure drop and 
flow through each tube so that some do not become starved of fluid and overheat. 
The effect is less pronounced in natural-circulation units, so orificed tubes are not 
generally needed. An interesting need for temporary orificing of natural-circula­
tion boilers occurs during chelant chemical cleaning, where the solution must be 
heated to enhance flow through the tubes and to increase its reactive potential. The 
downcomers must be orificed to prevent short-circuiting of the chemical around 
the waterwall tubes. 

Superheaters and reheaters 

Steam exits the drum in a saturated state. Saturated steam is not efficient for 
turbine operation, as the temperature drop through the turbine would cause the 
steam to condense and be of no value. A significant improvement to boiler effi­
ciency came with the development of the superheater. 

Superheaters are a series of tubes placed within the flue gas path of the boil­
er, whose purpose is to heat the boiler steam beyond saturated conditions. The two 
general categories of superheaters are radiant and convective, and both types are 
illustrated in Figure 1-6. Radiant superheaters are, as their name implies, exposed 
to radiant energy in the furnace, while convection superheaters sit further back in 
the gas passage and are shielded from radiant heat. The radiant superheater shown 
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in Figure 1-6 hangs as a pendant section within the boiler. This configuration is 
also common for convective superheaters in the horizontal region of the flue gas 
duct. Superheater circuits are sometimes embedded within the upper waterwall 
tubes, and quite often superheater and reheater loops are located further along in 
the backpass of the boiler, just ahead of the economizer and air heater. 

Superheaters are typically split into two sections-primary and finishing. The 
primary superheater is first in the network, and the finishing superheater com­
pletes the heat transfer process, bringing the steam to the temperature required by 
the turbine. The arrangement varies from boiler to boiler. Some boilers have only 
a small amount of superheat area exposed to radiant heat; in other cases, radiant 
superheaters are the finishing superheaters. 

The increase in temperature to which steam is raised above the saturation 
point is known as the degree of superheat. Consider again a 2,400 psig (16.54 
mPa) boiler. Steam tables show that the saturation temperature at this pressure is 
663°F (350°C). If the steam is heated to 1,000°F (538oC) for use in a turbine, then 
it has 33TF (188°C) of superheat. Modern utility boilers typically have final steam 
temperatures of 1,000°F to 1,005°F (541 oC), although some units have been 
designed with final steam temperatures of1,050°F (566°C) and on a few occasions, 
1,100oF (593°C). Higher steam temperatures are rare due to material performance 
Issues. 

Ash fouling of superheater tubes (chapter 3) is a major concern during the 
design and operation of a boiler. Fouling potential is greatest in the hottest por­
tions of the convection pass, so wider spacing between superheater tubes is 
required in these areas to prevent bridging of ash deposits. Figure 1-8 illustrates 
the proportional spacing of superheater tubes as a function of flue gas temperature. 
Tighter tube bundles are possible further along in the flue gas path, where fouling 
potential is lower. 

Reheat is a design modification to steam generating units that improves effi­
ciency, and is standard with large boilers. The general steam flow path in a unit 
with a single-reheat loop is illustrated in Figure 1-9. The reheater increases tem­
perature, not pressure, but the temperature gain still improves efficiency. Common 
designations for boilers list both the superheat and reheat temperatures. A boiler 
spoken of as "1,000°F/1,000T' has identical superheat and reheat temperatures. 
Like superheaters, reheaters may be placed at various locations within the gas path. 

Control of steam temperature in the superheater is important to maximize 
efficiency and prevent overheating of tubes. The common method of steam tem­
perature control is attemperation from a spray of feedwater introduced directly into 
the steam. The most common feed point is between the primary and secondary 
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Surface Spacing Perpendicular to Gas Flow (Plan View) 
54 in. 

('1372 mm} 

Ga_s __ _ 

Flow ·-
Platen 

Primary 
Radiant 

Superheater 

24 in. 
(610mm) 

12 in. 
(305 mm) 

Pendant Secondary 
Superheater 

Furnace ------jl--- Convection Pass 

9 in. 
(229mm} 

4.5 in. 
(114 mm} 

4.5 in. 
(114 mm) 

Pendant Horizontal Banks 
Reheater (Reheater and Primary 

Superheater) 

~ "<:'"'' G~ T•mP"''"" 

~ ..___________ 
Outlet 

Surface Location 

Fig. 1-8: Representative superheaterlreheater spacing as a function of temperature (Reproduced 
with permission from Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 
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Fig. 1-9: General water and steam flow schematic of a drum boiler. Included is a start-up steam 
network (Reproduced with permission from Steam, 40th ed., published by Babcock & Wilcox, a 
McDermott Company) 
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Fig. 1-10: Illustration of an attemperator spray nozzle (Reproduced with permission from Steam, 
40th ed., published by Babcock & Wilcox, a McDermott Company) 

superheaters. Feed after the secondary superheater could potentially allow water 
droplets to enter the turbine. Some high-temperature units are also equipped with 
reheater attemperators, although this is not universal. 

Direct attemperation requires a specialty nozzle (Fig. 1-10). Nozzle design 
and materials minimize the effects of thermal stress when the relatively cool feed­
water enters the hot steam line. Another type of attemperator found in older two­
drum units is the cooling coil attemperator (Fig. 1-11). This is a non-contact 
attemperator in which a portion of the main steam is bypassed through tube bun­
dles located in the mud drum and then reintroduced to the main steam. The cool­
er boiler water lowers the temperature of the bypass steam. Control valves adjust 
the flow rate of steam to the attemperator in accordance with main steam temper­
ature. 

MUD DRUM 

STEAM INLET 
HEADER 

Fig. 1-11: Outline of a Mud Drum Cooling Coil Attemporator Arrangement 

Figure 1-9 also illustrates a piping arrangement to assist with unit start-up. 
The key feature is the steam bypass directly to the condenser. As a unit starts, the 
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steam has a tendency to be wet at first. This is not ideal for the turbine. An initial 
bypass of steam to the condenser allows the unit to develop some heat before the 
steam is introduced to the turbine. Many plants do not have this option, however, 
and must introduce wet steam to the turbine at start-up. 

Economizer 

Toward the further reaches of the convection pass sits the economizer. As 
with reheaters, most modern, large steam generating boilers have an economizer. 
The economizer extracts additional heat from the flue gas, but in this case trans­
fers the energy to the feedwater. Figure 1-12 outlines a typical economizer 
arrangement. Economizer tubes may be finned to provide additional heat transfer, 
although the fins increase the potential for fly ash accumulation. 

Fig. 1-12: Typical economizer arrangement (Reproduced with permission from Steam, 40th ed., 
published by Babcock & Wilcox, a McDermott Company) 
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Fig. 1-13: Cutaway view of a D-type boiler (Reproduced with permission from Steam, 40th ed., 
published by Babcock & Wilcox, a McDermott Company) 

Boiler designs 

This section begins with a quick look at natural gas-fired package boilers and 
then progresses through utility boiler design from small to large. Figure 1-13 
shows the very common D-type package boiler design. Firing is from the front of 
the boiler. The waterwall tubes surround the sides and back of the combustion 
chamber. This is a two-drum boiler with a separate set of steam generating tubes 

Figs. 1-14 and 1-15: General circuitry of an A-type boiler (left) and an 0-type boiler (right) 

www.TechnicalBooksPDF.com



Fossil Fired Boilers-Conventional Designs I 

Fig. 1-16: The natural-gas fired El Paso-type boiler (Reproduced with permission from Steam, 
40th ed., published by Babcock & Wilcox, a McDermott Company) 

that directly connect the two drums. Known as the boiler bank, they are a com­
mon feature on low- and intermediate-pressure boilers to increase waterwall heat 
transfer. Although small in size, this boiler also has a superheater. 

Two other designs are common for package boilers. These are the "N' and "0" 
types, whose basic outlines are shown in Figures 1-14 and 1-15. Operation is very 
similar to the "D" type. 

The obvious advantage of package boilers is that they can be factory assem­
bled and shipped to the job site in one piece. Common steaming rates in package 
boilers range from a few thousand pounds per hour to 100,000 pounds per hour. 
For larger applications, particularly at utilities, field-erected units are the norm. 
Before the proliferation of simple and combined-cycle combustion turbine units, 
a popular natural gas-fired boiler for utility applications was the El Paso type 
shown in Figure 1-16. This boiler is capable of producing almost 4 million pounds 
of steam per hour. An interesting feature of this unit is that the secondary super­
heater is first in the gas path, followed by the reheater, then the primary super­
heater. This is an opposed-fired boiler where the two sets of burners face each 
other from across the furnace. 
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Fig. 1-17: Stirling™ power boiler (Reproduced with permission from Steam, 40th ed., published 
by Babcock & Wilcox, a McDermott Company) 

A popular design for intermediate pressure applications is the Stirling™ 
power boiler (Fig. 1-17) named after the inventor, Allen Stirling. This is a two­
drum boiler with a boiler bank to increase heat transfer. These types of boilers can 
be designed to fire a variety of fuels. The figure shows a unit with a vibrating stok­
er that can fire wood bark. (Stoker boilers can fire many fuels, as we shall examine 
in chapter 2.) This modern version of the Stirling boiler also has overfire air ports 
and supplemental natural gas burners for pollution control and flexibility of oper­
ation. 

The Stirling™ boiler illustration clearly indicates furnace nose tubes. These 
are the tubes that angle out from the rear wall just below the superheater pendants. 
Nose tubes shield the superheater from radiant heat and help to prevent overheat­
ing of superheater tubes. However, the change from vertical alignment to a partial 
horizontal direction influences fluid conditions within the tubes. One potential 
effect is steam/water separation, with the steam flowing at the top of the tubes. 
This can cause overheating. Nose tubes are also notoriously susceptible to deposit 
buildups. Even when the rest of the boiler is clean, deposits in nose tubes may build 
up to levels that could cause corrosion or creep due to overheating. This is a prime 
area to collect tube samples for chemical cleaning deposit analyses. 
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Figure 1-18 shows a popular boiler from the 1960s and early 1970s-the 
cyclone. The main feature is the cyclone combustion chamber, of which most 
cyclone boilers have multiple units. The popularity of the boiler stemmed from 
good combustion efficiency. Pebble-sized coal is fed into the cyclones with air 
inlets at various locations, including along the length of the combustion barrel. The 
air imparts a swirling motion to the coal, hence the cyclone name. The barrels are 
water-cooled just as in a regular boiler, although the tubes in the barrel are typi­
cally around 1" in diameter. The tubes extend from an upper header at the top of 
the barrel and then connect into a lower header at the bottom of the barrel. The 
small diameter and curved configuration of the barrel tubes makes them somewhat 

Fig. 1-18: Cyclone boiler (Reproduced with permission from Steam, 40th ed., published by 
Babcock & Wilcox, a McDermott Company) 
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Fig. 1-19: Carolina-type boiler (Reproduced with permission from Steam, 40th ed., published by 
Babcock & Wilcox, a McDermott Company) 

susceptible to deposit accumulation due to low flow. The remainder of the boiler 
has similar features to those already outlined, including vertical waterwall tubes 
and pendant superheaters and reheaters. Cyclone burners with a Stirling™ furnace 
are a common arrangement. 

An important feature of cyclone boilers is that residual mineral matter is 
designed to exit the combustors as molten slag. (More information on this topic is 
covered in chapter 3.) These boilers fell out of favor because the combustion 
process generates large quantities of nitrogen oxides (NOx), which are a major 
atmospheric pollutant and a precursor to acid rain and ground-level ozone. 

Virtually all modem coal-fired boilers (other than fluidized-bed units) bum 
pulverized coal. A popular design is the tangentially fired unit, in which the water­
wall configuration is box-shaped with burners located at several levels along the 
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~ 
I 

Fig. 1-20: Forced-circulation boiler with horizontal radiant superheater and reheater 
(Reproduced with permission from Combustion: Fossil Power, Alstom) 

corner of the furnace. This boiler was previously illustrated in Figure 1-6. The 
burner arrangement establishes a swirling fireball within the center of the furnace. 
This design is popular for large utility boilers. One important aspect of these units 
is that the burners may be tilted upwards or downward to alter the balance of heat 
transfer between the waterwall tubes and superheater/reheater. This is especially 
useful for handling load swings. 

Another popular design is the Carolina-type boiler (Fig. 1-19). This boiler 
also fires pulverized coal. The unit illustrated in the figure is of the opposed wall 
firing type, in which burners are placed directly across from each other. The flames 
meet in the center of the furnace. 

Yet another boiler design is outlined in Figure 1-20. This is a forced-circula­
tion unit whose main features are horizontal superheaters and reheaters. 
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Heat absorption patterns within boilers 

Different boilers have different heat absorption patterns. This, of course, is 
dictated by boiler configuration, combustion patterns, heat exchanger locations, 
and other factors. Figure 1-21 illustrates just a few of these variations, but they give 
a good idea of typical patterns. 

Boiler "a" is a simple industrial boiler designed to produce saturated steam at 
200 psig (1.48 mPa). This is one of the low-heat boilers that has a boiler bank to 
improve steam capacity. The boiler bank takes nearly half of the heat input. 

Now examine boiler "b." Similar to boiler "a," it is configured to produce 
superheated steam at 750oF (399°C) and 600 psig (4.24 mPa). Waterwall heat 
absorption does not change much, but more than 10% of the fuel energy is trans­
ferred in the superheater. 

Comparing boilers "c" and "d" with "a" and "b"-and with each other-reveals 
several interesting details. First, an increase in superheater pressure and tempera­
ture often does not directly correlate with a percentage energy transfer decrease in 
the waterwall tubes. As is evident, the percentage of energy transfer in the water­
wall tubes of "c" and "d" is greater than in the first two boilers. However, the size 
and heat absorption capacity of the superheater in boiler "c" is considerably greater 
than that in boiler "b." This stands to reason, as the superheater outlet temperature 
has been increased from 750°F to 1,005oF (541oC). Another interesting feature 
comes in comparing the boiler bank and economizer in "c" and "d," respectively. It 

200 psrg 
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Super heater Outlet 
240"F Feedwater 

! j" 
I 

58% t~"'~ 
' I 

I 

1,800 psig. 1,005 '~at 
Superheater Outlet 
350"F Fccdwater 

1,800 psig. 1,005· Fat 
Superheater Outlet 
350" F f eedwater 

Fig. 1-21: Heat absorption patterns for four pulverized coal boilers (Reproduced with permission 
from Combustion: Fossil Power, Alstom) 
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is the author's experience that boilers at this pressure (and higher) typically have an 
economizer and not a boiler bank. Regardless, each accounts for about 10% of heat 
transfer in the steam generator. 

Once-through and supercritical boilers 

An important class of boilers is the once-through type (Fig. 1-22), most of 
which are used in supercritical applications. These boilers are also known as uni­
versal pressure steam generators. The chief feature of once-through boilers is that 

Fig. 1-22: Combined Circulation™ once-through boiler (Reproduced with permission from 
Combustion: Fossil Power, Alstom) 

23 

www.TechnicalBooksPDF.com



24 
I Basics of Boiler & HRSG Design 

all of the incoming water to the boiler is converted to steam in the waterwall tubes. 
The steam is collected in headers for transport to the superheater. The advantage 
of supercritical operation is better efficiency. Some units operate at up to 4,500 psig 
(31.1 mPa) pressure. 

An important factor with regard to once-through operation is water purity. 
The conversion of all the incoming feedwater to steam allows direct carryover of 
contaminants to the superheater and turbine. It is absolutely imperative that only 
the highest quality feedwater enter the boiler. This mandates that these units be 
equipped with condensate polishers. 

A question that naturally comes to mind is how does one start up a once­
through unit? At start-up, the boiler is not nearly hot enough to convert all of the 
water to steam. Obviously, water cannot be allowed to enter the superheater and 
turbine. In the combined-circulation unit, water exiting the boiler tubes at unit 
start-up flows to a receiving vessel from which it is routed through a downcomer 
to lower waterwall headers. The boiler somewhat resembles a drum unit at start­
up, with the notable exception that the water-receiving vessel does not have a 
steam outlet. Once the boiler has reached minimum operating temperature, the 
recirculation loop is isolated. 

A common tube design for modern supercritical units is the spiral-wound 
type, in which the waterwall tubes angle along the furnace walls, and thus have 
both a vertical and horizontal component. This design has been shown to improve 
heat transfer efficiency. The Foster Wheeler Corporation has been heavily 
involved in design and development of these units. One drawback of the spiral­
wound design is that the tubes cannot be suspended from the ceiling as vertical 
tubes can, requiring special tube supports along the furnace walls. Extra support 
brackets are always potential sites for fatigue-related tube failures. Frictional loss­
es are also higher in spiral tubes. 

Another type of popular supercritical unit incorporates a combined spiral­
wound vertical waterwall tube design. This is the Benson-type popularized by 
Babcock Borsig Power. The lower portion of the furnace has spiral-wound tubes 
that tie into vertical tubes through headers higher up in the boiler. An interesting 
concept is being promoted with installation of these units-where the plant also 
has a hyperbolic, mechanical-draft cooling tower-to route the flue gas into the 
cooling tower above the film-fill packing. This increases buoyancy in the tower, 
and combines two plumes into one. 

Supercritical steam generation offers potential for the next generation of coal­
fired power plants. A basic law of thermodynamics states that the maximum effi­
ciency of a heat engine is described by the equation: 

www.TechnicalBooksPDF.com



Fossil Fired Boilers-Conventional Designs I 

where: 

11 is the efficiency 

TL is the low temperature heat sink (steam condenser) 

THis the high temperature source (boiler) 

Advances in supercritical design and materials technology will lead to increas­
es in T Hand improved efficiency. Even now, supercritical designs exist that favor­
ably compare with subcritical drum units in terms of capital and cost. Fuel savings 
may quickly offset the slight additional capital cost of the supercritical unit. Units 
with thermal efficiencies at or near 45% are becoming common. This is with 
superheat and reheat steam temperatures in the 1,150oF to 1,180°F (621°C to 
638°C) range. 

Conclusion 

This chapter outlined fundamental water/steam details of many convention­
al fossil-fired boilers. A wide variety exists. Chapter 2 examines some of the more 
modern steam generating systems including fluidized bed combustors, heat recov­
ery steam generators, and a venerable combustion techniqu~toker firing-that 
is being used to burn alternative fuels such as trash, wood, chipped tires, and other 
non-traditional fuels. 
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Figure Al-l shows a common condensatelfeedwater scheme for a utility boil­
er. The condensate flows through a series of tube-in-shell, low-pressure feedwater 
heaters to the deaerator, which is an open feedwater heater designed to remove dis­
solved oxygen and other gases from the condensate. The feedwater pump pressur­
izes the condensate for injection into the boiler. Before entering the boiler, the 
feedwater passes through a series of high-pressure heaters and the economizer. 
The heating source for the feedwater heaters is extraction steam taken from vari­
ous points in the turbine, while the economizer sits in the flue gas path. 

Boiler 

Main steam to turbine 

Feedwater 
Pump 

Fig. A1-1: Simplified utility water/steam network showing feedwater heaters. 
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Condensate/feedwater heating improves boiler efficiency by utilizing some of 
the heat that would otherwise be lost in the condenser. At some point, a balance 
is reached between efficiency gain and capital cost for the heaters. Six heaters are 
very common for sub-critical utility boilers and the author has heard of as many as 
eight, including the deaerator. 

In the deaerator, the incoming condensate is mixed with live steam in a com­
partment that may include trays to enhance water/steam contact. The mixing 
process and increased temperature liberate dissolved gases that might otherwise 
cause corrosion in the boiler. The heated condensate flows downward to the deaer­
ator storage tank, while the liberated gases and a small amount of steam are vent­
ed from the top of the unit. 
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Waterwall tubes depend upon the flow of water along the inside tube surface 
to maintain steady temperatures. Obviously, as water rises from the bottom to the 
top of the tubes, the water temperature increases and more steam is created. In a 
properly designed steam generator, however, the boiling process is uniform and is 
known as nucleate boiling. 

Upsets in burner operation, rapid load increases, poor design, and other fac­
tors will affect the boiling process and may induce a "departure from nucleate boil­
ing" (DNB) that alters the cooling effects of the boiler water. As Figure Al-2 illus­
trates, DNB reduces heat transfer to the boiler water. This in turn places the tubes 
in the affected areas under higher temperatures than originally designed. "Creep" 
may then set in with eventual tube failure as the result. Internal tube deposits also 
restrict heat transfer and may cause similar tube failures. 

Steam-Water Mixture 

Film Boiling 

Heat 

Nucleate Boiling 

Fig. A1-2: Effect ofDNB on tube metal temperature (Reproduced with permission from 
Combustion: Fossil Power, Alstom) 
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Sodium phosphate compounds [principally tri-sodium phosphate (Na3P04), 

or TSP, as it is commonly known] have been popular for boiler water treatment for 
years. The chemical serves two primary purposes. First, it reacts with water to 
produce an alkaline solution: 

Corrosion of mild steel is minimized within a pH range of9 to 11, which is 
where phosphate programs can be adjusted. 

Second, phosphate reacts with contaminants (in particular, the scale-formers 
calcium, magnesium, and silica) that enter the boiler via condenser tube leaks or 
other sources. Phosphate reacts direcdy with calcium to produce calcium hydrox­
yapatite: 

Magnesium and silica react with the alkalinity produced by phosphate to form 
the non-adherent sludge, serpentine: 

These "soft materials" are much easier to remove than the hard scale or cor­
rosive compounds that would otherwise form. The mud drum serves as a collec­
tion point for these soft sludges. Periodic manual blowdown is necessary to pre­
vent these materials from building up to unwanted proportions. 
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___ Ch __ · a~r 
The "Newer" Technologies­
Fluidized-Bed Combustion, ... 

Combined-Cycle Power 
Generation, Alternative Fuel 

Power Production, and 
Coal Gasification 

Although the technologies listed in this chapter might sound new, most have 
been around for a long time. What's driving them are environmental and effi­
ciency issues. As they have become increasingly critical factors, these technologies 
have taken on much more importance. The natural gas-fired combined-cycle 
process is both efficient and environmentally friendly, while fluidized-bed com­
bustion provides pollution control directly in the boiler and offers another option 
for continued use of coal, as does integrated coal gasification. Alternative fuel 
(refuse, biomass) boilers are often stoker fired, which has kept this venerable tech­
nology alive. 

FLUIDIZED BED COMBUSTION 

As chapter 1 indicated, many of the most modern coal-fired units have been 
based around pulverized coal technologies. However, environmental regulations 
regarding nitrogen oxide (NO) and sulfur dioxide (S02) emissions require pollu­
tion control techniques. They can include burner modifications, overfire air, selec­
tive-catalytic-reduction (SCR), or selective non-catalytic reduction (SNCR) for 
NOx control, and fuel switching, wet scrubbing, or dry scrubbing for S02 removal. 
These pollution control methods add a great deal of complexity and cost to a 
steam-generating unit. 
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Fluidized-bed combustion incorporates NOX and so2 control directly into 
the furnace design and operation.The term "fluidized bed" refers to the process in 
which an upward flow of air keeps fuel and ash particles in a suspended state with­
in the boiler. The airflow required to initially transform a fixed bed of material into 
a fluidized bed is known as the minimum fluidization velocity. This velocity is 
dependent upon a number of factors, including fuel type, fuel size, and air tem­
perature. Some fluidized-bed boilers are designed to operate with airflows only 
marginally above the minimum. These are known as bubbling-fluidized-beds 
(BFB). The bed remains in a relatively compact layer within the furnace and air 
bubbles up through it. The other type is the circulating-fluidized-bed (CFB), in 
which higher air velocities circulate in the bed throughout the furnace. Figure 2-1 
illustrates general details for both types of fluidized-bed boilers. 

This discussion focuses on the circulating fluidized-bed and specifically on 
the atmospheric circulating fluidized-bed process (henceforth referred to as 
ACFB), as it is a popular technology for utility applications. 

Ve1ucity 
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Fig. 2-1 : Typical airflow, particle size, and bed volume data for several standard boilers 
(Reproduced with permission from Combustion: Fossil Power, published by Alstom) 

Design overview 

ACFB offers several advantages that make the technology attractive. Of pri­
mary importance is the combination of relatively low combustion temperatures 
(1,500oF to 1,700oF, 816oC to 92TC) and surprisingly high heat transfer. In a con­
ventional boiler (such as a pulverized-coal unit or a cyclone), flame temperatures 
may reach 3,000oF (1,649°C). Radiant heating is a major energy transfer mecha-
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nism, but these same high temperatures also generate significant quantities of 
nitrogen oxides (see chapter 5 for a more detailed discussion of this process). High 
heat transfer occurs in a CFB, but in this case, it is due to a bed of burning coal 
particles and hot ash that transfer heat in large part by convection to the boiler 
tubes as the bed moves through the furnace. The lower temperatures limit NOx 
production, while the bed dynamics are utilized to introduce chemical reagents 
that react with and remove S02• 

Figure 2-2 shows a general flow schematic for a common ACFB design. The 
basic process and important features are as follows: 

• Coal enters the boiler above an air distributor plate located at the bottom of 
the combustor 

• The air fluidizes the coal to form an agitated bed of burning particles with­
in the combustor. The combustor in and near the fuel zone is lined with 
refractory, as very abrasive conditions are present in this area 

• Limestone (sorbent) injected to the combustor or added to the fuel reacts 
with S02 and oxygen to produce calcium sulfate (CaS04), a solid and 
benign waste product. This removes S02 directly in the furnace, and elim­
inates or minimi.zes the need for backend so2 control 

• The combustion temperature is usually maintained at or close to l,SSOOF 
(843T). The low temperature minimizes NOx formation. Staged air feed 
is another process that reduces NOx production 

• The relatively low combustion temperatures are below ash fusion tempera­
tures for virtually all coals. This eliminates boiler slagging and in turn pro­
vides flexibility in the types of fuel that may be burned 

• The bed flows upward through the furnace and enters a mechanical cyclone 
that returns heavier unburned coal particles and most ash to the combus­
tor. Flue gas and light ash particles flow from the top of the cyclone to the 
flyash handling system 

• A bottom ash removal system helps to maintain bed inventory and keep the 
bed from overloading with material 

• As with conventional boilers, steam is generated within waterwall tubes 
located in the furnace. Although refractory may cover the tube surfaces in 
the combustor, further up in the furnace the tubes are directly exposed to 
the environment, as is typical for a coal-fired boiler. Superheater pendants 
hang in the convective path similarly to those in other boilers. Some CFB 
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designs include heat exchangers, shown in Figure 2-2 in the fluidized-bed 
heat exchanger (FBHE), the cyclone return to the combustor and in the 
bed ash removal system. These are water or steam-cooled, and are incorpo­
rated into one or more of the boiler, superheater, or reheater networks. 

Combustor 

Air~ 
Fuei!Sorbent Feed--\ 

Air 

J Convective Pass 

/seal~~ 
/P:/~// Cone Valve (Optional) 

·· -.. Flue Gas 
I I 

C2Jt:l 
\ . FBHE (Optional) 

A1r Distributor 

Bottom Ash 

Fig. 2-2: Schematic of a common CFB boiler (Reproduced with permission from Combustion: 
Fossil Power, published by Alstom) 

Coal may be introduced to the CFB by one of several methods. Pneumatic 
feeding at several ports in the combustor is one possibility. Another technique is 
feed from a chain conveyor that traverses the furnace. Air agitation from below 
mixes the fuel. 

Fuel type influences coal preparation requirements. Coals that ignite easily 
may only need crushing similar to that for a cyclone boiler. Recommended top 
sizes for lignite and bituminous coal are 3/8" and 1/4", respectively. A low-volatile 
material such as anthracite culm has to be smaller in size. High-moisture coals like 
lignite may require drying to prevent clogging of coal feed lines. Air-swept crush­
ers are one possibility for drying the fuel; another is to feed the fuel into the cyclone 
return line to the combustor. The hot gas stream dries the coal during its passage 
to the combustor. 

Unit start-up requires gas or fuel oil for preheating. The burners reside either 
within the lower combustor or the cyclone return line to the boiler. These bring 
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the boiler temperature up to around 1,000oF (538T), at which point the combus­
tor has become hot enough for the primary fuel to be introduced. Sand or alumi­
na serves as a starter bed material until enough ash has circulated through the sys­
tem to establish a natural bed. 

Limestone for S02 removal may be added with the coal or blown into the unit 
at a short distance above the coal feed level. The vigorous agitation that occurs 
within a fluidized bed enhances the reaction between the limestone reagent and 
S02, and a well-operated CFB will remove 90% to 95% of the S02 produced dur­
ing combustion. The common parameter for measuring the limestone reaction 
efficiency is the calcium/sulfur ratio. The basic reactions that occur between lime­
stone and so2 are as follows: 

CaC03 + heat ___. CaO + C02 i 

The first reaction absorbs heat (around 766 Btu/lb, 1,782 K]/kg of CaC03 

injected) and the second gives off heat (around 6,733 Btu!lb, 15,660 KJ!kg of sul­
fur removed). Theoretically, one equivalent amount of calcium reacts with one 
equivalent of sol but as with all chemical processes, 100% efficiency is virtually 
impossible to achieve. Factors that influence the limestone-S02 reaction include 
the kinetics of sorbent particle-S02 interaction and the physical properties of the 
particles themselves. Sulfur dioxide tends to react at the surface of the sorbent par­
ticles, which can blind the interior of the particle from reaction. The type of lime­
stone influences how well it calcines (converts to CaO). Particles that develop large 
pores during calcining tend to react more efficiently with sol. It is possible to 
measure the efficiency of the sulfur capture process by determining the ratio of cal­
cium to sulfur in the byproduct. This value is known as the calcium/sulfur or Ca/S 
ratio. A common objective is to minimize the calcium to sulfur ratio, as the fol­
lowing discussion helps illustrate. 

Note: Some in industry suggest that proper Ca/S ratios should average 1.1-
1.2 to 1, but this efficiency seems almost too good to be true, at least in my expe­
rience. I have seen 1.5/1 listed in the literature as about the best to be expected, 
and this is the value outlined in the example illustrated below. 

Reagent preparation is important. The maximum top size of limestone is 
reported to be 1 millimeter (1,000 microns). Grind sizes as low as 70% passing 
through a 200-mesh screen (127 microns) may be necessary. A fine grind size pro­
vides a large surface area for reaction, but if the limestone grind is too fine, unre­
acted particles may exit through the cyclone overflow. With the proper limestone 
quality and grind size, good limestone efficiency is possible. This was clearly 
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demonstrated in a series of tests performed on the twin ACFBs (Units 6 and 7) at 
the University of North Carolina-Chapel Hill (UNC-CH) co-generation facility 
in the 1990s. Although the original limestone reagent had a CaC03 content rang­
ing from 85% to 90%, reactivity was low, and at times the ash removed from the 
system contained up to 50% calcium oxide. The utility tested and subsequendy 
switched to a limestone containing 95o/o CaC03• They also improved operation of 
the ball mills to optimize limestone particle size. The combination of these two 
factors gready improved reaction efficiency to the point where unused reagent in 
the ash dropped to as low as 3%, and Ca!S ratios dropped from an average of 
almost 4.5/1 to less than 1.5/1. 

The ideal temperature for S02 removal is 1,550°F, and reactivity can drop off 
significandy beyond this point. This is one of the major factors that require CFB 
temperatures to be held below 1,700°F. 

Primary air to the combustor enters through a distributor plate located at the 
bottom of the furnace. This ensures an even distribution of flow to the bed. 
Airflow rates are critical and must be designed to fluidize the bed, but not push 
excessive material out of the boiler, as heat transfer in the furnace is gready 
dependent upon hot particles contacting the tube walls. When coal particles burn, 
they become lighter in weight and rise. Counterbalancing this effect are complex 
interactions of particles, which tend to increase particle weight. All factors consid­
ered, airflow rates are generally higher than those that would be mathematically 
predicted for individual particles. As Figure 2-1 illustrates, the linear airflow rate 
for an ACFB boiler ranges from 15 to 30 feet per second (4.6 to 9.1 meters per 
second). 

Direct flames are not as evident in a CFB as they are in a pulvarized coal or 
cyclone unit. Rather, the process resembles a swirling sandstorm with an orange 
glow. Temperature control is very critical with regard to NOx production. During 
the limestone tests at UNC-CH, the bed temperatures increased by 60°F to 70°F 
(33°C to 39T) over the normal averages of 1,640oF (893oC) and 1,650oF (899°C) 
in Units 6 and 7, respectively. Corresponding NOx emissions on Unit 6 increased 
by 87% and on Unit 7 increased by 200%. This illustrates the criticality of main­
taining combustion temperatures at design levels. 

Note: The bed temperature increases were theorized to be due to 
the increased reactivity of the new limestone. This effect is explained in Appendix 
2-1. 

Air staging is another another NOx control technique. Primary air feed is held 
below stoichiometric levels, and the remaining air is added above the primary 
combustion zone. Chapter 5 discusses in detail how this lowers NOx. A properly 
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designed and operated CFB can reduce NOx emissions to 0.2 pounds per 106 Btu 
(0.085 kg/106 kJ), and emission rates as low as 0.1lb/106 Btu (0.043 kg/106 kJ). 

The low-combustion temperatures in a CFB also prevent slagging. Ash 
fusion temperatures of most coals are typically above 2,000oF (1,093T) even in a 
reducing atmosphere. This is at least 300oF (166°C) above the top temperature in 
the fluidized bed. Fouling of superheaters and convective pass structures can still 
be a problem, as furnace temperatures are still high enough for sodium to form the 
usual vaporous oxide (see chapter 3). 

A principal advantage of CFB units centers around fuel residence time. In a 
pulvarized coal unit, the residence time may only be two or three seconds; resi­
dence time in a CFB theoretically could be infinite, as the design forces heavier, 
unburned particles to return to the furnace. A CFB has high-combustion efficien­
cies due to the circulation process and the fact that unburned carbon is returned to 
the combustor. The cyclone separator operates similarly to its counterparts in flue 
gas desulfurization systems and other industrial processes. By imparting circular 
motion to the gas, the cyclone causes a separation of particle size by weight. Light 
particles (typically of 100 microns in size or smaller) flow out of the top discharge 
port of the cyclone, while unreacted coal and lime, along with heavier ash parti­
cles, discharge through the cyclone underflow and return to the boiler. 

The gas flow rate entering the cyclone usually must be above 100 feet per sec­
ond to effect good particle separation. This causes severe wear in the cyclone, 
which is lined with refractory material. Even with these precautions, cyclones are 
one of the most maintenance-intensive pieces of equipment in the boiler. An alter­
native to the cyclone collector is shown in Figure 2-3, in which a series ofU-beams 
force the gas through a torturous path, causing the bed particles to fall into the cir­
culation system. 

A common auxiliary system on larger units is a heat exchanger placed in the 
gas stream from the cyclone exhaust to the boiler. Depending upon unit design, 
the heat exchanger may be part of the boiler, superheater, or reheater network. A 
similar heat exchanger is sometimes used in the bed ash removal system, especial­
ly in larger units. Bed ash must be withdrawn to maintain bed density at a proper 
concentration. The bed ash system takes material from lower levels of the unit. The 
ash temperature is around 1,500oF (S1eC), and must be cooled to a range of 
200oF to 400oF (93°C to 204oC) before disposal. The heat exchanger is one 
method for cooling the ash. Another common method is to remove the ash 
through water-cooled screw conveyors and then send it to the ash removal system. 

A prominent advantage ofCFB combustion is fuel flexibility. Fuels may range 
from natural gas to low-rank coals to biomass. A generator can switch between 
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Fig. 2-3: CFB boiler with U-beam particle collectors (Reproduced with permission from Steam, 
40th ed., published by Babcock & Wilcox, a McDermott Company) 
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coals without many of the major modifications that are necessary with other types 
of combustion. This allows plant managers to shop around for the most econom­
ical coal and change suppliers if necessary. At least one municipal electric utility 
seriously considered fluidized-bed combustion for a base-load generating unit 
because the CFB would allow the city to blend wood chips and leaves with the 
fuel. City ordinances prevent the burning ofleaves and tree limbs within city lim­
its, but a CFB would allow the city to derive an energy benefit from this free 
(transportation and collection labor excluded) biomass. 

Disadvantages of fluidized bed combustion 

Like all technologies, fluidized bed combustion is not foolproof Of prime 
concern is the corrosive character of the ash, especially when it is accelerated to 
high speed in the cyclone. Also, part of the furnace is lined with refractory-a 
material susceptible to thermal stress-that may spall off if the unit is frequently 
cycled. Thus, CFBs operate best in base-mode fashion. Fuel switching, while eas­
ier to do than in other types of boilers, may be complicated if the moisture content 
changes drastically. 

Emissions regulations could present challenges for CFBs as well as other coal­
fired boilers. A CFB does not remove mercury, for example, and so this pollutant 
has to be controlled by backend methods. Control of particulate matter less than 
2.5 microns in diameter (PM2.5) is another regulation-in-progress and could 
complicate CFB design and operation. Emissions limits of 0.10 lb/106 Btu 
(0.045/106 kJ) for NOX and so2 may become reality for future units, and this could 
tax even the best CFBs. However, in-furnace removal of most of the NOX and so2 
would greatly reduce load on any backend pollution control equipment, thus 
reducing capital and operating costs. CFBs already compare favorably with pul­
verized-coal fired units in terms of capital cost. 

CFBs' versatility is illustrated in the Foster Wheeler advanced circulating flu­
idized bed plant, in which a pressurized circulating fluidized bed not only gener­
ates steam for power production but also generates a syngas that can be fed to a 
combustion turbine or co-generation process. Also under consideration are once­
through supercritical CFBs. Like their sub-critical counterparts, they could offer a 
capital cost advantage over pulverized coal units that must be equipped with large, 
backend pollution control systems. 
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Fig. 2-4: Heavy-duty industrial gas turbine (Keihofer, Bachmann, Nielson, and Warner, 
Combined-Cycle Gas & Steam Turbine Power Plants, 2nd ed., Penn Well Publishing) 

Combined-cycle power generation and 
heat recovery steam generators 

A significant amount of electricity is now generated using simple-cycle and 
combined-cycle natural gas-fired (occasionally oil-fired) power plants. The basic 
outline of a simple-cycle gas turbine is shown in Figure 2-4. This process is tech­
nically referred to as the Brayton cycle. Compressed air produced in the front stage 
of the unit is fed to the combustor, where the burning fuel produces expanding 
gases that drive a vaned turbine, which, like a conventional steam turbine, spins a 
magnet inside a coiled generator to produce power. The process is not unlike that 
of a jet engine except that the turbine produces "shaft work" rather than thrust. A 
primary advantage of simple-cycle combustion turbines is that these units can be 
started quickly and are ideal for peak load situations. The disadvantage is that 
exhaust temperatures may be 800°F (426T) or higher, which means that a great 
deal of energy leaves the system without being productively extracted. Also, the 
compressor consumes a great deal of energy. The maximum efficiency for a sim­
ple-cycle gas-fired generating plant is around 35%. 

A very considerable efficiency improvement is possible by using the exhaust 
gas from the combustion turbine to heat a steam generator. When the steam is 
used for industrial purposes, the process is known as co-generation; when the 
steam drives a turbine for electricity production, the process is known as com-
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Fig. 2-5: Outline of a vertically-tubed, natural-circulation HRSG (Keihofer, Bachmann, Nielson, 
and Warner, Combined-Cycle Gas & Steam Turbine Power Plants, 2nd ed., Penn Well Publishing.) 

bined-cycle power generation. Efficiencies of combined-cycle units may approach 
60%. 

The key component in a combined-cycle plant is the heat recovery steam gen­
erator (HRSG). The primary modes of heating in HRSGs are convection and 
conduction, so the physical layout of waterwall, superheater, and reheater tubes is 
different than in conventional boilers. Figure 2-5 shows the general outline of the 
most common HRSG design, where the boiler tubes are vertically oriented and 
the gas turbine exhaust passes through in a horizontal direction. 
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Some HRSGs are single-pressure units, but much more common are multi­
ple-pressure systems, as they offer improved efficiency. Figure 2-6 illustrates a 
triple-pressure HRSG-several aspects of this unit stand out. First is the configu­
ration of the circuits within the HRSG. Those in the hottest zone are the high­
pressure (HP) reheater, superheater, and evaporator (boiler). These are followed by 
the intermediate-pressure (IP) and low-pressure (LP) circuits. Each evaporator is 
set up in a natural circulation, drum-type arrangement, and the HP and LP cir­
cuits generate steam for power production. The LP circuit contains a combined 
drum/deaerator, which serves as the feedwater source for the IP and HP circuits. 
The deaerator is incorporated directly into the LP circuit to remove dissolved 
gases. 

Combined-cycle power plants may be equipped with auxiliary, natural gas­
fired duct burners to increase the heat flow to the HRSG, but this has not been 
universally adopted. In general-and especially in HRSGs without supplemental 
burners-heat fluxes are lower than in a conventional boiler, so the design often 
incorporates finned tubes to assist with heat transfer. The drawback to finned tub­
ing is that the tubes are difficult to remove for deposit sampling or other mainte­
nance activities. 

Two important heat transfer criteria stand out regarding HRSGs-approach 
temperature and pinch-point temperature. The HRSG shown in Figure 2-6 has 
two economizers to heat feedwater. The approach temperature is the difference in 
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Fig. 2-6: Outline of a three-pressure HRSG (Illustration provided by Nooter Eriksen.) 

www.TechnicalBooksPDF.com



The "Newer" Technolgies I 

temperature between the economizer outlet and the boiler circuit that the econo­
mizer serves. When factors such as economizer size, efficiency, and equipment 
costs are taken into account, a properly designed economizer will bring the feed­
water temperature to within 9oF to 22oF (5 to 12T) of the boiler water saturation 
temperature. Tighter approach temperatures would make the size and cost of the 
economizer prohibitively large. In addition, narrow approach temperatures can 
cause steaming in the economizer. Steaming may cause water hammer and fluctu­
ations in drum level. 

The pinch-point temperature is the difference between evaporator steam out­
let temperature and the exhaust gas temperature at that physical location in the 
HRSG. A common range for pinch-point temperatures is 14 to 27oF (8 to 15°C). 
Figure 2-7 illustrates by diagram the approach and pinch-point temperature rela­
tion for a single-pressure HRSG. Lower pinch-point temperatures require larger 
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Fig. 2-7: Energy/temperature diagram for a single-pressure HRSG (Keihofer, Bachmann, 
Nielson, and Warner, Combined-Cycle Gas & Steam Turbine Power Plants, 2nd ed., Penn Well 
Publishing) 
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heating surfaces, so the economic balance between efficiency and equipment cost 
dictates the optimum pinch-point temperature. 

Many factors can influence the efficiency of a combined-cycle plant, and a 
discussion of most of these factors is beyond the scope of this book. (An excellent 
source for further reading is Modern Power Systems, by Pai and Engstrom. See ref­
erence section at end of book.) One concept that stands out, however, is that in a 
combined-cycle plant, the efficiencies of two systems (the gas turbine and the 
HRSG) influence the overall efficiency of the unit. In some cases, an efficiency 
decline in one positively affects the other! For example, a loss of efficiency in the 
gas turbine would increase the exhaust temperature, causing a rise in steam pro­
duction in the HRSG. In general, efficiency losses in the gas turbine negatively 
affect overall performance, and it is best to design and operate the system with the 
gas turbine at maximum efficiency. Figure 2-8 shows the output and efficiency of 
a combined-cycle unit as HRSG back-pressure increases. Clearly illustrated is the 
decline in gas turbine output and efficiency. Increased back-pressure improves heat 
transfer in the HRSG, but the loss of efficiency in the gas turbine more than off-
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output and efficiency, and HRSG surface (Keihofer, Bachmann, Nielson, and Warner, Combined­
Cycle Gas & Steam Turbine Power Plants, 2nd ed., Penn Well Publishing) 
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sets this gain, and the overall effect is to reduce the combined-cycle output and 
efficiency. 

Not all HRSGs are of the vertical-tube drum design. Some units, particular­
ly once-through HRSGs, may have a horizontal tube design (Fig. 2-9). These are 
not as common as the vertical-tube type. 

One issue of primary concern in HRSGs is flow-assisted-corrosion. This cor­
rosion mechanism, influenced by water chemistry, flow patterns, and temperature, 

Fig. 2-9: Outline of a horizontally-tubed, forced circulation HRSG (Keihofer, Bachmann, 
Nielson, and Warner, Combined-Cycle Gas & Steam Turbine Power Plants, 2nd ed., Penn Well 
Publishing) 
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has become quite a serious problem in many units. Appendix 2-2 provides addi­
tional details regarding this phenomenon. 
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Fig. 2-1 0: Illustration of a chain grate stoker (Reproduced with permission from Steam, 40th ed., 
published by Babcock & Wilcox, a McDermott Company) 

Alternate fuel boilers and stoker-fired units 

Stoker-fired boilers could have logically been introduced in chapter 1, as stok­
er firing has been around for a long time. However, stokers are not common for 
modern large generator applications, so the discussion has been delayed until now. 
Stokers are still popular for alternate fuel firing including biomass and refuse­
derived fuel. 

Stokers resemble other steam-generating units, with the notable exception 
that the fuel combusts on or just above a mechanical grate. Primary air feed for a 
stoker comes from below the grate, and fuel may be fed below the grate (under­
feed) or above the grate (overfeed). Two of the most popular stoker types are the 
overfeed traveling grate stoker and the overfeed spreader stoker (depicted in Figs. 
2-10 and 2-11, respectively). A discussion of how stokers operate with coal offers 
a good introduction into the topic of alternate fuel firing. 

Consider first Figure 2-10, the outline of a traveling grate stoker. Coal is fed 
at the leading end of the stoker grate. Primary air feed comes from below the grate 
with some overfire air above the grate for NOx control. The underfire air prevents 
the grate from overheating. As the grate traverses the furnace, the coal combusts, 
being reduced to ash by the time it reaches the opposite side of the furnace. A vari­
able underfire airflow pattern is common to provide more air to the coal at the 
entry point and less as the coal loses combustible material. 
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Fig. 2-11: Illustration of a wood-fired boiler with a spreader stoker (Reproduced with permission 
from Steam, 40th ed .• published by Babcock & Wilcox, a McDermott Company) 

Figure 2-11 shows a spreader stoker unit with a vibrating grate. In these boil­
ers, mechanical spreaders distribute the fuel uniformly over the stoker grate to pro­
vide a more even combustion pattern. The vibration causes the fuel to flow to one 
end of the grate. With a properly designed furnace, the fuel is converted almost 
entirely to ash by the time it reaches the edge of the grate and falls into the ash col­
lection system. In the spreader stoker, where the fuel is thrown onto the grate, the 
smaller coal particles tend to fluidize and burn a short distance above the grate. 
Larger particles fall onto the grate and combust there. 

Difficulties that must be overcome with stoker units include grate overheat­
ing and ash clinkering. Grate cooling may be accomplished in several ways. Air­
cooled grates use the flow of underfrre air to protect the equipment. The coal-to-

49 

www.TechnicalBooksPDF.com



50 
I Basics of Boiler & HRSG Design 

ash bed that resides on the grate helps protect the metal from radiant heat above. 
Vibrating stoker grates may be water cooled, with cooling tubes connected to the 
waterwall network. 

Ash that fuses together in large chunks is known by the term "clinkers." 
Clinkers can disrupt air patterns in the stoker and introduce abnormally large 
chunks of solidified material to the ash handling system. Uniform fuel distribution 
is a key in preventing clinker formation. 

Stokers are not popular for new utility coal units, as the more modern tech­
niques of pulverized coal firing and fluidized-bed combustion offer better effi­
ciency. However, stokers are one of the viable methods to combust fuels that are 
difficult or impossible to reduce in size. These include biomass and refuse-derived 
fuel (RDF). 

Biomass includes wood, bark, agricultural by-products such as corn stalks, and 
even more exotic materials like bamboo stalks and rice hulls. A very interesting fact 
about biomass is that growing plants absorb almost as much carbon dioxide as they 
give off during combustion. This offers potential in the fight to stabilize C02 

em1sswns. 

RDF-powered generation and co-generation offer methods to dispose of 
waste other than by landfilling. RDF is a difficult material to handle and burn. 
Fuel quality is quite variable and combustion produces significant chloride con­
centrations in the furnace, which can cause serious corrosion in the boiler and boil­
er backpass. Techniques to combat corrosion include the use of refractory in high 
heat areas of the furnace and more exotic alloys for boiler and superheater tube 
material. 

A new process for refuse mass burning that combines aspects of fluidized bed 
combustion and stokers is shown in Figure 2-12. This is the Aireal™ process 
patented by Barlow Projects, Inc. Refuse is conveyed to a sharply inclined grate 
that has no moving parts like conventional stokers. Gravity does much of the work 
in moving the material. Underfire air flows upwards through the grate, but a 
unique feature is a series of air discharge ports along the length of the grate, from 
which sequenced pulses of air augment gravity to keep fuel flowing as it travels 
from top to bottom. The periodic pulses improve fuel/air mixing and combustion, 
but are regulated to prevent fuel from being prematurely blown to the bottom of 
the grate. The pulsing system adds an additional fuel flow control method previ­
ously not available for solid fuel combustion. The hot combustion gases flow to a 
heat recovery steam generator for steam production that may be used to drive a 
turbine for power generation. Backend equipment on the unit includes a lime-fed 
acid gas scrubber and fabric filters for particulate and heavy metals removal. The 
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Fig. 2-12: Illustration of the Aireal™ process, patented by Barlow Projects, Inc. 

use of fabric filters allows for activated carbon injection into the flue gas stream to 
absorb metals. 

Coal gasification 

Integrated coal gasification/power production is an emerging technology. It 
traces back to German scientists who developed coal gasification for production of 
synthetic fuels in the 1930s. Later in the century, Dow Chemical Company took 
the process further by using coal gasification to produce power at the Plaquemine 
facility in Louisiana. Modern coal gasification/power production projects-many 
of which are derivatives of the Dow effort-have largely been funded by the U.S. 
Department of Energy (DOE) as part of their Clean Coal Technology program. 

The chemistry behind coal gasification is rather complex, but when viewed in 
simplistic terms, is readily understandable. First, consider combustion of coal or 
any other fossil fuel in a conventional boiler. When the fuel is burned with suffi­
cient oxygen, it oxidizes completely as follows: 

Likewise, hydrogen in the coal combusts to water and sulfur burns to sulfur 
dioxide, which of course is a pollutant when released to the atmosphere. If, how­
ever, coal is heated in a moisture-laden (water or steam) environment containing a 
sub-stoichiometric ratio of oxygen, the product evolves into a mixture of carbon 
dioxide, carbon monoxide (CO), hydrogen (H2), and smaller quantities of hydro-

51 

www.TechnicalBooksPDF.com



52 
I Basics of Boiler & HRSG Design 

SLURRY 
PLANT 

COAL .rn 
WATER·~ 

0 
[lo 

OXYGEN 
PLANT 

SECOND 
STAGE 

SLAG BY-PRODUCT 

STACK 

STEAM 

STEAM 

COMBUSTION TURBINE 

FEEDWATER 

Fig. 2-13: Schematic of an integrated coal gasification combined-cycle process (Source: Clean 
Coal Technology Program: Program Update 2()()(), published by the U.S. Department of Energy) 

gen sulfide (H2S), carbonyl sulfide (COS), and ammonia (NHJ This gas has a 
significant heating value that may be productively used elsewhere. 

A good example of how coal gasification is utilized to produce power is illus­
trated by the DOE integrated coal gasification combined-cycle (ICGCC) repow­
ering project at the Wabash River Plant in Indiana. The system was set up to 
repower an existing steam turbine and to add new generating capacity. Figure 2-
13 outlines the initial design. The most important steps include the following: 

• A pulverized -coal/water slurry is fed to the lower section of a refractory­
lined gasifier. Partial combustion of the coal takes place in this wne. The 
combustion temperature of 2,500oF (1,371oC) exceeds the ash melting 
point, so slag flows to the bottom of the unit for extraction 

• At a point higher in the combustor, a second slurried coal feed enters. As it 
mixes with the hot gas rising from below, the fresh coal devolatilizes and 
breaks down, producing the final synthetic gas mixture 

• The syngas passes through a heat exchanger, which not only cools the gas 
but produces steam at 1,600 psia (11.03 mPa) for power production. The 
gas then passes through filters that remove particulates, including unburned 
carbon. These are returned to the gasifier 
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• The syngas passes through a catalytic converter to convert COS to H2S and 
is then scrubbed with an alkaline amine solution to remove the H2S. The 
H2S-rich amine solution is routed through a steam stripper that removes 
the H2S. The regenerated amine returns to the process, while the H2S is 
sent to a conventional Claus unit for conversion to elemental sulfur 

• The clean syngas passes through a fuel gas preheater, and then is injected 
into a gas turbine for power production 

• In the classical combined-cycle arrangement, waste heat from the gas 
turbine generates steam in a single-pressure HRSG for additional power 
production 

Some basic data, as reported by the DOE, are illustrated in Tables 2-1 and 2-
2. Of note is the thermal efficiency of almost 40%, which favorably compares with 

Gas Turbine Power Ouput (Mwe) 
Repowered Steam Turbine Power Output (Mwe) 
Parasitic Power Loss (Mwe) 
Main Steam Pressure (psig) 
Combustor Pressure (psig) 
Maximum Superheater Steam Flow (lb/hr) 
Superheater Steam Temperature CF) 
Maximum Reheater Steam Flow (lb/hr) 
Reheater Steam Temperature CF) 
Unit Efficiency (o/o) 

Table 2-1: IGCC Plant data 

Pre-IGCC Emissions Rates 
IGCC Emissions Rates 

so2 
3.1 
0.1 

NOX 
0.8 
0.15 

192 
104 
34 

1585 
400 

754,000 
1010 

600,820 
1010 
39.7 

CO PM-10 VOC 
0.05 0.07 0.003 
0.05 ND 0.003 

Table 2-2: Emissions from original boiler and IGCC unit at Wabash River (values reported in 
Ib/MBtu) 

conventional boilers. Also of great importance are the emissions reductions, 
particularly for so2 and NOX. Both are well below current and projected future 
requirements. 
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The Wabash River unit started up in 1995 and received final approval in 
2000. The DOE reported on a number of problems that had to be solved during 
the commissioning period. First, the gasification process generated vaporous chlo­
rides that poisoned the COS-H2S conversion catalyst. Retrofit of an additional 
scrubbing system removed the chlorides ahead of the catalyst bed. Candle ftlters 
for particulate removal were originally ceramic, but these fractured due to stresses 
in the system. Metallic filters solved this problem. Ash deposits in the fire-tubed 
flue gas cooler created difficulties that were solved by modifications to the flow 
path and geometry, and by periodic mechanical cleaning of the tubes. The H2S 
removal system was initially undersized; capacity was increased. Finally, the maxi­
mum availability for the unit for any extended period of time has only been 
77o/o--less than many conventional units. However, an advantage of the com­
bined-cycle concept is the gas turbine may be fired with natural gas during peri­
ods when the gasifier and its auxiliaries are down for maintenance. 

Perhaps the most important point about integrated coal gasification com­
bined-cycle systems is that coal rather than natural gas is the primary fuel in a 
combined-cycle process. Energy personnel, politicians, and the media frequently 
comment on the need for a balanced energy policy. The ICGCC technique 
appears to offer good potential for the continued use of coal as a power generation 
fuel. 
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__ Apf!!ndix.., 

Repeated below are the two most important reactions regarding the S02 

removal process in a circulating fluidized-bed boiler. 

CaC03 +heat--. CaO + C02 i 

When the University of North Carolina at Chapel Hill (UNC-CH) changed 
limestone in their twin CFBs, limestone consumption dropped drastically. At the 
same time, bed temperatures in the two units rose approximately 60"F to 70"F 
(16''C to 21"C), and NOx emission levels increased significantly, as well. Test per­
sonnel concluded that the bed temperatures rose due to the greater reactivity of the 
limestone. 

Prior to the change, a significant overfeed of limestone was required to 
remove the required amount of S02• The extra calcium carbonate calcined per the 
first equation outlined above, but did not react with S02• The calcining process 
did, however, absorb heat. Once the change was made, limestone feed dropped 
almost by half, and the corresponding heat absorption also declined, resulting in 
increased bed temperatures. Utility personnel had to adjust fuel flow and other 
parameters to return the beds to normal temperatures. 
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Flow-assisted corrosion (FAC) is a phenomenon affecting many steam gen­
erating units, causing fatalities at several plants. FAC occurs at flow disturbances, 
such as low-pressure HRSG evaporator tubes, feedwater pipe elbows, and econo­
mizer elbows, where the feedwater or boiler water has been heavily dosed with an 
oxygen scavenger, and where the temperature is near 300°F (149°C). The flowing 
liquid gradually dissolves the protective magnetite layer at the point of attack, lead­
ing to wall thinning and eventual pressure-induced failure (Fig. A2-1). 
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Fig. A2-1: Solubility of magnetite in ammonia (Source: EPRI) 
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Typical HRSG configurations require many short-radius boiler tube elbows. 
The low-pressure evaporator, where temperatures may be at or near 300oF, can be 
particularly susceptible to FAC. Current and future plant designers, engineers, 
managers, and owners need to be aware of this problem and act accordingly. The 
Electric Power Research Institute (EPRI; www.epri.com) has published a book on 
FAC, and FAC has also been a prominent discussion topic at the International 
Water Conference and the Electric Utility Chemistry Workshop. 
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Fossil Fuel and Ash 

Properties-Their Effects on 
Steam Generator Materials 

INTRODUCTION 

As was generally outlined in the first chapter, fuel type and ash properties 
have a great impact on boiler size, volume, tube arrangement, firing method, and 
other parameters. Fossil fuel composition and combustion products also influence 
selection of boiler materials. This chapter examines fuel and ash properties in more 
detail. 

CoAL 

Coal is compressed plant matter that over millions of years transformed into 
a high-carbon material. Age, type of initial vegetation, and location of deposit for­
mation are all significant factors in the quality of a coal deposit. Scientific research 
indicates that the first plants to grow on land appeared more than 400 million 
years ago during the Silurian and Devonian periods of the Paleozoic Era. This 
early vegetation consisted mosdy of leafless shoots. Some 375 million years ago, 
extensive forests covered much of the world, and it is approximately from this time 
that coal deposits have been dated. The period from 350 to 275 million years ago 
is known as the Carboniferous period, and during this time many coal deposits 
originated. This was a period of globally warm temperatures, which encouraged 
plant growth. Indeed, plants and vegetation grew to unimaginable sizes when 
compared to our current world. Giant ferns and plants the size of current-day 
mature trees were quite common. 
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At the end of the Carboniferous period-and for about 135 million years 
thereafter-coal formation in the Northern Hemisphere greatly diminished. With 
the onset of the Cretaceous period in the Mesozoic Era (around 135 million B.C.), 
plant growth and coal formation resumed, although by this time more complex 
vegetation, including plants and trees with protected seeds, had begun to dominate 
the landscape. Thus, the coal that we use today developed over hundreds of mil­
lions of years from a wide variety of vegetation. What was the process behind coal 
formation? 

To understand the general properties of coal, it is first necessary to understand 
the basic chemical composition of plant life. What is important to know is that the 
main building block of vegetation is cellulose. Cellulose belongs to a class of com­
pounds known as carbohydrates, whose name comes from the fact that the com­
pounds are composed of carbon, oxygen, and hydrogen. Cellulose fibers within a 
plant are held in place and bonded by another carbon-based polymer known as 
lignin. Together, cellulose and lignin comprise the bulk of plant material, although 
other natural compounds such as hemicellulose and resin are present. In each com­
pound, the primary elements are carbon, oxygen, and hydrogen. 

The prerequisite for coal formation were the vast swamps that covered much 
of the earth in prehistoric times. Vegetation that dies upon firm ground is decom­
posed by the atmosphere into carbon dioxide and water. When vegetation dies in 
a swamp, a much different process occurs. The first step is bacterial attack of the 
dead vegetation. Microorganisms consume hydrogen and oxygen, increasing the 
carbon content. This mechanism, known as the biochemical phase of coalification, 
is self-limiting, as the bacterial action produces organic compounds eventually 
becoming lethal to the organisms themselves. Over time, the partially decomposed 
matter becomes overlaid by other material, including more vegetation and soil. 
This process has two principal effects-it places the material under increasing 
pressure and moves the deposits deeper underground where temperatures are 
warmer. 

Material 
Wood 
Peat 
Lignite 
Subbituminous 
Bituminous 
Anthracite 

Composition by %wt. (DAF Basis) 

Carbon Hydrogen Oxygen 
49 7 44 
60 6 34 
70 5 25 
75 5 20 
85 5 10 
94 3 3 

Table 3-1 : Change in chemical composition as a result of coalification (Reproduced with permis­
sion from Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 
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The combination of pressure and heat causes additional loss of oxygen and 
hydrogen. This is known as the geochemical phase of coalification. The results are 
graphically illustrated in Table 3-1, which shows the primary chemical composi­
tion of the plant material from wood to the most mature of coals-anthracite. The 
principal point is that as a coal matures, carbon content increases. Theoretically, a 
completely mature coal would have the chemical composition of graphite. 

Complex carbohydrates within vegetation are created from sugars and starch­
es that the plant produces through photosynthesis. During the coalification 
process, these compounds and others metamorphose to low-weight organic mol­
ecules that are not bound to the main coal structure. The smaller organic com­
pounds are known as volatiles because they vaporize with increasing temperature. 
Volatiles are driven off during the coalification process, and increasingly mature 
coals contain less volatile content. 

One might be tempted to think that age is a primary factor in the maturity of 
coal. While this is true in some cases, the two most important factors are pressure 
and temperature. Coals that were buried deep and located in high temperature 
zones-underneath a region of volcanic activity-mature much more quickly than 
older coals subjected to less heat and pressure. 

I L Hitmnhwu:'! 

1. Low volatile Uituwmou'l coal 
2. Medium volalil(' bituminous coal 
;t High volatile A bituminou~ coal 
4. High volatile B bituminous coal 
f). High volatilf' C bituminous ('oal 

L Subbituminous A eoal 

Fixed Carbon Volatile \1attRr Calorific Value 
Limits, Limits. o/., Limits, Btu/lb 

(Dry. Mineral (Dry, Mineral· (Moist,'-' 
Matter-Free !vlalter-Fn.->t: :V1ineral-l'vlat.ter-

14 

Agglomerating 
Character 

} :'\onagglomeraling 

86 
78 
(~9 14::00<1 ~ } Commnnh" 

13.000d 14.ouo agglomerating" 

: ll,GOO 13,000 
l 11..)00 

1 l,000 
10,500 

_______ 8.-:'S_ub--b,--it_u',-"m_· _ou_s--C--c--oal'-------------,-'·_ao,--0_9_,:=>00 Nonagglomeratmg 
1. A 6,:!00 H,:JOO 

Ill. Subbiturninous 2. Subbituminous B coal 

IV. Lignitie 
2. B 

3 Thb dal'l~ific:ation does not indudf' a few eoa!s, principally ,. lf agglomerating, classify in low vdatih- t,rroup of the bitumi· 
nonbanded varieties, which have unusual physical and chemi· nous ctass. 
cal properties and which come within thf: limits of fixed car· dCouls having 69"1(, or mon: fixeJ carbon on the dry. mineral· 
bon or calorific value of th(~ high volatile bituminous and matter-frw basis shall be classified according to fixNi earbon, 
suhbituminous ranks. /\ll of tht>~P coals f'ither contain less regarrllet>t> of calorific value. 
than 48';'{~ dry, mineral-matler-fn.>e Btu/lb. ell is rt'l.:ognit.ed Chul there may be nunagglomerating vari 
t· Moist n:ferR to coal eonbining its natural inhen>nt moisture eti('R in these groups of the bituminous class, and thE're arP 
but not including visible w•~ter on the surface of the coaL not.able exceptions in high volatile C bituminous group, 

Table 3-2: Classification of coals by rank ASTM D 388 (Reproduced with permission from 
Steam, 40th ed., published by Babcock & Wilcox, a McDermott Company) 
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Coal Rank Coal Analysis, Bed Moisture Basis Rank Rank 
No. Class Group State County M VM FC A s Btu FC Btu 

Pa. Schuylkill 4.f) 1.7 84.1 9.7 0.77 12.745 99.2 14,280 

I Pa. Lackawanna 2.5 6.2 79.4 11.9 0.60 12,925 94.1 14,880 
Va. Montgomery 2.0 10.6 67.2 20.2 0.62 11,925 88.7 15.340 

II W.Va. McDowell 1.0 16.6 77.3 5.1 0.74 14,715 82.8 15,600 
II Pa. Cambria 1.3 17.5 70.9 10.3 1.68 13.800 81.3 15,595 
II Pa. Somerset 1.5 20.8 67.5 10.2 1.68 13,720 77.5 15,485 
11 Pa. Indiana 1.5 23.4 64.9 10.2 2.20 13,800 74.5 15,580 
II Pa. Westmoreland 1.5 30.7 56.6 11.2 1.82 13,325 65.8 15,230 
II Ky. Pike 2.5 36.7 f>7.5 3.3 0.70 14.480 61.3 15.040 

10 II Ohio Belmont 3.6 40.0 47.3 9.1 4.00 12,850 55.4 14,380 

11 II Ill. Williamson 5.8 36.2 46.3 11.7 2.70 11,910 57.3 13,710 I 
12 11 Utah Emery 5.2 38.2 50.2 6.4 0.90 12,600 57.3 13,560 I 
13 II Ill. Vermilion 12.2 :J8.8 40.0 9.0 3.20 11.340 51.8 12.630 I 

14 Ill Mont. Mussf'Jsh(>Jl 14.1 32.2 46.7 7.0 0.43 11.140 59.0 12.075 
15 lil Wyo. Sheridan 25.0 30.5 40.8 3.7 0.30 9.345 57.5 9,745 
16 lil Wyo. Campbell 31.0 31.4 32.8 4.8 0.55 8,320 51.5 8,790 

17 IV :\.D. Mercer 37.0 26.6 32.2 4.2 0.40 7,255 55.2 7,610 

Nut..es: For definition of Rank Classific1:1tion according to ASTM requirements, see Titble 3. 

Data on Coal fBed Moisture Rasis) 

M = equilibrium moisture, %: VM = volatile matter. ~·~--; Rank FC =dry, mineral-matter-free fixed carbon, (,~(,: 

FC = fixed carbon,%; A = ash.%; S = sulfur.%; Rank Btu =moist, mineral-matter-free Btu/lb. 
Btu= Btuilb, high heating value. Calculations by Parr formulas. 

Table 3-3: Properties of some U.S. coals (Reproduced with permission from Steam, 40th ed., 
published by Babcock & Wilcox, a McDermott Company) 

Tables 3-2 and 3-3 list the ASTM classification and characteristics of coals. 
Let us use them to examine fundamental chemical properties and heating values 
of coal. We will then take a close look at the impurities that reside within coal 
deposits, and how they behave during the combustion process. 

The natural maturation process during coalification is: 

wood -+ peat -+ lignite -+ subbituminous -+ bituminous -+ anthracite 

Examples of the different types of coal can be found throughout the world. In 
the U.S., the Appalachian area around western Pennsylvania, West Virginia, Ohio, 
Kentucky, and stretching into Alabama contains enormous deposits of bituminous 
coal. The state of Illinois also sits atop an extensive bituminous deposit. A large 
subbituminous deposit resides beneath the states ofWyoming and Montana, and 
because much of this coal is mined in an area near the Powder River, is known as 
Powder River Basin (PRB) coal. Significant lignite deposits are located in North 
Dakota and to a lesser extent in Texas. Around the world, China has large bitu­
minous and lignite deposits; Russia has enormous deposits of bituminous coal and 
some lignite in many different areas; Germany has significant deposits of bitumi­
nous and brown coal (an immature lignite); and Great Britain is endowed with 
large reserves of bituminous and anthracite. In the southern hemisphere, Australia 
has significant deposits of bituminous and brown coal. 
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Peat 

A visual examination of peat provides a clear example of the intermediate 
stage between plant life and coal deposits. Peat may range from a light-colored 
substance that has recognizable pieces of plant matter to a black material that looks 
like coal. Although peat is continually being compacted by overlying material, it is 
still subject to microbiological decomposition in the biochemical phase of coalifi­
cation. One of the byproducts of this process is methane, which is commonly 
referred to as "swamp gas" or "marsh gas." 

The typical aging process for peat involves a general rule that it takes 100 
years for a 2- to 3-inch layer of peat to form. Some modern swamps have peat lay­
ers up to 30 feet deep, which means they have been undisturbed for thousands of 
years. Not uncommon are layered coal deposits, where each seam is separated by 
soil and minerals. This suggests that some ancient swamps produced a layer of 
peat, died out, then redeveloped to start the process over again. 

Lignite 

Continued compression and heating of peat produce lignite and its more 
immature precursor-brown coal. While peat is not considered to be coal, lignite 
definitely falls into the coal category, although plant material is often still clearly 
evident in lignite deposits. Carbon content in lignite is around 70%, while oxygen 
content has dropped to 25%. This is the first fuel listed in the ASTM coal classi­
fication table, and as is clearly evident, the heating value (quantity of energy avail­
able from combustion) is the lowest of all coals, with a range of 6,300 to 8,300 Btu 
per pound (14,653-19,305 kJ per kilogram) on a moisture and ash free basis. 

Lignite-fired boilers are typically much larger in size than other boilers 
because long residence times are required to extract the energy from the fuel. 
Lignite is not a common fuel of choice. It is mosdy used at mine-mouth power 
plants, in which the fuel is conveyed direcdy from the mine to the plant. Lignites 
contain much volatile matter and are the easiest coals to ignite. For the same rea­
son, they are also the coal most prone to spontaneous combustion in coal piles and 
bunkers (Appendix 3-1). Although lignite has much less moisture than peat (30% 
as compared to 70%), the water content is still quite high. This must be taken into 
account when designing fuel handling and drying systems for lignite. 
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Ash properties (fossil fuel), 59-90: coal, 59-67, 82-83, 85-89; oil, 67-69, 84; natu­
ral gas, 70-71; ash properties and effects in boiler, 71-84; Powder River Basin coal 
switch, 85-89; references, 90 
Ash resistivity, 135-136 
ASTM D3172, 65 
ASTM D3176, 65 
Atmospheric circulating fluidized bed, 34-41 
Attemperator/ attemperation, 14 
A-type boiler, 16-17 
Austenitic stainless steels, 103 

B 
Back-pressure (output), 46-47 
Baghouse filtration, 138-139 
Base/acid ratio (slagging), 7 4-76 
Bed volume data, 34 
Benson-type waterwall tube design, 24 
Best available control technology, 132-133, 144, 149 
Bibliography, 151-155 
Biomass (fuel), 33, 50 
Bituminous coal, 60, 64 
Blast furnace gas, 71 
Bleed-off, 8 
Blowdown, 8, 31 
Body-centered cubic structure, 92 
Boiler design (conventional), 1-32: steam generation (history), 2-3; steam gener­
ating fundamentals, 3; radiant energy/conduction/convection, 4; water and steam 
properties, 4-5; fundamental design, 5-8; steam generating circuits, 9; waterwall 
tubes, 10-11, 29; superheaters/reheaters, 11-15; economizer, 15; designs, 16-21; 
heat absorption patterns, 22-23; once-through/supercritical boilers, 23-25; con­
densate/feedwater system, 27-28; departure from nuclear boiling, 29; boiler water 
treatment, 31 
Boiler design (newer technology), 33-58: fluidized bed combustion, 33-41; com­
bined-cycle power generation, 42-48; heat recovery steam generators, 43-48; alter­
nate fuel boilers, 48-51; stoker-fired units, 48-51; coal gasification, 51-54; sulfur 
dioxide removal process, 55; flow-assisted corrosion, 57-58 
Boiler effects (fuel ash properties), 71-84: ash fusion criteria, 72-7 4; slagging, 7 4-
78; fouling, 78-82; coal ash corrosion, 82-83; oil ash, 84 
Boiler heat absorption, 22-23 
Boiler issues (coal switch), 87-88 
Boiler materials (steel), 102-104 
Boiler size, 59, 78 
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Boiler two-drum arrangement, 8 
Boiler water treatment, 31 
Boiling point, 4 
Brayton cycle, 42 
Bubbling-fluidized beds, 34 

c 
Calcium content, 89 
Calorimetry, 66-6 7 
Carbon content (steel), 92-93, 96-97 
Carbon dioxide, 113, 117, 141 
Carbon monoxide, 145 
Carbon steel, 102, 108 
Carboniferous period, 59-60 
Carolina-type boiler, 20-21 
Catalyst poisoning, 54 
Catalytic combustion, 133 
Chain reaction failure, 106 
Chain-grate stoker, 48 

Index I 

Changing regulations (air quality/air pollution), 143-149: ambient air quality stan­
dards, 14 3-14 7; new source performance standards, 14 7 -148; cogeneration cre­
ativity, 149 
Chemical composition (coalification), 60 
Chemical corrosion, 106-108 
Chemical feed line, 7 
Chemical properties (steel), 98-101: alloying elements, 99; tensile strength, 99; 
yield point, 99; time-temperature-transformation, 100-101; heat treatment, 100-
101; cold working, 101; grain elongation, 101 
Chloride content (closed loop), 110 
Chlorine content (fuel), 79 
Chromium content (steel), 96-97 
Circulating fluidized bed boiler, 34-41 
Class 1 areas, 114-115 
Clean Air Act (1963), 114 
Clean Air Act Amendments ( 1970/1977 /1990), 114-116: Title divisions, 115 
Clean Coal Technology Program, 113 
Clinker formation, 50 
Closed loop mode, 110 
Coal analysis, 65-67 
Coal and ash properties, 59-67, 82-83, 85-89: peat, 63; lignite, 63; subbituminous, 
64; bituminous, 64; anthracite, 64; impurities, 64-65; analyzing coal, 65-67; corro­
sion, 82-83; coal switch, 85-89 
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Coal ash corrosion, 82-83 
Coal combustion, 75-78 
Coal formation, 60 
Coal gasification, 51-54, 113 
Coal impurities, 64-65 
Coal minerals, 65 
Coal preparation, 36, 86-87 
Coal properties, 60, 62, 66, 118-119 
Coal quality and handling, 86-87 
Coal rank/classification, 61-62 
Coal types, 59-64: peat, 63; lignite, 63; subbituminous, 64; bituminous, 64; 
anthracite, 64 
Coal, 20-22, 36, 51-54, 59-67, 75-78, 82-83, 85-89, 113, 118-119: preparation, 
36; gasification, 51-54; types, 59-64; ash properties, 59-67, 82-83, 85-89; coalifi­
cation, 60-62; rank/classification, 61-62; properties, 62, 66, 118-119; impurities, 
64-65; analysis, 65-67; ash corrosion, 82-83; fuel switch, 85-89; quality/handling, 
86-87 
Coalification, 60-62 
Cobalt, 99 
Cogeneration, 2, 42, 50, 149 
COHPAC process, 140 
Coke oven gas, 71 
Cold rolling, 99-101 
Cold working, 99-101 
Combined Circulation™ boiler, 23-24 
Combined-cycle power generation, 1, 42-48, 52: heat recovery steam generators, 
43-48 
Combustion equipment pollution control, 143-146 
Combustion-side flow circulation, 4 
Condensate/feedwater system, 1, 6-7,27-28, 108-109: flow, 6-7; makeup water, 6-
7; construction materials, 108-109 
Condenser materials, 108-109 
Contamination (flowline/tank), 7-8 
Convective superheater, 11-12 
Cooling techniques, 99-100 
Copper, 99, 108 
Corrosion (coal ash), 82-83 
Corrosion resistance, 104-111 
Corrosion, 31, 41, 57-58, 82-83, 104-111: corrosion deposit, 82-83; corrosion/fail­
ure mechanisms, 104-111; corrosivity, 104-111; corrosion resistance, 104-111 
Corrosion/failure mechanisms (boiler materials), 104-111: mechanical failure, 
104-106; corrosion resistance, 104-111; fireside chemistry corrosion, 106-108 
Corrosivity, 104-111: corrosion resistance, 104-111 
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Creep phenomenon, 104-105 
Crystal defects/imperfections, 94-95 
Crystal structure (metal), 92-96 
Cyclone boiler, 19-21, 77-78, 87, 134 

D 
Deaerator, 1, 27-28 
Defects (steel alloys), 94-95 
Degree of superheat, 12 
Departure from nuclear boiling, 29 

Index I 

Designs (boiler), 1-32,33-58: conventional, 1-32; fundamentals, 5-8; newer tech­
nology, 33-58 
Dolomite percentage (slagging), 74, 76 
Drum/manifold baffle plates, 6-7 
Drum-type boiler, 5-6 
Dry scrubbing system, 123 
D-type boiler, 16-17 

E 
Economizer, 15, 27, 44-45 
Efficiency (plant), 42-43, 46-47 
El Paso-type boiler, 17 
Electrical power generation, 1, 3 
Electrostatic precipitation, 134-138, 140-141: performance factors, 136; mechan­
ical factors, 137; operational factors, 137; wet ESP, 137-138 
Emission control, 33, 41, 53, 85-89 
Emission credits, 119 
Emission permits, 148-149 
Energy transfer, 2-5,22-23, 35 
Enforcement (CAAA Tide VII), 115 
Environmental Protection Agency (EPA), 114, 143 
Equivalent ferric oxide (slagging), 74, 76 
Ethane, 70 
Evaporation, 7-8 

F 
Fabric filtration, 134, 138-140 
Face-centered cubic structure, 92 
Failure mechanisms (boiler materials), 104-108: mechanical, 104-106; corrosion, 
106-108 
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Fatigue failure, 106 
Feedwater line, 6-7, 109: construction materials, 109 
Feedwater, 1, 6-7,27-28, 109 
Ferritic alloys, 102 
Filtration, 134, 138-140 
Fire tube boiler, 3 
Fireside chemistry corrosion, 106-108 
Firing method, 59 
Flash point, 69 
Floor tubes, 10 
Flow-assisted corrosion, 47-48, 57-58, 107-108 
Flue gas desulfurization system (materials), 109-111 
Flue gas desulfurization, 109-111, 120-123, 138 
Flue gas, 11-12, 15, 109-111, 119-123, 134, 136, 138: desulfurization, 109-111, 
120-123,138 
Fluid temperature, 72 
Fluidized-bed combustion, 33-41, 113: design overview, 34-41; disadvantages, 41 
Fluidized-bed heat exchanger, 36 
Fluxing agents, 76 
Forced-circulation boiler, 6, 21,47 
Fossil fuel and ash properties, 59-90: coal, 59-67,82-83, 85-89; oil, 67-69, 84; nat­
ural gas, 70-71; ash properties and effects in boiler, 71-84; Powder River Basin coal 
switch, 85-89; references, 90 
Fouling potential, 78-82 
Freezing point, 4 
Fuel ash properties, 59-90: coal, 59-67, 82-83, 85-89; oil, 67-69, 84; natural gas, 
70-71; ash properties and effects in boiler, 71-84; Powder River Basin coal switch, 
85-89; references, 90 
Fuel blending, 120 
Fuel flexibility, 39, 41 
Fuel oil ash, 67-69, 84 
Fuel oil properties, 69: definitions, 69 
Fuel oil specifications, 68 
Fuel oil, 67-69,84: ash properties, 67-69, 84; specifications, 68; properties, 69; def­
initions of properties, 69 
Fuel residence time, 39 
Fuel switching, 33, 39, 41, 85-89, 116, 120 
Fundamental design (boiler), 5-8 
Furnace exit gas temperature, 75 
Furnace nose tubes, 18 
Fusibility properties (ash), 72-77 
Fusibility temperatures, 72-77 
Fusion criteria (ash), 72-77 
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Fusion temperatures, 72-77 
Future issues (air pollution), 140-141 

G 
Gas analysis, 70-71 
Gas re-burning, 128 
Gas turbines, 42, 46, 132-133 
Grain elongation, 101 
Grain formation (metals), 96, 95 
Grain size (metals), 95, 105-106 
Grandfathered plants, 146-14 7 
Graphitization, 103, 107 
Grate (stoker), 48-50 
Gypsum, 121 

H 
Hazardous air pollutants, 141 
Haze regulations, 114 
Heat absorption patterns, 22-23 
Heat capacity, 4 
Heat conduction, 4 
Heat convection, 4 
Heat exchanger, 39, 108-109: construction materials, 108-109 
Heat recovery steam generator (HRSG), 1, 43-48, 107 
Heat transfer, 3-5, 15, 34-35, 44-45, 108: fundamentals, 3-5 
Heat treatment, 99-101 
Heater/heating equipment, 1 
Heating value, 52, 69 
Hemispherical temperature, 72-73, 77 
Hexagonal closed-packed structure, 92 
Higher heating value, 66-6 7 
History (steam generation), 2-3 
Horizontal-tube drum, 47 
Hydrolysis (urea), 131 

I 
Impurities (coal), 64-65 
Indirect/ step-wise heating, 2 
Industrial Revolution, 2 
Initial deformation temperature, 72-73, 77 

Index I 
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Inorganic minerals, 71 
Integrated coal gasification combined-cycle, 52-54 
Iron and steel, 91-96: structures of metals, 92-95; grain formation, 96 
Iron content, 71 
Iron/calcium ratio (slagging), 74, 76 
Iron/dolomite ratio (slagging), 74, 76 
Iron-carbon phase diagram, 92-93 

L 
Latent heat of fusion, 4 
Latent heat of vaporization, 4 
Light-off fuel oil, 68 
Lignite, 60, 63 
Lime scrubbing, 122 
Limestone scrubbing, 35, 37, 55, 110, 121-122 
Loss on ignition, 88 
Lower heating value, 6 7 
Lowest achievable emission rate, 132, 146, 149 
Low-NOx burners, 125-129, 132-133 

M 
Magnetite removal, 57-58 
Manganese content (steel), 98 
Martensitic stainless steel, 109 
Material selection, 99-111: iron and steel, 91-96; alloys of steel, 96-98; mechani­
cal/chemical properties of steel, 98-101; common steels used (boiler materials), 
102-104; corrosion/failure mechanisms (boiler materials), 104-108; materials for 
other components, 108-111 
Maximum continuous rating, 89 
Mechanical factors (ESP), 137 
Mechanical failure (boiler materials), 104-106 
Mechanical/chemical properties (steel), 98-101: alloying elements, 99; tensile 
strength, 99; yield point, 99; time-temperature-transformation, 100-101; heat 
treatment, 100-101; cold working, 101; grain elongation, 101 
Melting temperatures, 72-73 
Membrane (waterwall tubes), 10-11 
Mercury (air pollution), 41, 113, 117, 140 
Metallurgy, 91-111: iron and steel, 91-96; alloys of steel, 96-98; mechanical/chem­
ical properties of steel, 98-101; common steels used, 102-104; corrosion/failure 
mechanisms (boiler materials), 104-108; materials for other components, 108-111 
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Methane, 70 
Mineral relationships (ash fusion temperatures), 74-75 
Mineralogy (coal), 65, 74 
Moisture (coal), 65-67 
Molecular structure (metal), 92-96 
Molybdenum content (steel), 97 
Mud drum cooling coil, 14 
Multipollutant control strategies, 141 

N 

Index I 

National Ambient Air Qtality Standards (NAAQS), 114-115, 128, 143-146 
Natural circulation boiler, 5-6, 11 
Natural gas (ash properties), 70-71 
New Source Performance Standards, 117, 147-148 
New Source Review regulations, 146, 149 
Nickel content (steel), 97-98, 108, 110 
Niobium, 99, 110 
Nitrogen content, 64 
Nitrogen oxides control, 123-133: reduction techniques, 124-125; low-NOx burn­
ers and overfire air, 125-132; gas turbines, 132-133 
Nitrogen oxides emission limits, 115-117 
Nitrogen oxides reduction, 124-125 
Nitrogen oxides, 33-35,64,113-117,123-133,145: emission limits, 115-117; 
control, 123-133 
Nitrogen, 99 
Nonattainment Requirements (CAAA Tide I), 115 
Non-boiler components (materials), 108-111: condensate/feedwater system, 108-
109; steam turbines, 109; flue gas desulfurization system, 109-111 
Nuclear boiling, 29 
Number 2 fuel oil, 68 

0 
Oil (ash properties), 67-69, 84 
Once-through boiler, 23-25, 47: startup, 24; waterwall tubes, 24 
Operating permits (CAAA Tide V), 115, 148 
Operational factors (ESP), 137 
0-type boiler, 16-17 
Overfire air, 76, 125-129, 132 
Oxides, 72 
Ozone, 133 
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p 

Particle size data, 34 
Particulate control, 41, 113, 118, 134-140, 145: electrostatic precipitation, 134-
138; fabric filtration, 134, 138-139 
Peat, 60,63 
Performance factors (ESP), 136 
Petrochemicals, 67-68 
Phosphorous content (steel), 98 
Pinch-point temperature, 44-46 
Plant efficiency, 42-43 
Plaquemine plant (Louisiana), 51 
PM2.5 guidelines, 114, 117 
Pollutant discharge regulations, 33,114-117, 143-149 
Pollution control, 33, 113-150: air quality and pollutant discharge regulations, 33, 
114-117, 143-149; sulfur dioxide control, 118-123; nitrogen oxides control, 123-
133; particulate control, 134-139; future issues, 140-141; changing regulations, 
143-149 
Potassium content, 77, 82 
Pour point, 69 
Powder River Basin coal switch, 85-89: fuel switch, 85; coal quality and handling, 
86-87; boiler issues, 87-88; ash control, 89; other problems, 89 
Powerspan system, 141 
Precipitator, 134-137, 140 
Preheating fuel, 36-37 
Pressure vessels, 2 
Prevention of significant deterioration (PSD), 143-146, 149 

Q 

Qyindaro Power Station (Kansas), 85-89 

R 
Radiant energy/ conduction/ convection, 4 
Radiant heat, 34-35 
Radiant superheater, 11-12 
Rank/classification (coal), 61-62 
Reagent preparation, 37-38 
Reducing atmospheres, 106-107 
Refractory, 41 
Refuse-derived fuel, 50, 71 
Regulations (air quality/pollutant discharge), 33, 114-117, 143-149: changing, 
143-149 
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Reheaters. SEE Superheaters/repeaters 
Residue/residue composition, 67 
Resistivity (ash), 135-136 
Retirement (plant), 120 

s 
Saturated steam, 11-15 
Scale deposition, 31 

Index I 

Scrubbing system, 33, 54, 110, 120-123, 137-138, 140: wet scrubber, 120-123, 
137-138; dry scrubber, 123 
Selective catalytic reduction, 33, 129-133, 136 
Selective non-catalytic reduction, 33, 129, 131-132, 136 
Silica percentage (slagging), 74, 76 
Silica/alumina ratio, 71, 74, 76: slagging, 76 
Silicon content (steel), 98 
Simple-cycle power plant, 42 
Slag control, 77-78 
Slagging properties, 77 
Slagging, 7 4-78: base/ acid ratio, 7 S-7 6; silica/ alumina ratio, 7 6; iron/ calcium ratio, 
76; iron/dolomite ratio, 76; dolomite percentage, 76; equivalent ferric oxide, 76; sil­
ica percentage, 76; total alkalis, 77-78; slagging properties, 77; slag control, 77-78 
Sludge deposition, 31 
Sodium content (fuel), 77, 79-82 
Sodium phosphate compounds, 31 
Sodium trioxide, 82-83 
Softening temperature, 72 
Spiral-wound supercritical unit, 24 
Spreader stoker, 48-49 
Stainless steels, 94, 103, 108-109: phase diagram, 94 
Standard temperature and pressure, 4 
Steam boiler, 3 
Steam drum/ components, 6-7 
Steam generating circuits, 9 
Steam generating process, 1, 3 
Steam generation (history), 2-3 
Steam generator, 9 
Steam properties, 4-5 
Steam separators, 6 
Steam system materials, 91-111: iron and steel, 91-96; alloys of steel, 96-98; 
mechanical/chemical properties of steel, 98-101; common steels used (boiler mate­
rials), 102-104; corrosion/failure mechanisms (boiler materials), 104-108; materi­
als for other components, 108-111 
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Steam turbine, 3 
Steel alloys, 96-99: carbon, 96-97; chromium, 96-97; molybdenum, 97; nickel, 97-
98; manganese, 98; silicon, 98; phosphorous, 98 
Steel, 94, 91-109: stainless, 94, 103, 108-109; iron and steel, 91-96; alloys, 96-99; 
mechanical/chemical properties, 98-101; boiler materials, 102-104; corrosion/fail­
ure mechanisms, 104-108 
Stirling™ boiler, 18, 20 
Stoker-fired units, 48-51 
Structures (metals), 92-95 
Subbituminous coal, 60, 64 
Subcritical boiler, 9Superheater/reheater spacing, 12-13 
Sulfur content, 64, 71 
Sulfur dioxide compliance methods, 120 
Sulfur dioxide control, 118-123 
Sulfur dioxide credits, 119 
Sulfur dioxide removal process, 55 
Sulfur dioxide, 33-34,55, 85, 113-123, 145: removal process, 55; control, 118-123; 
credits, 119; compliance methods, 120 
Sulfur trioxide, 119, 136 
Supercritical boilers, 23-25 
Superheaters/reheaters, 1, 11-15, 23-25, 78-79, 83 
Syngas (synthetic gas), 51-54 

T 
Technology, 2-3, 113-150 
Tensile strength, 99 
Thermal insulation, 11 
Time-temperature-transformation, 100-101 
Titanium, 99, 108 
Total alkalis (slagging), 77-78 
Traveling grate stoker, 48 
Trisodium phosphate, 31 
Tungsten, 99, 110 
Turbulence, 6 
Two-drum boiler, 8 

u 
U-beam particle collector, 40 
Universal pressure steam generators, 23-25 
Urea hydrolysis, 131 
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v 
Vanadium content, 84, 99 
Vaporization, 4, 79 
Vertical-tube drum, 47 
Viscosity (liquid), 69 
Volatile organic compounds, 144-145 

w 
Wabash River plant (Indiana), 52-53 
Wall papering, 110-111 
Waste gas fuel, 71 
Waste gas, 71, 119, 134, 149: as fuel, 71 
Water and steam properties, 4-5 
Water infiltration, 65 
Water treatment, 31 
Water/steam network, 1-2, 5-6, 12-13,27-28: flow, 5-6, 12-13 
Waterside flow circulation, 4 

Index I 

Waterwall tubes, 5, 10-11, 24, 29, 35, 77: design, 10-11; membrane, 10-11; ther­
mal insulation, 11 
Welding problems, 107 
Wet scrubbing system, 120-123, 137-138 
Wood fuel, 49-50, 71 

y 

Yield point, 99 
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