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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 staffofsuch 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 thatcombine 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 ofvohs. 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 worse orE. 
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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 pie, 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'. 



A b b r e v i a t i o n s  and  t e r m s  
u s e d  in th i s  b o o k  

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 is provided in an at tempt  to help readers understand the abbreviations 
and some of the terms that  are used in the text and elsewhere in the 
industry. 

loo2 
2oo2 
2oo3 
AC 
ASCII 

ADC 
A/M 
BSI 
C&I 
CCR 
CCGT 
CE 
CHP 

CMR 
CPU 
DAC 
DC 
DCS 

one-out-of-two voting 
two-out-of-two voting 
two-out-of-three voting 
alternating current 
American Standard Code for Information Interchange (a 
standard defining the codes used for communication between 
computers and between computers and their peripherals) 
analogue-to-digital converter 
auto/manual control facility 
British Standards Institution 
control and instrumentation 
central control room 
combined-cycle gas-turbine plant 
European Community 
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) 
continuous maximum rating (also MCR) 
central processing unit 
digital-to-analogue converter 
direct current 
distributed control system 
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deterministic 

DV 
EEPROM 
EMC 
EMI 
FAT 
FD 
FDS 
FWR 
H / A  
HP 

HRSG 
IC 
ID 
IEC 
IEE 
IEEE 
IP 
ISO 
i/o 
KKS 

LAN 
LED 
load 

LP 
machine 
MCB 
MCR 

mill 

MTBF 
M T T R  
MV 
P&ID 
PCB 
PF 

A deterministic system 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 barg) 
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 
Kraf twerk 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) 
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PLC 
PSU 
pulveriser 

PV 
RAM 
RDF 
RFI 
R O M  
RTC 
SAT 
SCADA 
TUV 

UART 

UL 
UPS 
VDU 
WTE 

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 UberwachungsVerein (GermanTechnical 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) 

Reference  

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 

T h e  b a s i c s  o f  s t e a m  g e n e r a t i o n  
and  u s e  

1.1 W h y  an  u n d e r s t a n d i n g  o f  s t e a m  is  n e e d e d  

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 
steam, 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 Boil ing: the  change  o f  s ta te  f r o m  w a t e r  to s t e a m  

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 
sensible 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 is 
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. 

I f  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 U K  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 ofvapour and 0.1 kg of water, the dryness fraction 
is 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 T h e  n a t u r e  o f  s t e a m  

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 generating 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 
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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 while 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 energy 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 temperature ( T~ ) falling, the 
other being a bottomless cold sink at a temperature (7-2) 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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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 (Tl). 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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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 [I]. 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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Figure 1.4 The Rankine cycle in a steam-turbine power plant 

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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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 S u m m a r y  

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 

T h e  s t e a m  a n d  w a t e r  c i r c u i t s  

2.1 S t e a m  g e n e r a t i o n  and  u s e  

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. O f  course, with H R S G  plant no radiant energy is available 
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(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 s team/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 Th e  s t e a m  t ur b ine  

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 intermediate stage of the 
machine (the H P  or IP stage, respectively) is returned 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 (I,P) stage. Because the energy 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 thc steam 
generator, and it is therefore passed to a condenser where it is finally 
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Figure 2.3 Symbolic representation of a turbine 

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 freezing on roads. 

2.3 The  c o n d e n s a t e  and f e e d - w a t e r  s y s t e m  

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 ofdeaerator  
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 (N2H4) and sodium 
sulphite (Na2SOs) have been used for oxygen removal (although 
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Figure 2.5 Principle of a deaerator 

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 T h e  feed  p u m p s  and  v a l v e s  

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 purely on economic grounds. 

2.5 T h e  w a t e r  and  s t e a m  c i r c u i t s  o f  H R S G  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 T h e  f u r n a c e  

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 (NO2) 
and nitric oxide (NO). These gases (plus nitrous oxide, NzO) are collec- 
tively called nitrogen oxides, or NOx for short, and because they are often 
blamed for various detrimental effects on the environment a high level of 
attention must be given tominimising their production. 

Unfortunately, high combustion efficiencies invariably correspond with 
the production of high levels of nitrogen oxides, and therefore NOx 
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 -t-30 °, al though the degree of movement  
employed in practice is usually restricted during commissioning. 
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The downside of tilting is that burners - -wi th  their fuel and air 
supplies, igniters, flame monitors e t c . - - a r e  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 T h e  air  and  gas  c i rcu i t s  

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 Ljungstr6m 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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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 o f 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 gases to the stack. 
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Figure 3.2 Air heater leakage 
© Howden Sirocco Ltd. Reproduced with permission 
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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 Axialz[low 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 affects only axial-flow fans. However, centrifugal t~ns 
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. 
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Figure 3.6 The stall 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 selection of 
the controlling device which is to be used in a given application will be a 
trade-offbetween 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 muhibladed 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 pertbrmance 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 
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3.3 Fuel sys tems  

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 in 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 
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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 mills 

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 Oil-firing 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 Gas-firing 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 is 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 bubblingfluidised-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- 
istics. 

Class 1: 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 main burner that it is igniting. This class is also referred to as a'Continuous 
Igniter'. 

Class 2: (also referred to as an 'intermittent igniter'): 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 fiJll-load burner input and may also be 
used to support combustion of the fuel at low loads or under a defined range of 
adverse operating conditions. 

Class 3: Small igniters, 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 FD 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 
subsequently 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 he taken to ensure 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. Moreover, 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 /o r  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 is 
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 

Sett ing the d e m a n d  for the s t e a m  
generator  

4.1 N a t u r e  o f  the  d e m a n d  

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: 

• power stations; 
• combined heat and power (CHP) plants; 
• 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 each 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 ol 
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 oJ 
available power above the demand, the cost of ancillary plant that L, 
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 T h e  m a s t e r  d e m a n d  in a p o w e r - s t a t i o n  
a p p l i c a t i o n  

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 setting 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. 

Power/frequency 
demand I 

.... J Generator 

Figure 4.2 'Boiler foUowing' system 
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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 opt imum performance is easier than with the 
boiler-foUowing 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 

L 
6) 

Figure 4.3 'Turbine foUowing' system 
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Figure 4.4 'Co -ordinated unit control' system 

turbine-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 r~gime (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 d e m a n d - - a n d  in fact may have 
already done s o - - t h e  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 d e m a n d  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'etre 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 staffare 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 
undertake. 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 fuel 
requires the provision of exactly the right amount of air needed tbr 
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 fuel and air inputs in step with each 
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. Unfortunately, when the realities of practical plant are involved, 
the situation once again becomes far more 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. 
However, as stated earlier, it is usually necessary to operate at a fuel/air 
ratio that is different from this theoretically optimal value, generally with 
a certain amount of excess air. All the same, even 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 theoretically 
available in the fuel, but which is not burned. As the excess-air level 
increases, the heat lost in the exhaust gases increases, while the losses in 
unburned fuel reduce (the shortage of oxygen at the lower levels increasing 
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 operation 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 considerations require 
that a supply of cooling air is provided for idle burners and flame 
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'. I f  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. 

5.1.1 A simple system: "parallel control" 

The easiest 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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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 5.3b). 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 decreases. 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 
min imum 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. 



Combustion and draught control 71 

Fuel flow 

® 
2 

Master 
demand 

A/r #ow 

,® 

9 ~ 10 

Air control damper Fuel valve 
Figure 5.4 Basic cross-limited control system 

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 ofsat~ty. 

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 ofoptimising 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 parameter 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 ' t ramp 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 - 2 0  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 5.6 An in-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 airflow 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 set-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  facilities 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 ofoil 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 5.9 A control system for multiple burners (one burner group shown) 



80 Power-plant control and instrumentation 

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 muhiburner system (shown 
within the chain-dotted area of Figure 5.9). 

The cross-limiting function is performed at the 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 s 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-fuer 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  o f  coal m i l l s  

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 airflow 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 mills 

In broad terms, the load-control strategies 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 Mill 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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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. 3"his 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 ofoil, 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 
predetermined 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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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 
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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 funct ion--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 M W  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 methods 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. 

5.4.1 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 boiler 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 line on the diagram shows the pressure 
profile under such a condition, which known as an 'implosion'. The results 
of an implosion are 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 with multiburner installations the flow must be 
controlled for each burner or group of burners. The system shown in 
Figure 5.9 shows how this is arranged by regulating the secondary air flow 
to each burner group. In such cases this air supply is drawn from a 
common windbox which is maintained at a pressure which may be fixed or 
varying with boiler throughput. 

Figure 5.20 shows how such a control system can be implemented. The 
desired-value signal for the pressure controller is derived from steam flow, 
so that the pressure in the windbox will change over the boiler load range, 
to a characteristic that will be defined by the process engineer. The 
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maximum-selector unit ensures that the pressure-demand signal cannot 
fall below a predetermined minimum value. The measured value for the 
controller can be based on a measurement of the windbox pressure or the 
windbox-to-furnace differential pressure (which is what the boiler designer 
would probably require). 
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5.5 Binary control of  the combust ion  sys tem 

So far, we have considered only the modulating systems involved with the 
combustion plant. In practice, these systems have to operate in concert 
with binary control systems such as interlocks and sequences. The purpose 
of an interlock is to co-ordinate the operation of different, but interrelated 
plant items: tripping one set of  fans if another set trips, and so on. The 
purpose of a sequence system is to provide automatic start-up or shut- 
down of the plant, or of  some part of it. 

The logic for interlock operations will be defined by the boiler designer 
and will probably have to comply with some local, national or interna- 
tional standard. The systems are very specific to the particular plant, and 
no attempt will therefore be made in this book to define these, because the 
objective here is to provide a general overview of boiler control systems. 

However, one topic that we shall look at is burner management since, 
like modulating loops, this type of system is very dependent on the correct 
operation of input and output transducers. 

5.5.1 Flame monitoring 

The requirements for a comprehensive burner-management system 
(BMS) have already been discussed in Chapter 3, and attention was 
drawn there to the importance of flame monitoring. 

Monitoring the status of a flame is not easy. The detector must be able 
to discriminate between the flame that it is meant to observe and any other 
in the vicinity, and between that flame and the hot surfaces within the 
furnace. The detector must also be able to provide reliable detection in the 
presence of the smoke and steam that may be swirling around the flame. 
To add to the problems, the detector will be required to operate in the hot 
and dirty environment of the burner front, and it will be subjected to addi- 
tional heat radiated from the furnace into which it is looking. 

With their attendant BMSs, flame scanners of a boiler are vital to the 
safety and protection of the plant. If  insufficient attention is paid to their 
selection, or if they are badly installed or commissioned, or if their mainte- 
nance is neglected, the results can be, at best, annoying. The problems will 
include nuisance trips, protracted start-up of the boiler and the creation of 
hazardous conditions that could have serious safety implications. 

Figure 5.21 shows a typical flame detector and the swivel-mounting 
that enables its sighting angle to be adjusted for optimum performance. 

A flame scanner is a complex opto-electronic assembly, and modern 
scanners incorporate sophisticated technologies to improve flame recog- 
nition and discrimination. Although the electronics assembly will be 
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designed to operate at a high temperature (typically 65 °C), unless great 
care is taken this value could easily be exceeded and it is theretbre 
important to take all possible precautions to reduce heat conduction and 
radiation onto the electronic components. The illustration shows how a 
heat-insulating nipple is used to prevent undue heat being conducted from 
the boiler structure to the electronics enclosure. It also shows two purge- 
air connections that are provided between the electronics enclosure and 
the swivel mount. Either of these connections may be used, the other being 
blanked off. 

5.5.1.1 The requirements for purge air 

The purge air that is supplied to the scanner serves two purposes: it 
provides a degree of cooling and it prevents dust, oil and soot from being 
deposited on the optical parts of the unit. The air should be available at 
each burner, even if the burner itself is not operating. 

It should therefore be obvious that the air used for purging should be 
cool, dry and clean, and that it should be available at all times. But, in 
many cases these requirements are ignored, and the performance of the 
instrument is thereby inevitably degraded. 

Purge air can be obtained from the instrument-air supply, or it can be 
provided by dedicated blowers. In some cases it is taken from the FD fan 
discharge. Each of these is viable, provided the requirements outlined 
above have been thoroughly considered. It is also important that the 
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presence of the purge-air supply should be monitored and its loss trans- 
mitted to the DCS, because failure of the air supply could result in 
expensive and possibly irreparable damage to the scanners. Modern 
scanners include self-monitoring circuits that will warn of overheating. 
The scanner system should be fail-safe, as a failed system represents the 
loss of a critical link in the plant's safety chain. If it is overridden, the 
operator can become used to operating without it in place, and such lapses 
can eventually create a severe hazard. 

Figure 5.22 shows an installation which clearly demonstrates examples 
of neglect, including a broken purge-air connection and a badly misa- 
ligned scanner. Unfortunately, in spite of the critical importance of 
reliable flame monitoring, it is not too difficult to find such examples on 
operating power plant. 

Figure 5.22 Example of aflame-scanner installation 
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5.5.1.2 Flame spectra 

The spectrum of radiation from a flame is determined by many factors, 
including the type of fuel being burned and the design of the burner. The 
intensity of the flame tends to be low for gas and high for coal and oil. The 
flame will also flicker and, in general, low-NOx burners will demonstrate a 
lower flicker frequency than gun-type burners. Oil and coal flames tend to 
produce a higher degree of infrared radiation, whereas a gas flame is rich 
in ultraviolet radiation. Radiation in the visible part  of the spectrum will 
also depend on these factors, but these days the tendency is to use detectors 
whose response is biassed towards either the infrared or the ultraviolet end 
of the spectrum, since emissions in these ranges provide better indication of 
a flame than visible radiation, which can be plentiful and misleading. 

Each type of fuel also produces by-products of combustion, which 
affect the transparency of the flame and therefore the blanking effect it has 
on adjacent flames or on any flames on the opposite side of the furnace. Oil 
and coal flames tend to obscure infrared radiation, while gas flames 
produce water vapour which obscures ultraviolet radiation. 

Table 5.1 shows one manufacturer's advice on the type of flame 
scanner to use in various applications. It is not intended that this table 
should be regarded as being absolute or rigorous. In certain circumstances 
a given type of flame scanner will provide better or worse performance 
than would appear to be indicated from the table. Reputable manufac- 
turers will be pleased to provide application-specific guidance. At the 
design stage this advice will be based on previous experience of similar 
installations. For a retrofit on an existing plant, the manufacturer should 
be asked to carry out a comprehensive site survey, using various types of 
scanner, while the burners are started, operated under various loads, and 
stopped. Several tests may be required, and a survey may last for several 
days. The greater the attention that is paid to this study, the better will be 
the performance of the final installation. 

5.5.1.3 Burner-management systems and plant safety 

The design of the BMS will aim to address critical safety issues, and the 
sequences for a given type of boiler or burner will be defined in conjunction 
with the plant designer, bearing in mind the requirements of applicable 
codes such as NFPA 8502-95. In fact the NFPA standard defines in some 
detail the exact sequences involved in lighting-off, monitoring and 
running-down operations of burners, and shows how these are to be linked 
with the plant interlock systems (for example, ensuring that the furnace 
has been purged before any attempt can be made to initiate a burner light- 
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Boiler type Fuel type Discrimination capability 

Infrared Ultraviolet 

Front-fired Gas M H 
Oil H H 
Coal H H 
Gas/oil M H 
Gas/coal M H 
Oil/coal H H 
Coal/oil/gas M H 

Corner-fired Gas L H 
Oil H H 
Coal H H 
Gas/oil L H 
Gas/coal L H 
Oil/coal H H 
Coal/oil/gas L H 

Opposed-fired Gas L H 
Oil M M 
Coal M M 
Gas/oil L M 
Gas/coal L M 
Oil/coal L M 
Coal/oil/gas L M 

H = high, M = medium, L = low 

off sequence). For these reasons, the sequences will not be described here. 
However, attention will be paid to certain safety-related aspects of BMSs. 

Safety requirements are very comprehensively defined in every applic- 
able standard. For example, NFPA 8502-95 describes the events and 
failures which should be recognised in the design of the system. The UK 
Health and Safety Executive (HSE) has described [6] in considerable 
detail the requirements for the safe design of a software-based system 
(defined as a programmable electronic system (PES)). However, in 
practice it is very difficult for the nonspecialist to determine whether or not 
a system is adequately fail-safe. Even using the checklists provided in the 
HSE document can be inadequate. For example, one item in the checklist 
asks: 
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Have adequate precautions been specified to protect against electrical inter- 
ference in the environment of the PES with regard to: 

(i) inherent design ofthe PES; 
(ii) installation practices (e.g.: separation of power and signal cables); 
(iii) Electromagnetic compatibility (EMC) test programme, including con- 

ducted interference on power supplies, electro-static discharges and ra- 
diated interference? 

In that it is difficult to say what is or is not adequate in this context, this 
is a subjective assessment. For example, one system surveyed by the author 
found that the effectiveness of very comprehensive shielding in the DCS of 
a plant had been negated by the provision of poorly designed access 
doors. 

One solution is to assume that a programmable system will occasionally 
generate incorrect commands and to therefore ensure that all its opera- 
tions are continuously shadowed by another, independent, system. If a 
discrepancy occurs between the actions of the two systems a trip should be 
initiated or the relevant sequence prevented from being carried out. 

5.6 Summary 

Having looked at the control systems applying to the combustion and 
draught plant, in the next chapter we shall turn our attention to the feed- 
water systems. 
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Chapter 6 

Feed-water control  and 
ins t rumenta t ion  

6.1 The principles  of  feed-water control  

The objective of a feed-water control system may seem simple: it is to 
supply enough water to the boiler to match the evaporation rate. But as is 
so often the case with boilers, this turns out to be a surprisingly complex 
mission to accomplish. There are difficulties even in making the basic 
drum-level measurement on which the control system depends. The design 
of the control system is then further complicated by the many interactions 
that occur within the boiler system and by the fact that the effects of some 
of these interactions are greater or smaller at various points in the boiler's 
load range. 

The control-system designer's task is to develop a scheme that provides 
adequate control under the widest practicable range of operational condi- 
tions, and to do so in a manner that is both safe and cost-effective. To do 
this it is necessary to understand the detailed mechanisms of the feed-water 
and steam systems and to be fully aware of the operational requirements. 

In all but the smallest and simplest boilers, each of the interrelated 
factors has to be taken into account, and it is insufficient to rely on simple 
responses to the three parameters which seem to be relevant to the supply 
of feed water: steam flow, feed-water flow and the level of water in the 
drum. 

6.2 One, two and three-element control 

The level of water in the drum provides an immediate indication of the 
water contained by the boiler. If  the mass flow of water into the system is 
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greater than the mass flow of steam out of it, the level of water in the 
drum will rise. Conversely, if the steam output is greater than the feed 
inflow, the level will fall. 

As stated in Chapter 2, the purpose of the drum is not only to separate 
the steam from the water but also to provide a storage reservoir that allows 
short-term imbalances between feed-water supply and steam production to 
be handled without risk to the plant. As the level of water in the drum 
rises, the risk increases of water being carried over into the steam circuits. 
The results of such 'carry-over' can be catastrophic: cool water impinging 
on hot pipework will cause extreme and localised stresses in the metal and, 
conversely, if the level of water falls there is a possibility of the boiler being 
damaged, partly because of the loss of essential cooling of the furnace 
water-walls. 

Therefore, the target of the feed-water control system is to keep the 
level of water in the drum at approximately the midpoint of the vessel. 
Given this objective, it would appear that the simplest solution would 
appear to be to measure the level of water in the drum and to adjust the 
delivery of water to keep this at the desired value--feeding more water 
into the drum if the level is falling, and less if the level is rising. 
Unfortunately, the level of water is affected by transient changes of the 
pressure within the drum and the sense in which the level varies is not 
necessarily related to the sense in which the feed flow must be adjusted. In 
other words, it is not sufficient to assume that simply because the level is 
increasing the feed-water flow must be decreased, and vice versa. 

This strange situation is due to effects known as 'swell' and 'shrinkage'. 
Boiling water comprises a turbulent mass of fluid containing many steam 
bubbles, and as the boiling rate increases the quantity of bubbles that is 
generated also increases. The mixture of water and bubbles resembles 
foam, and the volume it occupies is dictated both by the quantity of water 
and by the amount of the steam bubbles within it. If  the pressure within 
the system is decreased, the saturation temperature is also lowered and the 
boiling rate therefore increases (because the temperature of the mixture is 
now higher in relation to the saturation temperature than it was before the 
pressure change occurred). As the boiling rate increases, the density of the 
water decreases, but since the mass of steam and water has not changed 
the decrease in density must be accompanied by an increase in the volume 
of the mixture. 

By this mechanism the level of water in the drum appears to rise, a phe- 
nomenon referred to as 'swell'. The rise of level is misleading: it is not 
indicative of a real increase in the mass of water in the system, which 
would require the supply of water to be cut back to maintain the status 
quo. In fact, if the drop in pressure is the result of the steam demand 
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suddenly increasing, the water supply will need to be increased to match 
the increased steam flow. 

'Shrinkage' is the opposite of swell: it occurs when the pressure rises. 
The mechanism is exactly the same as that for swell, but in the reverse 
direction. Shrinkage causes the level of water in the drum to fall when the 
steam flow decreases, and once again the delivery of water to the boiler 
must be related to the actual need rather than to the possibly misleading 
indication provided by the drum-level transmitter. 

If  a slow change of steam flow occurs, all is well because the pressure 
within the system can be controlled. It is when rapid steam-flow changes 
happen that problems occur since, due to swell or shrinkage, the drum- 
level indication provides a contrary indication of the water demand. 

Following a sudden increase in steam demand, which causes the 
pressure to drop (and therefore the drum level to rise), a simple level con- 
troller would respond by reducing the flow of feed water. Equally, a 
sudden decrease in steam flow, which would be accompanied by a rise in 
pressure and an attendant fall in the drum level, would cause a level con- 
troller to increase the flow of water. Both actions are, of course, in the 
incorrect sense. 

The effects of swell and shrinkage, in addition to being determined by 
the rate of change of pressure, also depend on the relative size of the drum 
and the pressure at which it operates. If  the volume of the drum is large in 
relation to the volume of the whole system the effect will be smaller than 
otherwise. If  the system pressure is low the effect will be larger than with a 
boiler operating at a higher pressure, since the effect of a given pressure 
change on the density of the water will be greater in the low-pressure 
boiler than it would if the same pressure change were to occur in a boiler 
operating at a higher pressure. 

Faced with this situation, designers of control systems have responded 
by implementing a variety of solutions. The simplest of these is a 'two- 
element' system, since it is based on the use of two process measurements in 
place of the single drum-level measurement used above. 

6.2.1 Two-element feed-water control 

Remembering that the basic requirement of a feed-water control system 
is to maintain a constant quantity of water in the boiler, it is apparent that 
one way of addressing the problem would be to maintain the flow of water 
into the system at a value which matches the flow of steam out of it. One 
version of this system is shown in Figure 6.1. Here, the flow is controlled by 
an easily recognised device, a valve. We shall look at valves in more depth 
later, but for the moment assume that the version used in the diagram 
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maintains the rate of water flowing through the valve at a figure which is 
directly proportional to the demand signal from the controller (i.e. if the 
demand signal varies linearly from 0 to 100%, the flow rate also changes 
linearly between 0 and 100%). Such a valve is said to have a 'linear charac- 
teristic' and in the system shown this is employed in conjunction with a 
transmitter that produces a signal proportional to steam flow. Used 
together, these two devices keep the parameters in step. If the transmitter 
produces a signal which is equal to the steam flow at all loads and if the 
flow through the valve is matched with this signal at every point in the 
flow range, a controller gain of unity will ensure that, throughout the 
dynamic range of the system, the flow of water will always be equal to the 
flow of steam. 

Steam flow 0 - 20 k~/s 

, 

Iii 

4 m A  = 0kg /s  
20 mA = 20 kgls 

FIC 

Figure 6.1 

4 m A  
20 mA 

Feed flow 0 - 22 kg/s 

Feed-water control based on feed-flow measurement only 

= 0% open = O k g / s  
= 100% open = 22  kg/s 
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Naturally, scaling factors of the transmitter and the valve must be 
taken into account. If  the range of the flow transmitter is different from 
the valve's flow-control range, the controller gain will need to be adjusted 
accordingly, and in practical systems this is always necessary. 

In order to provide an adequate operational margin of confidence, the 
range of the control valve is always designed to be greater than the flow 
range of the boiler. For example, in a boiler producing 20 kg/s of steam, 
the valve may be sized to deliver 22 kg/s of water when it is fully open. In 
this example, with a linear valve characteristic, an opening of approxi- 
mately 91% will be needed to pass a flow of 20 kg/s. 

In this case, if the steam-flow transmitter produces an output of 100% 
at 20 kg/s flow, the controller gain must be such that a measured value of 
100% produces an output of91%. This is a proportional band of 110 (i.e. a 
gain of 20/22) and if this gain is assigned to the controller the feed flow will 
match the steam flow over the entire range of boiler load (assuming that 
the valve characteristic is linear, that the flow transmitter output is 4 mA 
at zero flow, and that zero flow of water occurs with a valve signal of 
0%). 

The problem with this system is that it only matches the steam- and 
feed-flow rates. If, at the outset, the drum level is below the desired value, 
that is where it will stay, because if everything is set up correctly the feed 
into the boiler will always match the steam flowing out of it, and there is 
no mechanism for introducing the small surfeit of feed over steam, or the 
slight deficit, that is needed to correct the drum-level error. 

It is important to consider the practical reality of what would happen 
if things were not to be set up correctly. In this situation, if there is a small 
setting error in the controller gain, or if the feed valve passes more or less 
water than it should at the given opening, or if the steam flow transmitter 
is slightly out of Calibration, the drum level will integrate up or down at a 
rate determined by the scale of the error, and nothing will correct for this 
undesirable state of affairs. 

In other words, the system cannot correct the drum level if this 
parameter deviates from the desired value either because of an initial error 
or because of small errors in the steam-flow measurement or nonlinearities 
between the valve demand and the actual flow through it. In the example 
given above, the exact gain required is 0.909 09 .. . .  Therefore, if the con- 
troller gain were to be set to 0.91 as suggested above, the feed-water flow 
would be slightly greater than the steam flow, and the drum level will 
gradually increase. 

To counter these effects it is necessary to add a feedback element, con- 
sisting of another controller which will act to correct for any mismatch 



108 Power-plant control and instrumentation 

Steam flow Drum level 

LC 

Feed-water regulating valve 

Figure 6.2 Basic two-element feed-water control system 

between the actual and desired drum levels. Figure 6.2 shows one variety 
of such a 'two-element' system. 

In such a system, because the drum volume and the steam and feed 
flows form an integrating system, with the drum level integrating any 
steam-flow/feed-flow mismatch, it is unnecessary to employ an additional 
integration function in the controller. Therefore the drum-level controller 
should be of the proportional-only variety. 

The correct gain for this controller can be determined from a 
knowledge of the swell and shrinkage effects within the boiler. If  these are 
not known they can be determined by test. A suitable test would be to 
change the steam flow as rapidly as possible by, say, 10% of the maximum 
evaporation rate of the boiler, while keeping the feed flow in step with the 
steam flow. (This can be achieved by hooking a feed-flow signal into the 
system while temporarily disabling the drum-level controller). 

To see how the information on the boiler's swell characteristic can be 
used to help with controller tuning, let us examine a two-element system 
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where the range of the steam-flow transmitter is ranged as above (0-  
20 kg/s), and the feed valve is again sized to deliver 22 kg/s when it is 
100% open. Assume that the drum-level transmitter is ranged to produce 
4 mA when the water level has dropped below the setpoint by 250 mm, 
and that it is 20 mA when the level is 250 mm above the setpoint (i.e. a 
range of 500 mm). Finally, assume that a test as described above has deter- 
mined that the swell resulting from a sudden 10% change of steam flow 
raises the drum level by 80 mm. 

If the drum-level controller is to exactly counteract the effect of swell, 
it must produce an output that cancels out the step change in the steam 
flow, which was 10%. The controller output must therefore change by 
10% when the input error changes by 16%, which means that the gain 
must be 0.625 ( 10 + 16). 

When the steam-flow and pressure changes have settled out and the 
water level has returned to the setpoint, the level-controller output will 
again become zero. The valve opening will then revert to tracking slow 
changes in the steam flow, as described earlier. 

This analysis depends on the swell effect being constant over the boiler 
load range, which may or may not be true, but it provides a practical 
method of tuning this type of system, and will produce a fairly good perfor- 
mance over a wide range of conditions. Theoretically, better results could 
be obtained by carrying out tests to determine the swell effect at various 
15oints in the load range and introducing a nonlinear function within the 
level controller to compensate for the differences across the range. But this 
is rather complicated for what is essentially a simple system and in any 
case performance is likely to be limited by the other serious deficiencies 
within the system, which we shall examine in the next section, which 
discusses a more comprehensive system, known as three-element control. 

6.2.2 Three-element feed-water control 

Throughout the above analysis, reference has been made to the feed- 
water valve characteristic being linear and the valve being sized to 
produce a fixed flow when it is 100% open. However, the flow through a 
valve depends both on its opening and on the pressure drop across it. In a 
feed-water system, the pressure drop across the valve varies from instant to 
instant, and the flow through it at any given opening will therefore vary. 
For reasons given earlier, in a simple two-element system based on drum 
level, the inclusion of an integration element in the level controller is unde- 
sirable. Therefore the varying flow results in the level control becoming 
offset, to restore the steam-flow/feed-flow balance. This offset is undesir- 
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able, since it needlessly erodes the safety margin provided by the presence 
of the drum. 

One method of correcting for the error produced by the feed valve is 
the addition of a third element to the sy s t em- -a  measurement of feed- 
water flow. 

There are various ways of implementing such a system, one of which is 
shown in Figure 6.3. Here, the output  of the drum-level controller is 
t r immed by a signal representing the difference between the feed-flow and 
steam-flow signals. A gain block (4) is introduced to compensate for any 
difference between the ranges of the two transmitters. In most cases the 
steam-flow and feed-flow signals will cancel out, and the drum-level con- 
troller will be modulat ing the feed flow to keep the level at the setpoint. In 
this case, it is reasonable to apply an integral term in this controller, as 
shown. 

In another implementation of this familiar system shown in Figure 6.4, 
a 'cascade control' technique is applied. The  drum-level controller (item 5, 

Feed flow Steam flow 

I J  4 

Drum level 

LC 5 

Figure 6.3 One type of three-element feed-water control system 
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proportional only), compares the measured level signal with a set value 
and produces a bipolar output proportional to any error. This trims a 
modified steam-flow signal, which is acting as the desired value for a 
closed-loop feed-water controller (7). As previously, a gain block (4) 
adjusts for any range difference between the steam-flow and feed-flow 
transmitters. 

These are not the only ways of implementing three-element control. 
Several variants of the system are in common use, each with its own advan- 
tages and disadvantages. However, each system has one factor in common, 
the use of steam-flow, feed-flow and drum-level measurements. The appli- 
cation of the feed-flow measuring element compensates for any variations 
in feed-flow, whether these are due to the pump characteristics or other 
factors, and the three-element system is therefore recommended wherever 
accuracy of control is required. 

Feed flow Steam flow Drum level 

~ 3 

LC 
5 

I 

Figure 6.4 Alternative (cascade) three-element feed-water control system 
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As might be expected, a three-element system is more expensive than a 
single-element or two-element system, but it is always worthwhile to 
examine the real cost differences before deciding on which system to use. 
For example, the use of a steam-flow signal may not, in fact, add any addi- 
tional cost, because this measurement may be needed elsewhere, e.g. in the 
combustion control system. 

However, the presence of a feed-flow measurement in the system does 
necessarily add a significant cost burden. The transmitter itself is a 
complex and not inexpensive item and it may also require the provision of 
a primary element (such as a Venturi, flow nozzle or orifice plate) which 
will add further cost and require the provision of adequate lengths of 
straight pipework upstream and downstream of the device. 

The capital cost of the system needs to be carefully considered against 
the background of a detailed knowledge of the operational r+gime of the 
plant. All too often, insufficient rational thought is applied to these factors. 
The use of a small drum in the boiler offers a not insignificant reduction in 
the cost of a plant, but its use also reduces the operational safety margins 
and therefore requires increased accuracy of feed-water control. Yet, the 
cost-cutting exercises that lead to the use of a small drum are very often 
extended to the control system as well, further reducing the margin for 
error. If  safety margins are not to be dangerously eroded, careful consid- 
eration must be applied to the determination of practical design rules for 
feed-water control systems. The control implications should be given just 
as much consideration as the process or mechanical aspects. 

6.3 Measuring and displaying the drum level 

From the above, it is apparent that the primary objective of the feed- 
water control system of a drum-type boiler or H R S G  is to maintain the 
drum level at the correct value. We shall now look at how this parameter is 
measured. It is an area where the problems are unexpectedly complex. 

Figure 6.5 shows one method of measuring the drum level. This 
connects the differential-pressure transmitter directly to the drum, via 
isolating valves. Note the 'constant-head' reservoir connected to the upper 
tapping point. Because the impulse pipework to the transmitter is outside 
the heated zone of the boiler, any steam within it will tend to condense, 
and the pressure applied to the HP  port of the transmitter will therefore be 
the steam and water pressure plus the pressure due to the weight of this 
condensate. 

The latter will depend on the volume of condensate that has collected, 
and this will be time-dependent. The pipe will be full of steam after the 
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Figure 6.5 Measuring the drum level without a water column 

transmitter impulse lines have been 'blown down' on start-up, but it will 
afterwards start to fill with condensate. The constant-head vessel is left 
deliberately unlagged, so that the steam in it condenses, maintaining the 
pipe to the transmitter full of condensate. 

The differential-pressure appearing at the transmitter ports is a 
function of several variables: the water level in the drum, the densities of 
this water and the steam above it and the density of the water in the pipes 
to the transmitter. In addition, the derivation of a level signal needs to take 



114 Power-plant control and instrumentation 

into account the density of the fluid used during the initial calibration of 
the transmitter. Finally, it is also necessary to recognise the requirement 
that the lowest drum-water level at which the system will be allowed to 
operate will be at some point above the level of the lower tapping point. 

The differential pressure at the transmitter is defined by* 

DP = (I/p,) x [(H x p,) - [(L x Pw) + (H - L) x p,)]] 

where 

DP = the differential pressure at the transmitter (at 20 °C) 
H = the distance between the bottom and top tappings 
L = the height of water in the drum above the bottom tapping 
Pr = the density of water used for calibrating the transmitter (at 20 °C) 
P8 = the density of the water in the drum at the operating pressure 
Pw = the density of the steam in the drum at the operating pressure 

It should be noted that the differential pressure at the transmitter will 
be highest when the separation between the water level and the top 
tapping is the greatest i.e. at low levels. In other words, a 4 -20  mA trans- 
mitter will produce 4 mA at the highest level and 20 mA at the lowest. 
This apparently reversed 'sense' must be corrected by the DCS before the 
density calculation is applied. 

Since the densities of the steam and water in the drum will both 
depend on the conditions that exist in the drum, the pressure needs to be 
taken into account when calculating the actual level based on the differen- 
tial head produced at the transmitter. At one time, various proprietary 
devices were available for performing the required calculation, but it is 
most economical, these days, to perform the calculation in the DCS, based 
on the differential-pressure and pressure signals. In this case the above 
equation will enable the level to be calculated for any combination of 
signals from the two transmitters. 

However, an important point to bear in mind when using the DCS to 
perform the pressure compensation in this way is that the corrected signal 
will be available to the operator only while the DCS is operational. If  a major 
failure should occur in the computer system, it is important that the 
operator can still be able to monitor the drum level by other means, and 
these must be compensated in a similar way to the above, so that the indi- 
cation is relatively unaffected by pressure. 

Figure 6.6 shows a proprietary system which generates a drum-level 
signal for display locally and in the control room. This technology is based 
on the fact that the conductivity of water is different from that of steam, 

* Courtesy of Bristol-Babcock Ltd, Kidderminster, Worcestershire, UK 
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Figure 6.6 The 'Hydrastep' level-indicating system 
© $olotron Ltd. Reproduced by permission 
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and a series of electrodes mounted in a water column attached to the 
drum uses this fact to detect the interface between water and steam. (The 
use of an external water column is necessary because of the number of 
penetrations that would otherwise be necessary in the boiler drum.) The 
detection circuit is divided into two groups of 'even' and 'odd' electrodes, 
so that failure of a single drive circuit cannot disable the entire system. 

Although such a system will be affected by the difference in the 
densities of the water in the drum and the column, careful design of the 
installation will minimise any errors (Figure 6.6c). 

At present, although such devices provide an excellent indication of 
the drum level, they are not suitable for control, because of the transient 
disturbance that occurs as the level moves from the position of one 
electrode to another. These step changes can produce unpredictable effects 
in the control loop. 

6.3.1 Using an external water column 

Although the method of connection shown in Figure 6.5 is viable, it has 
the disadvantage of being sensitive to errors during sudden reductions in 
the boiler pressure, caused by the condensate 'flashing ofF- -bo i l ing  as the 
temperature of the fluid suddenly finds itself above the saturation tempera- 
ture. 

An arrangement that minimises this problem is shown in Figure 6.7, 
where an external water column is connected to the drum, so that the level 
of water in column is (theoretically) the same as the level within the drum. 
The column uses a volume of stored fluid which is larger than the volume 
of condensate in the small-bore H P  leg of Figure 6.5, and the system is 
therefore less vulnerable to flashing off. 

As with the detection column shown in Figure 6.6, great care must be 
taken to avoid errors caused by the temperature of the fluid in the 
measuring system being very different from that of the steam and water in 
the drum. This leads to a density error, since the water column at the 
gauge will balance with the level in the drum, although its length is less 
than the distance between the lower tapping and the level of the water 
within the drum. 

Considering the drum and the column of water in the column to be a 
'U' tube, it will be seen that balance will occur when the weight of fluid in 
the left-hand leg equals the weight of fluid in the right-hand leg. 

By keeping the temperature conditions within the column as close as 
possible to those in the drum, the density error will be minimised. This is 
done by arranging the pipework so that fluid flows through the water 
column. Unlike the drum itself and all the other pipework, the water 
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Figure 6.7 Drum-level measurement with a column 

column and the section of pipe connecting it to the tapping-point 
isolation valve (on the right in Figure 6.6) are left unlagged so that the 
steam condenses and the impulse line remains full of condensate. A circula- 
tion of fluid is then established through the column, with steam leaving the 
drum at the upper tapping point, condensing in the pipe and water 
column, and returning to the drum via the lower tapping point. This flow 
tends to maintain the temperature within the water column at a value 
which is as close as possible to the condition within the drum. Nevertheless, 
some temperature difference will still exist, and this will have the effect of 
increasing the density of the fluid in the cooler parts of the system. 
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6.3.2 Statutory requirements 

In  m a n y  countries,  there is a legal r equ i rement  to provide  separa te  

systems to make  the boiler  opera to r  aware  of  the level o f  the wa te r  in the 
d rum.  In  the U K ,  British S tanda rd  BS 1113 : 1998" refers to this subject in 
section 7.3, as follows: 

Each steam boiler, in which a low level, or into which a low flow rate, of water 
could lead to unsafe conditions shall have at least two independent and 
suitable means of indicating the water level or flow. Each indicating device 
shall be capable of being isolated from the boiler and each device shall be a 
water level gauge in which the water level can be observed except in the follow- 
ing cases: 

(a) . . .  (refers to once-through boilers) 
(b) For boilers with any safety valve set at or above 60 bar g, the use of two 

independent manometric remote water level indications shall be per- 
mitted in place of one of the water level gauges. In such cases these remote 
water level indicators shall have their own independent connections to the 
boiler. 

(c) For boilers of less than 145 kg/h  evaporative capacity, one water level 
gauge is sufficient. 

(d) The use of alternative devices in place of water level gauges in which the 
water level can be observed shall be permitted, subject to agreement be- 
tween the manufacturer and the Inspecting Authority. The design of the 
devices shall combine appropriate  design principles such as fail-safe 
modes, redundancy, diversity and self-diagnosis in order to provide 
suitable and reliable indication. 

The  water level gauge in which the water level can be observed shall be 
mounted so that the lowest water level that can be observed is at least 50 mm 
above the lowest water level at which there will be no danger of overheating 
any part of the boiler, when in operation at that level. Where this is not practic- 
able, the water level gauges shall be sited by agreement with the Inspecting 
Authority in positions that have been found by experience to indicate satisfac- 
torily that the water content is sufficient for safety under all service conditions. 

At least one water level gauge with its isolating valves or cocks shall be con- 
nected directly to the boiler, and other than a drain, no device shall be fitted 
to the gauge that could cause incorrect indication of the water level in the 
gauge. 

Figure 6.8 is an  a t t e m p t  to il lustrate some of  the above requi rements  
pictorially. Note  tha t  the a im of  this d i a g r a m  is only to illustrate the 

requi rements  and  to provide  general  guidance.  I t  is i m p o r t a n t  tha t  a 

* Extracts from BS 1113 : 1998 are reproduced with the permission of BSI under licence no. PD\19981883. 
Complete editions of the standards can be obtained from BSI Customer Services, 389 Chiswick High 
Road, London,W4 4AL, UK. 
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level can be observed ...'. 

Note that at least two such 
gauges ere required on boilers of 
145 kg/h (0.04 kg/s) or above. 
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'For boilers with any safety valve set at or above 60 bar g, the 
use of two independent manometric remote water level 
indications shall be permitted in place of one of the water level 
gauges. In such cases these remote water level indicators 
shall have their own independent connections to the boiler.' 

'....The use of altemative devices in place of water level gauges in which the water level can be 
observed shall be permitted, subject to agreement between the manufacturer and the Inspecting 
Authority. The design of the devices shall combine appropriate design principles such as fail-sefe 
modes, redundancy, diversity and self-diagnosis in order to provide suitable and reliable indication.' 

Figure 6.8 Permitted alternatives for water-level measurement on drum-type boilers and 
HRSGs 
Based on BS 1113 : 1998 

specific installation is designed to meet the standards required at the 
actual point of use, since the standards set by authorities in the relevant 
country, or by the insurers, may differ substantially from those indicated 
by this diagram. 

The above Standard also refers to low-level alarms, stating that 

Every steam boiler shall be provided with a low water level or low water flow 
audible alarm device. 

Water level alarms, whether of low water or high and low water type, shall be 
so fitted that the alarm is actuated while the level is still visible or indicated in 
the water level gauges. 

With reference to the size of the connecting pipework BS 1113 : 1998 
states that: 

Where a water level gauge, safety control or alarm device is connected to the 
boiler by pipes, the bore of such pipes shall not be less than 25 mm. 

(The standard allows the ends of the pipes local to the fittings to be 
reduced to not less than 20 mm bore for water level gauges and to 25 mm 
bore for separate safety control and alarm devices.) 

In this respect the Standard differs from others, but on one point there 
is agreement, there is a need to use comparatively large-bore pipework for 
instrument connections. The use of such pipes increases the cost of the 
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installation, but their use is important from the viewpoint of safety, since 
small-bore pipework can become obstructed (for example by sludge) and 
an obstructed impulse pipe can lead to an instrument providing seriously 
incorrect information on the parameter being measured. (The use of very 
small-bore pipes can also cause a reading to be sluggish because of the time 
taken for pressure changes to affect the instrument, though this is less of a 
problem with today's instruments which displace very small volumes for 
full-scale operation.) 

6.3 .3  Discrepancies between drum-level  indications 

It sometimes happens that various instruments connected to the same 
boiler drum display level measurements that are significantly different 
from each other. Since it is unlikely that the actual drum is anything but 
horizontal (except for installations on submarines during diving opera- 
tions) such discrepancies must be due to some error or other. The following 
list summarises the factors that can cause errors: 

• Density errors: Differences between installations can cause one instrument 
to be more affected by density factors than another. (One possibility is 
that, inadvertently, lagging has been applied to one of the condensation 
reservoirs). 

• Turbulence: The surface of the boiling water inside the drum is anything 
but still. It has been known for 'standing waves' to exist around the 
downcomers, affecting some measurement points more than others. 

• Flashing-off'. Differences in the geometry of the measuring systems can 
cause some measurements to be more affected than others by flashing- 
offduring pressure changes. 

• Calibration: It is vital that all transmitters are carefully and accurately 
calibrated, and that any density compensation is correctly set up. 

• Installation: As stated earlier, errors or sluggish response can be the 
result of partial or complete plugging of impulse lines, or imperfect 
blow-down operations. 

6.3.4 S team extraction 

In both the two-element and three-element systems, an assumption made 
in the above examples is that the steam output by the boiler eventually 
returns to the inlet in the form of water. This is not true where significant 
losses occur or if any steam is abstracted for applications such as soot- 
blowing. Here the steam is effectively lost, and if a soot-blower abstraction 
is made at the drum the amount being used will not be included in the flow 
measurement. This will result in the drum level being offset from the 
desired value since the flow of feed water into the system should be equal to 
the steam taken by the load (plant or turbine) plus the steam used for soot- 
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blowing. The effects of such operational factors will be particularly signifi- 
cant where the design of the control system has been based on the use of a 
proportional-only controller. In such cases it may be necessary to add a 
small degree of integral action to the controller, although this should be 
restrained since the additional integral action can affect the stability of the 
system. 

6.4 The m e c h a n i s m s  used for feed-water  control  

In this analysis we have looked at the principles of control, and seen that 
because of various problems, a variety of control methods has evolved, the 
selection of which depends on a variety of engineering and economic con- 
siderations relating to each application. In the discussion some reference 
had to be made to the mechanism for controlling the flow and for simpli- 
city it was assumed that this was by means of a familiar device, a valve. 
Now we shall look at the nature of valves in greater depth, and then we 
shall examine other methods of controlling the flow. 

6.4.1 Valves 

What follows is merely a practical overview of valve designs in general. It 
is not intended to be a deep analysis of what is in itselfa specialised subject. 
If more detailed information is needed, it can be obtained from the many 
textbooks on valve design or from the publications produced by various 
valve manufacturers. (See further reading section of this book for informa- 
tion on three such books.) 

A control valve consists of many components which may conveniently 
be considered as falling into one of two groups: the valve body and the 
actuator. The former is the part through which the water flows and this 
flow is controlled by adjusting the resistance offered to the water. This is 
done by moving the position of a plug in relation to its seat. The position of 
the plug is controlled by an actuator which acts via the stem. 

Figure 6.9 shows a small-bore feed-water control valve body with a 
contoured trim (the 'trim' being the part of the valve which is in flowing 
contact with the water). The contour determines the relationship between 
the position of the plug and the flow of water past it. The type of trim will 
be dictated by the application, such as the need to minimise acoustic noise 
or cavitation, the rangeability needed etc. In addition the trim design will 
determine the valve characteristic, which is the curve relating the stem 
position to the rate of flow of water through the valve. This is an important 
feature, since the characteristic determines the gain of the valve system, 
which forms part of the overall loop gain. 
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Stem 

Seat 

Figure 6.9 

/ 
Valve body 

A typical feed-water control valve body 
© Hopkinsons Ltd. Reproduced by permission 

For a given opening, the flow through the valve will be determined by 
the delivery pressure of the feed pump and the resistance that the boiler 
pipework offers to the flow. To simplify the task of selecting the correct 
valve size and characteristic, it is necessary to relate everything to a 
definable set of conditions. This is achieved by determining what the flow 
through the valve would be ifa fixed differential pressure were to be main- 
tained across it. This is termed the inherent characteristic of the valve. 

Once the valve is operating on the actual plant, the position/flow rela- 
tionship achieved in practice will not match the inherent characteristic, 
because in the real world the inlet pressure and system resistance will vary, 
producing a pressure drop which is different from the value that was used 
to define the inherent characteristic. The pressure/flow relationship 
achieved in actual operation is called the installed characteristic. 

As stated earlier, the gain of the valve is initially defined by the 
inherent characteristic, three types of which are commonly available, as 
shown in Figure 6.10. The operation of these different characteristics is 
now examined. 
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Figure 6.10 Inherent characteristics of valves 

6.4.2 Quick-opening 

With a quick-opening valve, the flow rate through the valve changes very 
rapidly at low openings, with a slope that  is fairly linear. Once the valve 
has opened about  h a l fway  the rate of  change of flow diminishes. This type 
of  characteristic is usually applied only to shut-offvalves. 

6.4.3 Linear 

When a valve has the linear characteristic, the flow rate through it at any  
given opening (in terms of percentage of  max i mu m flow) is directly equal 
to the valve stem position (as a percentage of  its full travel). With  this type 
of characteristic, the gain of  the valve system is constant  for all openings. 
However, the flow through the valve at any given opening depends on the 
pressure-drop across it and the linear characteristic applies only i f  the 
pressure drop across the valve is constant for each opening, a condit ion that  may  not 
exist in practice unless special a t tent ion is paid to achieving it. 
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As a general rule, a linear characteristic is preferred for feed-water 
control applications, since it simplifies tuning of the loop and enables good 
performance to be achieved over the widest possible range of flows. 

Where optimum performance and efficiency is required the additional 
cost of providing a constant pressure drop across the valve should be con- 
sidered. Such a solution will add cost, but this will be offset by improved 
control performance and plant life and by the savings achieved by not 
running the feed pump or pumps at a higher speed than necessary at 
reduced loads. 

6.4.4 Equal percentage 
The third characteristic is called equal percentage. Here, for all positions 
of the stem, the flow change achieved by moving the stem by a given 
amount is a constant proportion of the previous flow. What this means is 
that a given stem movement will change the flow by the same ratio of the 
previous flow, at any point in the valve travel. Therefore, the larger the 
opening, the greater will be the change of flow produced by a given stem 
movement. 

This is shown by the curve in Figure 6.10, where moving the stem from 
20% of full travel to 30% of full travel changes the flow from 5% to 7.5%, 
while moving the stem from 80% of full travel to 90% of full travel 
increases the flow from 50% to 75%. In both cases, a stem movement of 
10% of full travel results in a 50% increase of the previous flow. 

From this it is apparent that, with this type of characteristic, the 
change of flow for a given stem movement is smallest at low openings and 
greatest at high openings. In other words, the gain is lower at low flows 
than it is at high flows. Equal-percentage valves are used where the 
mechanical plant design is such that there is only a small pressure drop 
available for the valve, or where the pressure drop across the valve is likely 
to fluctuate over a wide range. 

6.4.5 The valve sizing coefficient 

Feed valves are designed to pass a flow that corresponds to the maximum 
flow requirement of the boiler plus a safety margin, and the capacity of the 
valve is related to a factor known as the valve sizing coefficient. The factor 
used widely across the world is based on US units and relates the capacity 
of the valve to the pressure drop by the following formula: 

O. = C~v/(aP/a) 
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where 

Cv = sizing coefficient 
Q = capacity of valve in US gallons per minute (1 US gallon = 3.785 litres) 
A p  __-pressure differential across valve in pounds per square inch (psi). 

(1 psi = 0.069 bar) 
G = specific gravity of the flowing fluid 

The sizing coefficient is determined by experiment for each type and 
size of valve using water as the test fluid. It is equal to the volume of water 
(in US gallons) that will flow through the wide-open valve in one minute 
when the pressure drop across the valve is 1 psi. The European equivalent 
of the sizing coefficient is known as Kv. To convert between these units 
multiply the Kv figure by 1.66 to obtain the Cv. 

Given the pressure, temperature, flow and line-size characteristics for a 
given feed-water application, valve manufacturers will be able to provide 
detailed guidance on the correct valve size for a given application and 
from this will be able to predict the pressure drop across the valve. 

6.4.6 Fail-s@ operation 

In the course of designing a feed-water control system, another matter 
that must be considered is that of selecting the 'fail-safe' position of the 
plug, the state that will arise if the actuator fails, or if the command signal 
to the valve is lost. The actual selection will depend on a range of factors, 
but in determining the safest option it is important to consider the effects 
of the flow on the valve itself, since the applied pressure may tend to force 
the plug open or closed. Once again, valve manufacturers will be able to 
provide advice on this matter in relation to the actual installation being 
designed. 

6.4.7 Selecting the valve size 

The size of valve to use in a given application will be determined by 
many factors, only one of which is the physical size of the line in which it is 
fitted. Clearly, the valve must be large enough to pass the required flow 
with ease. Oversized valves will be unnecessarily expensive and should be 
avoided as unable to effectively control small flows. 

For a valve to maintain any control over the process there must be 
some pressure drop across it, but if the pressure drop is too great a number 
of undesirable events start to occur. 

Figure 6.11 shows in profile the pressure along a short section of pipe 
containing a restriction (such as a valve). Two curves are shown, one for a 
valve where careful design produces streamlined flow and minimal 
pressure loss, and another for a valve through which the flow is more, 
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Figure 6.11 Pressure profile along a pipe containing a restriction 

producing a greater pressure loss. In each case, the lowest pressure occurs 
a short distance downstream from the restriction (the Vena contracta) and 
the pressure rises past this point although it obviously never regains the 
initial value. If the pressure at the inlet (P~) is such that the pressure along 
this curve drops below the vapour pressure, the fluid will start to boil and 
bubbles will form in it at the point where this occurs. 

One of two things will occur as the pressure rises again after the restric- 
tion. I f  it rises above the vapour pressure, the bubbles will col lapse--a  
process known as cavitation, which is accompanied by acoustic noise, the 
degree of which depends on the scale of the cavitation. Apart from being 
undesirable on environmental grounds, this noise represents an expendi- 
ture of energy. Furthermore, if the bubbles collapse close to metal surfaces, 
the localised energy release can damage the metal. In some cases this will 
become apparent as severe pitting of the valve plug and cage, or it could 
appear as pitting of the pipe itself if the point where the vapour pressure 
threshold is passed occurs some way down from the valve. High recovery 
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valves are more likely to experience cavitation, because the downstream 
pressure is more likely to exceed the vapour pressure. 

If, on the other hand, the pressure does not rise above the vapour 
pressure the bubbles will remain suspended in the fluid, to be carried 
downstream of the restriction. This is known as 'flashing', and it can result 
in erosion damage to the valve internals at the point of maximum velocity 
(usually at or near the point where the plug seats against the ring). 

These bubbles reduce the valve's ability to pass fluid and eventually it 
'chokes'. When this occurs no more flow can occur irrespective of how 
much water pressure is applied at the valve inlet. From these considera- 
tions it is apparent that the production of bubbles may cause noise and 
damage to the valve, and possibly the pipework, and it will be correctly 
surmised that an optimum set of conditions will exist for a given design of 
valve. In other words, the valve will work best at one pressure-drop 
point. 

To summarise, if the supply of water to a boiler is controlled by throt- 
tling the flow through a valve, this can cause erosion and noise and 
although control can only be effected by maintaining some pressure drop 
across the valve, this loss represents a loss of energy which should be 
reduced to the minimum. 

6.5 Pumps 

The water flowing through the feed valve into the boiler is delivered at 
pressure by one or more feed pumps. These produce a head of water which 
is related to the flow through the pump by a characteristic that will be 
similar to Figure 6.12, which shows that although the discharge pressure 
remains relatively constant as the flow rises from zero to (in this example) 
about 50%, beyond this value the pressure tends to decay as the flow 
increases. From this it will be apparent that the feed valve has to produce a 
greater pressure drop at low loads than at high loads. 

Figure 6.13 shows the flow/pressure characteristic of a pump delivering 
water into a fixed system. In practice, as the flow through the system 
increases the resistance offered to it also increases, as shown by the dotted 
line in the diagram. 

At any flow, in order to deliver water into the boiler, the pressure drop 
across the control valve will be the difference between the pump delivery 
pressure and the system resistance. For much of the flow range the pressure 
drop will inevitably be greater or less than the optimum for the valve 
design. This can be overcome by changing the inlet pressure so that the 
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pressure drop always remains at the optimum value. This is achieved by 
the use of variable-speed pumps. 

6.5.1 Variable-speed pumps 

Although in many cases the feed pumps operate at a fixed speed, at the 
design stage consideration should be given to the option of using variable- 
speed pumps (sometimes known as 'controllable-speed' pumps) because 
these will enable the feed valve to operate at the optimum pressure condi- 
tions for all loads. 

The characteristics of a variable-speed pump are shown in Figure 6.14. 
The four curves show the pressure/flow characteristics at four different 
operating speeds (A-D) ,  with A being the slowest and D the fastest speed. 
From this set of curves it will be appreciated that by adjusting the speed of 
the pump it will be possible to maintain a fixed differential pressure across 
the feed regulating valve at all boiler loads. In the example shown the 
pressure drop across the valve (6P) achieved by operating the pump at 
speed A at 70% flow is maintained at the same value by operating the 
pump at speed B at 80% flow, speed C at 90% flow etc., as indicated by 
the lines with arrows at each end. 
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Figure 6.14 Variable-speed pump operation 
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The advantages of using a variable-speed pump include: 

• Improvement of efficiency because of reduced pressure loss. 
• Reduction of pumping power. 
• Reduction of feed-valve wear due to erosion when operating at low 

~]OWS. 
• Improved control because the valve operates at its designed pressure- 

drop. 
• Improved control offered by the ability to operate with constant loop 

gain. 

Variable-speed pumps are more expensive than fixed-speed ones, but the 
increase in capital cost is offset by the revenue savings that will be gained, 
particularly if the boiler operates at reduced throughputs for a significant 
time over its life. Careful financial analysis will determine whether the 
savings do justify the additional capital cost, but these calculations must be 
based on assumptions about the operational regime, and these may change 
under the influence of external factors which are difficult to predict at the 
design stage. 

Of  course, the pumps, valves and boiler pipework are only part of the 
overall system. Where spray attemperators are used (see Chapter 7), the 
feed pumps must also be capable of delivering cool water to the nozzles. 
The design of attemperators requires the water to be at delivered at a 
pressure which exceeds the steam pressure by a minimum value. Bypassing 
the pressure drop across the system as shown in Figure 6.15 allows suffi- 
cient differential pressure to be maintained at the spray nozzle. But, if a 
variable-speed pump is used and run down to a low delivery pressure, 
there is a risk that the required differential may not be available. In such 
situations, the decision to use fixed- or variable-speed pumps will be 
affected by the need to maintain an adequate water pressure at the attem- 
porators. 

Boiler 
feed 

pump 

I" 
Figure 6.15 

Steam 
drum 

$1x, ml 

Maintaining adequate spray-water differential pressure 
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6.6 Deaerator  control  

Strictly speaking, control of the deaerator is not a function of feed-water 
control which is the subject of this chapter. However, as the deaerator is an 
essential link in the feed-water supply system it is appropriate to consider 
its control systems here. 

In Figure 2.5 we saw how steam admitted to the deaerator rises 
upwards past metal trays over which the water is simultaneously cascading 
downwards. As the water and steam mix and become agitated, entrained 
gases are released. The dissolved gases are vented to the atmosphere 
because the vessel is pressurised by the steam. The deaerator is situated in 
the water circuit between the discharge of the condenser extraction pump 
and the inlet of the feed pumps, as shown in Figure 6.16. 

It will be evident that two control functions are required by the 
deaerator: one to maintain the steam pressure at the optimum value, the 
other to keep the storage vessel roughly half full of water. 

6.6.1 Steam pressure control 

The pressure of the steam entering the deaerator is maintained by a 
simple controller whose measured-value signal is obtained from a trans- 
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Figure 6.16 Principle of deaerator level control system 
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mitter measuring the steam pressure in the deaerator. The set value of 
the controller is normally fixed. 

It has already been explained that the steam supply may be obtained 
either from the boiler or from an extraction point on the turbine. If the 
latter source is used, special consideration has to be given to ensuring that 
an event such as a turbine trip does not deprive the deaerator of the steam 
supply it needs for its operation. This purpose is served by taking a steam 
supply from the boiler and passing it to the deaerator via a pressure- 
reducing and desuperheating system (PRDS). This steam supply is 
referred to as 'pegging steam'. Judicious adjustment of the PRDS con- 
troller setpoint will ensure that an adequate steam supply for the deaerator 
is obtained at all times. However, to ensure rapid response to a turbine 
trip, a system of interlocks should be provided, so that the pegging steam 
supply is brought into service immediately on detection of a trip. 

6.6.2 Level control 

The storage vessel provides a measure of reserve capacity for the plant. 
To achieve this function the level of water in it must be maintained at 
roughly the midpoint. This is achieved by means of a level controller 
whose measured-value signal is obtained from a differential-pressure trans- 
mitter or from capacitive probes which would normally be connected to 
tappings of an external water column which is in turn connected to the top 
and bottom of the deaerator storage vessel. If there were no losses in the 
system, the amount of water would be constant and the level in the 
deaerator storage vessel would remain at the correct value set during com- 
missioning. However, losses are inevitable (for example, due to leakages at 
pump glands or during soot-blowing or blowdown operations), and a 
supply of treated water must therefore be made available. The deaerator 
level controller output adjusts the opening of a valve that admits this 
make-up water to the condenser, as shown in Figure 6.16. 

The make-up supply is conventionally fed into the system at the 
condenser. Figure 6.16 shows that interaction between the level controllers 
of the deaerator and condenser is inevitable. The situation is made more 
complex because the condenser extraction pump has to be provided with a 
bypass arrangement to maintain a minimum flow through the pump at all 
times. 

In fact, the conditions which cause the deaerator level controller to call 
for more water to be added to the system will also cause the condenser 
level to fall, and so the two systems do not act in opposite senses. 
Nevertheless they do interact, and care must be taken to minimise the 
instability that is likely to arise. 
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6.6.2.1 Spill control 

In addition to the level control system described above, a system must be 
provided to drain excess water from the deaerator storage vessel in the 
event of an oversupply of water and steam. This function is normally 
achieved on large power-station boilers by using the output of the level 
controller to operate the make-up and spill valves in split range. A typical 
arrangement is shown in Table 6.1. Smaller boilers will be limited to 
having a spill valve whose opening is normally controlled on an on/off  
basis from a high-level alarm. 

6.6.3 Integrated level control 

The long dead time and long time constant of the deaerator level system 
complicates the design and commissioning of this control loop. This 
situation has been worsened by the commercial pressure to operate power- 
station boilers at partial load and the increased need for two-shifting 
operations. (The term 'two-shifting' refers to operations where the plant 
runs for two eight-hour periods (or shifts) in a working day, and is shut 
down for the remaining eight-hour shift.) There is also a drive to reduce 
the consumption of controllable make-up water, although this necessarily 
increases with the amount of load changing to which the boiler is 
subjected. A typical scenario is that if the boiler experiences a large load 
reduction (say 50%) the deaerator level would tend to rise because as the 
steam flow from the boiler reduces so must the feed flow. During this time, 
the condensate flowing to the deaerator would not be required by the feed 
pump, causing the level in the storage vessel to rise. The level controls 
would react by dumping the excess water that is filling the deaerator. If 
there is a load increase to the original load, the deaerator level would drop 
due to the increased flow from the feed pump, and the level controls would 
tend to add make-up water to the condenser. This cycle of making-up and 
spilling can occur every time the load changes. 

Table 6.1 Operation of deaerator level-control valves 
(© Scottish Power plc. (Reproduced by 
permission) 

Controller output Valve duty Valve position 

0-25% Spill valve 100-0% 
25-75% Deadband n/a 
75-100% Make-up valve 0-100% 
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The requirement to reduce the wasted make-up water has resulted in 
the use of advanced control strategies for controlling the make-up and spill 
on larger boilers. For example a fuzzy logic control algorithm embedded 
in the DCS software can be used. The inputs to the controller are the 
steam flow and the deaerator level, the outputs are to the make-up and 
spill valves. The system uses rule-based logic to take decisions on making- 
up and spilling. The goal of the scheme is to minimise make-up and spill 
by retaining water within the condensate system until it is required. 

6.7 Summary 

Once the combustion process has occurred, the feed water has boiled and 
the steam has been generated, the next requirement is to ensure that the 
temperature of the steam that is delivered to the turbine or heat load is 
maintained at the correct value. In the next chapter we shall look at the 
control and instrumentation systems that are employed for this purpose. 



Chapter 7 

Steam-temperature control 

7.1 Why steam-temperature control is needed 

The rate at which heat is transferred to the fluid in the tube banks of a 
boiler or HRSG will depend on the rate of heat input from the fuel or 
exhaust from the gas turbine. This heat will be used to convert water to 
steam and then to increase the temperature of the steam in the superheat 
stages. In a boiler, the temperature of the steam will also be affected by the 
pattern in which the burners are fired, since some banks of tubes pick up 
heat by direct radiation from the burners. In both types of plant the tem- 
perature of the steam will also be affected by the flow of fluid within the 
tubes, and by the way in which the hot gases circulate within the boiler. 

As the steam flow increases, the temperature of the steam in the banks 
of tubes that are directly influenced by the radiant heat of combustion 
starts to decrease as the increasing flow of fluid takes away more of the 
heat that falls on the metal. Therefore the steam-temperature/steam-flow 
profile for this bank of tubes shows a decline as the steam flow increases. 

On the other hand, the temperature of the steam in the banks of tubes 
in the convection passes tends to increase because of the higher heat 
transfer brought about by the increased flow of gases, so that this tempera- 
ture/flow profile shows a rise in temperature as the flow increases. By 
combining these two characteristics, the one rising, the other falling, the 
boiler designer will aim to achieve a fairly flat temperature/flow charac- 
teristic over a wide range of steam flows. 

N o  matter  how successfully this target is attained, it cannot yield an 
absolutely flat temperature/flow characteristic. Without any additional 
control, the temperature of the steam leaving the final superheater of the 
boiler or HRSG would vary with the rate of steam flow, following what is 
known as the 'natural characteristic' of the boiler. The shape of this 
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will depend on the particular design of plant, but in general, the tempera- 
ture will rise to a peak as the load increases, after which it will fall. 

The steam turbine or the process plant that is to receive the steam 
usually requires the temperature to remain at a precise value over the 
entire load range, and it is mainly for this reason that some dedicated 
means of regulating the temperature must be provided. Since different 
banks of tubes are affected in different ways by the radiation from the 
burners and the flow of hot gases, an additional requirement is to provide 
some means of adjusting the temperature of the steam within different 
parts of the circuit, to prevent any one section from becoming over- 
heated. 

In theory, the design of the plant should be targeted on arranging for 
the natural characteristic to attain the correct steam temperature when 
the rate of steam flow is that at which the boiler will normally operate. If  
this is possible, it means that spray water is used only while the unit is 
being brought up to load or when it operates at off-design conditions. In 
practice this objective can be attained only to a limited extent, because the 
boiler's natural characteristic changes with time due to factors such as 
fouling of the metal surfaces, which affects the heat transfer. In general, it 
is common to operate with continuous spraying, which has the advantage 
of allowing the steam temperature to be adjusted both upwards and 
downwards. If  the required temperature were to be met solely by 
employing the natural characteristic as described, it would not be possible 
to produce temperature increases. 

Before looking at the types of steam-temperature control systems that 
are applied, it will be useful to examine some of the mechanisms which are 
employed to regulate the temperature according to the controller's 
commands. Depending on whether or not the temperature of the steam is 
lowered to below the saturation point the controlling devices are known as 
attemperators or desuperheaters. (Strictly speaking, the correct term to 
use for a device which reduces the steam temperature to a point which is 
still above the saturation point is an attemperator, while one that lowers it 
below the saturation point may be referred to either as an attemperator or 
a desuperheater. However, in common engineering usage both terms are 
applied somewhat indiscriminately.) 

7.2 The spray-water attemperator 

One way of adjusting the temperature of steam is to pump a fine spray of 
comparatively cool water droplets into the vapour. With the resulting 
intermixing of hot steam and cold water the coolant eventually evaporates 
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so that the final mixture comprises an increased volume of steam at a tem- 
perature which is lower than that prior to the water injection point. This 
cooling function is achieved in the attemperator. 

The attemperator is an effective means of lowering the temperature of 
the steam, though in thermodynamic terms it results in a reduction in the 
performance of the plant because the steam temperature has to be raised 
to a higher value than is needed, only to be brought down to the correct 
value later, by injecting the spray water. 

Although the inherent design of the attemperation system may, in 
theory, permit control to be achieved over a very wide range of steam 
flows, it should be understood that the curve of the boiler's natural charac- 
teristic will restrict the load range over which practical temperature 
control is possible, regardless of the type of attemperator in use. It is not 
unusual for the effective temperature-control range of a boiler to be 
between only 75% and 100% of the boiler's maximum continuous rating 
(MCR). This limitation is also the result of the spray-water flow being a 
larger proportion of the steam flow at low loads. 

7.2.1 The mechanically atomised attemperator 

Various forms of spray attemperator are employed. Figure 7.1 shows a 
simple design where the high-pressure cooling water is mechanically 
atomised into small droplets at a nozzle, thereby maximising the area of 
contact between the steam and the water. With this type of attemperator 
the water droplets leave the nozzle at a high velocity and therefore travel 
for some distance before they mix with the steam and are absorbed. To 
avoid stress-inducing impingement of cold droplets on hot pipework, the 
length of straight pipe in which this type of attemperator needs to be 
installed is quite long, typically 6 m or more. 

With spray attemperators, the flow of cooling water is related to the 
flow rate and the temperature of the steam, and this leads to a further lim- 
itation of a fixed-nozzle attemperator. Successful break-up of the water 
into atomised droplets requires the spray water to be at a pressure which 
exceeds the steam pressure at the nozzle by a certain amount (typically 4 
bar). Because the nozzle presents a fixed-area orifice to the spray water, 
the pressure/flow characteristic has a square-law shape, resulting in a 
restricted range of flows over which it can be used (this is referred to as 
limited turn-down or rangeability). The turn-down of the mechanically 
atomised type ofattemperator is around 1.5 : 1. 

The temperature of the steam is adjusted by modulating a separate 
spray-water control valve to admit more or less coolant into the steam. 
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Spray water 
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Nozzle 

Figure 7.1 Mechanically atomised desuperheater 

Because of the limitations of the single nozzle, the accuracy of control 
that is possible with this type of attemperator is no greater than + 8.5 °C. 

7.2.2 The variable-area attemperator 

One way of overcoming the limitations of a fixed nozzle in an attemperator 
is to use an arrangement which changes the profile as the throughput of 
spray water alters. Figure 7.2 shows the operating principle of a variable 
area, multinozzle attemperator. This employs a sliding plug which is 
moved by an actuator, allowing the water to be injected through a greater 
or smaller number of nozzles. With this type of device, the amount of 
water injected is regulated by the position of the sliding plug, a separate 
spray-water control valve is therefore not needed. 

Adequate performance of this type of attemperator depends on the 
velocity of the vapour at the nozzles being high enough to ensure that the 
coolant droplets remain in suspension for long enough to ensure their 
absorption by the steam. For this reason, and also to provide thermal pro- 
tection for the pipework in the vicinity of the nozzles, a thermal liner is 
often included in the pipe extending from the plane of the nozzles to a 
point some distance downstream. 
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Spray water 

Nozzles 

Figure 7.2 Principle of a multinozzle desuperheater 

The accuracy of control and the turndown range available from a 
multi-nozzle attemperator is considerably greater than that of a single- 
nozzle version, allowing the steam temperature to be controlled to 
+ 5.5°C over a flow range of 40: 1. 

7.2.3 The variable-annulus desuperheater 

Another way of achieving accurate control of the steam temperature over 
the widest possible dynamic range is provided by the variable-annulus 
desuperheater (VAD) (produced by Copes-Vulcan Limited, Road Two, 
Winsford Industrial Estate, Winsford, Cheshire, CW7 3QL.). Here, the 
approach contour of the VAD head is such that when the inlet steam flows 
through an annular ring between the spray head and the inner wall of the 
steam pipe its velocity is increased and the pressure slightly reduced. The 
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coolant enters at this point and undergoes an instant increase in velocity 
and a decrease in pressure, causing it to vapourise into a micron-thin layer 
which is stripped offthe edge of the spray head and propelled downstream. 
The stripping action acts as a barrier which prevents the coolant from 
impinging on the inner wall of the steam pipe. The downstream portion of 
the VAD head is contoured, creating a vortex zone into which any unab- 
sorbed coolant is drawn, exposing it to a zone 
of low pressure and high turbulence, which therefore causes additional 
evaporation. 

Due to the Venturi principle, the pressure of the cooled steam is 
quickly restored downstream of the vena contracta point, resulting in a 
very low overall loss of pressure. 

An advantage of the VAD is that, due to the coolant injection 
occurring at a point where the steam pressure is lowered, the pressure of 
the spray water does not have to be significantly higher than that of the 
steam. 

7.2.4 Other types of attemperator 

At least two other designs of attemperator will be encountered in power- 
station applications. The vapour-atomising design mixes steam with the 
cooling water, thus ensuring more effective break-up of the water droplets 
and shrouding the atomised droplets in a sheath of steam to provide rapid 
attemperation. 

Variable-orifice attemperators include a freely floating plug which is 
positioned above a fixed s ea t - - a  design that generates high turbulence 
and more efficient attemperation. The coolant velocity increases simulta- 
neously with the pressure drop, instantly vaporising the liquid. Because of 
the movement of the plug, the pressure drop across the nozzle remains 
constant (at about 0.2 bar). The design of this type of attemperator is so 
efficient that complete mixing of the coolant and the steam is provided 
within 3 to 4 m of the coolant entry point, and the temperature can be 
controlled to __+ 2.5 °C, theoretically over a turndown range of 100 : 1. 

Because the floating plug moves against gravity, this type of attem- 
perator must be installed in a vertical section of pipe with the steam 
through it travelling in an upward direction. However, because of the 
efficient mixing of steam and coolant, it is permissible to provide a bend 
almost immediately after the device. Figure 7.3 shows a typical installa- 
tion. 
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Figure 7.3 Variable-orifice attemperator installation 

7.2.5 Location of temperature sensors 

Because the steam and water do not mix immediately at the plane of the 
nozzle or nozzles, great care must be taken to locate the temperature 
sensor far enough downstream of the attemperator for the measurement to 
accurately represent the actual temperature of the steam entering the next 
stage of tube banks. Direct impingement of spray water on the temperature 
sensor will result in the final steam temperature being higher than desired. 
Figure 7.4 shows a typical installation, in this case for a variable-annulus 
desuperheater. 

7.2.6 Control systems for spray-water attemperators 

The simplest possible type of control would be based on measuring the 
temperature of the steam leaving the final superheater, and modulating 
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the flow of cooling water to the spray attemperator so as to keep the tem- 
perature constant at all flow conditions. Unfortunately, because of the 
long time constants associated with the superheater, this form of control 
would produce excessive deviations in temperature, and a more complex 
arrangement is required. 

Two time constants are associated with the superheater. One represents 
the time taken for changes in the firing rate to affect the steam tempera- 
ture, the other is the time taken for the steam and water mixture leaving 
the attemperator to appear at the outlet of the final superheater. In terms 
of temperature control it is the latter effect which predominates because, 
although changes in heat input will affect the temperature of the steam, a 
fast-responding temperature-control loop will be able to compensate for 
the alterations and keep the temperature constant. It is the reaction time 
between a change occurring in the spray-water flow and the effects being 
observed in the final temperature that determines the extent of the tem- 
perature variations that will occur. 

Another problem with a simple system, as outlined above, is that it 
does not permit any monitoring anc~ control of the temperature to occur 
within the steam ci rcui t - -only  at the exit from the boiler. 

These difficulties are addressed by the application of a cascade control 
system as shown in Figure 7.5. This shows a simple steam-temperature 
control system based on the use of an interstage attemperator which is 
located in the steam circuit between the primary and secondary banks of 
superheater tubes. 

Since it is the temperature of the steam leaving the secondary super- 
heater that is important, this parameter is measured and a corresponding 
signal fed to a two- or three-term controller (proportional-plus-integral or 
proportional-plus-integral-plus-derivative). In this controller the 
measured-value signal is compared with a fixed desired-value signal and 
the controller' s output forms the desired-value input for a secondary con- 
troller. (Because the output from one controller 'cascades' into the input of 
another, this type of control system is commonly termed 'cascade 
control'.) 

The secondary controller compares this desired-value signal with a mea- 
surement representing the temperature of the steam immediately after the 
spray-water attemperator. 

It is a matter of some debate as to whether a two-term or three-term 
controller should be used in this type of application. Because the steam- 
temperature sensors used are subjected to the high pressures and tempera- 
tures of the superheater, they have to be enclosed in substantial steel 
pockets. Even with the best designs, pockets are usually slow-responding, 
with the result that any high-speed fluctuations in the measured-value 
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signal will be smoothed out and the resultant signal will be fairly stable. 
The use of a derivative term is therefore easier than in, say, flow measure- 
ment applications where small-scale but sudden changes in flow can occur. 
When rapid input changes are differentiated, the controller output 
changes by a large amount, and for this reason tuning three-term flow con- 
trollers for optimum response can become difficult. This is not a problem 
with the temperature controllers described here, and the application of 
derivative action may be viable if it is felt that this could provide improved 
performance. As usual, it is important that the controller design should be 
such that the derivative term affects only the measured-value signal (not 
the desired-value or error signals), since differential response to operator- 
induced setpoint changes is always undesirable. 

In Chapter 6, reference was made to the requirement for the spray 
water to enter the a/tempera/or at a pressure which exceeds the steam 
pressure by a minimum value. It is worth remembering the point made 
there: that, where a variable-speed feed pump is used, care must be taken 
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to ensure that adequate water/steam differential pressure is available 
under all operational conditions. 

7.2.6.1 Controller saturation effects 

The type of control system described above is commonly encountered in 
a wide variety of applications, and it is subject to an effect which must be 
understood and adequately addressed by the design of the controllers used 
in the system. The effect is known as 'integral saturation' or 'reset wind- 
up', and it is a characteristic of integral-action controllers whose output 
commands are fed into the inputs of cascade or secondary controllers. It 
sometimes confuses people when they are first introduced to this saturation 
effect in steam-temperature control applications since the word 'satura- 
tion' is also applied to a thermodynamic property of steam. It is therefore 
important that the point is clearly understood that in this context the word 
'saturation' refers to a controller output reaching a limiting value and then 
attempting to exceed that figure. 

Whether the implementation of a controller is achieved in hardware or 
by software its output must always be constrained by some design limit or 
other. At first sight, it may appear that the exception to this rule is the so- 
called pulse or incremental controller, where the output commands dictate 
a change in the position of the controlled device. However, if the controller 
and actuator are considered together as a system it will be seen that satura- 
tion will still occur when the actuator reaches the limit of its movement. 

With a gain of x, the output of a controller will be the input error multi- 
plied by x, but what happens if either x or the error is so large that the 
resulting output is outside the range of signals that the controller can 
handle (i.e. beyond the limiting value of the output range)? In this case the 
controller output will adopt a magnitude which is fixed at the limiting 
value, in which condition the output is no longer representative of the 
input error. 

The range of inputs within which the controller output is representative 
of the input error is inversely proportional to the gain: with a large gain, a 
small input error may force the output signal to the limiting value, and 
vice versa. 

It is for this reason that control engineers refer to the 'proportional 
band' of the controller, the proportional band of a controller being the 
reciprocal of its gain, with a gain of 1 being equivalent to a proportional 
band of 100%. It is worth exploring the significance of this statement with 
the following example. 

In Figure 7.6a the controller has a gain of 1. The input error is defined as 
being in the range 0 -  100% and the output is also in the range 0 -  100%. 
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Figure 7.6 Controller saturation 

If the input error is slowly swung from one extreme limit to the other (i.e. 
from -100% to +100%), the output also moves from one limit to the 
other (in the above case from -100% to +100%). 

In Figure 7.6b the controller gain has been increased to 2, and this 
time the output reaches its limiting value of +100% when the input error 
is only +50%, and it becomes -100% when the input is - 5 0 % .  In other 
words, the output moves from one limit to the other with an input swing of 
50% of the maximum range. If  the input is increased beyond the value of 
50% in either direction, as shown by the dotted lines, the output cannot 
respond, since the output has reached the limit of its range and the con- 
troller has become saturated. 

The significance of the expression 'proportional band' should now be 
apparent. It is the range of input signals within which the output is propor- 
tional to the input. 

A good way of understanding what is happening is to think of the 
input in terms of a window. Every change that occurs within the window 
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will be reacted to, but any change that occurs when the input is outside 
of the window is invisible to the controller. The size of the window is 
inversely proportional to the controller gain: the higher the gain, the 
smaller the window. 

With a simple loop, the effects of controller saturation are not too 
severe since the output has reached the limit of movement of the actuator 
and it starts to react as soon as the controller input error has re-entered the 
proportional-band window. In a cascade loop, however, the presence of 
the two controllers leads to highly undesirable results. 

To illustrate this point, Figure 7.7 shows a cascade loop with practical 
values of temperature and gain added. As is common with this type of 
system, the temperature transmitter has a suppressed range, with 4 mA 
being transmitted when the temperature is 300°C and 20 mA when the 
temperature is 600 °C. When the steam temperature is 400°C the error 
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superheater superheater 
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Gain = 2 
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3 0 0  - 6 0 0 ° C  

4 mA - 20 mA 

,.s I 
\ 
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Figure 7.7 Saturation effects in steam-temperature control system 
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between the measured and desired value signals is 150 °C, which is 50% 
of the 300 °C input range and with a gain of 1 the controller output is also 
50%. Since the secondary controller has a gain of 2, the 50% signal from 
the primary controller is right at the edge of its own proportional-band 
window. 

Now let us see what happens when the temperature is outside the pro- 
portional-band window when, as stated above, the secondary controller 
cannot react to any changes in it. If  the temperature is at, say, 350 °C and 
rising, the primary controller will react to the rise in temperature and 
produce output commands which should start increasing the flow of 
cooling spray-water. However, these commands are initially invisible to 
the secondary controller, and the spray valve will not be moved until the 
signal eventually enters the proportional-band window of the secondary 
controller. By then it is far too late, and the situation is exacerbated by the 
long time constant of the final superheater (up to 1 ½ minutes in some 
cases). As a result, the temperature continues to rise, and when the spray 
valve finally opens the result is a severe overcorrection. The result is that 
the final steam temperature and the spray valve opening will both begin to 
oscillate. 

This is a classical example of the effects of controller saturation, but 
the problem is not always understood by DCS vendors who are unfamiliar 
with boiler control systems. On the other hand, vendors who do recognise 
the problem offer a variety of solutions. These usually involve the use of 
'track' and 'reset' facilities in the controllers (or the software function 
blocks which assume the duty of controllers). With such solutions the con- 
troller output is forced to follow a signal which is connected to its 'track' 
terminal when the reset (integration) function is disabled. In one config- 
uration, the system monitors the output signal of the primary controller, 
and when this reaches 100% the controller output is forced to track the 
input temperature. 

7.2.6.2 Prevention of over-cooling 

In steam-temperature control applications it is important to prevent the 
temperature being reduced too far. If the temperature at the inlet of the 
secondary superheater falls to a value approaching the saturation tempera- 
ture, water droplets could form in the flowstream, raising the possibility of 
thermal shock to the pipework, and in addition the steam circuit could 
become partially plugged. The flow through the obstructed tubes will then 
be reduced and their surface temperature will rise, possibly causing 
premature tube failure. 
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7.2.6.3 Multistage attemperators 

Some boilers have several banks of superheater tubes. In these cases spray 
attemperators are normally provided between the major banks, as shown 
in Figure 7.8. 

It will be seen that the control systems around each superheater 
comprise cascade loops that are quite similar to those discussed earlier. 
However, the set-value signal for the first stage of spraying is derived from 
the output of the controller regulating the final steam temperature. In 
fact, the signal may be characterised in some way to accurately represent 
the relationship between the temperature of the steam leaving the second 
stage of attemperation and that at the exit of the first stage. When the 
system is operating correctly, with the final slave controller maintaining its 
desired-value and measured-value signals at the same value, the effect is to 
maintain a constant temperature-differential across the second attem- 
perator. The temperature drop across the attemperator is a measure of the 
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Figure 7.8 Steam-temperature control with two-stage spray attemperation 
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work being done by it, and by controlling this to a known value the 
cooling load through the entire string of tubes can be apportioned as 
required. 

The function of the maximum-selector unit (item 9) is to prevent 
chilling as described in Section 7.2.6.2. The steam pressure at the drum is 
measured and its value characterised (8) to produce a signal which repre- 
sents the saturation temperature. Item 8 also incorporates a bias to 
represent a safe margin of operation and the resultant signal is fed to the 
maximum-selector unit. If  the output of the secondary-superheater con- 
troller should fall to a value that is at or below the safety margin above the 
saturation temperature, it is ignored by the maximum-selector unit, which 
clamps the desired value signal for the first stage attemperator at this 
limit. 

Another feature of the system shown in this diagram is the programming 
signal which presets the opening of the first-stage spray-water valve 
according to a characteristic that the boiler designer has predicted. The 
temperature-control systems then trim this opening to eliminate any 
residual error. These programming signals can overcome some of the 
boiler's time-delays, producing a better and faster response to changes in 
load. 

7.3 Temperature control with tilting burners 

As explained in Chapter 3, the burning fuel in a corner-fired boiler forms 
a large swirling fireball which can be moved to a higher or lower level in 
the furnace by tilting the burners upwards or downwards with respect to a 
midposition. The repositioning of the fireball changes the pattern of heat 
transfer to the various banks of superheater tubes and this provides an 
efficient method of controlling the steam temperature, since it enables the 
use of spray water to be reserved for fine-tuning purposes and for emergen- 
cies. In addition, the tilting process provides a method of controlling 
furnace exit temperatures. 

With such boilers, the steam temperature control systems become signif- 
icantly different from those of boilers with fixed burners. The boiler 
designer is able to define the optimum angular position of the burners for 
all loads, and the control engineer can then use a function generator to set 
the angle of tilt over the load range to match this characteristic. A tem- 
perature controller trims the degree of tilt so that the correct steam 
temperature is attained. 
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7.4 Controll ing the t emperature  of reheated s t eam  

In boilers with reheat stages, changes in firing inevitably affect the tem- 
perature of both the reheater and the superheater. I f  a single control 
mechanism were to be used for both temperatures the resulting inter- 
actions would make control-system tuning difficult, if not impossible, to 
optimise. Such boilers therefore use two or more methods of control. 

Because of the lower operating pressure of reheat steam systems, the 
thermodynamic conditions are significantly different from those of super- 
heaters, and the injection of spray water into the reheater system has an 
undue effect on the efficiency of the plant. For this reason, it is preferable 
for the reheat stages to be controlled by tilting burners (if these are 
available) or by apportioning the flow of hot combustion gases over the 
various tube banks. However, if the superheat temperature is controlled by 
burner tilting, gas apportioning or spray attemperation must then be used 
for the reheat stages. 

In  boilers with fixed burners, steam-temperature control may be 
achieved by adjusting the opening of dampers that  control the flow of the 
furnace gases across the various tube banks. In some cases two separate 
sets of dampers are provided: one regulating the flow over the superheater 
banks, the other controlling the flow over the reheater banks. 

Between them, these two sets of dampers deal with the entire volume 
of combustion gases passing from the furnace to the chimney. If  both were 
to be closed at the same time, the flow of these gases would be severely 
restricted, leading to the possibility of damage to the structure due to over- 
pressurisation. For this reason the two sets are controlled in a so-called 
'split-range' fashion, with one set being allowed to close only when the 
other has fully opened. 

These dampers provide the main form of control, but the response of 
the system is very slow, particularly with large boilers, where the tempera- 
ture response to changes in heat input exhibits a second-order lag of 
almost two minutes' duration. For this reason, and also to provide a means 
of reducing the temperature of the reheat steam in the event of a failure in 
the damper  systems, spray attemperation is provided for emergency 
cooling. 

The  spray attemperator is shut unless the temperature at the reheater 
outlet reaches a predetermined high limit. When this limit is exceeded, the 
spray valve is opened. In this condition, the amount  of water that is 
injected is typically controlled in relation to the temperature at the 
reheater inlet, to bring the exit temperature back into the region where 
gas-apportioning or burner tilting can once again be effective. The 
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relationship between the cold reheat temperature and the required spray- 
water flow can be defined by the boiler designer or process engineer. 

If  a turbine trip occurs the reheat flow will collapse. In this situation 
the reheat sprays must be shut immediately in order to prevent serious 
damage being caused by the admission of cold spray water to the turbine. 

7.4.1 Spray attemperators for reheat applications 

At first, it may seem that reheat spray-water attemperator systems should 
be similar to those of the superheater. This is untrue, because reheat attem- 
perators have to cope with the lower steam pressure in this section of the 
boiler, which renders the pressure of the water at the discharge of the feed 
pumps too high for satisfactory operation. Although a pressure-reducing 
valve could be introduced into the spray-water line, this would be an 
expensive solution whose long-term reliability would not be satisfactory 
because of the severe conditions to which such a valve would be subjected. 
A better solution would be to derive the supply from the feed-pump inlet. 
In some cases, even this is ineffective, and separate pump sets have to be 
provided for the reheat sprays. 

7.5 Gas recycling 

Where boilers are designed for burning oil, or oil and coal in combination, 
they are frequently provided with gas-recirculation systems, where the hot 
gases exiting the later stages of the boiler are recirculated to the bottom 
part of the furnace, close to the burners. This procedure increases the 
mass-flow of gas over the tube banks, and therefore increases the heat 
transfer to them. 

Because the gas exiting the furnace is at a low pressure, fans have to be 
provided to ensure that the gas flows in the correct direction. Controlling 
the flow of recycled gases provides a method of regulating the temperature 
of the superheated and reheated steam, but interlocks have to be provided 
to protect the fan against high-temperature gases flowing in a reverse 
direction from the burner area if the fan is stopped or if it trips. 

7.6 Summary 

This ends our system-by-system survey of boiler and H R S G  control and 
instrumentation systems, and we will now turn our attention to some of the 
design aspects relating to the equipment that is used in implementing these 
systems. 



Chapter 8 

Control equipment practice 

On an operational plant, the control systems that have so far been 
examined may be implemented in any of a variety of ways, ranging from 
pneumatics to advanced computer-based systems, but in all cases it should 
be possible to identify the various loops within the relevant configuration. 
These days, most control functions are implemented by means of a 
computer-based system, so we shall now briefly look at a typical configura- 
tion. After that, we shall examine some of the other hardware used in the 
systems and then consider the environmental factors that influence the 
selection of control and instrumentation equipment. 

8.1 A typical DCS configuration 

DCS stands for 'distributed control system'. The term 'distributed' means 
that several processors are operating together. This is usually achieved by 
dedicating tasks to different machines. It does not necessarily mean that 
the separate computers are physically located in different areas of the 
plant. 

Figure 8.1 shows how a typical system may be arranged. The following 
notes relate to individual parts of that system. In practice, each manufac- 
turer will usually offer some variant of the system shown in this diagram, 
and the relevant description should be consulted, but the comments made 
here are general ones which may help to identify points which should be 
considered and discussed when a new or refurbished system is being consid- 
ered. 
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8.1.1 The central system cabinets 

Located near the centre of Figure 8.1 are the cabinets which house the pro- 
cessors that execute the control functions. These cubicles also contain the 
attendant interface and input/output  ( I /O)  cards and the necessary 
power supply units (PSUs). The latter will usually be duplicated or tripli- 
cated, with automatic changeover from one to another in the event of the 
first failing. (This automatic changeover is often referred to as 'diode auc- 
tioneering' because silicon diodes are used to feed power from each unit 
onto a common bus-main. In the event of the operational power-supply 
unit failing, its diode prevents a power reversal while the back-up power 
unit takes over.) At this time it is important that the system should raise an 
alarm to warn that a PSU failure has occurred. Otherwise the DCS will 
continue to operate with a diminished power-supply reserve and any 
further failure could have serious consequences. 

Clearly, the DCS cannot operate continuously from batteries alone. A 
reliable and stable source of power will therefore need to be available 
(usually l l 0 V  or 240V AC). If  the DCS includes internal back-up 
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batteries it will continue to operate if the AC feed is lost, but such 
batteries are normally sized to retain essential data in the memory and to 
provide a limited amount of functionality. They may also allow limited 
control to be performed, but all this will function for only a short period 
(typically 30 min) and it is therefore usual to provide an external uninter- 
ruptable power supply (UPS) system which can allow the plant to be 
operated for a longer time. The duration of this period warrants very 
careful consideration. Long periods require large and expensive batteries 
and charger systems, and this expense can rarely be justified (especially 
since such a major power loss will probably have disabled all pumps, 
motors etc.). Instead, it is common to provide a battery capacity that will 
allow the plant to be safely shut down in the event of power failure. The 
determination of the time required for such an operation is a matter of dis- 
cussion with the process design engineers and the plant management. 

In addition to supplying the computer system, the power-supply 
system will usually also have to provide DC supplies for 4-90  mA trans- 
mitters and for limit-switch contacts. (The voltage connected to a contact 
and thence to the DCS input channel is often referred to as the 'wetting 
voltage'.) Transmitters operating on the 4 - 2 0 m A  range which are 
powered from the DCS are sometimes called 'passive'. In comparison, 
those that operate from local power supplies are called 'active'. 

The I /O  cards consist of analogue and digital input and output 
channels. Analogue inputs convert the incoming 4 - 2 0 m A  signals to a 
form which can be read by the system. The printed-circuit cards for 
analogue inputs may or may not provide 'galvanic isolation'. With a galva- 
nically isolated device the signal circuit is electrically isolated from others, 
from the system earth and from the power-supply common rail. Galvanic 
isolation simplifies circuit design since it prevents inadvertent short- 
circuiting, but consideration should be given to the possible build-up of 
static charges on completely ungrounded circuits, which could cause 
damage to input devices (which are usually rated for not more than a few 
tens or hundreds of volts). This is normally an important consideration 
only in areas of very low humidity or where there is a strong presence of 
charged particles. 

The commissioning process, and the task of identifying and correcting 
faults, are operations which are considerably assisted by the provision of 
light-emitting diode status indicators (LEDs) on the digital output cards. 

Some systems provide switches on the digital input cards, which can be 
of assistance with commissioning and fault-finding. However, inadvertent 
or deliberate maloperation of such switches can have serious consequences, 
since the DCS is then provided with incorrect plant-status information and 
it may take inappropriate action. (The use of logic probes, which inject 
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signals into a system to check its operation, is also to be deprecated, for 
similar reasons.) 

Analogue and digital I / O  channels are normally grouped into 8, 16, 32 
or 64 channels per printed-circuit card. 8 or 16 analogue input (AI) 
channels are commonly accommodated on a card, but analogue output  
(AO) channels consist of current generators and so occupy more space and 
are more expensive than AI channels, which are based on small opera- 
tional-amplifier devices (op-amps). Digital input (DI) channels are very 
simple and cheap and may be grouped into 16 or even 32 inputs to a single 
card. Digital output (DO) channels driving lower-power devices are also 
simple and cheap, and may also comprise 16 or 32 inputs to a single card, 
but DOs for higher-power devices (such as solenoid valves) usually require 
the provision of relays. These may be included on the card or they may be 
separate. 

When considering the provision of spare I / O  channels, careful thought 
must be given to the grouping of channels. If a system has 256 analogue 
input channels available, of which only 230 are actively used, it may be 
said to have 11% spare capacity in this area. However, the grouping of 
functional areas into cards will inevitably result in the occurrence of more 
spare channels in one area than in another. It is possible, therefore, to have 
the required amount  of spare I / O  capacity available in terms of the 
overall system, but to be unable to modify or extend a particular part of 
the system safely, because no spare channels have been provided in the 
required area. 

Spare capacity should be provided both in the form of 'populated'  
channels (i.e. spare inputs and outputs on individual cards) and 'unpopu- 
lated' space (i.e. spaces for additional cards). To avoid a spaghetti-like 
tangle of cross-connections, the spare spaces should be sensibly distributed 
through the system. 

8.1.2 Termination and marshalling 

It is important  to understand that the grouping of inputs and outputs on 
the I / O  cards does not always correspond with the grouping of signals into 
multipair cables, which is dictated by the physical arrangement of 
equipment on the plant. While it is sensible to avoid mixing different 
control systems (e.g. feed water control and combustion control) onto a 
single card, the signals associated with a single system will not necessarily 
all be carried in the same cable. The result is that a certain degree of cross- 
connection or 'marshalling' is always required. 

Well-designed systems will provide adequate facilities for neatly mar- 
shalling the signal connections, but this inevitably requires that the 
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identification of signal connections and their location in the cable system 
is known at an early stage of the contract. The later this problem is 
resolved, the more complex and untidy the system will become. 
Complexity and untidiness can be dangerous because it can lead to 
mistakes occurring during commissioning or afterwards. 

8.1.3 Operator workstations 

The operator workstations consist of screens on which plant information 
can be observed, plus keyboards, trackballs or 'mouse' devices allowing the 
operator to send commands to the system. They also comprise printers for 
operational records, logging of events (such as start-up of a pump), or 
alarms. Some systems also provide plotters (one use of plotters is to detect 
the possible stalling of an axial-flow fan, as described in Chapter 3). 

The screens can be ordinary cathode-ray tube types as used with 
personal computers, or they may be large-screen plasma displays or pro- 
jection systems. The selection of the type of screen depends on the 
operational requirements, but will ultimately be determined by the 
available budget. Critical ergonomic factors affect the optimum design of 
the workstations, and great care must be exercised to ensure that the plant 
can be operated safely under all conceivable modes of failure, and that no 
computer-assisted errors can occur due to the operator being confused by 
the information presented to him or her. 

An important consideration is the screen update time. This is the time 
between the occurrence of an event and its appearance on the screen. As 
system loading is increased, this time can become extended, but the 
operator will need to be made aware of each event as soon as possible after 
it occurs, so that corrective action can be taken. An update time of 1 s is 
barely adequate to deal with fast-moving events, but it can be quite 
difficult to achieve. 

8.2 Interconnect ions  be tween  the s y s t e m s  

The considerations applying to field cabling are dealt with in Section 8.8. 
However, special thought needs to be given to the data highway. This is a 
high-speed link over which a great deal of information is transmitted. The 
cable employed for this purpose is very specialised, and great care has to 
be taken in its installation. Physical damage, severe bending or incorrect 
termination can cause maloperation. If a fibre-optic cable is used, the con- 
siderations that apply to this type of cabling must be meticulously 
followed. 
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The integrity of the data highway is crucial to the safety of the plant 
and therefore it is usually duplicated. However, the provision of a sophisti- 
cated dual-redundant highway with full error-checking and correction has 
on occasion been completely negated by the cable installer running both 
cables on the same tray, or over the same route. An incident that damages 
one cable will in all probability also damage the second one, with severe 
consequences. 

8.3 Equipment  selection and environment  

Although modern gas-fired plant naturally tends to be clean in comparison 
with its coal-fired equivalents, any power-station environment still 
presents a severe test for electronic systems. The control-system designer 
has to deal with the problems of operating low-voltage, potentially inter- 
ference-prone, electronic equipment in close proximity to electrical plant 
operating at 11 kV and above, with all its attendant switchgear and trans- 
formers. The situation is exacerbated when considerations of safe 
operation in hazardous environments are brought into the picture. It 
becomes even worse when considering the dust, dirt and vibration that are 
significant factors in practical power-plant environments. Naturally, the 
latter problems (dust and dirt) become particularly acute in coal-fired 
plant. 

The success of a control system depends on the designer understanding 
and addressing these factors. To assist in this process the following chapter 
provides an outline of good equipment design and installation practices. 
Because the subject covers so many different disciplines, the chapter is 
divided into three sections: 

• Mechanical factors: the ground rules for providing good facilities for 
control and instrumentation equipment. 

• Electromagnetic compatibility: guidelines for minimising the risk of 
maloperation caused by interference. 

• Physical environmental considerations: dealing with dust, dirt, 
vibration and hazardous atmospheres. 

These matters must be understood and judiciously applied when an 
installation is being planned, but doing this involves considerable interplay 
with the civil and mechanical-engineering disciplines, and appropriate 
action must therefore be taken at a very early stage in the design and con- 
struction phases of the plant. In a new plant, given diligence and 
understanding on the part of all the disciplines involved, one can hope to 
achieve this goal. But in the case of a refurbishment project the task 
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becomes much more difficult, because here one is dealing with a plant 
whose construction is already complete. In  this case the control-system 
designer must work with what already exists. In the end it may come to a 
matter  of fighting a ditch-by-ditch battle, eventually retreating to the last 
p r inc ip le - - the  one that must never be sacrif iced--which is to obtain an 
installation that is safe to operate and maintain. 

8.4 Mechanical factors and ergonomics  

In this section we shall consider the mechanical installation of electronic 
control equipment. This is necessarily a summary, and like most aspects of 
technology it is affected by changing requirements and technologies. 
Because requirements, technologies and the availability of materials are 
always changing, some form of guidance on up-to-date practice should be 
sought and it is tempting to think that the selected system vendor will be 
able to provide this. 

Reputable vendors should be pleased to provide guidance on installation 
practices to be employed with their equipment and systems. This is partly 
because by providing such information they demonstrate that they are 
experienced in power-station work, and are able and willing to help with 
such matters. It is also in their own interest to do everything possible to 
ensure that their systems will not be exposed to mechanical or electromag- 
netic conditions that couldjeopardise their performance. 

However, it will be unwise to wait until a specific vendor has been 
selected because in most cases this action occurs when the basic concrete 
and steel construction is almost complete, by which time it will be too late 
to make any changes. It is useful to obtain guidance on current practice 
from a range of system vendors. 

8.4.1 Site considerations 

The electronic assemblies that comprise a control system will generally 
be located in three areas: 

• The  field: where transmitters, sensors, detectors and actuators are 
sited. 

• The equipment room(s): accommodating the control cubicles, 
processors, I / O  facilities and power-supplies. 

• The control room: housing the operator facilities (screens and 
keyboards), plus the system printers etc. 
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These areas represent very different environments for the equipment they 
contain, ranging from the severe conditions of dust, dirt, humidity, heat, 
vibration and hazardous areas that are to be found on the plant, to the 
comparatively quiet and clean conditions that should be found in the 
control room. 

8.4.1.1 Field equipment 

Every control system depends for its operation on accurate information 
on the plant being controlled, (which is the duty of the process transmit- 
ters), and the ability to apply the resulting commands to the plant (which 
is done by actuators). These electromechanical transducers are vital to the 
proper operation of the system. They must operate efficiently and reliably. 

Unfortunately, items of equipment in these critical areas are subject to 
particularly severe difficulties. For a start, the design of electromechanical 
transducers requires a blend of good electronic engineering and mech- 
anical engineering. A thorough understanding of metallurgy and engi- 
neering chemistry is often also required. Designing equipment where 
several disciplines are involved is much more difficult than working in only 
one discipline. If  this hurdle is overcome successfully a good device will 
result, but it will then be installed on the plant where it will be exposed to 
the severe environments that often exist there. The equipment's operation 
will then depend heavily on the application of the best possible installation 
and maintenance practices. 

A successful control system requires detailed definition of each 
component  part, and in the case of the transmitters this is achieved by 
meticulous specification of the transmitter itself, and by careful definition 
of how it will be installed. 

Figure 8.2 shows one step in the latter process, a so-called 'hook-up' 
diagram for a transmitter measuring high pressures. The hook-up defines 
how the transmitter is piped up to the process. Two types of hook-up 
diagram are illustrated here, one showing all the mechanical items that 
will be needed to complete the assembly (such as elbows, tees and unions), 
the other outlining in schematic form how the system operates. Normally, 
only one of these types will be used for a given contract. Such diagrams 
define the connections and as such are an essential prerequisite for installa- 
tion of an instrument. The detailed version of the hook-up is useful for 
costing/estimating purposes, although the same information may be 
provided in a simpler form. 

A few points about this diagram warrant further discussion. The 
tapping-point isolating valve is usually provided by whoever installs the 
main high-pressure plant pipework. It is connected to the transmitter 
subsystem by a small-bore line, known as the 'impulse' pipe, and the 
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selection of the correct type and size of pipe will have a considerable 
bearing on the accuracy, reliability and maintainability of the installation. 

The standards that are applied change from time to time and vary 
between countries and users. It was usual for HP pressure and differential- 
pressure transmitters to be connected to the process via 15mm OD 
stainless-steel impulse pipes and 20 mm nominal-size valves, while drum- 
level transmitters were connected via 16mm OD pipes and 32mm 
nominal-size valves. Commercial pressures have nowadays led to a 
situation where some purchasers merely stipulate that the whole system 
should operate satisfactorily (sometimes within defined parameters) for a 
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given time (say, twenty years). Little or nothing is said about matters 
such as maintainability of ease of access. Using the above connection sizes 
will lead to an installation that is workable, reliable and easy to 
maintain. 

The sizes of the connection pipes and valves form only one part of the 
picture. Other matters concern the lengths, lagging, and slope (rise or fall) 
of the connecting pipes (which will allow them to be vented or drained), 
and so on. 

The two-valve instrument manifold shown in Figure 8.2 is a standard 
subassembly which may either be integral with the transmitter or provided 
as a separate item as shown. It allows the transmitter to be connected, cali- 
brated and vented before removal. 

The blowdown-valve assembly enables the pipework to be flushed 
through to remove entrained gases, deposits etc., to a suitable drain or 
vessel. In this example it comprises two valves, a 'master' and ' m a r t y r ' - -  
an arrangement that enhances long-term maintainability in a high- 
pressure application. If a single blowdown valve were to be provided in 
such an application, the differential pressures and velocities to which it 
would be subjected each time it is opened or closed would quickly erode 
the internals. The 'master and martyr '  assembly operates as follows to 
avoid this problem. Prior to initial commissioning of the system, both 
valves are closed. When pressure has been applied, the master valve is 
opened first, followed by the martyr. When any debris or undesired gas or 
vapour has been ejected, the martyr  is shut off first, followed by the 
master. When the system is to be shut off again after use, the master is 
opened while the martyr  remains closed, and then the martyr  is opened. 
By this means the onerous duty of opening or closing of the pressurised 
system to the atmosphere is always handled by the martyr, with the master 
merely opening or closing without changing the flow. When the martyr  
eventually succumbs to these harsh conditions of use it can be quickly and 
easily replaced while the master is closed without having to isolate the 
transmitter at the tapping point (a process that may necessitate shutting 
down the plant). Since the master valve is never subjected to harsh opera- 
tional conditions it should survive for an indefinite period. 

Figure 8.3 shows the actual installation of such a transmitter on a 
combined-cycle power plant (the isolating and blowdown valves are not 
visible in the picture, and only part of the impulse pipework can be seen). 

Similar levels of detail must be defined for all types of transmitters and 
gauges. Each of these has its own peculiarities, and neglect of a simple 
requirement can render a vital measurement inoperative, inaccurate or 
unreliable. Again, reputable manufacturers will be able to provide 
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Figure 8.3 Installation of a pressure transmitter 
Photo taken by permission of National Power plc 

detailed guidance for each device. But beware of those who claim that 
their instruments are so simple that no such guidance is needed! 

8.4.2 Actuators 

In the chapters of  this book dealing with various control loops, reference 
has been made to the controlling devices (such as valves and dampers) 
which translate the control system's demands into changes of flow and 
pressure. The modulation of these devices is the duty of an actuator, and in 
the next few paragraphs we shall briefly survey some of the actuator types 
to be found in power plant. 

Pneumatic actuators are well established and cost-effective. In addition 
to being reliable, accurate and capable of fast response, they are simple to 
use and maintain. They are therefore found in a great many installations, 
and where they are used the control system's commands have to be 
processed by an electro-pneumatic positioner (discussed later) or trans- 
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lated from electronic form /generally 4 - 2 0 m A )  to pneumatic form 
(usually 0.2 to 1 bar g) by an electropneumatic converter ( I /P  converter). 

The simplest pneumatic actuator consists of a diaphragm coupled to 
the stem of a valve (Figure 8.4). In the example shown, air pressure 
applied to the top of the diaphragm will cause it to be deflected and the 
attached stem will move downwards. When the pressure is reduced the 
spring will act to restore the stem position. 

In many cases, the pressure available from the I / P  converter will not 
exert sufficient force on the diaphragm to move it against the reactive 
force applied to the valve stem by the process fluid. Unless an extraordina- 
rily large diaphragm is used, the 1 bar g output signal produced by 
commonly used I / P  converters is unlikely to generate stem forces greater 
than 20 kN. Also, I / P  converters are designed to feed into small volumes so 
that, even if they could generate enough pressure to move the valve 
through its full travel, they will be unable to do so quickly, since it will take 
time for them to build up sufficient pressure in the large volume above the 
diaphragm. 

Two solutions are available to overcome this problem: boosters and posi- 
tioners. A booster is a pneumatic relay that converts small pressures to 
large ones. A positioner is essentially a power controller whose function is 
to translate the pneumatic control signals into mechanical movement of 
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Figure 8.5 Application of a positioner to a pneumatic valve acutator 

the valve stem. A positioner (Figure 8.5) applies a high-pressure air 
signal to one side or other of the diaphragm, adjusting the relative 
pressures until the stem position corresponds with the demand signal. The 
mechanical design of the positioner may incorporate a cam which can 
enable the demand/posit ion relationship to be shaped to a linear, square- 
law or other nonlinear characteristic. 

Although the use of a positioner is often essential, it is not always 
necessary. A positioner contains a feedback mechanism and difficulties can 
arise because of the inclusion of an additional integral term into the overall 
control system. This is particularly important when critical tuning is 
required, since the control parameters of the positioner are not adjust- 
able. 

A point which can also raise difficulties is where mechanical stops are 
introduced to limit the range of stem movement. In such cases it can be 
extremely difficult to adjust the way in which the positioner operates at the 
extreme limits of the valve travel. When the valve reaches the limit of 



166 Power-plant control and instrumentation 

movement set by the mechanical stop this will not necessarily correspond 
with the command signal. The positioner will therefore attempt to 
eliminate the apparent error by applying additional pressure to the 
diaphragm. If  the command signal holds the valve against the mechanical 
stop for an extended period the volume of air on one side or other of the 
diaphragm will build up to the full pressure of the air supply. Once this has 
happened any subsequent command to move the valve off the end stop 
will be followed by a delay as the air pressure within the diaphragm vents 
off. As this venting can occur only through the pipes and valves of the 
system, and as these are often constricted, the vent period can easily 
become extended. In time-critical applications the results can be unaccep- 
table, or even dangerous. 

Where such mechanical stops are fitted it is also important that the posi- 
tioner is set up to correspond with the actual range of free movement of the 
valve. If  one stop is set at a position that is, say, 10% from the fully closed 
position of the valve and the other is set at 90%, the positioner should be 
set up so that the stem is moved to the 10% position when the command 
signal is at the minimum of its range (e.g. 4 mA), and to the 90% position 
when it is at the maximum (e.g. 20 mA). If this is not done and the posi- 
tioner is ranged over the theoretical stroke of the valve stem (not between 
the stops), saturation will again occur as the positioner attempts to move 
the valve past one or other of the stops. However, even with the correct 
settings, it will be almost impossible to avoid the problem of saturation 
since, even if the difference between the position of the mechanical stop 
and the corresponding signal is microscopically small, over an extended 
time the integral-action effect of the positioner will cause the air pressure 
in the diaphragm to build up (or vent), with all the implications already 
described. 

In such cases (and, in fact, wherever a fast-responding loop already 
exists around the valve), it may be advantageous to abandon the positioner. 
This aim will be easiest to achieve if sufficient force can be exerted by the 
signal-air pressure alone but, if this is done, the length of pneumatic 
pipework between the I /P  converter and the diaphragm should also be 
minimised in order to reduce the delays that can otherwise be caused. 

If the pressure available from the I /P  converter is inadequate, or if it is 
impossible to obtain a short pipe run between the converter and the 
diaphragm, consideration should be given to using booster relays to 
provide adequate air pressure to the diaphragm without the use of a posi- 
tioner. 

However it is done, the point is that, in many loops, the use of a posi- 
tioner should be a last resort rather than an automatically applied 
solution. 



Control equipment practice 167 

Figure 8.6 A proprietary I /P converter 
© Watson Smith Ltd. Reproduced by permission 

8.4.3 The I /P  converter 

As mentioned above, an I /P  converter is required to convert the electronic 
commands from the DCS to a form that can be used by a pneumatic 
actuator. This functionality may be incorporated in the positioner itself 
(an electropneumatic positioner) or a discrete converter may be used 
(Figure 8.6). The type of converter shown in this diagram offers a 'fail in 
position' function, meaning that the output pressure is maintained at the 
last good value when the control signal is switched offor interrupted. 
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Inherent to any I /P  converter is the mechanical assembly which 
converts the electronic signal to the pneumatic output. As this will consist 
of some moving mass it will inevitably be affected by vibration to a greater 
or lesser extent. As the valves and dampers are necessarily mounted on 
pipework and ducting which is mechanically coupled to moving machines 
such as fans or pumps, they will be prone to vibrate and this factor must be 
considered in deciding whether to use an electropneumatic positioner or a 
separate converter. The former will be exposed to the full effects of the 
vibration while the latter can be mounted on a nearby wall or stanchion, 
offering some degree of insulation from the worst of the vibration. On the 
other hand, it is always less costly to install one device (a single I /P  posi- 
tioner mounted on the valve) rather than two (an I /P  converter driving a 
separate pneumatic positioner on the valve). Also, the distance/velocity 
lags that affect all pneumatic systems will be diminished if the converter is 
an integral part of the actuator. 

8.5 E lec t r i c  a c t u a t o r s  

Although pneumatic actuators are inexpensive, reliable and fast- 
operating, their use necessitates the provision of compressed-air supplies. 
The air must be clean and dry, entailing the use of filters and driers. It is 
therefore attractive to consider devices that do not require such expensive 
ancillary plant. In addition, the compressibility of air makes it difficult to 
provide a 'dead-beat' response when dealing with large masses. 

With the evolution of reliable solid-state position controllers for electric 
motors, the scope has opened up for avoiding the use of pneumatic 
operators by the use of electric actuators. These are self-contained, and 
only require an ordinary source of electric power. They can provide dead- 
beat response and also have the advantage of providing inherent 'fail-fix' 
operation since on loss of power they lock in position. On the other hand, 
making an electric actuator fail to the open or closed position on loss of 
power is not so simple. 

When specifying an electric 
required failure mode as well as 
fully closed to fully open). 

actuator it is important to state the 
the operating speed (time to travel from 

8.6 H y d r a u l i c  a c t u a t o r s  

Hydraulic actuators offer another way of dispensing with air compressors 
and their ancillary equipment. This type of actuator is powerful, fast and 
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accurate, and can be provided in fail-open, fail-closed or fail-fix configura- 
tions. The  points to consider all centre on the nature of the hydraulic 
medium employed. Is it f lammable or corrosive, what provision is made to 
guard against leakage etc. Also, if for reasons of economy a centralised 
hydraulic reservoir is shared between several actuators, careful considera- 
tion must be given to ensuring that no failure can disable major portions of 
the plant. 

8.7 Cabling 

The cables linking transmitters and actuators to the control system will 
be installed in areas where they may be exposed to impact  from passing 
vehicles or falling objects. In addition, they may be subject to movement  of 
the structure. For these reasons, cables should be adequately protected and 
well supported. It is common practice in some countries to use steel-wire 
armoured cable to provide protection, but if adequate mechanical support 
and protection is provided by other means (such as cable trays) there is an 
argument  in favour of using cheaper, unarmoured cable, even in the most 
severe plant environments. 

Often, a boiler is actually suspended from a steel frame to allow it to 
expand and contract as it heats. The  movement  between objects on the 
boiler front and a fixed reference point can be quite considerable and, 
unless this effect is considered, the cable can be damaged.  

8.8 Electromagnetic compatibility 

The high voltages, heavy currents and large magnetic fields associated 
with power-station equipment  give rise to the risk of interference with elec- 
tronic systems. It is an important  requirement that the system designer 
recognises this fact and pays careful attention to dealing with the risk. 
Guidance on design and installation practice is available from several 
sources [1] and it is nowadays generally a mandatory requirement that 
systems comply with electromagnetic compatibility (emc) rules defined by 
the country in which the plant is to be operated [2]. 

In general, a system designed to be immune  to interference should 
employ optocoupled inputs and outputs for digital signals, and its 
analogue inputs should include lowpass filters to provide a high level of 
attenuation to frequencies above say 20 Hz. Such filters provide discrimi- 
nation against 50 or 60Hz pickup from mains-operated devices and 
against any high-frequency disturbances that may be generated by 
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switchgear, variable-speed devices and the like. If  the roll-off characteris- 
tics of  these filters are adjustable, the input channels of the system can be 
made to recognise legitimate variations in the measured signals (dealing 
with rapid pressure changes or slow-changing temperatures, for example) 
while effectively ignoring interference-induced signals (such as 50Hz 
pickup). 

8.8.1 Earth connections 

Good earthing practice demands the use of a star-point connection for all 
screens. Figure 8.7a shows how current flowing through a common 
impedance affects other circuits connected to it. In this example, the 
voltage appearing at the input of a device (with reference to earth), is 
given by 

Vi = (il × zl) + (i3 × z3). 

It must be recognised that a major fault in an electrical machine is a 
transient phenomenon which can result in a very large current flowing to 
earth in a very short time. In addition, lightning strikes on structural 
steelwork, cables and machine frames can cause currents of hundreds of 
kiloamps to flow to ground. Because of the high-frequency nature of the 
current in all such cases, the complex impedance of the earth connection 
becomes dominant (i.e. its resistance and its inductance). 

If  the device represented by Zl is an analogue input channel of the 
plant DCS, it would normally be handling 4 -20  mA signals and its input 
impedance would be, say, 250~. The voltage across this input channel 
at full-scale would therefore be expected to be no more than 5V 
(0.02 A x 250 V). 

Now, assume that the common earth impedance is 10 f~ and that a 
transient fault current (i3) of 100A flows through it. (In practice, fault 
levels can be much higher even than this.) The voltage occurring at this 
input channel of the DCS under these conditions would therefore be 

V3 = (0.02 x 250) + (100 x 10) = 1 005 V. 

This example shows that input circuits of the DCS can be subjected to 
voltages several hundred or thousand times higher than expected, due to 
such fault currents. 

Figure 8.7b shows how this effect can be minimised by segregating 
signal earth connections from the earth connections of machines and their 
switchgear. The currents flowing to the instrument earth will all be of the 
order of milliamps, and if the connection to earth has a low impedance the 
maximum voltage appearing at the common point will be no more than a 
few hundred millivolts. 
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Figure 8.7c shows how such segregation can be achieved in practice. A 
low-impedance busbar, insulated from the metalwork of the cable itself, is 
provided in each equipment cubicle and connected to a 'clean earth' point 
by a low-impedance cable. All instrument earth connections (including 
cable screens) within the cubicle are connected to this busbar. The 
metalwork of the cubicle is connected to a separate safety earth point 
(often through the mounting bolts). 

8.8.2 Cables: armouring, screening and glands 

Reference has been made above to the use of steel-wire armouring to 
provide mechanical protection for interconnecting cable, and it is 
sometimes argued that armouring provides immunity to interference. This 
is not totally correct. Although steel-wire armouring does provide some 
degree of protection against magnetic fields, its performance as an electro- 
static screen is poor. For this reason it is essential to use cable with a 
braided (or foil) screen, with or without overall steel-wire armour, for all 
signal connections. 

Figure 8.8 shows how an armoured, screened cable is used to connect 
between the component parts of a system. It also shows how the various 
conductors should be connected to earth. 

Because it is very difficult to spot missed, duplicated or badly made 
earth connections once a cable installation has been completed, it is vital 
that work is properly supervised and very carefully checked during the 
installation of a system. In this respect, useful assistance is provided in 
standards such as BS 6739:1986 'Code of Practice for instrumentation in 
process control systems: installation, design and practice'. 

8.9 Rel iabi l i ty  of  s y s t e m s  

Because of the large numbers of electronic components that are manufac- 
tured, and because component manufacturers keep good records of failure 
rates etc., it is fairly easy to obtain statistical information on reliability that 
will provide a good indication of the predicted reliability for any given 
system. In practical terms, what really matters is the length of time for 
which a system will be capable of remaining in operation over the course 
of a year or over its operational lifetime. This is governed by both the relia- 
bility of the equipment and the speed with which repairs can be effected. 

For example, it would be theoretically possible to construct a very 
reliable system by arranging for all functions to be performed by a few 
very large-scale integrated (VLSI) circuits connected together without the 
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Figure 8.8 Screening and earthing of cables 

use of plug-and-socket connectors. Because VLSI  devices are inherently 
reliable and because connectors are a source of  failure such a system would 
offer a very high level of reliability. Unfortunately,  it would be very 
difficult to repair if  it did fail. 
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The reliability of any electronic system can be predicted with a high 
level of  confidence by referring to statistical data produced by manufac- 
turers, independent test laboratories or bodies such as the defence or 
nuclear authorities*. Such data can be used to calculate the predicted 
failure rate, or mean time between failure (MTBF), of the system and by 
using ultra-reliable components and eliminating all less reliable devices, it 
should be possible to achieve MTBF rates of perhaps one failure in a 
million hours of operation (i.e. one fault in just a over a century of 
operation!). However, if a failure did occur in such a system, locating its 
source and repairing the fault would be extremely time-consuming. Here, 
another statistical calculation is used: the mean time to repair (MTTR).  
This figure is based on factors such as the diagnostic tools available to 
locate the source of a fault, the availability of spare parts, the work 
involved in removing the faulty component and then replacing it. 

A useful way of looking at the practical aspects of reliability is to 
combine the two factors. This leads to another statistic, the system 'avail- 
ability', which is a combination of the MTBF and M T T R  

availability = (MTBF x 100)/(MTBF + MTTR). 

Using this formula shows that the availability of a system with a MTBF 
of 80 000 hours and an eight-hour M T T R  is 99.99%. Achieving the mean 
time to repair of eight hours is reasonable. This is the time from the fault 
occurring, through the process of locating maintenance staff to carry out a 
repair, through the fault-finding process, to locating a replacement 
component, to installing it and restarting the system. If the diagnostic 
tools are very powerful, enabling the location of a fault to be quickly and 
easily pin-pointed, and if spare printed-circuit cards are mounted nearby 
in the system cabinets, already powered (and therefore warmed up), then 
it may be possible to reduce the M T T R  and if this is cut to say four hours, 
the same system will now offer an availability of 99.995%. 

When evaluating the likely reliability of a system, all three of the 
above factors should be examined, together, because it may be that a high 
level of availability is based on a less reliable configuration but an impos- 
sibly short MTTR.  

At first glance an availability of 99.98% may appear to be very good, 
but if this is based on a four-hour M T T R  it implies that the MTBF is 
20 000 hours. This means that the system is likely to suffer failures on 
about nine occasions over an operational lifespan of 20 years. A system 

*For example the Systems Reliability Service Data Bank of the United Kingdom Atomic Energy 
Authority, AEA Technology, Thompson House, Birchwood Technology Centre, Risley, Warrington, 
CheshireWA3 6AT, UK. 
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with the same availability, but with a more realistic eight-hour M T T R  
would have a 40 000-hour MTBF, meaning that over the same lifetime, 
the system could be expected to fail on about four occasions. 

It must be remembered that availability, MTBF and M T T R  are all 
statistical predictions. Nothing in them will guarantee that a system will 
operate without fault for a defined time. (In fact the system may still go 
wrong on day 1, though the likelihood then is that it should not go wrong 
again for a very long time, although that may seem to be poor consolation 
at the time.) 

It must also be appreciated that it is not realistically possible for these 
statistics to be confirmed by measurement. At best, a so-called 'reliability 
run' may extend for a few weeks, but this represents only a few hundred 
hours of operation, which is a small fraction of a typical MTBF prediction 
(which is usually in the order of tens of thousands of hours). A reliability 
run will only show up problems where the reliability is seriously deficient. 

To realistically evaluate a supplier's predictions, the best that can be 
done is to obtain the data on which the calculations have been based and 
compare one system with another, while at the same time asking whether 
any assumptions that have been made are reasonable. Beyond that, the 
designer should look at what is likely to happen when the chips are down. 

8.9.1 Analysing the effects of failure 

In the course of designing a control loop careful thought must be applied 
to the effects of failure of any component. If  any risk can be posed by such 
a failure, precautions must be taken to limit its effects. Such considerations 
must be applied to transmitters, process switches and actuators, as well as 
to the DCS itself. It will usually be necessary to have the design confirmed 
by some form of risk-assessment procedure such as a HAZOP (hazards 
and operability study) [3]. 

The HAZOP procedure has traditionally been applied by considering 
the results of failure of each and every item on the plant. One of the 
approaches that is adopted is for a team from each discipline to look at 
each item and ask a series of questions such as, for a valve: what happens if 
it opens, shuts or locks in position? Otherwise, the questions may be aimed 
at assessing the effects of more or less pressure or temperature on the 
device in question. The HAZOP procedure is very specialised, and the 
audit of  the plant is usually conducted during the design stages of the 
project by a team of process engineers, control engineers and others, the 
whole being co-ordinated by a specialist organisation. 

The emergence of programmable systems has raised several questions 
as to the validity of this type of study. For example, a traditional HAZOP 



176 Power-plant control and instrumentation 

may lead to the conclusion that if one valve fails to open the situation 
may be dealt with by the opening of another valve or by the tripping of a 
pump (either action being initiated by the human operator or by a safety 
interlock system). However, with a programmable system it may be 
necessary to consider the possibility of a failure in the DCS causing 
multiple failures to occur at the same instant, while at the same time any 
corrective action that the operator may wish to take, and the protective 
systems themselves, are disabled or seriously impaired. Such questions 
have recently been addressed, and the matter must be considered in the 
light of the new guidelines [4]. 

The following provides an overview of some of the sat~ty-related 
matters that will need to be considered during the design procedure. 

8.9.1.1 Failure modes in electronic systems 

Oversimplistic approaches are sometimes adopted towards the analysis of 
failure, and the field of industrial control-systems design is littered with ill- 
considered ideas. One of the most notable of these is that 'an electronic 
signal will always fall to zero under a fault condition'. Worse still is the 
theory that this is the reason for the use of the 'live zero' (e.g. 4 mA) in 
signals such as the well established 4 - 20 mA range. 

Though an electronic signal may well fall to zero under certain condi- 
tions (e.g. breakage of the connection between the transmitter and the 
receiver), it is as likely to rise to 20 mA (or above), to lock at an inter- 
mediate value (even though the measured parameter has changed), or to 
slowly drift away from the correct value. If the signal source is provided 
with self-diagnostic facilities (as described in the following section), the 
output can be configured to rapidly change to a high or low value, but this 
is the only condition where such an action can be assured. 

As for the reason behind the use of a live zero, this has little or nothing 
to do with failure. The real reason is that the live zero provides a minimum 
current for the signal source, enabling the device to be powered from the 
receiver. This is known as 'two-wire transmission' since it eliminates the 
need to provide separate conductors to power the transmitter. Figure 8.9a 
shows a transmitter working on a 'dead-zero' range such as the old 0 -  
10 mA standard. This requires the provision of power-supply connections 
to the device, so that four conductors are needed for each transmitter. 
With a live zero (Figure 8.9b) the transmitter electronics can be powered 
from the receiver, and only two conductors are needed. 

Given that a process transmitter is capable of detecting problems 
within itself and warning of this, so that the DCS can take the appropriate 
action, what can be done about the signals transmitted by the DCS to 
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actuators? A modern DCS will incorporate powerful diagnostics facilities 
and watchdogs that will warn of incipient or actual problems. But the 
action that can be taken in response to these warnings is more difficult to 
determine. If  the entire DCS is failing, then it may be necessary to shut 
down the plant. On the other hand, if only one output channel has failed it 
may be possible to override the commands or operate emergency devices 
that bypass the fault. 
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8.9.1.2 Voltage and current transmission 

The use of current rather than voltage signals for transmitters may 
require explanation. I f  a transmitter generates a voltage signal (Figure 
8.10a), the voltage that appears at the receiver will not be the same as that 
at the transmitter because of the voltage loss across the series resistance of 
the connecting cables. In the example shown, the receiver input resistance 
is 1 000 ~,  and the total cable resistance is 10 ~,  so the current that circu- 
lates when the transmitted voltage is 10V is 10/1 010A, or 9.9mA. The 
voltage drop across the 10 ~ series resistance causes a voltage drop of 
99 mV, so the voltage appearing at the receiver is 9.901 V. In this example 
the signal appearing at the receiver is roughly 10% below the transmitter 
output. 

The situation is made worse because the cable resistance is not fixed. It 
will vary with temperature and will also be affected by factors such as the 
contact resistance of the terminals and any switches in the circuit. 

The effects can be minimised by using a receiver with a high input resis- 
tance, but however high the resistance is made, some small current flow 
will always exist, and therefore some errors will be introduced. 

With a current system (Figure &10b), the current sent out by the trans- 
mitter is by definition identical to the current flowing through the receiver 
terminals. The only possible source of error would be the formation of a 
parallel path across the receiver, which would divert some of the current 
flow, but this is very easy to avoid. 

Figure 8.9 compares the circuit of  a voltage-based signalling system 
with a current-based equivalent. It will be seen that the voltage-based 
system requires additional connecting wires for the power supply, 
implying the need for four wires, whereas a current-based system requires 
only two. (In figure 8.9b the power supply is connected between the 
negative end of the load and the positive terminal of the transmitter. 
However, the power unit could equally be moved to the other side of the 
circuit, which is preferable with some types of circuit because of the 
grounding arrangements of the various devices. Each system must be 
carefully examined in order to verify the optimum method of connec- 
tion.) 

A further benefit of a current transmission signal is that its sensitivity 
to interference is less than that of a voltage system. In a current system, if 
interference causes the current to increase, the transmitter will quickly 
self-regulate and restore the current to the correct value. With a voltage 
system, a voltage induced by interference and that generated by the trans- 
mitter will be summed at the receiver input terminals. The transmitter will 
not be aware of this, and so cannot correct for it. 
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8.9.1.3 Transmitters 

Modern transmitters are frequently able to run self-diagnostics routines 
that provide a high level of confidence that a failure will be detected. In 
general these routines are arranged to drive the transmitted signal to one 
extreme or other (usually outside the normal operating range of the instru- 
ment). The direction in which the signal is driven must be defined when 
the instrument is first specified. 

Thus a 4 - 2 0 m A  transmitter can be specified to drive the signal to 
under 4 mA or above 20 mA when a fault is detected. The DCS must then 
be contigured to raise an alarm and take the necessary action to protect 
the plant when such an event is detected. Depending on the hazards which 
may arise, the required action may be to 'freeze' the relevant system 
output command at the value it had held prior to the fault being detected, 
or it may be to open or close an isolating valve, or it may be to operate a 
separate emergency shut-down system. 

The fault-detection process will drive the signal to the selected point 
virtually instantaneously, and if the DCS is configured to respond quickly 
to such an event the necessary action will usually be taken before any 
hazard can arise. 

If the nature of the process or its instrumentation is such that it is not 
possible to provide adequate protection by the means outlined above, some 
other form of protection will be needed. This may take the form of a mea- 
surement and control system that monitors the process by an entirely 
separate set of instruments and takes action if a dangerous discrepancy 
arises between the two sets of measurements, or it may be a sophisticated 
two-out-of-three (2oo3) voting system. Various guidelines are available for 
making such decisions [3,5], and these should be consulted to justify the 
cost of providing adequate levels of supervision and back-up. It is unlikely 
that any authority would be able to supervise each step in the design, con- 
struction and installation of a power-station DCS. But once the plant has 
commenced operation, if an incident does occur and results in damage to 
the plant and/or  injury to personnel, the entire design and construction 
process will be very closely examined. The consequences will be severe for 
all involved if at that stage it is not possible to demonstrate compliance 
with the various guidelines and standards. 

8.10 Summary 

Armed with an understanding of the plant and of its control and instru- 
mentation systems and equipment, we can now move on to look at how the 
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operational requirements are defined on a project, and some aspects of 
how equipment on a plant is identified. 
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Chapter 9 

Requirements definition and 
equipment nomenclature 

9.1 Overview 

The provision of a C&I system for a power station is a complex matter 
which requires careful and comprehensive administration. The task is 
demanding: the design of the equipment must be correct, systems must be 
designed on time, equipment has to be carefully specified and purchased, 
and everything has to be delivered to site, installed and commissioned to a 
tight programme which interweaves the C&I system with the many other 
activities that will inevitably be taking place on site at the same time. 
When complete the system should be fully supported by comprehensive 
documentation which enables maintenance staff and users to deal with it. 

The  actual process of designing the C&I systems forms only one part 
of the many activities that go together in the task of engineering a 
complete contract. Although some of the other operations may seem 
mundane and trivial, they are really anything but that. They are as 
essential to the contract as the technical design work. 

9.2 Defining the requirements 

The outcome of a major engineering project such as the design, installation 
and commissioning of the C&I systems of a power station will to a large 
extent depend on specifying the requirements at the outset so that what is 
provided fits within the budget and is fit for the intended purpose. Equally 
exact documentation is required at each stage as the system metamor- 
phosises from the original concept to the final, functional form. 
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This procedure requires a considerable amount of definition, and the 
following outline lists the documents that might be required over the 
lifetime of a typical project, listed in the order in which they may be 
expected to be generated. This does not pretend to be an absolute defini- 
tion that must be rigorously followed on every installation. It is a practical 
system that has produced good results when tollowed on several projects. 
Other documentation systems offered by a system vendor may be perfectly 
acceptable, provided that the same degree of definition is achieved at each 
stage. 

9.2.1 The functional specification 

A system can be defined in several different ways, but an essential require- 
ment is the definition of what the system should do in relation to the 
process it is monitoring and/or  controlling. This requirement is met by the 
Functional Specification (FS). This is a process-related definition of the 
functions that the system will be required to perform. It does not provide 
detailed descriptions of the system hardware and software, such as 
response times, power supplies, environment etc., except where these are 
critical to meeting the functional objectives of the installation. Because it 
defines the requirements, the FS should be one of the documents against 
which the vendor is invited to submit a commercial bid for a project. 

A typical FS will describe the plant as a whole, and then discuss the 
control loops with the required accuracy, response times and dynamic 
range of each loop. 

9.2.2 The technical specification 

Having said what the system should do, it is then appropriate to define, in 
some detail, how the functions should be achieved. This purpose is served 
by a Technical Specification (TS) which describes the system configuration 
in terms of the electronics and computer technologies to be employed. 
Because it defines the technology and facilities required, this document 
should be requested from the vendor when he submits a proposal for 
executing a project. 

The TS should include the tbllowing definitions: 

• the size, type and number of operator displays to be provided; 
• the overall configuration (heirarchical, distributed etc.); 
• method of programming (block-structured, Boolean, ladder-logic etc.); 
• the physical environment in which the equipment will be expected to 

operate (defined in terms of temperature, humidity, vibration, shock 
etc. as well as dust levels to be encountered, hazardous-area require- 
ments etc.); 
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• the performance required (speed, response time, availability, memory 
etc.); 

• power supplies available (including voltage and frequency excursions); 
• safety requirements (backup, redundancy, fault tolerance etc.). 

The TS will also lay down the requirements for testing, such as: 

• Factory-acceptance: where the system is set up in the supplier's 
premises, connected to a simulator, or to switches and signal sources for 
inputs and to meters and lamps (or LEDs) to show outputs, and then 
put through a series of routines to show that it performs as required. 

• Site-acceptance tests: performed after the system has been installed 
and commissioned on site, when it is subjected to changes in desired- 
value settings, simulated equipment trips and so on, to prove that it 
reacts correctly and in good time to such events. 

• Reliability run: where the equipment is left in full control of the 
process, to demonstrate that is is capable of operating correctly for a 
defined period, with no malfunctions. The document should state the 
duration of the reliability run, the conditions under which this test will 
be expected to operate and what should happen if a failure occurs (e.g. 
start again and repeat the test). 

Any commercial requirements relating to guarantees, performance 
bonds etc., should be defined separately, although these will interrelate 
with the TS and should therefore be referred to. 

Note that the various acceptance test procedures will at this stage be 
defined only in very general terms. A full definition is provided by test spe- 
cifications (as described later). 

9.2.2.1 Making provision for site tests 

It is usual to retain a sum (typically 5% of the overall contract value) 
which is paid only when the vendor has proved that the system is capable 
of performing satisfactorily. However, it should be recognised that a 
control-system supplier can demonstrate that his equipment and systems 
are capable of functioning as required only if the plant is made available to 
him for testing the system's performance on the operating plant. It is 
unreasonable to retain what may in fact be a substantial sum of money 
without giving the supplier a reasonable opportunity to prove that his 
equipment is as accurate, fast-responding and reliable as required. Yet, it is 
quite common for the plant owner to procrastinate over performing such 
tests. The reason for this is that a power plant represents a major invest- 
ment, and starting the recovery of that investment must naturally 
commence as quickly as possible. As soon as the plant has been completed 
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to the point where it can start earning its keep, strong commercial 
pressure comes into play, requiring the plant to operate at maximum 
output. The pressure will be to start earning revenue as quickly as possible 
and for as long as possible, to maximise earnings. Reducing the output of  
the plant for the purpose of carrying out tests is therefore unpalatable. 

It is in everybody's interests that this dilemma is recognised and a 
suitable form of words developed to cover the situation, yet this is not often 
done. One solution is to relate the financial retention to the test 
programme, defining when the tests will be performed and adding words 
to the effect that if the tests are not carried out within a defined time after 
commissioning has been completed, performance retentions will be 
released provided that the delay is for commercial reasons outside the 
control of the C&I supplier. 

9.3 The KKS e q u i p m e n t  identif icat ion s y s t e m  

Each item of equipment on a power-plant site has to be identified by a 
method which enables it to be uniquely defined, specified, purchased, 
installed, commissioned and maintained, and this requires some logical 
way of numbering equipment. 

Although several systems of nomenclature can be identified, two 
methods are in widespread use: one American the other European. The 
latter is knows as the KKS (Kraftwerk Kennzeichen system translated as 
power station designation system), which was developed by a consortium 
of large manufacturers and users under the auspices of the German VGB 
Technical Committee on technical classification systems [1]. 

KKS nomenclature is extremely comprehensive, and once it has been 
understood the system provides a very useful method of identifying any 
piece of equipment and its operational role in a plant. The system has its 
weaknesses, but it is so widely used, both in Europe and wherever 
European influences are felt, that it is very important for the control 
system designer to have at least a rudimentary understanding of its 
operation. 

KKS defines everything on a plant, from the smallest electronic 
component to the largest turbo-alternator and even covers the buildings 
that contain it all. 

Unfortunately much of the English-language explanatory documenta- 
tion that is available has been translated from the original German in such 
a way that the meaning is sometimes obscure, and fine levels of classifica- 
tion have often become blurred. (For example, the distinction between 
'ancilliary systems' and 'auxiliary systems' may not be immediately 
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obvious.) The system also uses alphabetic characters which do not readily 
relate to English-language names of the equipment or function. For 
example, valves are prefixed AA, and the designation letter C is used to 
identify the purpose of an instrument. This can add to the confusion, since 
many engineers relate C to a controller. Further confusion can be caused 
because KKS uses the letters DP to indicate a pressure instrument used in 
conjunction with a control system or DCS, when DP is usually taken as 
referring to differential pressure. 

Those who are used to the American system of nomenclature may find 
it confusing that the KKS codes for all equipment are determined by the 
functional area of the plant to which the equipment relates. For example, 
in a steam-temperature loop where the measured variable is the tempera- 
ture of the steam at the final superheater outlet, the transmitter will be 
have a KKS code beginning with LBA, but the spray-water control valve, 
as part of the feed-water system, will be given a code beginning with LAA. 
This is very different from the American system, which allocates a con- 
zsistent area code to the whole loop, and this can be confusing. It is 
particularly important that this distinction should be clearly understood 
by plant personnel, since with the KKS nomenclature the tag number 
allocated to the valve merely indicates that it is handling water, and gives 
no indication that the valve is controlling the steam temperature. Critics of 
the KKS system use this as evidence against the system, stating that when 
the completed installation is in place, the nature of the medium being 
handled by the valve is fairly obvious (because of the size, nature or 
colour-coding of the pipework), whereas the effect of the valve is not. With 
the older system, the fact that it is a spray-water valve is apparent from the 
tag number. 

The differences are illustrated in Figure 9.1, which shows how the two 
systems are applied to the same type of control loop. It will be appreciated 
that, on the actual plant, the tag number allocated to this valve will 
merely identify it as being part of the feed-water system, and it will not be 
apparent that its controlling effect is on the steam temperature. 

9.3.1 The importance of  agreement and co-ordination 

The KKS system allows different users to adopt different approaches, 
stressing that all parties involved on the project should agree on the 
selected path to be followed. Although this does show a degree of flexibility, 
on a given project it becomes confusing to those who were not party to the 
decisions that were originally made. If  only for this reason, it is important 
that an agreement on the numbering methodology is reached as soon as 
work commences on a project. It is equally important that a single individ- 
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ISA system KKS 

Figure 9.1 

TCV-2 LAA30AA004 

Comparison of KKS and ISA numbering systems applied to a steam-tempera- 
ture control loop 

ual is appointed to control and co-ordinate the allocation of numbers. 
This will avoid duplication and different symbols being applied to instru- 
ments that serve the same sort of function. 

It is also important to understand that the KKS code for an item is 
almost invariably dictated by the functional area of the plant on which it is 
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used (an exception is the DCS itself, since this generally serves almost all 
areas of the plant). Therefore, before a number can be applied to, say, a 
temperature transmitter, it is necessary to know the KKS code for the pipe 
to which it is fitted. This dependence renews the pressure for the plant 
piping and instrumentation diagrams (P&IDs) to be defined at an early 
stage in a project and for them to be as accurate and complete as possible 
before work begins on specifying the instrumentation and systems. This 
point cannot be overemphasised. Problems will inevitably arise as soon as 
any attempt is made to allocate KKS numbers to instrumentation before 
the P&ID stage has been completed. 

It must be recognised that the KKS system offers a comprehensive 
method of housekeeping which can greatly enhance the task of allocating 
nomenclature to all equipment on a plant. This is a routine, but surpris- 
ingly costly, facet of the administration of a project. Properly used, KKS 
can yield considerable economies and efficiency: poorly administrated it 
becomes a nightmare. 

9.3.2 Review of KKS 

The following is an attempt to explain how KKS identifies the components 
that go to make up the C&I systems (and only the C&I systems) of a power 
plant. The structure of this book does not allow for a comprehensive guide 
to be provided, but the following brief outline should at least enable the 
reader to grasp the principles. 

9.3.2.1 The levels of coding 

The number allocated by the KKS system to a piece of equipment is 
broken down into a number of sections or 'levels' (see Figures 9.2 and 9.3) 
and within each of these levels is a field or set of fields, each field being 
occupied by a letter or number. Each letter or number is allocated a field 
identification: G for the plant, F for the function, A for the equipment and 
B for the component. 

• The Level 0 code is used where there are, for example, two power 
plants on the same site. These are usually designated as 'A' and 'B', but 
the system allows numeric characters to be used if desired. If only one 
plant exists on the site the first character is omitted altogether. 

• The first digit of the Level 1 code identifies the boiler/turbine unit on 
which the relevant piece of equipment is fitted. This is always a numeric 
character and is usually 1 for Boiler 1 etc. Where the equipment is 
common to all areas of the plant (e.g. a cooling tower) the number 0 is 
allocated to it. 
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Figure 9.2 Application of the KKS numbering system to DCS equipment 

• The remaining part of the Level 1 code defines the function of the 
equipment (e.g. a feed-water pump system, comprising the pump itself, 
its motor and all equipment associated with it, such as leak-off valve, 
starter etc.), together with a unique sequential number for the system 
(e.g. pump system no 2). This group of digits (the first three alphabetic, 
the next two numeric) is combined with the unit-identifying prefix, into 
what is called the 'function code'. 

• The Level 2 code (which may comprise five or more digits) defines the 
particular piece of equipment (such as a pressure transmitter) and its 
unique sequential number (e.g. 101). 

• The Level 3 (component or signal) code identifies the component 
itself, and in the case of a device that generates some form of electrical 
signal, it also defines the nature of that signal. 
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It is important to understand that if there are, for example, 200 
pressure gauges on a plant, the sequential numbers for these do not start at 
001 and continue through to 200. The numbers relate to the functional 
area of the plant on which they are used. Therefore, they start afresh each 
time the preceding code changes. For example the first pressure gauge on 
the HP  steam piping system of a plant (where the piping system is 
numbered LBA10) will be allocated a sequential number LBAIOCP001, 
the next will be LBA10CP002, and so on. The numbering starts again on 
another system: the first pressure gauge on the hot reheat steam piping 
system (numbered LBB10) being allocated the sequential number 
LBB10CP001, the next being LBB10CP002 and so on. 

The structure and application of this coding system is illustrated in 
Figures 9.2 and 9.3. 

9.3.2.2 Explanation of the main coding principles 

There are several hundred categories within the KKS codes but the 
following is a brief summary which will provide some assistance in dealing 
with boiler C&I systems. Where it is felt that the wording is ambiguous, 
some examples have been provided. However, it should be remembered 
that these interpretations are not universally implemented, and the impor- 
tance of project-specific agreement and co-ordination (as mentioned in 
Section 9.3.1) cannot be too strongly emphasised. 

I,evel 
A 
B 
C , D  
E 
F 
G 
H 

J 
K 
L 
M 
N 
P 
q 
R 
S 
U 

1: Function 
= grid and distribution systems 
= power transmission and auxiliary power supply 
= instrumentation and control equipment 
= conventional fuels supply and residue disposal 
=- handling of nuclear equipment 
= water supply and disposal 
= conventional (i.e. nonnuclear) heat generation 
= nuclear heat generation 
= reactor auxiliary systems 
= steam, water and gas cycles 
= main machine sets 
= process energy (e.g. district heating) 
= cooling-water systems 
= auxiliary systems (e.g. air compressors) 
= gas generation and treatment 
= ancillary systems (e.g. heating and ventilation) 
= structures 
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W = renewable energy plants 
X = heavy machinery 
Z = workshop and office equipment 

Level 2: Equipment unit 
A = mechanical equipment (e.g. valves, dampers, fans, including 

actuators) 
B = mechanical equipment (e.g. storage tanks) 
C = direct measuring circuits (e.g. local indicators) 
D = closed-loop control circuits 
E = analogue and digital signal conditioning 
F = indirect measuring circuits (e.g. sensors feeding remote indicators) 
G = electrical equipment (e.g. cubicles, junction boxes, generators, 

inverters, batteries, lightning-protection system) 
= subassemblies of main and heavy machinery (e.g. bearings) 
= nuclear assemblies (e.g. absorbers, moderators, shielding equipment) 

H 

J 

9.3.3 An example of how the codes are used 

Figure 9.4 shows how the KKS codes may be applied to a part of the 
feed-water pumping system on a plant. In this example, the pump relates 
to Boiler 1 and the pressure indicator at its discharge is therefore numbered 
1LAB25CP001, the C being the Level 2 code for a direct-measuring device 
(C) indicating pressure (P). The feed-flow transmitter forms part of the 
three-element feed-water control system and its Level 2 code therefore uses 
D for a closed-loop control circuit, and F for flow. 

When it comes to transmitters whose signals do not form part of a 
closed-loop control system, different interpretations are applied by various 
users to the Level 2 codes. In some cases the classification letter D is 
applied to any transmitter which feeds the DCS, irrespective of whether or 
not the signal is used in a closed-loop control system. Other users extend 
the meaning of F (indirect measuring circuits) to include this type of mea- 
surement. In Figure 9.4, the former of these interpretations is used, and the 
temperature transmitter that is used to provide a signal for the operator 
display, is therefore allocated the letter D as the first character of its Level 
2 code (the second character is T, for temperature). 

This point illustrates the importance of co-ordination and agreement 
between all parties mentioned at the beginning of Section 9.3.1. 

When the Level 3 component code is considered, the KKS classification 
serves two functions. One identifies the component itself, for example 
OT01 for a thermowell, while the other designates the signal. The signal 
codes are broken down into classifications which identify whether they are 
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Table 9.1 Some KKS Level 3 codes for DCS inputs and outputs 

Function Field identification Class of signal Signal 
B1 B2 BN 

B 11 Binary-MCC Alarm 
91 Binary-MCC Other 

31 Process switch LOW limit switch 1 
32 Process switch LOW limit switch 2 

Input to DCS X G 33 Process switch LOW limit switch 3 
41 Process switch HIGH limit switch 1 
42 Process switch HIGH limit switch 2 
43 Process switch HIGH limit switch 3 
91 Process switch Other 
01 Analogue input Resistance thermometer 

element 
Q 11 Analogue input Transmitter 

91 Analogue input Other 

B 01-05 Binary-MCC Various START commands 
09 Binary-MCC STOP 

G 01 Binary output Solenoid valve 
Output from Y 91 Binary output 
DCS 

11 Analogue output Speed control 
Q 21 Analogue output Position control 

91 Analogue output Other 

transmitted to or from the DCS. They can also show the function of the 
signal. Table 9.1 gives some examples to show how this is achieved. 

In general, an X in the B1 field indicates an input to the DCS and Y 
shows an output from it. In the B2 field, B indicates a binary signal asso- 
ciated with motor controllers; G is for binary signals such as limit switches, 
pressure switches, solenoid valves and so on; Ois  for analogue signals. 

By careful use of these identifications it is possible to economise on the 
work of defining the functions of various signals, since each function will 
fall into a defined group, for which the actions and connections are already 
defined. 

9.4 Summary 

This almost completes this study of boiler C&I systems. However, 
updating and refurbishment needs to be discussed. This is a subject that 
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has become important as the pace of electronics development has acceler- 
ated. As there is little sign of this trend levelling out, we must look at its 
implications for power-plant management, users and maintenance staff. 

9.5 References  

DIN 40719 'Circuit diagrams, circuit 
classification (diagrams, charts, tables, item 
classification examples, 1978 

representations, definitions, 
designations) - -  alphabetical 



Chapter 10 

Upgrading and refurbishment systems 

Even the newest and most advanced of control systems eventually 
becomes dated. Up to about the middle of the twentieth century, C&I 
systems were mainly pneumatic, the pace of development was slow and it 
was generally possible to keep a system in good functional order, however 
old it may have been, simply by repairing the equipment or, if the worst 
came to the worst, buying replacement components from the original man- 
ufacturer. (In those heady days manufacturers could be relied on to 
remain in business for more than a few years, and to be able and willing to 
provide replacement components at reasonable cost for as long as the plant 
itself remained in operation!) 

This happy situation persisted for a while after the first (analogue) elec- 
tronic systems arrived, but the advent of computer-based systems 
eventually brought about a sea-change in the maintenance of equipment 
and systems. 

For the hapless end-user, it often seemed that as soon as a new system 
was installed it had become obsolete. To make matters worse, the replace- 
ment was not only better, faster and cheaper but it was so widely used that 
it quickly began to be difficult to find maintenance staff who were able to 
understand and work with the 'old fashioned' equipment that had so 
recently been the owner's pride and joy. Worse still, as time went by the 
replacement parts became steadily more expensive and difficult to 
obtain. 

The ultimate disaster would be when the manufacturer of the system 
was taken over or went out of business entirely. In the takeover situation 
the new proprietor would sometimes try and persuade the end user to 
replace the old system with one from his own stable. If  the pressures were 
resisted, maintenance of the old system could become very expensive 
indeed! 
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It's not altogether a desirable situation, but it's what we have, so in this 
chapter we shall look at the problem and provide some advice on how to 
live with it. We start with a quick look at the reasons behind the situation, 
the intention being to show that, rather than being due to manufacturers 
trying to bolster their sales revenues, there are legitimate reasons for the 
constant evolution of systems and technologies. 

10.1 The  r e a s o n s  b e h i n d  the  c h a n g e s  

The development of a computer-based system is a very complex, time- 
consuming and expensive business. The need for a new system is usually 
brought about by a competitor offering something better and cheaper (or 
at least apparently more cost-effective), and when that happens sales of the 
present generation begin to collapse. Clearly, if this situation is allowed to 
persist it will ultimately lead to the demise of the company, so a project has 
to be launched to produce the next-generation system. 

At this point the systems manufacturer must look at the latest offerings 
from the manufacturers of the microprocessors--the components that are 
at the heart of all modern systems. For such companies, industrial process- 
control systems are not among the most valuable applications, because 
sales into this market are small in volume yet face the most stringent 
requirements for performance, reliability and safety. 

The manufacturer of  a domestic washing machine will buy very many 
more devices and will be far less demanding with respect to the perfor- 
mance and reliability requirements. 

Reliability and consequential loss are major issues in the process- 
control market. A washing machine that lasts for five years seems to be 
almost the exception these days, whereas power stations have to operate 
over a lifetime of 20 years or more. A failed device on a washing machine 
may in the long term result in compensation claims, but these are likely to 
be small in comparison with those resulting from an incident in a power 
station. When the plant is a nuclear power station, the costs can become 
enormous, and the implications of failure are daunting. (After the incident 
at Unit 2 of the Three Mile Island nuclear power plant in the USA on 28 
March 1979, one minicomputer manufacturer placed a complete and 
worldwide embargo on the use of their products on any nuclear plant. This 
presented something of a problem to the many C&I systems vendors who 
were already completing the manufacture of systems based on these 
products, for installation on nuclear power stations around the world.) 

Once the attention of the device manufacturer has been captured, the 
C&I system manufacturer has to persuade him to divulge the development 
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plans for his product range. The reason for this is simple: the time-scale 
involved in developing and launching a new computer-based system may 
be two or three years. This time-scale is comparable with the entire life 
expectancy of a single generation of microprocessors. In other words, if the 
C& I systems manufacturer launches a development programme based on 
a variety of microprocessor that is available today, the device will be 
obsolete by the time the system is launched. 

The C&I manufacturer therefore has to start designing his system and 
building prototypes using early development samples of microprocessors 
and so forth. At this stage his designs must be based on a great deal of  
predicted data, some of which may prove to be overoptimistic. 

At the end of all this, the new system is launched and after early trials 
it becomes widely used (or so the supplier hopes). Because of this success, 
the manufacturer of a rival system then begins to lose his own market 
share, so he too starts looking at a new development. This is eventually 
launched. A complex race, an expensive game of 'technical leap-frog', is 
then on. 

Even without this competition, each new generation of microprocessor 
offers advances in terms of power and performance, and offers solutions to 
problems that usage of the previous generation has exposed. Worse still, 
the manufacturers of the electronic components cannot support endless 
varieties of devices, so the day eventually arrives when the older generation 
of components is withdrawn. This adds further complexity to the life of the 
C&I manufacturer who has a responsibility to keep supplying his 
customers with replacement parts over several decades. 

10.2 L i v i n g  w i t h  change 

If  the above sounds like an excuse, it is, but it is a very valid excuse, 
because the pressures are real, and they are inexorable. The only realistic 
approach therefore, is to accept that change is inevitable and to formulate 
a plan to deal with it. All the same, when a system is purchased every 
possible precaution should be taken to ensure that it provides satisfactory 
service over a long period. Some precautions are listed below: 

10.2.1 Defining the requirements for long-term support 

As might be expected, much depends on the actions that are taken at the 
outset, even before the system has been ordered. At the definition stage of a 
DCS contract an important target is to wring from the system vendor as 
many written assurances of long-term support as possible, and to make as 
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sure as is possible that the vendor is reliable and that he will be able to 
stand by his promises. It is a hard goal to meet, but the time to press for 
such promises is when an order for several hundreds of thousands of 
pounds, sometimes millions, is in the offing. 

Unfortunately, the commercial clauses in large contracts are usually 
framed by people who know little or nothing about the evolution of DCS 
or C&I technology and the effects on plant maintenance. In this situation 
a vendor can respond with weasel words that are worth very little in 
reality. 

Having obtained the promises, it is vital that they are examined as 
carefully as possible by professionals who really understand the relevant 
technology. The time and cost of this evaluation will be repaid many 
times, over the operational life of the plant. 

10.2.2 Keeping track of costs 

Once the equipment has been acquired, the users must focus on how best 
to use it, and they must be prepared to ignore all information on new 
systems (which are always better than the one that has just been bought!). 
The fact is that it has been bought, and now the users must gain the 
maximum advantage from the investment. 

An important procedure is to keep careful records of all the markers 
along the road that stretches from initial acquisition to ultimate replace- 
ment: 

• Log each failure that occurs, recording the time and date of the event. 
This is useful information for the user and the vendor, since it supports 
or disproves reliability claims. 

• Keep a note of the time that elapses between placing an order and 
receiving the goods. This will help reinforce your arguments that delays 
in shipping spares are increasing, exposing the plant to increased levels 
of risk, causing reduced output, or incurring increased operational 
costs. 

• Monitor and record how long it takes to replace the failed item of 
equipment with a spare from stock. 

• Record the cost of spare parts (printed-circuit cards, power supplies 
etc.). 

• Note the delivery time for spares. 
• When recording details of a tMlure, make a note of any plant outage 

or reduction in output that can be directly attributed to the failure. 
• It is also useful to try and relate the failure to any event that occurred 

at or just before the time at which the failure occurred, such as a severe 
thunderstorm, or the failure of any other electrical plant or machines. 
This can assist in post-mortem analyses which may point to a design 
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defect such as inadequate screening or earthing, or poor design of 
power supplies. 

Table 10.1 shows a simple format that can be used for recording this 
type of information. 

10.3 Making the decision to change 

The day will eventually dawn when it is wise to examine the arguments 
for and against upgrading the DCS, and to then decide on the best course 
of action to take. Reaching a decision will be eased if careful records have 
been maintained as described above, but even then pressures will be 
applied to upgrade the system. 

10.3.1 The impact of change on the operators 

System refurbishment can produce major changes to the operator inter- 
faces. Such changes are greatest when a system based on the use of a hard- 
wired desk is replaced with a so-called 'soft desk'. 

In the former, every actuator is controlled via its own discrete 
hand/auto  station (alternatively called an auto/manual  station). These 
enabled the operator to completely disconnect the electronic controller 
from the actuator and to manually position the final element via a discrete 
control circuit. Such a system provided a high degree of redundancy since, 
with the exception of the wires linking the control desk to the actuator, the 
circuit for providing manual control was totally separate from the electro- 
nics of the automatic controller. 

Hard desks also provided discrete indicators (often moving-coil 
meters) showing the important plant parameters. Sometimes these indica- 
tors were driven by transmitters which were completely separate from 
those feeding the electronic controller, again providing a high degree of 
redundancy. 

With the advent of high-reliability systems arguments began to be 
raised that the cost of providing such levels of redundancy was no longer 
justified. But it was only with the advent of sophisticated fault-detection 
systems, coupled with highly reliable control computers (often embodying 
two-out-of-three fault-detection systems) that the more conservative 
engineers began to accept that it was safe to entrust the control of large- 
scale hazardous processes to a soft-desk concept. 

With boiler control systems, even if such a decision is reached, care 
should be taken to ensure that essential information is available to the 
operator in the event of a serious failure of the control system or its power- 
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supply system. For example, there is a need to provide density compensa- 
tion for certain measurements if a DCS failure occurs. (An example is the 
drum-level measurement, where the requirements for compensation in the 
presence ofa  DCS failure were pointed out in Section 6.3.) 

10.4 A r e f u r b i s h m e n t  c a s e  s t u d y  

Changing to a 'soft' desk results in the operator being presented with a 
system of displays and controls which is completely different from that 
with which he or she was familiar when using the hard-wired prede- 
cessor. 

It may be useful to briefly examine a particular example, the control 
desk and console of a large coal-fired boiler. The original control-room 
facilities had been supplied in the days of analogue electronic systems (c. 
1975) and had vertical panels providing full indication and control facil- 
ities of all eight mills, plus a multiplexing system that enabled the operator 
to gain access from the desk to any two of the mills at a given time. At the 
time of the original design, this presented some difficulties for ensuring 
that gaining control of a pair of mills did not introduce any disturbance 
into the plant. 

This system was replaced by a distributed system in 1989 (Figure 10.1) 
but this was, in turn, upgraded with more up-to-date systems in 1998. 
Figure 10.2 shows the new 'soft-desk' control-room facilities after the 
second refurbishment. 

The use of screen-based control-room facilities enables a wealth of infor- 
mation to be provided for the operator in a form that is easy to assimilate 
and use. A 'soft desk' is also inherently more flexible, allowing additional 
control and display facilities to be easily added as requirements evolve or 
new plant is added. 

10.4.1 The involvement of plant staff 

Experience has shown that the success of 'soft desk' upgrades can be corre- 
lated to the level of ownership taken by the unit operators. The current 
strategy of many of the DCS & SCADA implementers is to involve the 
operators in the process of designing the mimic displays, so that they are 
happy to use the new screens and thus take ownership in the success of the 
scheme. 

In any case, dramatic changes such as these necessitate a programme 
of retraining for all plant personnel. The operators must learn how to use 
the new display and control facilities and the maintenance staff must be 
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Figure 10.1 The 'hard-wired' control console and panel of a large coal-fired power-plant 
before refurbishment 
© Scottish Power plc. Reproduced by permission 

Figure 10.2 A 'soft desk' replacement for the "hard-wired" operator facilities after 
refurbishment 
© Scottish Power plc. Reproduced by permission 
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trained in the maintenance of the new systems. It is of course essential 
that the costs of such training are considered in the cost/benefit analysis of 
a refurbishment project. 

10.5 Why refurbish? 

Plant managers will be constantly besieged by DCS sales personnel who 
will be only too happy to provide plenty of arguments to justify replace- 
ment of the existing systems with their own. To counterbalance this weight 
of evidence, here are a couple of examples of reasons why a system should 
not be upgraded. 

10.5.1 "The performance of the present system has degraded" 

An operational control system that has at one time met its performance 
requirements is unlikely to start producing inferior results merely because 
of deterioration of the electronic components. A component failure may 
occasionally result in drift, or it may cause the system to operate wrongly, 
but the solution in such cases is to replace the component or the card in 
which it is fitted. 

Deterioration of a DCS's ability to control the plant is far more likely 
to be the result of poor performance of the interface transducers (the trans- 
mitters and actuators), rather than any factor in the system itself. For 
example, inadequate maintenance of a valve actuator will result in hyster- 
esis or overshoot. Changing the electronic system that controls the valve 
will do nothing to improve on control performance. 

Equally likely is the possibility that the controlled element itself (a 
valve or damper) requires maintenance. In several cases, the application 
of grease to a shaft or bearing has worked wonders on the performance of 
the loop! 

The point is this: if the performance of an actuator or a final element 
has deteriorated because of lack of maintenance, it is unlikely that a major 
investment in a new DCS will result in any dramatic long-term improve- 
ment. It was the attitudes of  the management or staff that resulted in the 
lack of maintenance and these will not necessarily change when the new 
system arrives. A short-term improvement may well be obtained at the 
outset (because the manufacturer will have been forced to fine-tune the 
performance of all actuators and final elements in order to meet perfor- 
mance guarantees, and because any new system engenders some 
enthusiasm among maintenance staff, if not the plant operators), but once 
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the situation has settled down the lack of maintenance will once again 
result in an eventual degradation in performance. 

10.5.2 New systems are faster, more powerful, better 

Users will always be aware of a system that seems to work better in some 
way than the one installed on their own plant. That's the nature of the 
game. 

But the system installed on any installation has been adjusted to work 
effectively with the idiosyncrasies of the plant. It will have taken somebody 
a long time to reach that stage. If  the system is changed that learning 
curve will have to be renegotiated when the system is replaced. This under- 
lines the importance of documentation, as described in the following 
section. 

10.6 Documenting the present system configuration 

It is almost inevitable that the design of a control system will alter 
between the initial conceptual stage, through handover and during 
prolonged use afterwards. The initial system configuration will be 
carefully defined before commissioning begins. Although the subsequent 
changes may be recorded, all too often the reasons for introducing them 
may not be logged. Although the changes may be the result of errors, it is 
equally likely that they are required because of some misunderstanding, 
during the design phase, of the plant's characteristics or functions. 

The changes are implemented in order to correct such errors or misun- 
derstandings, so that the system works better. But if the reasons for the 
changes are forgotten, there is every likelihood that when the time comes 
to refurbish or replace the systems the original misunderstandings will be 
repeated. 

When embarking on a replacement or refurbishment project, the task 
will be immeasurably assisted by the availability of comprehensive and 
accurate documentation of the systems as finally configured, together with 
detailed information on the reasons behind all changes to the original 
designs. 

10.7 Summary 

We have now reached the end of this overview of a wide and complex 
subject. I hope that I have been able to throw some light on the technology 
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and that the explanations may have lifted some of the veils of mystery 
that sometimes seem to obscure it. The fact remains that it is a complex 
matter  and it is unwise to entrust the safety of a plant to people who do not 
understand either the control aspects or the plant operations. 

It has been my privilege to have worked with power plant throughout 
my career and I hope that some of what I have put down here will be 
useful, and that it may encourage others to take up a very interesting and 
important subject. 
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factory-acceptance test 185 
fail-fix operation, actuator 168 
fail-safe operation, feed valves 125 
failure 

detection 69 
modes in electronic systems 176 
recording of 200 

fan 
axial [low 30- 1 
booster 30 
centrifugal 30 
FD 15, 25 
gas-recycling 152 

FAT (factory acceptance test) 185 
fault detection 180, 200 
FD fan 15 
feed pump 15 

characteristic 21,127-9 
variable-speed 129 

feeder, coal 
speed-control methods 82 
speed feedback 83 - 6 

feed-water control, objectives of 103 - 4  
feed-water flow, use in two-element fired- 

water control system 105-9 
feed-water valve, operation at design 

pressure drop 130 
FGD, draught control in 91 
fibre optics 157 
field cabling 156- 7 
field conditions 160 
filters, low pass, tor I /O  169 
final superheater, time constant of 148 
fireball, in corner-fired boilers 26, 150 
flame 

discrimination 46 
status indication 95 

flame monitor 
cooling of 96 
importance of selection, location and 

maintenance 95 
siting considerations 46 
use in BMS system 95 

flame pattern 46 
flame scanner 

cooling of 96 

importance of selection, location and 
maintenance 95 

siting considerations 46 
use in BMS system 95 

flame spectra 98 
flashing 

in drum-level measurement 116, 120 
in feed-valve systems 127 

flow-per-burner signal 78 
flue-gas desulphurization, draught 

control with 30, 91 
fluidiscd beds 26, 42 
flushing of instrument connections 162 
forced circulation 13 
torced-draught fan 15, 25 
frequency support 58 
front-firing 26 
fuel valve, failure of 71 
tuel/air ratio adjustment, in cross- 

limited system 71) 
fuel/air ratio control 67 
fuel-flow transmitter, failure of 72 
fuel-handling system, in WTE plant 60 
fuel-lead system 69 
fuel-rich operation, parallel system 66 
fuels, multiple 79 
function generator, use in equating heat 

input from different fuels 81 
functional specification 184 
furnace 25 
furnace exit temperatures, control via 

tilting burners 150 
furnace pressure, maintaining 92 
furnace purge 45 
Fuzzy Logic, use in deaerator control 

134 

gain 145-8 
ti:cd-valve 12 l 
use in fuel/air ratio system 67 

gain block, use with multi-fuel system 80 
galvanic isolation 155 
gas analyser, location of 74 
gas analysis controller, combined 76 
gas burner, use of flow/pressure 

characteristic 78 
gas firing 40 
gas flow apportioning, used for steam- 

temperature control 151 
gas oil 39 
gas recirculatinn (recycling) 152 
gas turbine 10-- 12 

exhaust heat usage 23 
gas-leak detectors 40 



gearboxes, variable-speed 34 
Grid, UK National 51 
grid-control centre 50 
grouping of I / O  channels 156 
groups, burner 78 

hand/auto station 201 
in CO control system 76 
use with oxygen controller 75 

hand/auto transfer, problems with 
multiple sub-loops 88 

hazardous environments 158 
hazards 95 
HAZOP 175 
heat loss, in flue gases and cooling water 

9 
heat-recovery steam generator 11 
Hero of Alexandria 5 
hook-up diagram 160 
HP stage 16 
HRSG 11 

control of heat input 63 
water and steam circuits 21 

humidity, effect on static electricity 155 
hydraulic actuator 168 

flammability of operating medium 169 
hydraulic couplings 34 
hydrazine 19 

Wo 
cards 154 
channels, spare 156 

I /P  converter 163-4, 167 
effect of vibration 168 
length ofpipework to valve 166 
operation of 164 
response time 164 

ID fan 27 
idle burner, cooling of 64 
igniter 44 
implosion, furnace 93 
impulse pipe 160 
incinerators 42 
induced-draught fan 27 
inherent characteristic, of feed valve 122 
input resistance, of receiving circuit 179 
input/output 155-6 
installation 

guidance provided by manufacturers 
and suppliers 159 

drum-level measurement 118 
installed characteristic, feed valve 122 
instrument manifold 161-2 
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instrument-air supply, use for flame- 
scanner cooling/purging 96 

integral saturation, in steam- 
temperature control systems 145 

integrating system, boiler drum as an 
107 

interaction 
condenser/deaerator 132 
in fan control systems 93 
of sub-systems 49 

interference 158 
influence on transmitted signals 179 

interlocks 95, 98 
gas-recycling fan 152 

IP stage, steam turbine 16 
isentropic compression 10 
isolating valve, tapping-point 162 
isothermal expansion 6 

Joule's law 5 

keyboard, computer 157 
KKS system of nomenclature 186 

application example 193 
coding levels 189 
need to agree and co-ordinate 187 

lagging of impulse pipework, drum-level 
measurement 116 

latent heat 2 
league table (merit order) 52 
leakage, air-heater 28 
LED indicators, for DO status indication 

155 
level control 

deaerator 132 
drum 103-12 

lightning 170 
linear characteristic, of feed valves 123 
linearizing, of FW control-system 

dynamics 21 
liner, thermal, in spray-water 

attemperator system 138 
live zero 176-80 
I,jungstr6m air heater 27 
load line, of mill (pulveriser) 81-2 
logic, interlock system 95 
logic probes, hazards of using 155 6 
long-term support, need to define 199 
loop gain, in systems with variable-speed 

pumps 130 
losses 

exhaust gas 64 
water 147 
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low water flow alarm 119 
low water level alarm 119 
low-NOx burners, flame characteristics 

98 
low-pass filter 169 
LP stage 16 

maintainability, effect of impulse 
pipework on 162 

maintenance 203 
make-up control 132 
make-up water, consumption of 133 
manifold, instrument 162 
marshalling, of cables and terminals 156 
martyr valve 162 
master 

CHP plant 59 
demand 49 
waste-to-energy 60 

master valve 162 
maximum selector, use in cross-limited 

system 70 
maximum/minimum limiter, use with 

oxygen controller 75 
Mean Time Between Failure 174 
Mean Time To Repair 174 
melting, definition of 2 
memory, provision of back-up power for 

155 
mercury, use in thermal cycles 5 
Merit Order 52 
metered system (combustion control) 70 
microprocessors 198 
mill (pulveriser) 

control ofS1-91 
hammer type, in waste-incinerating 

plant 42 
multiple, control of 88 
performance adjustment 77 
suction type 36 
temperature control 87 
tube type 36 
vertical-spindle ball type 35 

minimum limit, use in mill (pulveriser) 
control system 84 

minimum selector block, use in cross- 
limited system 70 

mouse, computer 157 
moving-coil meters 201 
MTBF 174 
M T T R  174 
multi-nozzle attemperator, principles of 

138-9 

multiple burners, effects on air and gas 
distribution 78 

municipal waste 26 

N2H 4 19 
N20 26, 42 
Na2SO3 19 
National Fire Protection Association 44 
natural characteristic of boiler 135 
natural gas, leak detection 40 
NFPA 

standards for multi-burner plant 78 
NFPA 8502-95 44, 98 

Nitrogen Oxides 26 
Nitrous Oxide 26 
NO 26 
NO2 26 
nomenclature 183 
NOx 26 
nuisance trips 95 

offset, in drum-level control 109 
oil burner 38 -9  

use of flow/pressure characteristic 78 
oil pressure, as indication ofoil flow 88 
once-through boiler 13, 118 
opacity control 76 
operator displays 91, 157 
operator workstations 157 
opposed firing 26 
optocoupling of inputs 169 
oscillation, in steam temperature control 

system 148 
override, of safety systems 46 
oxygen 

analyser, flue-gas 72 
concentration, feed water 19 
content of air 76 
controller 

integral-time setting 76 
setpoint load variation 75 

measurement of, used in combustion 
control system 72 

trim, combined with opacity 76 
oxygen vs load characteristic 75 

P& ID (piping and instrument diagram) 
189 

PA 
fan 38 
flow, changes due to external factors 

83 
parallel control 65 - 7 
passive transmitters 155 



PES, safety of 99 
PF 35 
pilot, in BMS system 45 
pipework, size of, in drum-level 

measurement 119 
pitch control, fan 30, 92 
pitting, of feed-valve internals 126 
plant tests, need to define requirements 

185 
plasma displays 157 
PLC, use in water-treatment plant 20 
plotter 157 
plug, valve 121 
plume, cooling tower 17 
pneumatic actuator, quality of air 

supply 168 
pneumatic control systems 197 
pockets, temperature-sensor 143 
Pool, power 52 
Pool Selling Price 52 
populated I / O  channels 156 
positioner 164- 5 

improving response by abandoning 
166 

limitations of use 165 
poor response due to incorrect 

calibration 166 
power supply 

DCS 154 
transmitter 176 

PRDS, pegging steam 132 
pressure compensation, of gas-flow 

signal 81 
pressure equalization, in oil-firing 

systems 39 
pressure jet  39 
pressure, fuel, as a flow indicator, 

limitations of 81 
pressure-drop, across feed valve 125 
pressure-reducing valve (PRDS), 

spray-water 132 
pressurised mill (pulveriser) 35-8 

temperature control 87 
load-control strategy 82 

pre-warming, of fuel oil 39 
primary air 

flow controller 88 
fan 35, 38 
damper, control of 88 
flow 81 - 2 

printers 159 
procedureless, bumpless transfer 90 
Programmable Electronic Systems 

safety of 99 
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HAZOP studies on 175 
programming, ofattemperator spray 

valves 150 
projection systems 157 
propane igniters, leakage hazard 40 
proportional band 76, 107, 145 
pulverised fuel, burning of 35 
pulveriser 

control 81 - 91 
performance adjustment 77 
temperature control 87 

pump 
feed-water 15, 21 
power consumption, reduction of 130 
reheat spray 152 
variable-speed 129 

pump characteristic, effects on feed- 
water control 11 l 

purge air, for flame scanner 96 
alarm on loss of 97 

purge, furnace 92 
by BMS system 45 

quick-opening, characteristic, valve 123 

radiant superheater 14 
RAE 10 
rangeability 

ofattemperators 137-40 
of feed valves 121 

Rankine, W. 7 
Rankine cycle 7 
RDF 26, 35, 42 
recirculation, of fuel oil 39 
recuperative air heater 27 
refurbishment, of control and 

instrumentation system 158, 202- 3 
case study 202 

refuse-derived fuel 26, 35, 42 
regenerative air heater 27 
registers, air 78 
reheat 16 

spray system design 151 
temperature control 151 
spray attemperation, effect on 

efficiency 151 
reheater 16 
reliability 45, 172 

effect of impulse pipework on 161 
prediction of 174 

reliability run 175, 185 
reservoir, hydraulic 169 
reset terminal of controller 148 
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reset wind-up, in steam-temperature 
control systems 145 

response 
of DCS 157 
of electric actuator 168 
of fuel and air systems 66 
of master systems 57 
of pneumatic actuator 168 

reversed sense, drum-level measurement 
114 

roll-off, filter 169- 70 
Royal Aircraft Establishment 10 

safe operation, under failure conditions 
157 

safety 46, 70 
defining requirements for, in 

Technical Specifications 185 
saturated steam, basic definition 3 
saturation, in positioners 166 
saturation temperature 

basic definition 3 
changes with pressure 104 
necessity of avoiding approach of 148 

SCADA 202 
scanner, flame 45, 96 
scavenging 19, 45 
screen, braided, of cable 172 
sealing glands, leakage at 19 
seat, valve 121 
secondary air, flow control 93 
segregation of earth connections 172 
sensible heat 2 
sensors, steam temperature 143 
separator, magnetic 42 
sequences 95 
setting leakage 65 
shift operation 133 
shrinkage 104 
shut down, plant, time required for 155 
single-element feed-water control 104 
site-acceptance test specification 185 
size coefficient, valve 124 
slagging 42 
slave controller, multi-stage system 149 
smoke 26, 66, 76 

effect on flame detection 46 
SMP (system marginal price) 52 
sodium sulphite, use in water treatment 

19 
soft desk 201 --2 
solenoid valves 156, 195 
soot blower, air ingress through 65 
sootblowing, effect on drum level 120 

spare parts, cost of 200 
speed control, fan 33- 4 
spill-back, oil 39 
split-range control, gas pass dampers 151 
spray attemperator 

emergency 151 
reheat 151 
water pressure, maintaining adequate 

130 
spray water 136 

impingement on temperature sensor 
141 

optimum pressure 137 
spray-water control valve 137 
stability, of drum-level control system 

121 
stall 

booster fans 92 
in axial-flow fans 31 
use of plotter to warn of approach 157 

stall line, axial-flow fan 32 
start-up burners, in waste-to-energy 

plant 42 
start-up, mill (pulveriser) 90 
static, charge, build-up in floating 

circuits 155 
steam drum 13, 112 

in HRSG 14 
steam extracted, effects of 120 
steam flow, as load indication fi)r oxygen 

controller 75 6 
steam pressure control, deaerator 131 
steam pressure, drum, measurement 

used to prevent chilling 148 
steam quality 3 
steam tables 3 
steam temperature control 

accuracy with mechanically-atomised 
attemperators 138 

accuracy with multiple-nozzle 
attemperators 139 

accuracy with variable-orifice 
attemperators 140 

steam turbine 15 
steam-temperature/steam-flow profile, 

convection & radiant superheaters 
135 

steel-wire armouring, of cables 172 
stoichiometic fuel/air ratio 27, 64 
stokers 26 
Stolze 10 
stops, mechanical, on control valve stem 

165-6 
storage vessel, deaerator 132 



stored energy 54 
stratification, in flue-gas streams 73 
stripping, in de-aerators 19 
suction mill 36 7 

load-control strategy 84 
temperature control 87 

summator, use in multi-fuel system 81 
superheated steam, basic definition 3 
superheater 14, 135 
supplementary firing, in HRSG plant 

23, 46, 63 
suppressed range, steam temperature 

transmitter 147 
surge 

booster fan 92 
centrifugal fan 32 

surge limit, centrifugal fan 32 
swell, in drum water level 104 
swell and shrinkage, scale of'effects 105 
switches, 

on DI cards 155 
limit 155, 195 

switchgear 158 
emc considerations 169 

system configuration, documentation 
204 

System Marginal Price 52 
system resistance 21, 31,127 

tapping-point isolating valve 160, 162 
Technical Specification 184 
television broadcasts, effects on power 

demand 51 
temperature 

reheat 151 
superheat 3, 136 

temperature compensation, of gas-flow 
signal 81 

temperature control of mill (pulveriser) 
87 

temperature sensor, location in 
attemperator pipework 141 

temperature-dependence, of gas-flow 
signal 81 

tempering air 38 
terminations, cable 156 
thermal efficiency, ofHRSG 11 
thermal inertia, of boiler 57 
thermal liner 138 
thermal shock 148, 150 
thermodynamics, laws of 5 
three-element t~ed water control 109 12 
thunderstorm activity, recording 200 
tilting burners 26-7, 150 

Index 221 

time constant 
fuel/air/flue-gas system 76 
steam-temperature system 143 

topping cycle 59 
total loss 64 
track, terminal, of control block 148 
trackbal1157 
training, of plant operators 202 
tramp air 65 

effect on flue-gas analysis 72 
transducers 95, 160, 203 
transformers 158 
transient, electrical, due to fault 170 
transmitter 

active 155 
connecting pipework size 161 

effect on performance 120 
hook-up diagram 160 
installation of 162 
manifold, instrument 162 
passive 155 
power supplies for 155 
redundant 201 
specification of 160-3 
specifying installation of 160- 3 

treated water 132 
trim, valve 121 
trip 

burner 70 
turbine 152 

tube failure 148 
tube mill 36 
tuning 

feed-water control system 124 
positioner, influence of 165 
interactions between loops 57, 132, 

151 
steam-temperature loop 144 

turbine 
dynamic response of 53 
steam 15 

turbine following system 53, 55 
response of 55, 58 

turbine throttle-valves 54 
turbine trip 152 
turbine-driven tieed pumps 21 
turbulence, effect on drum-level 

measurement t20 
two-element feed-water control system 

105-9 
two-out-of-three voting 180 
two-shift operation 133 
two-valve instrument manifold 162 
two-wire transmission 176-. 80 
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ultra-violet radiation, from flames 98 
uninterruptable power supply 155 
unpopulated I / O  channels 156 
up-grading, of control and 

instrumentation system 158, 203 
uplift cost 52 
UPS 155 

valve 
characteristic 122 
feed-regulating 21, 121 
tapping-point isolation 160, 162 
size, determination of 125 

vane control, fan 34, 92 
vapour-atomising attemperator 140 
variable-annulus desuperheater 139 
variable area attemperator 138 
variable-orifice attemperator 1 40 
variable speed drives, advantages of 34 
variable-speed feed pumps 

advantages of 21, 129- 30 
maintaining adequate water pressure 

for attemperation 130 
variable-speed gearboxes 34 
variable-speed motors 34 
vena contracta 126, 140 
vent valves 41 
venting, of transmitters 162 

Venturi, flow-measurement, use in feed- 
water control 112 

Venturi principle, in variable-annulus 
attemperator 140 

very large-scale integrated circuits 172 
VGB Technical Committee on Technical 

classification systems 186 
vibration 158 

in axial-flow fans due to stall 31 
visible radiation, from flames 98 
VLSI 172 
voltage signals 179 
vortex zone, in variable-annulus 

attemperator 140 

water column, drum-level measurement 
115 

water/steam differential pressure, 
importance of maintaining 145 

water-vapour, blanketing effect on flame 
emission 98 

wetting voltage 155 
Whittle, Frank 10 
windbox 78, 93 
windbox-to-furnace differential pressure 

93 
window effect, in cascade loops 146-8 

zirconium probe, use in oxygen 
measurement 73 
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