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Preface

The aim of this book is to examine the control and instrumentation
systems of the drum-type boilers and heat-recovery steam generators
(HRSGs) that are used for the production of steam for turbines and indus-
trial processes. My intention is to provide information to assist the
designers, users and maintenance staff of such plants in understanding how
these systems function.

The end product of the steam plant may be electricity that is exported
to the grid, or it may be steam or hot water that is sent to a nearby process
plant, factory or housing complex, but in each case the general principles
of the control systems will be very similar. Nevertheless, the design of these
systems is a specialised task, an art as much as a science, and in this intro-
duction I aim to draw attention to the width and depth of knowledge that
it demands.

The knowledge base one needs to design a control system for a boiler
or HRSG is unusually wide. A power station is a complex entity,
embracing a wide range of what I refer to as primary disciplines—physics,
chemical engineering, thermodynamics, mechanical engineering and elec-
trical engineering. It also involves control technology and computing—the
secondary disciplines that combine two or more of the primary subjects.

The many machines in a power station operate together as an inte-
grated, highly interdependent system. In practice, engineers involved in
any area of power-station design, operation or maintenance must neces-
sarily have their skills focused on just one of the primary disciplines, neces-
sitating a high degree of training and experience in the relevant field: but
to work effectively they will also need at least a basic understanding of all
the others.

That may seem wide enough for anyone, but as soon as the focus
narrows onto one area, the control and instrumentation systems (C&I) of
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power stations, it becomes apparent that the subject is even more
demanding. Engineers working in this particular field must be proficient
in the highly complex areas of control theory and computers (hardware,
software or both-—fast moving, ever changing subjects in their own rights),
but in addition they should have at least a rudimentary understanding of
the thermodynamics of steam generation and use, and of metallurgy,
chemistry and mechanical design. In addition it may be necessary to
understand how high-voltage heavy-current electrical systems work.

One of the problems faced by the industry is the need for control
engineers who understand, and are competent in, the very demanding
field of computer systems, as well as in the more traditional areas of engi-
neering. But, whereas the quantity and variety of information required by
the engineer has grown enormously over the past half-century, the period
allocated to graduate training has not expanded beyond the same four or
five years that I spent while I was being trained. And in my day computers
were specialised things that one might, perhaps, study after graduating.

Beside being complicated, computer technology is beguiling. It is
tempting, and intellectually satisfying, to sit at a keyboard tapping away
and generating words, formulae or pictures on the screen. If a mistake is
made, the thing simply doesn’t work. At worst the system may ‘crash’,
necessitating a reboot—a process that may, at worst, result in the loss of
much carefully-constructed data. But that is all.

On the other hand, a computer controlling any power-station plant is
in command of a huge process involving explosive mixtures of gases, steam
at pressures and temperatures that become instantly lethal if anything goes
wrong, and massive roaring turbines driving generators that produce
megawatts of power at many tens of thousands of volts. A small mistake or
lack of attention to detail in such a case can have consequences that will
certainly be severe, probably very expensive and possibly tragic.

A power station is a complex thing, and its construction is a frantic,
long drawn-out process involving many people, sometimes hundreds of
them, working amid the difficulties of noise, dust and dirt, and extremes of
temperature. Heavy items are craned or manhandled into position under
a mess of cables and pipes, often with showers of sparks raining down from
welding and cutting operations high above. An instrument lovingly
installed on a pipe is all too often used as a foothold for a heavy-booted
rigger reaching up to install an item on another pipe. Instrument cubicles
are on occasion used as latrines by labourers who are caught short in the
middle of a task. Many a control desk designed with an eye for artistic
merit has come into violent contact with a massive steel girder being
moved into position—and emerged the worsc off!
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When one moves away from Europe or North America things become
even worse. (The expression ‘debugging’ takes on a new significance when
one has to extract a large and aggressive cockroach from an I/O card
rack.)

Across the world, cable trenches are dug and cables laid in them by elec-
tricians and labourers who have little or no understanding of electronics.
Expert supervision has its limits. Even if much careful attention has been
paid to defining earthing and screening requirements, all may be lost if the
wrong type of cable gland is used at a single point, or if armoured cable is
wrongly glanded. The fact that a malfunction has been caused by interfer-
ence is difficult enough to determine. Trying to discover why and where
the interference occurred in kilometres of cable trays and ducts snaking
their way through a vast site is often an impossible task.

So why should anybody in their right minds want to work in a field
that is often difficult, sometimes dangerous and always stressful?
Everybody will have their own answer but, for me, the magic of this field is
its huge scope and enormous challenges. In few other industries will one
have to apply one’s mind to technologies that are so wide-ranging and
disparate as the thermodynamic processes of steam at 500°C and the
operation of a high-speed data highway.

It is a varied, demanding and exciting field, and if in the course of
explaining its complexities I can lure into the power-station C&I field a
few people who might otherwise not have considered an engineering
career, then I shall be pleased.

So what I have tried to do in this book is to provide an outline of the
subject in a readable format. In doing this I have had to limit the depth of
the coverage. I make no apologies for glossing over some topics and for
simplifying some concepts. The experts in a particular field may well
quibble with my explanations, but I would maintain that if the ideas work
in practice, then that is an adequate starting point. It will always be
possible to refine the detail later on.

I must try to explain how I have approached the practical aspects of
boiler control and instrumentation. The rapid evolution of technology
makes it dangerous to define any details of implementation (a photograph
of today’s state-of-the-art control room becomes very dated within only a
few years!). For this reason I have tried to concentrate on the overall prin-
ciples of each system, as I did with my earlier book on this subject, since
the principles of three-element feed-water control, as implemented in a
modern distributed control system, are virtually the same as those imple-
mented in a 40-year-old pneumatic system fulfilling the same function.
This time, however, in addition to information on system prin-ciples I
have tried to provide practical information on transmitters, analysers,
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flame monitors, actuators and cabling. At the time of writing, develop-
ments in these areas seem to have reached something of a plateau, and I
can only hope that the information I have provided will not become out-
dated too soon. In any event, I believe that the matters relating to trans-
mitter and actuator installation and use will remain relevant well into the
conceivable future.

Finally I would like to thank the many individuals and organisations
who have made contributions to this book, either with direct contributions
of diagrams and technical articles, or by the provision of information. In
thanking the following, I do not wish to ignore all the others who have
helped me with this work: Balfour Beatty Ltd., Croydon, Surrey; B.I.C.C.
Components Ltd., Bristol Babcock Ltd., Kidderminster, Worcestershire;
British Standards Institution, London; Copes-Vulcan Ltd., Winsford,
Cheshire; Fireye Ltd., Slough, Berkshire; Howden Sirocco Ltd., Glasgow;
Kvaerner Pulping Ltd., Gothenburg, Sweden; Measurement Technology
Ltd., Luton, Bedfordshire; Mitsui Babcock Ltd., Crawley, West Sussex;
National Power plc, Swindon, Wiltshire; Rosemount Engineering
Company, Bognor Regis, West Sussex; Scottish Power plc, Glasgow;
Solartron Ltd., Farnborough, Hampshire; and Watson Smith Ltd.,
Leeds.



Diagrammatic symbols

In spite of the existence of many recognised standards for instrumentation
symbols [1], I have chosen to adopt a simple format which should be suffi-
cient to explain the concepts that I want to communicate to the reader.
These symbols would not be comprehensive enough to fully define the
requirements within a full-scale control-system design task (for example,
the controller symbol does not indicate whether or not auto/
manual facilities are required, or the form that these should take).
Nevertheless, I believe the diagrams will be easily understood by
engineers.

In the context of the controllers themselves, it is worth mentioning that
different terms are used in the USA and elsewhere to identify the same
function. In particular, the plant parameter that is measured and fed to a
controller is, in Europe, called the ‘measured value,” while in the USA it is
referred to as the ‘process variable’. Also, when referring to controllers, the
term ‘reset’ is often used in the USA instead of ‘integral action’.



Abbreviations and terms
used in this book

This book is addressed to people working across two very different
disciplines: power-plant and control systems. Technical terms and abbre-
viations that are easily understood by professionals in one field can be
bewildering to those who understand the other side, and so the following
list 1s provided in an attempt to help readers understand the abbreviations
and some of the terms that are used in the text and elsewhere in the
industry.

loo2 one-out-of-two voting

2002 two-out-of-two voting

2003 two-out-of-three voting

AC alternating current

ASCII American Standard Code for Information Interchange (a

standard defining the codes used for communication between
computers and between computers and their peripherals)

ADC analoguc-to-digital converter

A/M auto/manual control facility

BSI British Standards Institution

C&l control and instrumentation

CCR central control room

CCGT combined-cycle gas-turbine plant

CE European Community

CHP combined heat and power (a type of plant that burns a fuel to

produce electricity and steam that is used either to heat a nearby
complex or by an industrial process)

CMR continuous maximum rating (also MCR)
CPU central processing unit

DAC digital-to-analogue converter

DC direct current

DCS distributed control system



xvi  Abbreviations and terms used in this book

deterministic

DV
EEPROM
EMC
EMI

FAT

FD

FDS
FWR
H/A

HP

HRSG
IC

D
IEC
IEE
IEEE
1P
ISO
1/0
KKS

LAN
LED
load

LP
machine
MCB
MCR

mill

MTBF
MTTR
MV
P&ID
PCB
PF

A deterministic systern is one in which events are dealt with in the
exact order in which they occur. With some systems, events are
dealt with by means which causes action to be taken in a sequence
that is dictated by external constraints (such as polling). Such a
system is not deterministic

desired value

electrically erasable programmable read-only memory
electromagnetic compatibility

electromagnetic interference

factory acceptance test

forced draught

functional design specification

feed-water regulator (control valve)

hand /automatic control facility

high pressure (the definition is relative: on major central-station
plant it is usually above 100 bar g)

heat-recovery steam generator

integrated circuit

induced draught

International Electro-technical Commission

Institution of Electrical Engineers

Institute of Electrical and Electronics Engineers

intermediate pressure (a relative definition, see HP above)
International Standards Organisation

input and output

Kraftwerk Kennzeichensystem (power station designation
system)

local-area network

light emitting diode

the flow of steam, in kg/s, that is produced at any given time by
the boiler or HRSG (sometime also the electrical load on the
generator, in MW)

low pressure (a relative definition, see HP above)
turbo-generator or alternator

miniature circuit breaker

maximum continuous rating (also CMR), typically, the highest
rate of steam flow that a boiler can produce for extended periods.
a device (also known as a pulveriser) that is used to crush coal into
fine powder before it is fed to the burners

mean time between failure

mean time to repair

measured value (also known as ‘process variable’)

piping and instrumentation diagram

printed circuit board

pulverised fuel (coal)



PLC
PSU

pulveriser

PV
RAM
RDF
RFI
ROM
RTC
SAT
SCADA
TUV

UART

UL
UPS
VDU
WTE

Reference

Abbreviations and terms used in this book xvii

programmable-logic controller

power supply unit

a device (also known as a mill) that is used to crush coal into fine
powder before it is fed to the burners

process variable (also known as ‘measured value’)

random-access memory

refuse-derived fuel

radio-frequency interference

read-only memory

real-time clock

site acceptance test

supervisory, control and data-aquisition system

Technischer Uberwachungs Verein (German Technical Super-
visory Association)

universal asynchronous receiver/transmitter (an electronic de-
vice that controls communication with a peripheral)
underwriters’ laboratories

uninterruptible power supply

visual display unit (also termed a ‘monitor’or ‘screen’)
waste-to-energy (a type of plant where waste is burned to produce
electricity or heat for a district or industrial process)

1 ANSI/ISA-S5.1: Instrumentation symbols and identification. Instrument
Society of America, Research Triangle Park, North Carolina, USA, 1992
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Chapter 1

The basics of steam generation
and use

1.1 Why an understanding of steam is needed

Steam power is fundamental to what is by far the largest sector of the elec-
tricity-generating industry and without it the face of contemporary society
would be dramatically different from its present one. We would be forced
to rely on hydro-electric power plant, windmills, batteries, solar cells and
fuel cells, all of which are capable of producing only a fraction of the elec-
tricity we use.

Steam is important, and the safety and efficiency of its generation and
use depend on the application of control and instrumentation, often simply
referred to as C&I. The objective of this book is to provide a bridge
between the discipline of power-plant process engineering and those of
electronics, instrumentation and control engineering.

I shall start by outlining in this chapter the change of state of water to
stcam, followed by an overview of the basic principles of steam generation
and use. This seemingly simple subject is extremely complex. This will
necessarily be an overview: it does not pretend to be a detailed treatise and
at times it will simplify matters and gloss over some details which may
even cause the thermodynamicist or combustion physicist to shudder, but
it should be understood that the aim is to provide the C&I engineer with
enough understanding of the subject to deal safely with practical control-
system design, operational and maintenance problems.
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1.2 Boiling: the change of state from water to steam

When water is heated its temperature rises in a way that can be detected
(for example by a thermometer). The heat gained in this way is called
senstble because its effects can be sensed, but at some point the water starts
to boil.

But here we need to look even deeper into the subject. Exactly what s
meant by the expression ‘boiling’? To study this we must consider the three
basic states of matter: solids, liquids and gases. (A plasma, produced when
the atoms in a gas become ionised, is often referred to as the fourth state of
matter, but for most practical purposes it is sufficient to consider only the
three basic states.) In its solid state, matter consists of many molecules
tightly bound together by attractive forces between them. When the
matter absorbs heat the energy levels of its molecules increase and the
mean distance between the molecules increases. As more and more heat is
applied these effects increase until the attractive force between the
molecules is eventually overcome and the particles become capable of
moving about independently of each other. This change of state from solid
to liquid is commonly recognised as ‘melting’.

As more heat is applied to the liquid, some of the molecules gain
enough energy to escape from the surface, a process called evaporation
(whereby a pool of liquid spilled on a surface will gradually disappear).
What is happening during the process of evaporation is that some of the
molecules are escaping at fairly low temperatures, but as the temperature
rises these escapes occur more rapidly and at a certain point the liquid
becomes very agitated, with large quantities of bubbles rising to the
surface. It is at this time that the liquid is said to start ‘boiling’. It is in the
process of changing state to a vapour, which is a fluid in a gaseous state.

Let us consider a quantity of water that is contained in an open vessel.
Here, the air that blankets the surface exerts a pressure on the surface of
the fluid and, as the temperature of the water is raised, enough energy is
eventually gained to overcome the blanketing effect of that pressure and
the water starts to change its state into that of a vapour (steam). Further
heat added at this stage will not cause any further detectable change in
temperature: the energy added is used to change the state of the fluid. Its
effect can no longer be sensed by a thermometer, but it is still there. For
this reason it is called latent, rather then sensible, heat. The temperature at
which this happens is called the ‘boiling point’. At normal atmospheric
pressure the boiling point of water is 100 °C.

If the pressure of the air blanket on top of the water were to be
increased, more energy would have to be introduced to the water to enable
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it to break free. In other words, the temperature must be raised further to
make it boil. To illustrate this point, if the pressure is increased by 10%
above its normal atmospheric value, the temperature of the water must be
raised to just above 102 °C before boiling occurs.

The steam emerging from the boiling liquid is said to be saturated and,
for any given pressure, the temperature at which boiling occurs is called
the saturation temperature.

The information relating to steam at any combination of temperature,
pressure and other factors may be found in steam tables, which are
nowadays available in software as well as in the more traditional paper
form. These tables were originally published in 1915 by Hugh Longbourne
Callendar (1863-1930), a British physicist. Because of advances in
knowledge and measurement technology, and as a result of changing units
of measurement, many different variants of steam tables are today in
existence, but they all enable one to look up, for any pressure, the satura-
tion temperature, the heat per unit mass of fluid, the specific volume etc.

Understanding steam and the steam tables is essential in many stages
of the design of power-plant control systems. For example, if a designer
needs to compensate a steam-flow measurement for changes in pressure, or
to correct for density errors in a water-level measurement, reference to
these tables is essential.

Another term relating to steam defines the quantity of liquid mixed in
with the vapour. In the UK this is called the dryness fraction (in the USA the
term used is steam quality). What this means is that if each kilogram of the
mixture contains 0.9 kg of vapour and 0.1 kg of water, the dryness fraction
1s 0.9.

Steam becomes superheated when its temperature is raised above the
saturation temperature corresponding to its pressure. This is achieved by
collecting it from the vessel in which the boiling is occurring, leading it
away from the liquid through a pipe, and then adding more heat to it. This
process adds further energy to the fluid, which improves the efficiency of
the conversion of heat to electricity.

As stated earlier, heat added once the water has started to boil does
not cause any further detectable change in temperature. Instead it changes
the state of the fluid. Once the steam has formed, heat added to it contri-
butes to the total heat of the vapour. This is the sensible heat plus the latent
heat plus the heat used in increasing the temperature of each kilogram of
the fluid through the number of degrees of superheat to which it has been
raised.

In a power plant, a major objective is the conversion of energy locked
up in the input fuel into either usable heat or electricity. In the interests of
economics and the environment it is important to obtain the highest
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possible level of efficiency in this conversion process. As we have already
seen, the greatest efficiency is obtained by maximising the energy level of
the steam at the point of delivery to the next stage of the process. When as
much energy as possible has been abstracted from the steam, the fluid
reverts to the form of cold water, which is then warmed and treated to
remove any air which may have become entrained in it before it is finally
returned to the boiler for re-use.

1.3 The nature of steam

As stated in the Preface, the boilers and steam-generators that are the
subject of this book provide steam to users such as industrial plant, or
housing and other complexes, or to drive turbines that are the prime
movers for electrical generators. For the purposes of this book, such
processes are grouped together under the generic name ‘power plant’. In
all these applications the steam is produced by applying heat to water until
it boils, and before we embark on our study of power-plant C&I we must
understand the mechanisms involved in this process and the nature of
steam itself.

First, we must pause to consider some basic thermodynamic processes.
Two of these are the Carnot and Rankine cycles, and although the C&I
engineer may not make use of these directly, it is nevertheless useful to
have a basic understanding of what they are how they operate.

1.3.1 The Carnot cycle

The primary function of a power plant is to convert into electricity the
energy locked up in some form of fuel resource. In spite of many attempts,
it has not proved possible to generate electricity in large quantities from
the direct conversion of the energy contained in a fossil fuel (or even a
nuclear fuel) without the use of a medium that acts as an intermediary.
Solar cells and fuel cells may one day achieve this aim on a scale large
enough to make an impact on fossil-fuel utilisation, but at present such
plants are confined to small-scale applications. The water turbines of
hydro-electric plants are capable of gencrating large quantities of electri-
city, but such plants are necessarily restricted to areas where they are
plentiful supplies of water at heights sufficient for use by these machines.
Therefore, if one wishes to obtain large quantities of electricity from a
fossil fuel or from a nuclear reaction it is necessary to first release the
energy that is available within that resource and then to transfer it to a
generator, and this process necessitates the use of a medium to convey the



The basics of steam generation and use 5

energy from source to destination. Furthermore, it is necessary to employ
a medium that is readily available and which can be used with relative
safety and efficiency. On plant Earth, water is, at least in general, a
plentiful and cheap medium for effecting such transfers. With the develop-
ment of technology during the twentieth century other possibilities have
been considered, such as the use of mercury, but except for applications
such as spacecraft where entirely new sets of limitations and conditions
apply, none of these has reached active use, and steam is universally used
in power stations.

The use of water and steam to provide motive power has a long
history. In the first century AD Hero of Alexandria showed that steam
leaving via nozzles attached to a heated container filled with water would
cause the vessel to rotate, but in this simple machine (the aeolipile) the
steam leaving the vessel was wasted and for continuous operation the
process therefore necessitated continually replacing the water. With the
nature of Hero’s design, it was not a saimple task to refill the vessel whilc it
was in operation, but even if a method had been found, using water in a
one-way process like this necessitates the provision of endless supplies of
that fluid. It was not until 1824 that a French engineer, Sadi Carnot,
proposed a way to resolve this problem. He used a cycle, where the transfer
medium is part of a closed loop and the medium is returned to its starting
conditions after it has done the work required of'it.

Carnot framed one of the two laws of thermodynamics. The first,
Joule’s law, had related mechanical cnergy to work: Carnot’s law defined
the temperature relations applying to the conversion of heat energy into
mechanical energy. He saw that if this process were to be made reversible,
heat could be converted into work and then extracted and re-used to make
a closed loop. In his concept (Figure 1.1), a piston moves freely without
encountering any friction inside a cylinder made of some perfectly insu-
lating material. The piston is driven by a ‘working fluid’. The cylinder has
a head at one end that can be switched at will from being a perfect
conductor to being a perfect insulator. Outside the cylinder are two bodies,
one of which can deliver heat without its own tempcrature ( 7;) falling, the
other being a bottomless cold sink at a temperature (7,) which is also
constant.

The operation of the system is shown graphically in figure 1.2, which
shows the pressure/volume relationship of the fluid in the cylinder over the
whole cycle. As the process is a repeating cycle its operation can be studied
from any convenient starting point, and we shall begin at the point A,
where the cylinder head (at this time assumed to be a perfect conductor of
heat), allows heat from the hot source to enter the cylinder. The result is
that the medium begins to expand, and if it is allowed to expand freely,
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Cylinder head

{ Insulation
Piston
Heat
sink Working fluid
T

Figure 1.1 Carnot’s heat engine

Boyle’s law (which states that at any temperature the relationship
between pressure and volume is constant) dictates that the temperature
will not rise, but will stay at its initial temperature (T;). This is called iso-
thermal expansion.

When the pressure and volume of the medium have reached the values
at point B, the cylinder head is switched from being a perfect conductor to
being a perfect insulator and the medium allowed to continue its
expansion with no heat being gained or lost. This is known as adiabatic
expansion. When the pressure and volume of the medium reach the values
at point C, the cylinder head is switched back to being a perfect conductor,
but the external heat source is removed and replaced by the heat sink. The
piston is driven towards the head, compressing the medium. Heat flows
through the head to the heat sink and when the temperature of the
medium reaches that of the heat sink (at point D), the cylinder head is
once again switched to become a perfect insulator and the medium is com-
pressed until it reaches its starting conditions of pressure and temperature.
The cycle is then complete, having taken in and rejected heat while doing
external work.

1.3.2 The Rankine cycle

The Carnot cycle postulates a cylinder with perfectly insulating walls
and a head which can be switched at will from being a conductor to being
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Figure 1.2 The Carnot cycle

an insulator. Even with modifications to enable it to operate in a world
where such things are not obtainable, it would have probably remained a
scientific concept with no practical application, had not a Scottish
professor of engineering, William Rankine, proposed a modification to it
at the beginning of the twentieth century [1]. The concepts that Rankine
developed form the basis of all thermal power plants in use today. Even
todays combined-cycle power plants use his cycle for one of the two phases
of their operation.

Figure 1.3 illustrates the principle of the Rankine cycle. Starting at
point A again, the source of heat is applied to expand the medium, this
time at a constant pressure, to point B, after which adiabatic expansion
is again made to occur until the medium reaches the conditions at point
C. From here, the volume of the medium is reduced, at a constant
pressure, until it reaches point D, when it is compressed back to its initial
conditions.
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Figure 1.3 The Rankine cycle

All of this may seem of only theoretical interest, but it takes on a
practical form in a thermal power plant, where water is compressed by
pumps, then heated until it boils to produce steam which then expands
(through a turbine or in some process) until it reverts to water. This
operation is shown in Figure 1.4 which this time shows temperature
plotted against a quantity called entropy for the processes within the boiler
and turbine of a power plant. (Chapter 2 describes in detail the functions
of the various items of plant.) Entropy is a measure of the portion of the
energy in a system that is not available for doing work and it can be used
to calculate heat transfer for a reversible process.

In the system shown in Figure 1.4, water is heated in feed heaters (A to
B) using steam extracted from the turbine. Within the boiler itself, heat is
used to further prewarm the water (in the economiser) before it enters the
evaporative stages (C) where it boils. At D superheat is added until the
conditions at E are reached at the turbine inlet. The steam expands in the
turbine to the conditions at point F, after which it is condensed and
returned to the feed heater. The energy in the steam leaving the boiler is
converted to mechanical energy in the turbine, which then spins the
generator to produce electricity.
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The diagram shows that the energy delivered to the turbine is
maximised if point E is at the highest possible value and F is at the lowest
possible value, and now we begin to see the importance of understanding
these cycles if plant operation is to be understood and optimised. It
explains why the temperature of the steam leaving the boiler is super-
heated and why the turbine condenser operates at very low pressures,
which correspond with low temperatures.

1.4 Thermal efficiency

The efficiency of a power plant is the measure of its effectiveness in con-
verting fuel into electrical energy or process heat. This factor sets the cost
per unit of electricity or heat generated, and in a network of intercon-
nected power stations it is this cost that determines the revenue that will be
earned by the plant. Although several steps may be taken to reduce losses,
some heat is inevitably lost in the flue gases and in the cooling water that
leaves the condenser, and a realistic limit for the efficiency of such a plant
is just over 40%. Although it has long been understood that, for every unit
of money put into the operation of the plant, over half was being lost, very
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little could be done about this situation until developments in materials
technology brought forward new opportunities.

One of the most dramatic power-plant developments of the second half
of the twentieth century is the realisation that by employing one cycle in
combination with another one, heat wasted in one could be use by the
other to attain enhanced efficiency, this is the combined cycle.

1.5 The gas turbine and combined-cycle plants

The combined-cycle power station uses gas turbines to increase the effi-
ciency of the power-generation process. Like many other machines that we
assume to be products of the twentieth century, the gas turbine isn’t that
new. In fact, Leonardo da Vinci (1452-1519) sketched a machine for
extracting mechanical energy from a gas stream. However, no practical
implementation of such a machine was considered until the nineteenth
century, when George Brayton proposed a cycle that used a combustion
chamber exhausting to the atmosphere. In 1872 Germany’s F. Stolze
patented a machine that anticipated many features of a modern gas-
turbine engine, although its performance was limited by the constraints of
the materials available at the time.

Many other developments across Europe culminated in the develop-
ment of an efficient gas turbine by Frank Whittle at the British Royal
Aircraft Establishment (RAE) in the early 1930s. Subsequent develop-
ments at RAE led to viable axial-flow compressors, which could attain
higher efficiencies than the centrifugal counterpart developed by Whittle.

All these gas turbines employed the Brayton cycle, whose pressure/
volume characteristic is shown in Figure 1.5. Starting at point A in this
cycle air is compressed isentropically (A—B) before being fed into a com-
bustion chamber, where fuel is added and burned (B—C). The energy of the
expanding air is then converted to mechanical work in a turbine (C-D).
From C to D heat is rejected, and in a simple gas-turbine cycle this heat is
lost to the atmosphere.

The rotation of the gas turbine can be used to drive a generator (via
suitable reduction gearing) but, when used in a simple cycle with no heat
recovery, the thermal efficiency of the gas turbine is poor, because of the
heat lost to the atmosphere. The gases exhausted from the turbine are not
only plentiful and hot (400-550°C), but they also contain substantial
amounts of oxygen (in combustion terms, the excess air level for the gas
turbine is 200-300%). These factors point to the possibility of using the

hot, oxygen-rich air in a steam-generating plant, whose steam output
drives a turbine.
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Figure 1.5 The Brayton cycle

The use of such otherwise wasted heat in a heat-recovery steam
generator (HRSG) is the basis of the ‘combined-cycle gas-turbine’
(CCGT) plant which has been a major development of the past few
decades. With the heat used to generate steam in this way, the whole plant
becomes a binary unit employing the features of both the Rankine and the
Brayton cycles to achieve efficiencies that are simply not possible with
either cycle on its own. In fact, the addition of the HRSG yields a thermal
efficiency that may be 50% higher than that of the gas turbine operating
in simple-cycle mode.

Once again, there is nothing really new about this concept. From the
moment when the gas turbine became a practical reality it was very
obvious that the hot compressed air it exhausted contained huge amounts
of heat. Therefore, the combined cycle was considered in some depth
almost as soon as the gas turbine was released from the constraints of
military applications. However, because of their use of gases at extremely
high temperatures, early machines suffered from limited blade life and
they were therefore used only in applications where no other source of
power was readily available. With improvements in materials technology
this difficulty has been overcome and, nowadays, combined-cycle plants
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employing gas turbines form the mainstream of modern power-station
development.

But whether it is in a combined-cycle plant or a simple-cycle power
station, our interest in this chapter is in steam and its use, and this vapour
will now be examined in more detail. We shall see that what seems a fairly
simple and commonplace thing is, in fact, quite complex.

In spite of its complexities it is important to tackle this subject in some
depth, because the power-plant control and instrumentation engineer will
need to deal with the physical parameters of steam through the various
stages of designing or using a practical system.

1.6 Summary

In the above sections we have looked at the nature of steam and briefly
explained how it is derived and used in various parts of the power station.
We have also studied simple and combined cycles, and seen that the latter
provide an opportunity of achieving higher efficiencies, thereby maxi-
mising the revenue earned by the plant.

In the following chapters we shall look at the plant in more detail,
starting with the water and steam circuits and then moving on to discuss
the combustion process. Once the plant is understood, the principles of its
control systems can be better appreciated.

1.7 References

1 RANKINE, W.J.M.: ‘A manual of the steam engine and other prime
movers’ (Griffin, London, 1908)



Chapter 2
The steam and water circuits

2.1 Steam generation and use

In a conventional thermal power plant, the heat used for steam generation
may be obtained by burning a fossil fuel, or it may be derived from the
exhaust of a gas turbine. In a nuclear plant the heat may be derived from
the radioactive decay of a nuclear fuel. In this chapter we shall be
examining the water and steam circuits of boilers and HRSGs, as well as
the steam turbines and the plant that returns the condensed steam to the
boiler.

In the type of plant being considered in this book, the water is
contained in tubes lining the walls of a chamber which, in the case of a
simple-cycle plant, is called the furnace or combustion chamber. In a
combined-cycle plant the tubes form part of the HRSG. In either case, the
application of the heat causes convection currents to form in the water
contained in the tubes, causing it to rise up to a vessel called the drum, in
which the steam is separated from the water. In some designs of plant the
process of natural circulation is augmented by forced circulation, the
water being pumped through the evaporative circuit rather than allowed
to circulate by convection.

This book concentrates on plant where a drum is provided, but it is
worth mentioning another type of plant where water passes from the
liquid to the vapour stage without the use of such a separation vessel. Such
‘once-through’ boilers require feed-water and steam-temperature control
philosophies that differ quite significantly from those described here, and
they are outside the scope of this book.

Figure 2.1 shows a drum boiler in schematic form. Here, the steam gen-
eration occurs in banks of tubes that are exposed to the radiant heat of
combustion. Of course, with HRSG plant no radiant energy is available



14 Power-plant control and instrumentation

Superheater

Steam to
turbine

g

Flue gases
to chimney

Induced-
draught
(ID) fan

Forced-draught (FD)
fan

Figure 2.1 Schematic of a boiler

(since the combustion process occurs within the gas turbine itself) and the
heat of the gas-turbine exhaust is transferred to the evaporator tubes by a
mixture of convection and conduction. In this type of plant it is common
to have two or more steam/water circuits (see Figure 2.6), each with its
own steam drum, and in such plant each of these circuits is as described
below.

The steam leaves the drum and enters a bank of tubes where more
heat is taken from the gases and added to the steam, superheating it before
it is fed to the turbine. In the diagram this part of the plant, the super-
heater, comprises a single bank of tubes but in many cases multiple stages
of superheater tubes are suspended in the gas stream, each abstracting
additional heat from the exhaust gases. In boilers (rather than HRSGs),
some of these tube banks are exposed to the radiant heat of combustion
and are therefore referred to as the radiant superheater. Others, the con-
vection stages, are shielded from the radiant energy but extract heat from
the hot gases of combustion.

After the flue gases have left the superheater they pass over a third set
of tubes (called the economiser), where almost all of their remaining heat
is extracted to prewarm the water before it enters the drum.
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Finally the last of the heat in the gases is used to warm the air that is to
be used in the process of burning the fuel. (This air heater is not shown in
the diagram since it is part of the air and gas plant which is discussed in the
next chapter.)

The major moving items of machinery shown in the diagram are the
feed pump, which delivers water to the system, and the fan which provides
the air needed for combustion of the fuel (in most plants each of these is
duplicated). In a combined-cycle plant the place of the combustion-air fan
and the fuel firing system is taken by the gas turbine exhaust.

Figure 2.1 shows only the major items associated with the boiler. In a
power-generation station, the steam passes to a turbine after which it has
to be condensed back to water, which necessitates the use of a heat
exchanger to extract the last remaining vestiges of heat from the fluid and
fully condense it into a liquid. Then, entrained air and gas has to be
removed from the condensed fluid before it is returned to the boiler.

The major remaining plant items forming part of the steam/water
cycle will now be briefly described and their operations explained.

2.2 The steam turbine

In plants using a turbine, the energy in the steam generated by the boiler
is first converted to kinetic energy, then to mechanical rotation and finally
to electrical energy. On leaving the turbine the fluid is fed to a condenser
which completes the conversion back to water, which is then passed to
further stages of processing before being fed to the feed pumps. In the
following paragraphs, we shall examine this process (with the exception of
the conversion to electrical energy in the alternator).

In the turbine, the steam is fed via nozzles onto successive rows of
blades, of which alternate rows are fixed to the machine casing with the
intermediate rows attached to a shaft (Figure 2.2). In this way the heat
energy in the steam is converted first to kinetic energy as it enters the
machine through nozzles, and then this kinetic energy is converted to
mechanical work as it impinges onto the rotating blades. Further work is
done by the reaction of the steam leaving these blades when it encounters
another set of fixed blades, which in turn redirect it onto yet another set of
rotating blades. As the steam travels through the machine in this way it
continually expands, giving up some of its energy at each ring of blades.
The moment of rotation applied to the shaft at any one ring of blades is the
multiple of the force applied to the blades and mean distance of the force.
Since each stage of rings abstracts energy from the steam, the force applied
at the subsequent stage is less than it was at the preceding ring and,
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therefore, to ensure that a constant moment is applicd to the shaft at
each stage, the length of the blades in all rings after the first is made longer
than that of the preceding ring. This gives the turbine its characteristic
tapering shape. The steam enters the machine at the set of blades with the
smallest diameter and leaves it after the set of blades with the largest
diameter. On the control diagrams presented in this book, this is indicated
by the usual symbol for a turbine, a rhomboidal shape (Figure 2.3).

Turbines may consist of one or more stages, and in plant which uses
reheating the steam exiting the high-pressure or intcrmediate stage of the
machine (the HP or IP stage, respectively) is rcturned to the boiler for
additional heat to be added to it in a bank of tubes called the reheater. The
steam leaving this stage of the boiler enters the final stage of the machine,
the low pressure (LP) stage. Because the encrgy available in the steam is
now much less than it was at the HP stage, this part of the turbine is char-
acterised by extremely long blades.

By the time it leaves the final stage of the turbine, the steam has
exhausted almost all of the energy that was added to it in the steam
generator, and it is thercfore passed to a condenser where it is finally
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cooled to convert it back to water which can be re-used in the cycle. The
condenser comprises a heat exchanger through which cold water is circu-
lated. A simplified representation of the complete circuit is shown in
Figure 2.4.

The cooling water that is pumped through the condenser to abstract
heat from the condensate may itself be flowing though a closed circuit.
Alternatively, it may be drawn from a river or the sea to which it is then
returned. In the latter cases, because of the heat received from the
condenser, care must be taken to avoid undesirable heating of the river or
sea in the vicinity of the discharge (or outfall).

In a closed circuit, the heat is released to the atmosphere in a cooling
tower. Within these, the air that is used for cooling the water may circulate
through the tower by natural convection, or it may be fan-assisted. It is
usually desirable to minimise the formation of a plume since, as well as
being very visible, such plumes can cause disturbance to the nearby envir-
onment by falling as a fine rain and possibly frcezing on roads.

2.3 The condensate and feed-water system

Inside the plant, the steam and water system forms a closed loop, with
the water leaving the condenser being fed back to the feed pumps for re-
use in the boiler. However, certain other items of plant now become
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involved, because the water leaving the condenser is cold and contains
entrained air which must be removed.

Air becomes entrained in the water system at start-up (when the
various vessels are initially empty), and it will appear during normal
operation when it leaks in at those parts of the cycle which operate below
atmospheric pressure, such as the condenser, extraction pumps and low-
pressure feed heaters. Leakage can occur in these areas at flanges and at
the sealing glands of the rotating shafts of pumps. Air entrainment is aided
by two facts: one is that cold water can hold greater amounts of oxygen
(and other dissolved gases) than can warm water; and the other is that the
low-pressure parts of the cycle must necessarily correspond with the low-
temperature phases.

The presence of residual oxygen in the feed-water supply of a boiler or
HRSG is highly undesirable, because it will cause corrosion of the boiler
pipework (particularly at welds, cold-worked sections and surface disconti-
nuities), greatly reducing the serviceable life-span of the plant. For this
reason great attention must be paid to its removal.

Removal of dissolved oxygen is performed in several ways, and an
important contributor to this process is the deaerator which is shown in
Figure 2.4, located between the condenser extraction pump and the boiler
feed-water pump.

2.3.1 The deaerator

The deaerator removes dissolved gases by vigorously boiling the water
and agitating it, a process referred to as ‘stripping’. One type of deaerator
is shown in Figure 2.5. In this, the water entering at the top is mixed with
steam which is rising upwards. The steam, taken directly from the boiler or
from an extraction point on the turbine, heats a stack of metal trays and as
the water cascades down past these it mixes with the steam and becomes
agitated, releasing the entrained gases. The steam pressurises the
deaerator and its contents so that the dissolved gases are vented to the
atmosphere.

Minimising corrosion requires the feed-water oxygen concentration to
be maintained below 0.005 ppm or less and although the deaerator
provides an effective method of removing the bulk of entrained gases it
cannot reduce the concentration below about 0.007 ppm. For this reason,
scavenging chemicals are added to remove the last traces of oxygen.

2.3.1.1 Chemical dosing

Volatile oxygen scavengers such as hydrazine (NyH4) and sodium
sulphite (Na;SO3) have been used for oxygen removal (although
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hydrazine is now suspected of being carcinogenic). Whatever their form,
the chemical scavengers are added in a concentrated form and it is
necessary to flush the injection pipes continually or on a periodic basis to
prevent plugging. Similarly, blowdown, a process of bleeding water to
drains or a special vessel, is used to continually or periodically remove a
portion of the water from the boiler, with automatic or manual chemical
sampling being used to ensure that the correct concentration is maintained
in the boiler water.

From a control and instrumentation viewpoint, the above chemical
dosing operations are highly specialised and are therefore usually
performed by equipment that is supplied as part of a water-treatment
plant package. The control system (often based on a programmable-logic
control system (PLC)) will generate data and alarm signals for connection
to the main plant computer-control system (frequently referred to as the
distributed control system (DCS).)
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After the water has been deaerated and treated, it is fed to feed pumps
which deliver it back to the boiler at high pressure.

2.4 The feed pumps and valves

The feed pumps deliver water to the boiler at high pressure, and the flow
into the system is controlled by one or more feed-regulating valves. The
feed pumps are generally driven by electric motors, but small steam
turbines are also used (although, clearly, these cannot be used at start-up
unless a separate source of steam is available for their operation).

The pressure/flow characteristic of pumps and the various configura-
tions that are available are discussed in Chapter 6 but it should be noted
here that with any pump the pressure tends to fall as the throughput rises.
On the other hand, due to the effect of friction, the resistance offered by
the boiler system to the flow of water increases as the flow rate increases.
(The system resistance is the minimum pressure that is required to force
water into the boiler.) Therefore the pressure drop across the valve will be
highest at low flows.

It is wasteful to operate with a pressure drop that is significantly above
that at which effective control can be maintained, both because this entails
an energy loss and also because erosion of valve internals increases with
high pressure-drops. With fixed-speed pumps there is nothing that can be
done about this, but an improvement can be made if variable-speed pumps
are used. These are more expensive than their fixed-speed counterparts,
but the increase in cost tends to be offset by the operational cost savings
that can be achieved (due to more efficient operation and reduced wear on
the valve). Such savings are increased if the plant operates for prolonged
periods at low throughputs and are most apparent with the larger
boilers.

From the control engineer’s viewpoint, variable-speed pumps are an
attractive option because they enable the control-system dynamics to be
linearised over a wide range of flows, leading to improved controllability.
However, the decision on their use will generally be made by mechanical
and process engineers, and will be based purcly on economic grounds.

2.5 The water and steam circuits of HRSG plant

In the combined-cycle plant the task of boiling the feed water and super-
heating the steam so produced is achieved by using the considerable heat
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content of the exhaust from a gas turbine, sometimes with and sometimes
without supplementary firing.

The variety of plant arrangements in use is very wide and although
the following description relates to only one configuration, it should enable
the general nature of these systems to be understood.

In some plants the gas and steam turbines and the generator are on
the same shaft, others have separate generators for the gas and steam
turbines. The installation shown in Figure 2.6 is of the latter variety, and
the diagram shows just one gas turbine and HRSG from several at this par-
ticular plant.

Starting at the condenser outlet, the circuit can be traced through the
extraction pump and via the economiser to the deaerator. From here two
circuits are formed, one feeding the LP section, the other the HP section.
These systems are of the forced-circulation type and are quite similar to
each other in layout, but the steam leaving the HP side passes to a super-
heater bank which is positioned to receive the hottest part of the exhaust
from the gas turbine. The superheated steam goes to the HP stage of the
steam turbine and the steam leaving this stage goes to the LP stage.
Saturated steam from the LP section of the HRSG also enters the turbine
at this point. Bypass valves are employed during start-up and shut-down
and enable the plant to operate with only the gas turbine in service, under
which condition the steam from the HP and LP stages is bypassed to the
condenser

2.6 Summary

So far, we have studied the nature of steam, and the plant and auxiliaries
that are employed in the process of generating and using the fluid. Now we
need to understand the mechanisms involved in obtaining the heat that is
required to generate the steam. This process involves the fuel, air and flue-
gas circuits of the plant, and all the major equipment required for clean
and efficient operation.

Chapter 3 describes the combustion chamber (or furnace) and the
plant and firing arrangements that are employed in burning a variety of
fuels. In addition, the chapter outlines how the air required for combustion
is obtained, warmed and distributed, and discusses the characteristics and
limitations of the plant involved in this process.



Chapter 3
The fuel, air and flue-gas circuits

Having looked at the steam and water circuits of boilers and HRSGs, we
now move on to examine the plant which is involved in the combustion of
fuel in boilers.

The heat used for generating the steam is obtained by burning fuel in a
furnace, or combustion chamber, but to do this requires the provision of
air which is provided by a forced-draught (FD) fan (in larger boilers, two
such fans are provided). After the fuel has been burned, the hot products of
combustion are extracted from the furnace by another fan, the induced-
draught (ID) fan, and fed to the chimney. Again, two ID fans are
provided on larger boilers.

In this chapter we shall examine not only the burners or other
equipment used to burn the fuel but also the fans and air heaters. Finally
we shall briefly examine how gas turbines are used in combined-cycle
plant.

3.1 The furnace

In boiler plant the heat used for boiling the water is obtained by burning
a fossil fuel (unlike the HRSG, where the heat is delivered by the exhaust
of a gas turbine). This process of combustion is carried out in the furnace,
and comprises a chemical reaction between the combustible material and
oxygen. If insufficient oxygen is available some of the combustibles will not
burn, which is clearly inefficient and polluting. On the other hand, the
provision of too much oxygen leads to inefficient operation and to
corrosion and undesirable emissions from the stack due to the combination
of the surplus oxygen with other components of the flue gases.
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The oxygen for combustion is provided in air, which contains around
21% of the gas. However, air also contains around 77% nitrogen, and the
combustion process results in the production of nitrogen dioxide (NO)
and nitric oxide (NO). These gases (plus nitrous oxide, N;O) are collec-
tively called nitrogen oxides, or NO, for short, and because they are often
blamed for various detrimental effects on the environment a high level of
attention must be given to-minimising their production.

Unfortunately, high combustion efficiencies invariably correspond with
the production of high levels of nitrogen oxides, and therefore NOj
reduction involves careful design of the burners so as to yield adequate

combustion efficiency with minimal smoke and carbon monoxide genera-
tion.

3.1.1 Firing arrangements

The combustion of oil, gas or pulverised coal is performed in burners.
These may be arranged on one wall of the combustion chamber (which is
therefore called ‘front-fired’), or on facing walls (‘opposed fired’) or at the
corners of it (‘corner-fired’ or ‘tangential’), and the characteristics of com-
bustion will be very different in each case. The burners may be provided
with individually controlled fuel and air supplies, or common control may
be applied for all the burners, or they may be operated in groups, each
group having dedicated and separately controlled supplies of fuel and air.
Combustion of raw coal or other solid fuels such as municipal waste,
clinical waste or refuse-derived fuels is often carried out in fluidised beds,
or on stokers consisting of moving grates or platforms.

The methods of controlling these various arrangements are very
different. With front-fired or opposed-fired boilers the temperature of the
flue gases and the resulting heat transfer to the various banks of super-
heater tubes is adjusted by bringing burners into service or taking them
out of service, and this may be done individually or in banks. This method
provides a step-function type of control and fine adjustment of steam tem-
perature is provided by spray-water attemporation.

Corner-fired (tangential) boilers are arranged in such a way that the
burning fuel circulates around the furnace, forming a large swirling ball of
burning fuel at the centre. With this type of boiler the manufacturers
usually employ tilting mechanisms to direct the fireball to a higher or
lower position within the furnace, and this has a significant effect on the
temperature of the various banks of superheater tubes, and therefore on
steam temperature. The maximum degree of tilt that is available within
the basic design is typically +30°, although the degree of movement
employed in practice is usually restricted during commissioning.
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The downside of tilting is that burners—with their fuel and air
supplies, igniters, flame monitors etc.—are complex things, and tilting
them requires very careful engineering if it is to be successful. Also, the
tilting mechanisms must be rigorously maintained if they are to continue
to operate effectively over any length of time.

The control systems that regulate burner tilting mechanisms must
ensure that exactly the same degree of tilt is applied to the burners at all
four corners of the furnace, since any misalignment will cause the fireball
to circulate helically rather than as required.

3.2 The air and gas circuits

The combustion process requires the provision of fuel and air in the
correct ratio to each other. This is known as the stoichiometic ratio, and
under this condition enough air is provided to ensure complete combustion
of all the fuel, with no surplus or deficit. However, this is a theoretical
ideal, and practical considerations may necessitate operating at a fuel/air
ratio that is different from the stoichiometric value. In addition, it must be
understood that the efficiency of the combustion process will also be
affected by the temperature of the air provided.

In the following sections we shall see how air is delivered to the
furnace at the right conditions of flow and temperature, starting with the
auxiliary plant that warms the air and moving on to the types of fan
employed in the draught plant.

3.2.1 The air heater

In a simple-cycle plant, air is delivered to the boiler by one or more FD
fans and the products of combustion are extracted from it by ID fans.
Figure 3.1 shows this plant in a simplified form, and illustrates how the
heat remaining in the exhaust gases leaving the furnace is used to warm
the air being fed to the combustion chamber. This function is achieved in
an air heater, which can be either regenerative, where an intermediate
medium is used to transfer the heat from the exhaust gases to the incoming
air, or recuperative, where a direct heat transfer is used across a dividing
partition.

One variety of regenerative air heater is the Ljungstrom type, where
metal plates mounted on a rotating frame are passed through the hot gases
and then to the incoming air.

From a control engineer’s point of view, an important consideration is
the efficient combustion of the fuel, and here it is necessary to consider the
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Figure 3.1  Draught-plant arrangement

losses and leakages that occur in an air heater. Figure 3.2 shows how
various leakages occur in a typical air heater: across the circumferential,
radial and axial seals, as well as at the hub. These leakages are minimised
when the plant is first constructed, but become greater as wear occurs
during prolonged usage. When the sheer physical size of the air heater is
considered (Figure 3.3) it will be appreciated that these leakages can
become significant.

3.2.2 Types of fan

In addition to the FD and ID fans mentioned above, another application
for large fans in a power-station boiler is where it is necessary to overcome
the resistance presented by plant in the path of the flue gascs to the stack.
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Figure 3.3 An air heater being lifted into position
© Howden Sirocco Ltd. Reproduced with permission
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In some cases, environmental legislation has enforced the fitting of flue-
gas desulphurisation equipment to an existing boiler. This involves the use
of absorbers and/or bag filters, plus the attendant ducting, all of which
present additional resistance to the flow of gases. In this case this resistance
was not anticipated when the plant was originally designed, so it is
necessary to fit additional fans to overcome the draught losses. These are
called ‘booster fans’.

Whatever their function, as far as the fans themselves are concerned,
two types are found in power-station draught applications: centrifugal
(Figure 3.4) and axial-flow (Figure 3.5). In the former, the blades are set
radially on the drive shaft with the air or flue gas directed to the centre
and driven outwards by centrifugal force. With axial-flow fans, the air or
gas is drawn along the line of the shaft by the screw action of the blades.
Whereas the blades of a centrifugal fan are fixed rigidly to the shaft, the
pitch of axial-flow fan blades can be adjusted. This provides an efficient
means of controlling the fan’s throughput, but requires careful design of
the associated control system because of a phenomenon known as ‘stall’,
which will now be described.

Figure 3.4  Centrifugal fan
© Howden Sirocco Ltd. Reproduced with permission
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Figure 3.5 Axial-flow fan
© Howden Sirocco Ltd. Reproduced with permission

3.2.2.1 The stall condition

The angular relationship between the air flow impinging on the blade of
a fan and the blade itself is known as the ‘angle of attack’. In an axial-flow
fan, when this angle exceeds a certain limit, the air flow over the blade
separates from the surface and centrifugal force then throws the air
outwards, towards the rim of the blades. This action causes a build-up of
pressure at the blade tip, and this pressure increases until it can be relieved
at the clearance between the tip and the casing. Under this condition the
operation of the fan becomes unstable, vibration sets in and the flow starts
to oscillate. The risk of stall increases if a fan is oversized or if the system
resistance increases excessively.
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For each setting of the blades there is a point on the fan characteristic
beyond which stall will occur. If these points are linked, a ‘stall line’ is
generated (Figure 3.6) and if this is built into the plant control system
(DCS) it can be used to warn the operator that the condition is imminent
and then to actively shift operation away from the danger region. The
actual stall-line data for a given machine should be provided by the fan
manufacturer.

3.2.2.2 Centrifugal-fan surge

The stall condition aflects only axial-flow fans. However, centrifugal fans
are subject to another form of instability. If they are operated near the
peak of their pressure/flow curve a small movement either way can cause
the pressure to increase or decrease unpredictably. The point at which this
phenomenon occurs is known as the ‘surge limit’ and it is the minimum
flow at which the fan operation is stable.

Stall region

+10r

Total head (%)

Biade angle

T 1T 17 17 17T 17 17T T T 11

Volumetric flow >

Figure 3.6 Thestall line of an axial-flow fan
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The system designer needs to be aware of the risk of surge occurring,
since it may be necessary to adapt the control-system design. However,
this is generally not a problem if the fan is properly designed in relation to
the overall plant. During the initial design of the control system, dialogue
with the process engineer or boiler designer will show whether or not surge
protection will be required.

3.2.3 Final elements for draught control

Reference has already been made to the use of pitch-control in axial-flow
fans to regulate the throughput of the machine. Other means of controlling
flow are dampers, vanes or speed adjustment. Each of these devices has its
own characteristics, advantages and disadvantages, and the sclection of
the controlling device which is to be used in a given application will be a
trade-off between the technical features and the cost.

3.2.3.1 Types of damper

The simplest form of damper consists of a hinged plate that is pivoted at
the centre so that it can be opened or closed across the duct. This provides
a form of draught control but it is not very linear and it is most effective
only near the closed position. Once such a damper is more than about 40~
60% open it can provide very little additional control. Another form of
damper comprises a set of linked blades across the duct (like a Venetian
blind). Such multibladed dampers are naturally more expensive and more
complex to maintain than single-bladed versions, but they offer better
linearity of control over a wider range of operation.

The task of designing a control system for optimum performance over
the widest dynamic range will be simplified if the relationship between the
controller output signal and the resultant flow is linear. Although it is
possible to provide the required characterisation within the control system,
this will usually only be effective under automatic control. Under manual
control a severely nonlinear characteristic can make it difficult for the
operator to achieve precise adjustment.

It is possible to linearise the command-flow relationship under both
manual and automatic control by the design of the mechanical linkage
between the actuator and the damper. However, this requires careful
design of the mechanical assemblies and these days it is generally consid-
ered simpler to build the required characterisation into the DCS. This
approach provides a partial answer, but it should not be forgotten that
such a solution is only effective under automatic control.
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3.2.3.2 Vane control

The second form of control is by the adjustment of vanes at the fan inlet.
These vanes are clearly visible near the centre of Figure 3.7 (which shows a
centrifugal fan during manufacture). Such vanes are operated via a
complex linkage which rotates all the vanes through the same angle in
response to the command signal from the DCS.

3.2.3.3 Variable-speed drives

Finally, control of fan throughput can be achieved by the use of variable-
speed motors (or drives). These may involve the use of electronic control-
lers which alter the speed of the driving motor in response to demand
signals from the DCS or they can be hydraulic couplings or variable-speed
gearboxes, either of which allows a fixed-speed motor to drive the fan at
the desired speed. Variable speed drives offer significant advantages in that
they allow the fan to operate at the optimum speed for the required
throughput of air or gas, whereas dampers or vanes control the flow by
restricting it, which means that the fan is attempting to deliver more flow
than is required.

Figure 3.7 A centrifugal fan during manufacture
© Howden Sirocco Ltd. Reproduced with permission



The fuel, air and flue-gas circuits 35
3.3 Fuel systems

Fossil fuels that are burned in boilers can be used in solid, liquid or
gaseous form, or a mixture of these. Naturally, the handling systems for
these types of fuels differ widely. Moreover, the variety of fuels being
burned is enormous. Solid fuels encompass a wide spectrum of coals as well
as wood, the waste products of industrial processes, municipal and clinical
waste and refuse-derived fuels. (The last are produced by shredding or
grinding domestic, commercial and industrial waste material)) Liquid
fuels can be heavy or light oil, or the products of industrial plant. Gas can
be natural or manufactured, or the by-product of refineries.

Each of these fuels requires specialised handling and treatment, and
the control and instrumentation has to be appropriate to the fuel and the
plant that processes it.

3.3.1 Coal firing (pulverised fuel)

Although coal can be burned in solid form on grates, it is more usual to
break it up before feeding it to the combustion chamber. The treatment
depends on the nature of the coal. Some coals lend themselves to being
ground down to a very fine powder (called pulverised fuel (PF)) which is
then carried to the burners by a stream of air. Other coals are fed to
impact mills which use flails or hammers to break up the material before it
is propelled to the burners by an air stream. The type of mill to be used on
a particular plant will be determined by the process engineers and it is the
task of the control engineer to provide a system which is appropriate. To
do this it is necessary to have some understanding of how the relevant type
of mill operates.

Various types of pulverised-fuel mill will be encountered, but two are
most commonly used: the pressurised vertical-spindle ball mill and the
horizontal-tube mill.

3.3.1.1 Vertical-spindle ball mills

Figure 3.8 shows the operating principle of a typical ball mill, such as the
Babcock ‘E’ mill. In this device, the coal that is discharged from the
storage hoppers is fed down a central chute onto a table where it is crushed
by rotating steel balls. Air is blown into the crushed coal and carries it, via
adjustable classifier blades, to the PF pipes that transport it to the
burners.

The air that carries the fine particles of coal to the burners is supplied
from a fan called a ‘primary-air fan’. This delivers air to the mill, which
therefore operates under a pressure which is slightly positive with respect
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Figure 3.8  Pressurised ball mill

to the atmosphere outside. Because of this and because of its other con-
structional features, this type of mill is properly called a ‘vertical-spindle,
pressurised ball mill’. The air-supply system for this type of mill is
discussed in more detail in Section 3.3.1.3.

3.3.1.2 Horizontal tube mills

In a tube mill (Figure 3.9) the coal is fed into a cage that rotates about a
horizontal axis, at a speed of 18 to 35 rpm. This cage contains a charge of
forged-steel or cast alloy balls (each of which is between 25 mm and
100 mm 1in diameter) which are carried up the sides of the cage by the
rotation, until they eventually cascade down to the bottom, only to be
carried up again. The coal is pulverised by a combination of the impact
with these balls, attrition of adjacent particles and crushing between the
balls and the cage and between one ball and another.

In this type of mill the crushed mixture is drawn out of the cage by a
fan, which is called an exhauster. Because of this configuration, the tube



The fuel, air and flue-gas circuits 37

Fuel to burners Fuel to burners
Exhaustlers

Coal from feeder

Rotating drum containing
coal and bail charge

Figure 3.9  Horizontal tube mill

mill runs under a negative pressure, which prevents the fine coal dust
from escaping (as it tends to do with a pressurised mill). However, the
exhausters have to handle the dirty and abrasive mixture of coal and air
that comes through the mill and they therefore require more frequent
maintenance than the fans of a pressurised ball mill, whose function is
merely to transport air from the atmosphere to the mill.

3.3.1.3 Air supply systems for malls

As stated above, the crushed coal in a pressurised ball mill is propelled to
the burners by a stream of warm air. Figure 3.10 shows the arrangement
for doing this: cool air and heated air are mixed to achieve the desired tem-
perature. This temperature has to be high enough to partially dry the coal,
but it must not be so high that the coal could overheat (with the risk of the
coal/air mixture igniting inside the mill or even exploding while it is being
crushed). The warm air is then fed to the mill (or a group of mills) by
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means of yet another fan, called a ‘primary air fan’. It should be noted
that the cooler of the two air streams is commonly referred to as
‘tempering air’ since, because it is obtained from the FD fan exhaust it
may already be slightly warm, and its function is to temper the mixture.

Figure 3.11 shows the system that is used with a tube mill. Here, hot
air and cold air are again mixed to obtain the correct temperature for the
air stream but, because the mill in this case operates under suction condi-
tions a primary air fan is not needed, and the cold air is obtained directly
from the atmosphere. The warmed air mixture is again fed to the mill as
‘primary air’ but in addition a stream of hot air is fed to the feeder for
transportation and drying purposes.

3.3.2 Oulfiring systems

In comparison with coal, oil involves the use of much less capital plant.
On the face of it, it would appear that all that is required is to extract the
oil from its storage tank and pump it to the burners. But in reality life is
more complicated than that!

Proper ignition of oil depends on the fuel being broken into small
droplets (atomised) and mixed with air. The atomisation may be achieved
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by expelling the oil through a small nozzle (a ‘pressure jet’), or it may be
achieved by the use of compressed air or steam.

The fuel oil itself may be light (such as diesel oil or gas oil), or it may
be extremely viscous and tar-like (heavy fuel oil, commonly ‘Bunker C’).
The handling system must therefore be designed to be appropriate to the
nature of the liquid. With the heavier grades of oil, prewarming is
necessary, and to prevent it cooling and thickening the fuel is continually
circulated to the burners via a recirculation system (shown schematically
in Figure 3.12). The latter process is sometimes referred to as ‘spill-back’.
When a burner is not firing, the oil circulates through the pipework right
up to the shut-off valve, which is mounted as close to the oil gun as
possible.

From the point of the C&I engineer, the control systems involved with
oil firing may include any or all of the following: controlling the tempera-
ture of the fuel, the pressure of the atomising medium, and the
equalisation of the fuel pressures at various levels on the burner front.
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3.3.3 Gasfiring systems

Although inherently simpler than either oil or coal-fired systems, gas-
fired boilers have their own complexities. Any escape of gas, particularly
into confined areas, presents considerable hazards, and great care must
therefore be taken to guard against leakage, for example, from flanges and
through valves. But natural gas is colourless, and any escape will therefore
be invisible. Also, it is not safe to rely on odour to detect leakages. By the
time an odour has been detected sufficient gas may have already escaped
to present a hazard. It is therefore necessary for gas-leak detectors to be
fitted along the inlet pipework wherever leakage could occur, and to
connect these to a comprehensive, central alarm system.

It is also necessary to prevent gas from seeping into the combustion
chamber through leaking valves. If gas does enter undetected into the
furnace during a shut-down period, it could collect in sufficient quantities
to be ignited either by an accidental spark or when a burner is ignited. The
resulting explosion would almost certainly cause major damage and could
endanger lives. (It should be noted that this risk 1s present with propane
igniters such as those used with fuels other than oil.)
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Protection against leakage into the furnace through the fuel-supply
valves is achieved by the use of ‘double-block-and-bleed’ valve assemblies
which provide a secure seal between the gas inlet and the furnace. The
operation of this system (see Figure 3.13) is that before a burner is ignited
both block valves are closed and the vent is open. In this condition any gas
which may occupy the volume between the two block valves is vented to a
safe place and it can therefore never develop enough pressure to leak past
the second block valve. When start-up of the burner is required, a sequence
of operations opens the block valves in such a way that gas is admitted to
the burner and ignited safely.
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Figure 3.13  Simplified schematic of gas-firing system
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3.3.4 Waste-to-energy plants

There has been a steady development of plants that incinerate waste
material of various types and use the heat thus produced to generate elec-
tricity. Early units suffered from the unpredictable nature of the waste
material and the severe corrosion resulting from the release of acidic
compounds during the combustion process. But the problems have been
largely overcome through the application of improved combustion systems
and by better knowledge of the materials used in the construction of the
plant.

Waste material may be obtained from any of several sources, including
the following:

municipal;
industrial;
clinical;
agricultural.

The material may be burned after very basic treatment (shredding etc.)
or it may be processed in some way, in which case the end result is termed
refuse-derived fuel (RDF).

Several types of waste-to-energy plant are in existence, and we shall
look at one of them, so that its nature and characteristics can be appre-
ciated. Other plants will differ in their construction or technology, but
from an operational point of view their fundamental characteristics will
probably be quite similar to those described below.

3.3.4.1 The bubbling fluidised-bed boiler

Figure 3.14 shows the principles of a waste-to-energy plant based on the
use of a bubbling fluidised-bed boiler. First, the incoming waste is sorted to
remove oversized, bulky or dangerous material. The remainder is then
carried by a system of conveyors to a hammer mill where it is broken down
until only manageable fragments remain. After a separator has removed
incombustible magnetic items, the waste is held in a storage building, from
where it is removed as required by a screw conveyor and transferred via
another conveyor to the boiler. Immediately before entering the boiler,
nonferrous metals are removed by a separator.

The boiler itself comprises a volume of sand which is kept in a fluidised
state by jets of air. A portion of dolomite is added to the sand to assist in
the reduction of corrosion and to reduce any tendency of the sand and fuel
to coalesce (a process known as ‘slagging’). After the sand/dolomite
mixture has been heated by a system of start-up burners, combustible
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waste material added to it ignites. The heat released is used to generate

steam in a way that is similar to conventional boilers such as those
described in Chapter 2.

3.4 Igniter systems

Whatever the main fuel of the boiler may be, it is necessary to provide
some means of igniting it. A variety of igniters are used, but most modern
systems comprise a means of generating a high-energy electric spark which
lights a gas or light-oil supply which in turn lights the main fuel.

In addition to igniting the fuel, the igniter may sometimes be used to
ensure that the fuel remains alight under conditions where it may
otherwise be extinguished. This is referred to as providing ‘support’ for the
main burner.

Like many aspects of power-station burner operations, the requirements
for igniters are defined in standards such as those developed by the
National Fire Protection Association (e.g. NFPA 8502:95 [1]). In these
standards, igniters are divided into three categories each of which is
defined in detail. In essence, the three classes have the following character-
1stics.

Class I:  An igniter providing sufficient energy to raise the temperature of
the fuel and air mixture above the minimum ignition temperature, and to
support combustion, under any burner light-off or operating conditions. Such
igniters generally have a capacity of more than 10% of the full-load capacity of
the mainburner that it is igniting. This class is also referred to as a‘Continuous
Igniter’

Class 2: (also referred to as an ‘intermattent ignater’ ):  Capable of lighting the
fuel only under a defined range of light-off conditions. Such igniters have a capacity
generally between 4% and 10% of the full-load burner input and may also be
used to support combustion of the fucl at low loads or under a defined range of
adverse operating conditions.

Class 3:  Smalligniters, generally applied to gas or oil burners. These igniters
are capable of lighting the fuel only under a defined range of conditions and may not be
used for support purposes. Two types of Class 3 igniter are defined: interrupted
igniters (not usually exceeding 4% of the main burner fuel input energy),
whose operation is automatically stopped when a set time has expired after
the first ignition; and direct electric igniters which have enough energy to
ignite the main fuel.
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The type of igniter in use will define the methods of operation of the
burner and the sequences that are to be employed in the associated burner-
management system.

3.5 Burner-management systems

Safe operation of the burner and its associated igniter must be ensured
and in most cases this requires the use of a sophisticated burner-manage-
ment system (BMS). In outline, these systems include a means of
monitoring the presence of the flame and a reliable method and procedure
for operating the associated fuel valves in a sequence that provides safe
ignition at start-up and safe shut-down, either in the event of a fault or in
response to an operator command.

The procedure for lighting a burner depends, first, on checking that it
is safe to light it at all. This means that, if no other burner is firing, confir-
mation has been received that any flammable mixtures have been
exhausted from the furnace by means of a purge. Such a purge involves the
operation of FI) and ID fans for a defined time, so that a certain volume of
air has passed through the furnace. (In a coal-fired boiler the flow rate
through the furnace must be at least 40% of the full-load volumetric air
flow.)

Once confirmation has been received that the furnace purge is
complete (or if other burners are already firing), ignition of the burner will
depend on the successful operation of some form of igniter or pilot and,
once the main burner has been successfully lit, its operation must be con-
tinuously monitored, because an extinguished flame may mean that
unburned fuel is being injected into the combustion chamber. If such fuel is
subscquently ignited it may explode.

Once a burner has ignited, the BMS must ensure that safe operation
continues, and if any hazard arises the system must shut off the burner,
and if necessary, trip the entire boiler.

On shut-down of a burner, steps must be taken to ensurc that any
unburned fuel is cleared from the pipework. This procedure is known as
scavenging, and in an oil burner it may involve blowing compressed air or
steam through the pipework and burner passages. Such procedures are
defined in codes such as NFPA 8502-95.

Each component of the BMS is vital to the safety of the plant and to
the reliability of its operation, but the most onerous responsibility rests
with the flame detector: an electronic device which is required to operate
in close proximity to high-energy spark ignition systems, and in conditions
of extreme heat and dirt. Morcover, it must provide a reliable indication of
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the presence or absence of a particular flame in the presence of many
others and it must discriminate between the energy of the flame and high
levels of radiant energy from hot refractory materials and pipes. The
sighting of the flame may also be affected by changes in flame pattern over
a wide range of operating conditions, and it may also be obscured by
swirling smoke, steam or dust.

Safe operation of the boiler depends on proper design of the BMS,
including the flame scanner, and on careful siting of the scanner so that it
provides reliable and unambiguous detection of the relevant flame under
all operational conditions. After installation, the system can be expected to
perform safely and reliably only if constant and meticulous attention is paid
to maintenance. This important matter is all too often ignored, and the
inevitable result is that the system malfunctions, leading to failure to ignite
the fuel, which may in turn delay start-up of the boiler. In the extreme,
malfunctions could even endanger the safety of the plant if they result in
fuel being admitted to the combustion chamber without being properly
ignited. A properly designed BMS will not allow this to happen, but if
repeated malfunctions occur it is not unknown for operators to ignore the
warning signs and even to override safety systems. In such cases it is usual
to blame the BMS and/or the flame monitors, which could be fully func-
tional if they were not misused or badly maintained. This important
subject is discussed in greater depth in Chapter 5.

3.6 Gas turbines in combined-cycle applications

In the combined-cycle plant, the heat used for boiling the water and super-
heating the steam is obtained from the exhaust of a gas turbine, as
described in Chapter 2. In such plant, unless supplementary firing is used,
the combustion process occurs entirely in the gas turbine. Where supple-
mentary firing is used the relevant control systems take on many of the
characteristics of the oil- or gas-firing systems discussed earlier in the
present chapter.

3.7 Summary

So far, we have looked at the operation of the boiler and studied in
outline the boiler’s steam, water and gas circuits, and all the major items of
plant required for their operation. With this understanding we can now
look at the control and instrumentation systems associated with the plant.
This survey will be structured in much the same way as the preceding
chapters, starting with an overview of an important fundamental: the
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method by which the demand for steam, heat or electrical power 1s
obtained. Afterwards, we shall see how this demand is transmitted to all

the relevant sections of the plant so that the requirements are properly and
safely addressed.

3.8 References

1 NFPA 8502-95: Standard for the prevention of furnace explosions/
implosions in multiple burner boilers. National Fire Protection Association,
Batterymarch Park, Quincy, MA, USA, 1995



Chapter 4

Setting the demand for the steam
generator

4.1 Nature of the demand

The steam generated by the boiler may be used to drive a turbine in a
thermal power-plant, or it may be delivered to an industrial process or a
district-heating scheme (or it may be provided for a mixture of these uses).
Alternatively, the primary purpose of the plant may be to incinerate indus-
trial, domestic or clinical waste, with steam being generated as a valuable
by-product, to drive a turbo-generator or to meet a heating demand. In
each case, the factor that primarily determines the operation of the plant is
the amount of steam that is required. Everything else is subsidiary to this,
although it may be closely linked to it.

The determinant that controls all the boiler’s operations is called the
‘master demand’. In thermal power-plant the steam is generated by
burning fuel, and the master demand sets the burners firing at a rate that is
commensurate with the steam production. This in turn requires the FD
fans to deliver adequate air for the combustion of the fuel. The air input
requires the products of combustion to be expelled from the combustion
chamber by the ID fans, whose throughput must be related to the steam
flow. At the same time, water must be fed into the boiler to match the pro-
duction of steam.

As stated previously, a boiler is a complex, multivariable, interactive

process. Each of the above parameters affects and is affected by all of the
others.
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The way in which the master demand operates is determined both by
the general nature of the plant (is it a power station, an incinerator or a
provider of process steam?), and also by the way in which the boiler is con-
figured within the context of the overall plant (is there only one boiler
meeting the demand, or are several combined?). The nature of the master
demand system depends on the type of plant within which the boiler
operates, and it is therefore necessary to examine it separately for each
type of application. In the following sections we shall deal with the master
demand as used in the following classes of plant:

e power stations;
e combined heat and power (CHP) plants;
e Waste-to-energy (WTE) plants.

We shall see that although all of these require the boiler to be operated to
generate steam, each has its own requirements and constraints.

4.2 Setting the demand in power-station applications

A boiler producing steam for an operating turbo-generator has to ensure
that the machine continually delivers the required electrical energy to the
load. With a combined-cycle gas-turbine plant it is frequently the case that
the power generated by the gas turbines is adjusted to meet the demand,
with the steam turbine making use of all of the waste heat from the
turbines.

With all types of power-generating plant, however, the requirement for
generation will be set, directly or indirectly, by the grid-control centre (or
the ‘central dispatcher’), and the amount of power that is generated will be
related to the local or national demand at that time.

In national networks, power stations are linked together to generate
electrical power in concert with one another. Together they must meet a
demand that is made up of the combined needs of all the users that are
connected to the system (domestic, commercial, agricultural, industrial
etc.). The overall demand will vary from minute to minute and day to day
in a way that is systematic or random, dictated by economic, operational
and environmental factors. This pattern of use relates to the entire
network, and the fact that a large number of power generators and users
are linked via the network has little bearing on the overall demand,
although the extreme peaks and troughs may well be smoothed out. The
interlinking does, however, have operational implications. For example, a
sudden failure of one generating plant will instantly throw an extra
demand on the others.
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In a cold or temperate climate the demand will be based predominately
on the need for light, heat and motive power. In warmer climates and
developed areas it will also be determined by the use of air-conditioning
and, possibly, desalination plant (for drinking-water production).

Figure 4.1 shows how the total electrical demand on the United
Kingdom’s Grid system varies from hour to hour through the day, and
from a warm summer day to a cold winter day. Clearly, in addition to
being affected by normal working patterns, the demand is determined by
the level of daylight and the ambient temperature, both of which follow
basic systematic patterns but which may also fluctuate in a very sudden
and unpredictable manner. Similar profiles can be developed for each
country and will be determined by climate as well as the country’s indus-
trial and commercial infrastructure.

These days, the demand for electricity in a developed nation is also
affected quite dramatically by television broadcasts. During a major
sporting event such as an international football match, sudden upsurges in
demand will occur at half-time and full time, when viewers switch on their
kettles. In the UK this can impose a sudden rise in demand of as much as
2 GW, which is the equivalent to the total output of a reasonably large
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power station. Such a pattern of usage can be predicted to within a few
minutes, and audience predictions are routinely fed to the power-genera-
tion authorities on a daily basis to assist with the provision of adequate
supplies. But if the result of the match requires ‘extra time’ playing there
will be two further peaks before the pattern of consumption returns to
normal an hour or so after the end of the match. This type of demand is
obviously not predictable.

The Grid system has to be managed so that the demand for electricity
is met within statutory limits at all times and under all conditions, and the
available generating plant has to be used in the most economic manner.

Since the privatisation of the electricity supply industry in the UK, the
generation of electricity is based on the demands of a trading system
known as the Pool. This is briefly described below, because the operation of
the Pool determines how cach unit receives demand instructions. The
subject is of critical importance because it governs the operation of the
power plant and, ultimately, its demise. Although the following outline is
based on the UK Pool, other countries use systems based on similar princi-
ples.

4.2.1 Operation of the UK Pool

At 10 a.m. each morning, British generating companies who wish to
trade during the following day submit bids on behalf of each of their
plants, accompanied by information on the capacity available from each
plant and its operational parameters. These bids are then ranked nation-
ally in a form of a league table, with the cheapest generator at the top and
the most expensive at the bottom. This table is termed the ‘merit order’ for
all the generating units that are capable of being connected to the system.
The details of each day’s merit order are transmitted to the body respon-
sible for operating the Grid system, the National Grid Control Centre, and
to the body responsible for the trading systems.

The National Grid Control Centre determines a notional schedule of
the generating plant that is available and, on the basis of this information,
develops a system marginal price (SMP) for every 30-minute period of the
day in question. The SMP is combined with a component which reflects
the scarcity values of generating plant, and from these factors is deter-
mined the selling price for power, the ‘pool selling price’. This takes intc
account the operational costs of the system, known as the ‘uplift costs’. The
uplift includes factors such as the cost of maintaining a security margin of
available power above the demand, the cost of ancillary plant that i
required to maintain voltage and frequency, transmission constraints etc.
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The National Grid Control Centre examines the security of the trans-
mission network that links all the participating generating plant and
consumers, and then plans its operations to ensure that the entire system
operates securely and efficiently.

At the end of this process, the Centre issues instructions to all power
stations connected to the network, setting the generation demand for their
units on a minute-by-minute basis. It is these commands which determine
the earnings of the plant, and within any given plant the boiler and
turbine must respond to them in the most efficient and reliable manner
possible. The load allocated to a unit will be based both on the cost of gen-
eration and on the ability of the plant to respond to demand changes.
Under the right conditions, a unit whose operational costs are high but
which responds quickly will be as likely to receive a load as one which
generates very cheaply but is slow to respond to changes in demand.

4.3 The master demand in a power-station
application

The response of a boiler/turbine unit in a power station is determined by
the dynamic characteristics of the two major items of plant. These differ
quite significantly from each other. The turbine, in very general terms, is
capable of responding more quickly than the boiler to changes in demand.
The response of the boiler is determined by the thermal inertia of its steam
and water circuits and by the characteristics of the fuel system. For
example, a coal-burning boiler, with its complex fuel-handling plant, will
be much slower to respond to changes in demand than a gas-fired one.

Also, the turndown of the plant (the range of steam flows over which it
will be capable of operating under automatic control) will depend on the
type of fuel being burned, with gas-fired units being inherently capable of
operating over a wider dynamic range than their coal-fired equivalents.

The common factor in all these systems, however, is the master
demand which, in addition to sctting the firing rate, regulates the quantity
of combustion air to match the fuel input, and the quantity of feed water to
match the steam production. In the present chapter we shall examine the
master system. Chapters 3, 5, 6 and 7 look at how the commands from the
master system are acted upon by the fuel, draught, feed-water and steam-
temperature systems.

The design of the master system is determined by the role which the
plant is expected to play, and here three options are available. The
demand signal can be fed primarily to the turbine (boiler-following
control); or to the boiler (turbine-following control); or it can be directed
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to both (co-ordinated unit control). Each of these results in a different
performance of the unit, in a manner that will now be analysed.

4.3.1 Boiler-following operation

With boiler-following control, the power-demand signal modulates the
turbine throttle-valves to meet the load, while the boiler systems are
modulated to keep the steam pressure constant. The principles of this
system are illustrated in simplified form in Figure 4.2.

In such a system, the plant operates with the turbine throttle-valves
partly closed. The action of opening or closing these valves provides the
desired response to demand changes. Sudden load increases are met by
opening the valves to release some of the stored energy within the boiler.
When the demand falls, closing the valves increases the stored energy in
the boiler.

In such a system the turbine is the first to respond to the changes. The
boiler control system reacts after these changes have been made, increasing
or reducing the firing to restore the steam pressure to the set value.
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4.3.2 Turbine-following operation

In the turbine-following system (Figure 4.3), the demand is fed directly
to the boiler and the turbine throttle-valves are left to maintain a constant
steam pressure. Particularly in the case of coal-fired plant, this method of
operation offers slower response, because the turbine output is adjusted
only after the boiler has reacted to the changed demand. However, the
turbine-following system enables the unit to be operated in a more efficient
manner and tuning for optimum performance is easier than with the
boiler-following system. It is worth considering for large base-load power
plant (where the unit runs at a fixed load, usually a high one, for most of
the time), or with gas-fired plant where the response is comparatively
rapid.

4.3.3 Co-ordinated unit control

With co-ordinated unit load control (Figure 4.4), the power demand is
fed to the boiler and turbine in parallel, with various constraints built into
each channel to recognise and allow for any dynamic constraints of the
relevant plant. This is a sophisticated technique, which has come into its
own with the development of powerful, fast, and versatile computer
systems. It combines the best features of both the boiler-following and the
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turbinc-following systems. However, its design demands considerable
knowledge of the characteristics and limitations of the major plant items.
Also, commissioning of this type of system demands great skill and care if
the full extent of the benefits is to be obtained. In particular, the rate-of-
change of the demand signals, as well as the extent of their dynamic range,
will need to be constrained to prevent undesirable effects such as the
stressing of pipework because of excessively steep rates-of-change of tem-
perature.

Because of the nature of its operation, the details of a co-ordinated unit
load control system have to be finely matched to the configuration and
characteristics of the plant to which it is fitted. Figure 4.4 shows only the
overall principle of the system: in practice, a wide variety of system config-
urations are in use.

4.3.4 Relative performance

Of the three options described above, the co-ordinated unit load control
system provides the best possible response to changes in demand.
However, because it is so sophisticated its performance is heavily
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dependent on the accuracy of the many pieces of information on which
its operation is based (such as thermal rate-of-change limits in the
turbine). Unless it is regularly readjusted, it can suffer from an inability to
recognise and deal with the steady deterioration in performance that inevi-
tably occurs in each item of plant as it ages.

4.3.5 Comparing the response rates of the systems

As stated above, the co-ordinated unit load controller, when properly
designed, commissioned and maintained, will provide the best possible
response of the unit within the constraints of the plant itself.

Unfortunately, for many practical reasons it is not universally used. In
older plant this type of master configuration may not be available or
practical. In other cases economic or time constraints may have necessi-
tated the use of a simpler régime (the co-ordinated unit system is expensive
to design, and its commissioning requires much time and effort if the
maximum benefit is to be gained from its capabilities).

Where the co-ordinated unit system is not available, the choice lies
between using boiler-following or turbine-following control. Although
they both orchestrate the operation of the boiler and the turbine to meet
changes in demand, the performances of these configurations differ very
considerably from each other, as is explained below.

4.3.5.1 Response of the boiler-following system

When a change occurs in its steam-flow demand, a boiler has to
overcome its own thermal inertia before it can match the change.
Therefore, by using the turbine’s ability to respond more rapidly, the
boiler-following system provides a better response to load changes than the
turbine-following system. After the turbine has responded to the change in
demand, the boiler is commanded to follow on, correcting the steam-
pressure error as quickly as it can.

However, such rapid response is only available for small-scale demand
changes, that is, changes that are within the capacity of the allowable
range of pressure-drop across the throttle valve. Also, the rapid response is
obtained at a cost. When operated in this way, the efficiency of the unit is
inevitably reduced because of the pressure that is dropped across the
throttle valves. The losses are reduced by decreasing this pressure drop,
but this also reduces the scope for meeting sudden changes in demand.

Another problem is that it is not easy to tune the control parameters of
a boiler-following system to obtain optimum overall performance, mainly
because of the interaction between steam pressure and steam flow that
occurs as the turbine and boiler respond to changes.
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Consider what happens when a sudden rise in demand occurs. The first
response is for the throttle valves to be opened. This increases the power
generated by the machine, but it also results in the boiler pressure falling,
and when this happens the boiler control system reacts by increasing the
firing rate. This is all right as far as it goes since, quite correctly, it
increases the boiler steaming rate to meet the increase in demand.
However, as the firing change comes into effect and the steam pressure
rises, the amount of power that is being generated also increases. But as it
has already been increased to meet the demand—and in fact may have
already done so—the power generated can overshoot the target, causing
the throttle valves to start closing again, which raises the boiler
pressure . . ., and so on. :

Various methods have been proposed to anticipate these effects, but
these tend to increase the complexity of the system, and therefore its cost,
with questionable long-term benefit.

4.3.5.2 Response of the turbine-following system

In the simplest version of the turbine-following system the boiler firing
rate, and the rate of air and feed-water admission etc., are all fixed (or, at
least, held at a set value, which may be adjusted from time to time by the
boiler operator), and the turbine throttle valves are modulated to keep the
steam pressure constant. However, when the fuel, air and water flows of a
boiler are held at a constant value the amount of steam that is generated
will not, in general, remain constant, mainly because of the inevitable var-
iations that will occur in parameters such as the calorific value of the fuel,
the temperature of the feed water etc. In the simple turbine-following
system, these variations are corrected by modulation of the turbine
throttle valve to maintain a constant steam pressure, but this results in var-
iations in the power generated by the turbine.

Because the steam-generation rate of its boiler is not automatically
adjusted to meet an external demand, a plant operating under the control
of a simple turbine-following system will generate amounts of power that
do not relate to the short-term needs of the grid system. Such a plant is
therefore incapable of operating in a frequency-support mode, although
this mode of operation may be used where it is not easy, or desirable, to
adjust the fuel input, for instance in industrial waste-incineration plants.

Figure 4.3 shows the preferred option for other types of plant, with the
boiler firing rate (and the input of air and water) being set by the demand
on the unit. Changes in this demand therefore change the boiler’s firing
rate, and a controller then modulates the turbine throttle valve to keep the
steam pressure constant. This technique closes the loop around the power,
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but it does so by directing the changes in demand to the boiler first,
relying on the resulting changes in pressure to change the amount of
power that is generated. As might be expected, because of the slow
reaction time of the boiler, this results in a slower response to load changes
than that of the boiler-following system.

4.4 Load demand in combined heat and power plants

Reference has already been made to the use of gas turbines in combined-
cycle installations. This is a particular example of a ‘co-generation’
scheme: a term applied to dual-purpose plants where heat which would
otherwise be wasted from one process is used in another. In the case of
CCGT plant, the heat exhausted from a gas turbine is used to generate
steam. In CHP plant, heat from a power station is used in another process.
The heat may be taken from the power plant as steam extracted from the
turbine, or it may be the heat abstracted from the condensate.

Co-generation plants are either ‘topping’ or ‘bottoming’ systems. With
the former, the first priority is to generate electricity, and as much use as
possible is made of the heat that would otherwise be wasted in the process.
With the latter, waste heat from some industrial process is used to generate
electricity via a steam generator and turbine.

A steam generator employed in a CHP plant has to serve two masters:
the need for heat, and the demand for electricity generation. In most cases
the former predominates, because the entire raison d’étre of the plant was
probably the need to serve a community or an industrial plant, and the
plant’s ability to generate electricity is of secondary importance (even
though, as a spin-off, it is extremely valuable).

For this reason, the development of a truly effective master-demand
signal for a CHP plant is much more complex than it is with a plant whose
only function is to generate electricity. The needs of all the users have to be
taken into consideration, as must the cost of the steam, heat and electricity
that is produced. Furthermore, it is possible that the way in which the
master demand is configured may need to be modified at some time over
the life of the plant because of changes in fuel prices or alterations in the
requirements of the industrial, commercial or domestic complexes which
benefit from the process.

The wide range of possibilities of interconnecting the various systems
in CHP plant gives rise to very diverse methods of organising the master
demand. Configuring a master-demand signal that takes all the require-
ments into account ought not to be a significant problem, bearing in mind
the power and flexibility that is offered by the modern DCS, but the diffi-
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culty is to obtain enough data on these requirements, and then to ensure
that the information is correct. Quite often it seems that, even if the
options might have been considered at some time, reconciling the various
requirements has proved to be intractable and so a cheap and simple com-
promise has been employed. This may be reasonably effective, and the
plant that is so developed continues to generate heat and power for days on
end, the response to changes in demand seems adequate, and the opera-
tional staff are unprepared to alter anything for fear of rocking the boat.

None of this alters the fact that the expenditure of a few more days (or
even weeks) of effort in front-end definition could have yielded, over the
operational life of the plant, efficiency and performance improvements
that would have amply recovered the cost of development.

4.5 Waste-to-energy plants

The design of master-demand signals of waste-to-energy plants, as
described in Chapter 3, requires very careful attention. The requirements
in this area are somewhat similar to those relating to CHP plants, the
reconciliation of differing operational requirements.

The design of the system may favour consumption of the waste
material, with electricity generation treated as a useful and revenue-
earning by-product, or it may try to maximise the power-generation cap-
ability of the plant. In both cases, however, it is important to recognise the
special characteristics of the plant, in particular, the boiler response.

Because of the nature of its complex fuel-handling system (see Figure
3.14), a waste-to-energy plant cannot be expected to be very responsive to
demand changes. Therefore it is largely impractical to consider the appli-
cation of advanced control logic to the master-demand system for this type
of plant (although various attempts have been made to do so). The most
cost-effective solution is to apply a simple boiler-following system as
described in Section 4.3.1. The reduction in efficiency is negligible (and
even somewhat academic, since not only is the fuel in this type of plant
easily obtained, but also the user is paid for consuming it!). Also, the diffi-
culties of tuning the system (due to the interaction between the steam
generator and the steam user) are less of a problem in this type of installa-
tion, because of the very different dynamic responses of the turbine and
boiler. The difference between the slow response of the boiler and the
quick response of the turbine also simplifies decoupling one from the other
in the optimisation process.
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These factors ease the selection of a master system in waste-to-energy
plants. A basic boiler-following design provides speed and simplicity of
commissioning, and usually performs adequately.

4.6 Summary

In this chapter we have seen how a ‘master demand’ signal is generated
in respect to the nature of the duties that the plant is designed to
undcrtake. This signal is responsible for ensuring that the boiler reacts to
changes in demand, and it must also co-ordinate the operation of each of
the subsidiary systems. The main areas involved in this process are the
combustion and draught systems, the feed-water system and the steam-
temperature control system.

In the next chapter we shall see how the combustion and draught
systems of a boiler react to the demands of the master signal to produce the
required firing rate and how the supply of air keeps in step with the
changes to produce the correct conditions for the combustion of the fuel.
In addition, we shall see how the inlet and exhaust fans are regulated to
maintain the correct pressure in the furnace while all this is going on.



Chapter 5
Combustion and draught control

When considering fired boilers and heat-recovery steam generators it is
clear that in the areas of their steam and water circuits there are many
similarities between them (although the HRSG may have two or more
pressure systems). But when the systems for controlling the heat input are
examined, the two types of plant take on altogether different characteris-
tics. The reason for this is fundamental: within the HRSG, no actual
combustion process is involved, since all the heat input is derived from the
gas-turbine exhaust (except where supplementary firing is introduced
between the gas turbine and the HRSG). The subject of combustion
control, which we shall be examining in this chapter, is therefore only
relevant to fired plant.

Naturally, in a fired boiler the control of combustion is extremely
critical. In order to maximise operational efficiency combustion must be
accurate, so that the fuel is consumed at a rate that exactly matches the
demand for steam, and it must be executed safely, so that the energy is
released without risk to plant, personnel or environment. (The amount of
energy involved in a power plant is considerable: in each second of its
operation a large boiler releases around a billion joules, and in a process of
this scale the results of an error can be catastrophic.)

In this chapter we shall see how the combustion process is controlled to
meet the two objectives defined in the previous paragraph. We shall also
examine the subsidiary systems that maintain the correct operational con-
ditions in the fuel-handling plant of coal-fired boilers.
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5.1 The principles of combustion control

In Chapter 3 we saw that the theoretically perfect combustion of a fucl
requires the provision of exactly the right amount of air needed for
complete combustion of the fuel. For the boiler as a whole this means that
the total amount of air being delivered to the combustion chamber at any
instant matches the total amount of fuel entering that chamber at that
time. For an individual burner it means that the fuel and air being
delivered to the burner are always in step with one another.

On the surface, therefore, it would appear that the matter of combustion
control merely involves keeping the fucl and air inputs in step with cach
other, according to the demands of the master, and if this were true this
role would be adequately addressed by a straightforward flow ratio con-
troller. Unfortunatcly, when the realities of practical plant are involved,
the situation once again becomcs far morc complex than this simple
analysis would suggest.

When the relationship between the fuel and air flowing at any instant
into the furnace is chemically ideal for combustion, the relationship
between the two flows is known as the stoichiometric fuel/air ratio.
Howecver, as stated earlier, it is usually neccssary to opcrate at a fuel/air
ratio that is different from this theorctically optimal value, generally with
a certain amount of excess air. All the samc, cven though more than the
theoretical amount of air has to be provided, any overprovision of air
reduces the efficiency of the boiler and results in undesirable stack
emissions, and must therefore be limited.

The reduction in efficiency is due to losses which are composed of the
heat wasted in the exhaust gases and the heat which is thcoretically
available in the fuel, but which is not burned. As the excess-air level
increases, the heat lost in the cxhaust gases incrcases, while the losses in
unburned fuel reduce (the shortage of oxygen at the lower levels incrcasing
the degree of incomplete combustion that occurs). The sum of these two
losses, plus the heat lost by radiation from hot surfaces in the boiler and its
pipework, is identified as the total loss.

Figure 5.1 shows that opecration of the plant at the point identified at
‘A’ will correspond with minimum losses, and from this it may be assumed
that this is the point to which the operation of the combustion-control
system should be targeted. However, in practice air is not evenly distrib-
uted within the furnace. For example, operational considcrations require
that a supply of cooling air is provided for idle burners and flamc
monitors, to prevent them being damaged by heat from nearby active
burners and by general radiation from the furnace. Air also enters the
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Figure 5.1 Heat losses in a furnace

combustion chamber through leaks, observation ports, soot-blower entry
points and so on. The sum of all this is referred to as ‘tramp air’ or ‘setting
leakage’. If this is included in the total being supplied to the furnace, and if
that total is apportioned to the total amount of fuel being fired, the impli-
cation is that some burners (at least) will be deprived of the air they need
for the combustion of their fuel. In other words, the correct amount of air
is being provided in total, but it is going to places where it is not available
for the combustion process.

Operation of the firing system must take these factors into account,
and from then on the system can apportion the fuel and air flows. If these
are maintained in a fixed relationship with each other over the full range
of flows, the amount of excess air will be fixed over the entire range.

9.1.1 A simple system: “‘parallel control’

The easicst way of maintaining a relationship between fuel flow and air
flow is to use a single actuator to position a fuel-control valve and an air-
control damper in parallel with each other as shown in Figure 5.2. Here,
the opening of an air-control damper is mechanically linked to the
opening of a fuel control valve to maintain a defined relationship between
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Figure 5.2 Simple ‘parallel’ control

fuel flow and air flow. This system is employed in very small boilers, and
a variant allows a non-linear relationship between valve opening and
damper opening to be determined by the shape of a cam, with a range of
cams offering a variety of relationships.

Although this simple system may be quite adequate for very small
boilers burning fuels such as oil or natural gas, its deficiencies become
increasingly apparent as the size of the plant increases.

One limitation of the system is that it assumes that the amount of fuel
flowing through the valve and the quantity of air flowing past the damper
will remain constant for a given opening of the respective devices. In
practice, if a valve or damper is held at a given opening, the flow past it
will change as the applied pressure changes. Furthermore, the flow will
also be affected by changes in the characteristics of the fuel and air,
notably their densities.

Another problem is that the response times of the fuel and air systems
are never identical. Therefore, if a sudden load-change occurs and the two
controlling devices are moved to predetermined openings, the flows
through them will react at different rates. With an oil-fired boiler, a
sudden increase in demand will cause the fuel flow to increase quickly, but
the air system will be slower to react. As a result, if the fuel/air ratio was
correct before the change occurred, the firing conditions after the change
will tend to become fuel-rich until the air system has had time to catch up.
This causes characteristic puffs of black smoke to be emitted as unburned
fuel is ejected to the chimney.

On a load decrease the reverse happens, and the mixture in the combus-
tion chamber becomes air-rich. The resulting high oxygen content could
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lead to corrosion damage to the metalwork of the boiler, and to
unacceptable flue-gas emissions.

5.1.2 Flow ratio control

The first approach to overcoming the limitations of a simple ‘parallel’
system is to measure the flow of the fuel and the air, and to use closed-loop
controllers to keep them in track with each other, as shown by the two con-
figurations of Figure 5.3.

In each of these systems the master demand (not shown) is used to set
the quantity of one parameter being admitted to the furnace, while a con-
troller maintains an adjustable relationship between the two flows (fuel
and air). Either of the flows can be selected to be the one that responds
directly to the master and, in Section 5.1.2.1, we shall see the different
effects that result when fuel flow or air flow is used in this way.

In the system shown in Figure 5.3a a gain block or amplifier in one of
the flow-signal lines is used to adjust the ratio between the two flows. As
the gain (g) of this block is changed, it alters the slope of the fuel-flow/air-
flow characteristic, changing the amount of excess air that is present at
each flow. Note that when the gain is fixed, the amount of excess air is the
same for all flows, as shown by the horizontal line.

In practice, this situation would be impossible to achieve, since some
air inevitably leaks into the furnace, with the result that the amount of
excess air is proportionally greater at low flows than high flows. This
causes the excess-air line to curve hyperbolically upwards at low flows
(much as is shown in Figure 5.35). Practical burner requirements demand
that the quantity of air should always be slightly greater than that which
the theoretical stoichiometric ratio would dictate. The characteristic
would therefore not pass through the origin of the graph as is shown in
Figure 5.3a.

Figure 5.3b shows a different control arrangement working with the
same idealised plant (i.e. one with no air leaking into the combustion
chamber). Here, instead of a gain function, a bias is added to one of the
signals. The effect of this is that a fixed surfeit of air is always present and
this is proportionally larger at the smaller flows, with the result that the
amount of excess air is largest at small flows, as shown. Changing the bias
signal (b) moves the curve bodily as shown.

Each of these control configurations has been used in practical plant,
although the version with bias (Figure 5.3b) exacerbates the effects of
tramp air and therefore tends to be confined to smaller boilers. The
arrangement shown in Figure 5.3a therefore forms the basis of most
practical fuel/air ratio control systems.
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In these illustrations it has been assumed that the master demand is fed
to the fuel valve, leaving the air-flow controller to maintain the fuel/air
ratio at the correct desired value. When this is done, the configuration is
known as a ‘fuel lead’ system since, when the load demand changes, the
fuel flow is adjusted first and the controller then adjusts the air flow to
match the fuel flow, after the latter has changed.

It doesn’t have to be done this way. Instead, the master demand can be
relayed to the air-flow controller, which means that the task of maintaining
the fuel/air ratio is then assigned to the fuel controller. For obvious reasons
this is known as an ‘air-lead’ system.

5.1.2.1 Comparing the ‘fuel-lead’ and ‘air-lead’ approaches

Of the two alternatives described above, the fuel-lead version will provide
better response to load changes, since its action does not depend on the
slower-responding plant that supplies combustion air to the furnace.
However, because of this, the system suffers from a tendency to produce
fuel-rich conditions on load increases and fuel-lean conditions on decreases
in the load. Operating in the fuel-rich region raises the risk of unburned
fuel being ignited in an uncontrolled manner, possibly causing a furnace
explosion. Whereas operating with too much excess air, while not raising
the risk of an uncontrolled fire or an explosion, does cause a variety of
other problems, including back-end corrosion of the boiler structure, and
undesirable stack emissions.

The air-lead system is slow to respond because it requires the draught
plant to react before the fuel is increased. Although this avoids the risk of
creating fuel-rich conditions as the load increases, it remains prone to such
a risk as the load decrcases. However, the hazard is less than for the fuel-
lead system.

A further limitation of these systems (in either the fuel-lead or air-lead
version) is that they offer no protection against equipment failures, since
these cannot be detected and corrected without special precautions being
taken. For example, in the fuel-lead version, if the fuel-flow transmitter
fails in such a way that it signals a lower flow than the amount that is
actually being delivered to the furnace, the fuel/air ratio controller will
attempt to reduce the supply of combustion air to match the erroneous
measurement. This will cause the combustion conditions to become fuel-
rich, with the attendant risk of an explosion. Conversely, if the fuel-flow
transmitter in the air-lead system fails low, the fuel controller will attempt
to compensate for the apparent loss of fuel by injecting more fuel into the
furnace, with similar risks.
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These are just some of the failure characteristics which the basic system
design cannot address. Although the self-diagnostic features incorporated
in modern transmitters can be arranged to raise an alarm and trip the
burners, or operate the plant in a protected mode, until the fault has been
corrected, it would be preferable to employ a system which has greater
inherent abilities to deal with failures both in the plant and in its control
and instrumentation equipment.

The so-called ‘cross-limited’ combustion control system addresses these
factors in a very comprehensive way, as described in the following section.

5.1.3 Cross-limited control

Figure 5.4 shows the principles of the cross-limited combustion control
system. Individual flow-ratio controllers (7, 8) are provided for the fuel
and air systems, respectively. Ignoring for the moment the selector units
(5, 6) and the fuel/air ratio adjustment block (4), it will be seen that the
master demand signal is fed to each of these controllers as the desired-
value signal, so that the delivery of fuel and air to the furnace continually
matches the load. Because fuel flow and air flow are each measured as part
of a closed loop, the system compensates for any changes in either of these
flows that may be caused by external factors. For this reason it is
sometimes referred to as a ‘fully metered’ system. The effect of the fuel/air
ratio adjustment block (4) is to modify the air-flow signal in accordance
with the required fuel/air relationship.

So far, the configuration performs similarly to the basic systems shown
in Figure 5.3. The difference becomes apparent when the maximum and
minimum selectors are brought into the picture. Remembering the
problems of the differing response-rates of the fuel and air supply systems,
consider what happens when the master demand signal suddenly requests
an increase in firing. Assume that, prior to that instant, the fuel and air
controllers have been keeping their respective controlled variable in step
with the demand, so that the fuel-flow and modified air-flow signals are
each equal to the demand signal. When the master demand signal
suddenly increases, it now becomes larger than the fuel-flow signal and it is
therefore ignored by the minimum-selector block which instead latches
onto the modified air-flow signal (from item 4). The fuel controller now
assumes the role of fuel/air ratio controller, maintaining the boiler’s fuel
input at a value that is consistent with the air being delivered to the
furnace. The air flow is meanwhile being increased to meet the new
demand, since the maximum-selector block (6) has latched onto the rising
master signal.
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On a decrease in load, the system operates in the reverse manner. The
minimum-selector block locks onto the collapsing master and quickly
reduces the fuel flow, while the maximum-selector block chooses the fuel-
flow signal as the demand for the air-flow controller (8), which therefore
starts to operate as the fuel/air ratio controller, keeping the air flow in step
with the fuel flow.

Analysis of the system will show that it is much better able to deal with
plant or C&I equipment failures. For example, if the fuel valve fails open,
the air controller will maintain adequate combustion air to meet the
quantity of fuel being supplied to the combustion chamber. This may
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result in overfiring but it cannot cause fuel-rich conditions to be created
in the furnace. Similarly, if the fuel-flow transmitter fails low, although the
fuel controller will still attempt to compensate for the apparent loss of
fuel, the air flow controller will ensure that adequate combustion air is
supplied.

The system cannot compensate for all possible failures, but it provides
a much higher level of protection than any of the simpler systems
described earlier, and when coupled with self-checking diagnostics and
proper fault-detection techniques it provides a high degree of safety.

5.1.3.1 Using gas analysis to vary the fuel/air ratio

In the systems shown in Figures 5.3 and 5.4, the relationship between the
fuel and air quantities is manually adjusted, either the gain or the bias is
altered to change the combustion conditions. With such systems, if the
adjustment factor is set wrongly, or if changes outside the system dictate
that the fuel/air ratio should be altered, no provision exists for automatic
correction, and the right combustion conditions can only be restored by
manual intervention. To improve performance and safety, some form of
automatic recognition and correction of these factors would be prefer-
able.

If the fuel/air ratio is incorrect, combustion of the fuel will be affected
and the results will be observable in the flue gases. This indicates that an
effective way of optimising the combustion process is to change the fuel/air
ratio automatically in response to measurements of the flue-gas content.

For all fossil-fuelled boilers, the oxygen content of the flue gases
increases as the excess-air quantity is increased, while the carbon dioxide
and water content decreases. The carbon monoxide content of the boiler’s
flue gases is a direct indication of the completeness of the combustion
process and systems based on the measurement of this paramcter have
long been recognised as an effective mechanism for improving combustion
performance in coal and oil-fired boiler plant [1]. However, experience
indicates that the use of this gas as a controlling parameter is less advanta-
geous in boilers fired on natural gas [2].

Measurement of the flue-gas oxygen content often provides a good indi-
cation of combustion performance, but it must be appreciated that the
presence of ‘tramp air’ due to leakages into the combustion chamber can
lead to anomalous readings. In the presence of significant leakage,
reducing the air/fuel ratio to minimise the flue-gas oxygen content can
result in the burners being starved of air. This is an area where systems
based on carbon monoxide measurements provide better results since the
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carbon monoxide content of the gases is a direct indication of combustion
performance and is unaffected by the presence of tramp air.

A system which adjusts the fuel/air ratio in relation to the flue-gas
oxygen content is shown in Figure 5.5. The oxygen measurement is fed to a
controller (5) whose output adjusts the fuel/air ratio by varying the multi-
plying factor of a gain block (8).

The transmitters used for measuring flue-gas oxygen are usually based
on the use of zirconium probes, whose conductivity is affected by the
oxygen content of the atmosphere in which they are installed. True two-
wire 4—20 mA analysers are now available (Figures 5.6 and 5.7), and are
both accurate and reliable.

The flue gases leave the combustion chamber through ducts of consider-
able cross-sectional area and it is inevitable that a significant degree of
stratification will occur in the gases as they flow to the chimney. Air
entering the furnace through the registers of idle burners will tend to
produce a higher oxygen content in the gases flowing along one area of the
duct than will be present in another area, where fewer burners may be
idle.

It is therefore necessary to take considerable care that any gas analysis
provides a truly representative sample of the average oxygen content, and
this demands that great care should be exercised over the selection of the
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Figure 5.5 Oxygen trimming of fuel/air ratio
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Figure 5.6 Anin-situ oxygen analyser
© Fisher Rosemount Ltd. Reproduced by permission

location of the analyser. With larger ducts it may be necessary to provide
several analysers. The signals from these can be combined, or the operator
can be given the facility to select one or more of them for use.

A better option is now available. The power and flexibility of modern
computer-based control systems allows for truly intelligent sampling to be
applied, where the system recognises the dynamic status of the plant, such
as which burners are being fired, and automatically selects the analyser
signal to be used, or intelligently mixes the analyser signals to optimise per-
formance. The installation of such a system requires careful observation of
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the plant performance over an extended period and the development and
subsequent application of a suitable system based on those observations.

Although such techniques are possible. Despite the considerable
advances that have been made in gas-analyser technology over the past
few years, fuel/air ratio trimming on the basis of gas analysis is still treated
with some reservation. It is generally accepted that the measurements may
occasionally fail or be misleading and for this reason it is usual to allow
manual intervention in the absence of reliable oxygen control. In Figure
5.5 this facility is ‘provided by the hand/auto station (7). In addition, a
maximum/minimum limiter block (6) restricts the amount of adjustment
that is permitted, to constrain the effects of anomalous or invalid measure-
ments or incorrect control actions.

This system also characterises the set-value signal for the oxygen con-
troller over the boiler’s load range by means of a function block (4),
providing for higher excess-air operation at low loads. The indication of
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boiler load may be obtained from either steam flow or air flow, and the
exact shape and parameters of the oxygen versus load characteristic will
be defined by the boiler designer or process engineer.

In practice, facilities may also be incorporated to allow the operator to
adjust the system by biassing the load signal upwards or downwards at any
given point to yield better combustion with reduced stack emissions.

Because the oxygen content of air is 21% by volume (or roughly 23%
by weight), a given change in oxygen content represents approximately
five times that change in terms of excess air. Since it is indeed air flow that is
being controlled, the oxygen loop must recognise the presence of this high-
gain component, and the gain of the controller (5) should be set at a kick-
off low value (typically 0.25, or a proportional band of 400%). The time
constants of the fuel/air/flue-gas system are long, and the integral term of
the oxygen controller will therefore also tend to be long.

5.1.3.2 Combining oxygen measurement with other parameters

The use of an oxygen-trim signal on its own can be misleading, for the
reasons noted earlier, and better performance can be obtained by
combining oxygen trim with the opacity of the flue gases, since reducing
the air flow eventually results in the production of visible smoke. However,
it is usually undesirable to operate a boiler in the region where smoke is
being produced, and an improvement is to adjust the air flow on the basis
of another parameter, such as carbon monoxide.

Figure 5.8 shows how the carbon monoxide and oxygen measurements
can be combined to trim the fuel/air ratio. Basically, the system comprises
two gas-analysis controllers (6 and 10) whose sct-value signals are deter-
mined in relation to the boiler load (via function generators 5 and 7).
However, the set value for the oxygen controller is also trimmed by the
output of the carbon monoxide controller (the two signals being combined
in summator 9). Hand/auto facilitics enable the system to operate with
both analysers in command, or with only oxygen trim in service (the CO
controller being on manual at hand/auto station 8), or with fully manual
fuel/air ratio adjustment (hand/auto station 12 being on manual, to
isolate both gas-analysis controllers).

In another variant of this system, either of the two flue-gas analysis con-
trollers can be selected for operation, either by manual intervention or
automatically by means of a maximum-selection function.

5.1.3.3 Using carbon-in-ash measurements

In boilers burning solid fuels, the carbon content of the ash has tradition-
ally been used to provide an indication of the completeness of combustion,
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since any carbon remaining in the ash indicates that incomplete combus-
tion has occurred. Until comparatively recently, accurate online carbon-
in-ash sampling was not possible and measurement of this parameter
required manual sampling and analysis. With the emergence of online
analysers the picture has changed, and tests have indicated that online
measurement can play a useful part in optimising the combustion process
[3]. In addition, analysis of unburned carbon can indicate whether the
coal mills (pulverisers) require adjustment. However, the long transfer-
time constants of the combustion process coupled with the comparatively
slow response of the instruments and problems of stratification [4] suggest
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that this technique is only useful for long-term correction of firing, where
relatively stable load conditions can be maintained for extended periods.

5.1.4 Multiple-burner systems

The systems that have been described so far are based on the adjustment
of the total quantity of fuel and air that is admitted to the combustion
chamber. This approach may suffice with smaller boilers, where adjust-
ment of a single fuel valve and air damper is reasonable, but larger units
will have a multiplicity of burners, fuel systems, fans, dampers and com-
bustion-air supplies. In such cases proper consideration has to be given to
the distribution of air and fuel to each burner or, if this is not practical, to
small groups of burners. Again, suitable standards have been developed by
the NFPA for the design of the plant and control systems of such boilers
[5].

The concept of individually controlling air registers to provide the
correct fuel/air ratio to each burner of a multiburner boiler has been
implemented, but in most practical situations the expense of the instru-
mentation cannot be justified. Oil and gas burners can be operated by
maintaining a defined relationship between the fuel pressure and the dif-
ferential pressure across the burner air register (rather than proper flow
measurements), but even with such economies the capital costs are high
and the payback low. The need to provide a modulating actuator for each
air register adds further cost.

A more practical option is to control the ratio of fuel and air that flows
to groups of burners. Figure 5.9 shows how the principles of a simple cross-
limited system are applied to a multiburner oil-fired boiler. The plant in
this case comprises several rows of burners, and the flow of fuel oil to each
row is controlled by means of a single valve. The combustion air is
supplied through a common windbox, and the flow to the firing burners is
controlled by a single set of secondary-air dampers.

In most respects the arrangement closely resembles the basic cross-
limited system shown in Figure 5.4, with the oil flow inferred from the oil
pressure at the row. A function generator is used to convert the pressure
signal to a flow-per-burner signal, which is then multiplied by a signal
representing the number of burners firing in that row, to yield a signal
representing the total amount of oil flowing to the burners in the group.

The system operates in exactly the same way as the basic configuration
of Figure 5.4, and it is repeated for each row of burners, so that the ratio of
total fuel-oil flow to total air flow entering the boiler is maintained at the
desired value. The master demand and the oxygen-trim signals are fed to
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all the rows to keep the firing rate in step with the load demand and the
flue-gas oxygen content at the correct level.

This basic configuration is not restricted to oil-fired boilers. It can also
be used with gas-fired plant and it can be applied to systems burning a
mixture of fuels, with suitable modifications as will now be described.

5.2 Working with multiple fuels

The control systems of boilers burning several different types of fuel have
to recognise the heat-input contribution being made at any time by each of
the fuels, and the arrangements become more complicated for every addi-
tional fuel that is to be considered.
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Figure 5.10 shows a system for a boiler burning oil and gas. The similari-
ties to the simple cross-limited system are very apparent, as are the
commonalities with the fuel-control part of the multiburner system (shown
within the chain-dotted area of Figure 5.9).

The cross-limiting function is performed at thc minimum-selector
block (5) which continuously compares the master demand with the
quantity of combustion air flowing to the common windbox of the burner
group. The gain block (6) translates the air flow into a signal representing
the amount of fuel whose combustion can be supported by the available
secondary air.
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Figure 5.10  Controlling multiple fuels ( one burner group shown)
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The selected signal (the load demand or the available air) ultimately
forms the desired value of both the gas and oil closed-loop controllers. But,
before it reaches the relevant controller a value is subtracted from it, which
represents the heat contributed by the other fuel (converted to the same
heat/m® value as the fuel being controlled). The conversion of oil flow to
equivalent gas flow is performed in a function generator (10), while the
other conversion is performed in another such block (14). Each of the two
summator units (11 and 13) algebraically subtracts the ‘other-fuel’ signal
from the demand.

Note that, in the case of this system, the gas pressure signal is compen-
sated against temperature variations, since the pressure/flow relationship
of the gas is temperature-dependent.

As before, each fuel-flow signal represents the flow per burner and so it
has to be multiplied by the number of burners in service in order to
represent the total fuel flow.

These diagrams are highly simplified, and in practice it is necessary to
incorporate various features such as interlocks to prevent overfiring and to
isolate one or other of the pressure signals when no burner is firing that
fuel. (This is because a pressure signal will exist even when no firing is
taking place.)

5.3 The control of coal mills

So far, we have looked at boilers where the input of fuel can be measured
and where its flow can be regulated by means of one or more valves. With
boilers burning coal, the mill (or pulveriser) system must be taken into
consideration. The mills have already been described in Chapter 3, now
we shall look at how they are controlled.

But first it has to be understood that, because the mill has to meet
defined performance guarantees, the control strategy to be applied in a
given installation must be developed in association with the manufacturer
of the mill. Once that strategy has been agreed it must be applied to each
of the mills that feed the boiler. The demand is fed in parallel to all the mill
sub-systems, with facilities for biassing the signal to any one of them with
respect to the others.

5.3.1 The‘load line’

The drop in pressure experienced by air flowing through a mill will be
determined by the geometry of the mill, the amount of coal in it and the
volume of air flowing through it. Figure 5.11 shows schematically that a
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Figure 5.11  Effect of coal load and air flow on cross-mill differential pressure

high pressure-drop across the mill may be the result of a high coal load in
the mill or a high air flow through it, or a combination of both. The air-
flow rate will bear a square-law relationship to the differential pressure
across the mill, and the differential pressure across a restriction such as a
flow nozzle or an orifice plate will also have a square-law relationship with
the air flow. From this, it can be appreciated that the characteristic curve
relating the mill differential pressure and the primary-air differential
pressure will be a straight line. This is called the ‘load line’ and is specific to
a given design of mill operating under defined conditions. The manufac-
turer will define the correct load-line parameters and scales for a given
design of mill.

5.3.1.1 Load control strategies for pressurised mills

With pressurised mills, some control systems operate on the principle of
comparing the two differential-pressure signals and modulating the feeder
speed to keep the relationship between the two in track with the load line,
as shown in Figure 5.12. The methods of varying the speed of the feeder
include variable-ratio gearboxes or variable-speed motors.
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The speed of the feeder is sometimes fed back to the master system as
an indication of coal flow, to provide a degree of closed-loop operation. It
is not a perfect solution, since a change in the calorific value of the coal
cannot be determined by this system. But, in the absence of reliable and
fast systems for measuring the heat input from coal, it is as good as can be
achieved.

Although the system described above provides an adequate method of
control, it cannot deal with changes in the primary-air (PA) flow caused
by external factors. Therefore, if the PA flow changes, the system must
wait for the resulting change in steam pressure before a correction can be
made.

An approach to overcoming this limitation is to provide closed-loop
control of the primary-air flow, as shown in Figure 5.13. Here, because the
system detects and immediately reacts to changes in PA flow, and adjusts
the flow-control damper to compensate, disturbances to steam production
are minimised. Again, a feeder-speed signal, representing fuel flow, is fed
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back to the master system to provide closed-loop correction of speed
changes, which would otherwise introduce disturbances to the steam
pressure.

Both of these systems adjust the feeder speed after the PA flow has been
changed, and this can lead to delayed response to changes in demand.
Figure 5.14 shows a system that adjusts the feeder speed in parallel with the
PA flow. This also shows some practical refinements: a minimum-limit
block that prevents the PA flow from being reduced below a predeter-
mined limit, and a minimum selector block which prevents the coal feed
being increased above the availability of primary air (the bias unit sets the
margin of air over coal).

5.3.1.2 Load control systems for suction mlls

In broad terms, the load-control stratcgies for suction mills follow similar
principles to those of the pressurised mills as described above. A very
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simple technique is to adjust the speed of the coal feeder in parallel with
the flow through the exhauster, as shown in Figure 5.15. Here again, the
feeder speed is returned to the master system to correct for speed variations
that would otherwise disturb the steam pressure.

This system provides open-loop operation of the mill and, once again,
improved performance can be achieved by the use of a closed loop around
the air flowing through the mill, as shown in Figure 5.16. In this system, an
additional control loop maintains a constant air pressure at the mill inlet.

With these systems, it is again necessary to feed back to the master
system a signal that represents the input of fuel from the mill to the
combustion chamber. Feeder speed provides this function, and thereby
minimises steam-pressure disturbances.

5.3.2 Mull temperature control

It is very important that the temperature of the air in the mill should be
maintained within close limits. For many reasons, including inadequate
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drying of the coal, combustion efficiency will be reduced if the temperature
is too low, while too high a temperature can result in fires or explosions
occurring in the mill. The control techniques for both pressurised and
suction mills involve mixing hot and cold air streams to achieve the correct
temperature. However, whereas pressurised coal mills require the use of
two dampers for this purpose (one controlling the flow of hot air, the other
the cold air) in a suction mill only one damper needs to be adjusted, to
admit more or less cold air into the stream of hot air being drawn into the
mill by the exhausters.

Figure 5.17 shows a temperature control system for a pressurised mill,
with one actuator provided for the hot-air damper and another for the
tempering-air damper.

Sometimes the two dampers are linked mechanically and positioned by
a single actuator. The use of two separate actuators adds cost, but allows
for a greater degree of operational flexibility since it allows the opening of
each damper to be biassed with respect to the other from the central
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Figure 5.17  Mill temperature control
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control room. This enables the operator (or a sophisticated control
system) to optimise mill performance whilst still maintaining the mill tem-
perature at the correct value.

5.3.3 Controlling multiple mills and multiple fuels

Large coal-fired boilers are provided with several coal mills, each of
which has its own control subsystem as described above, and in addition
they invariably burn other fuels as well as coal.

Figure 5.18 shows the mill-control system of such a plant in simplified
form. It is presented here to illustrate a requirement that is an integral
part of boiler control systems: the need to handle applications where a
single controller sends commands to several subloops in parallel, and
where any of the subloops may be isolated at will from the controller.

Here, each mill feeds a group of burners (say six), and each of these
groups may also fire fuel-oil. Since, at any given time, any mill group may
be out of service, operating at a fixed throughput, or otherwise requiring
independence from the other groups, the overall loop gain will change,
and this is addressed by the gain-compensation block (item 4) in the
master-demand signal line. The demand signal from this block is fed to
each group via individual hand/auto stations, one for each mill group
(item 10).

The output of each of these stations eventually becomes the desired
value for the relevant primary-air flow controller (17), but first the heat
contribution from any oil burners firing in that group must be taken into
consideration. This input is derived from a measurement of the oil pressure
at the burners in the group (1), converted to represent the oil flow per
burner (by means of function block 2) and then multiplied (4) by the
number of oil burners in that group that are firing at the time. The
resulting signal is then converted (9) to represent the amount of coal that
would equate to that quantity of oil, and this is subtracted from the master
demand (block 12) to represent the amount of coal firing that is needed
from the group. This firing demand is prevented from falling below a safe
predetecrmined value (minimum-limit block 15).

By accounting for the oil firing, the opening of the primary-air damper
is immediately adjusted if an oil burner trips, or if one is brought into
service, to compensate for the change, without waiting for the heat-input
effects to be detected via the master-pressure controller.

5.3.3.1 The challenge of hand/auto changeover

The heat input from a large coal mill can be as much as 100 MW, but
the mechanical design of the mill and its auxiliaries is such that it can vary
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Figure 5.18 A comprehensive mill control system ( one mill group shown, excluding
temperature control)
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the throughput by only a comparatively small amount, certainly no more
than 50%. Therefore, the introduction of one mill to the heat input of such
a boiler amounts to a step change of as much as 50 MW, and the change in
throughput that can be smoothly modulated is also 50 MW. Such large
step-changes require efficient modulation of any other fuels that are being
fired at the same time.

These factors make it impractical to consider starting up more than
one mill at a time and require the facility of allowing any mill to be
operated under manual or automatic control, independent of the others.
This brings about a severe challenge to the DCS software.

The master demand is fed in parallel to several subloops, one for each
mill group. On start-up of the plant all of these will be under manual
control. When the mill has reached a throughput of roughly 50% of its
capacity, or when other conditions determine that automatic control is
now possible, the operator will switch the master demand into service. The
difficulty is that up to that instant, the system cannot be made aware of
which mill group is about to be transferred to respond to the master signal,
and each group may be operating at a very different throughput from any
other.

While a loop is being transferred from manual to automatic control
(or vice versa), it is important that the plant is not subjected to a sudden
disturbance. At the moment of changeover, the ‘hand’ and ‘automatic’
signals must be equal. This is called ‘bumpless transfer’, and it can be
achieved by providing the operator with indications of both signals so that
they can be made equal before changeover is initiated. However, such a
system would not be acceptable in most cases, since the process of
changing from one mode of control to another should be as quick and
simple as possible, and should not require the operator to unduly disturb
the operation of the plant.

To achieve what is know as ‘procedureless, bumpless transfer’ from
manual to automatic control, a common technique is to make the con-
troller output follow (or ‘track’) the manual demand, so that when the
system is switched to automatic the signal to the actuator is not subjected
to a sudden change.

This is easy enough with a single controller positioning a single
actuator, but what happens when one controller commands several
~subloops as shown in Figure 5.18? It is clearly impossible to force the
master controller output to adopt a value that cannot be known ahead of
time, or to change the output of the controller if it is already modulating
one or more mills.

This problem is frequently not recognised by DCS vendors who have
little or no experience of boiler control, and it can be quite difficult to



Combustion and draught control 91

explain it to them. But understanding it and resolving it are absolutely
essential if the system is to be expected to operate smoothly and with
minimal operator intervention. Various solutions have been developed,
such as ‘freezing’ the master demand while the transfer is effected and
gradually ramping one signal up or down to match the other. It is
important, however, that the DCS vendor should be able to demonstrate
the solution offered within their system, and that they should be able to
demonstrate its use on an existing power plant.

5.3.3.2 Complexity of screen displays

In considering the operator displays associated with a system such as that
shown in Figure 5.18, attention should be given to the vast amount of infor-
mation that must be provided. The diagram given here is necessarily
simplified, and excludes the many interlocks and other functions that are
required in reality. When a practical plant is considered it soon becomes
apparent that accommodating the amount of information and control
facilities can lead to very cluttered display screens.

Clearly, the mill groups are carbon copies of each other, varying only
in respect to the tag numbers of each item and the dynamic information
relating to each area of the plant. It is therefore reasonable to display only
one group at a time on the screen, allowing it to be started, adjusted or
stopped as required. However, to avoid making any mistakes, the operator
should be very clearly and unambiguously informed of which group is
displayed at any time. Also, a master display should enable the operator to
view the status of the entire set of mills feeding the boiler.

The development of these operator displays is therefore unusually
demanding and if insufficient time or money is allocated to the perfor-
mance of this task the results can be at best unwieldy and at worst
dangerous.

5.4 Draught control

In Chapter 3 we saw that, in a fired boiler, the air required for combustion
is provided by one or more fans and the exhaust gases are drawn out of the
combustion chamber by an additional fan or set of fans. On boilers with
retro-fitted flue-gas desulphurisation plant, additional booster fans may
also be provided. The control of all these fans must ensure that an
adequate supply of air is available for the combustion of the fuel and that
the combustion chamber operates at the pressure determined by the boiler
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designer. In a fluidised-bed boiler the air must also provide the pressure
required to maintain the bed in a fluid state.

All of the fans also have to contribute to the provision of another
important function— purging of the furnace in all conditions when a
collection of unburned fuel or combustible gases could otherwise be acci-
dentally ignited. Such operations are required prior to light-off of the first
burner when the boiler is being started, or after a trip.

The control systems for the fans have to be designed to meet the require-
ments of start-up, normal operation and shut-down, and to do so in the
most efficient manner possible, because the fans may be physically large
and require a large amount of power for their operation (several MW in
some cases). In addition, as we saw in Chapter 3, the performance con-
straints of the fans, such as surge and stall, have to be recognised, if
necessary by the provision of special control functions or interlocks.

Chapter 3 also described the mcthods of controlling the throughput of
the fans, i.e. pitch-control, dampers, vanes or speed adjustment. In the
present chapter we shall examine how these elements are adjusted to
address the operational requirements of the boiler.

54.1 Maintaining the furnace draught

Apart from supplying air to support combustion, the FD fans have to
operate in concert with the ID fans to maintain the furnace pressure at a
certain value. The heavy solid line of Figure 5.19 shows the pressure profile
through the various sections of a typical balanced-draught boilcr system.
It shows the pressure from the point where air is drawn in, to the point
where the flue gases are exhausted to the chimney, and demonstrates
how the combustion chamber operates at a slightly negative pressure,
which is maintained by keeping the FD and ID fans in balance with each
other.

If that balance is disturbed the results can be extremely serious. Such
an imbalance can be brought about by the accidental closure of a damper
or by the sudden loss of all flames. It can also be caused by maloperation of
the FD and ID fans. The dashed linc on the diagram shows the pressure
profile under such a condition, which known as an ‘implosion’. The results
of an implosion arc extremely serious because, even though the pressures
involved may be small, the surfaces over which they are applied are very
large and the forces exerted become enormous. Such an event would
almost certainly result in major structural damage to the plant.
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Figure 5.19  Draught profile of a boiler and its auxiliary plant

5.4.2 Fan control

The throughput of two fans operating together can be regulated by a
common controller or by individual controllers for each fan. Although a
single controller cannot ensure that each fan delivers the same flow as its
partner, this configuration is much simpler to tune than the alternative,
where the two controllers can interact with each other and make optimisa-
tion extremely difficult. Whichever option is used, the control system must
be designed to provide sufficient air to support combustion.

In the simplest case, the fan or fans will be driven by a cross-limited
system (see Figure 5.4), but wit