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1.

INTRODUCTION

For some 25 years British Coal has been involved in the development of coal
fired fluidised bed combustion systems stimulated initially by the desire to
encourage a continuing use of coal for power generation.
Compared to
conventional pulverised fuel (pf) firing, the use of fluidised bed combustion
promised reduced capital cost, freedom from ash fouling of heat transfer
surfaces, energy savings in coal preparation and environmental acceptability.
The first demonstration that coal could be successfully burned in a
non-slagging fluidised bed was carried out in the early sixties when British
Coal, the British Coal Utilisation Research Association and the Central
Electricity Generating Board (CEGB) began collaborative work to investigate
the potential of this novel combustion system for firing power station
boilers.
After initial test work at the CEGB's Marchwood Engineering
Laboratories the further development of fluidised bed combustion was taken
over by British Coal and several experimental rigs were in operation.
A wealth of pilot plant data was obtained from these rigs relative to firing
typically 20% ash crushed coals, between 2mm and 6mm top-size, into the base
of bubbling beds, 0.5 m to 1.2 m deep. From this data a 4 t/h, 7 bar.g,
prototype industrial steam boiler was constructed and operated.
A further adaptation of the technique was demonstrated in 1969, at the Coal
Utilisation Research Laboratory (CURL), by the first operation of a
pressurised (PFBC) test facility. The motivation for this novel concept was
two fold; (i) more compact power generation boilers than are feasible using
atmospheric pressure (AFBC) designs or conventional pf firing (thus reducing
capital cost), (ii) higher power generating efficiency by utilising a combined
cycle with gas and steam turbines.
Research into PFBC attracted the sponsorship of the US Environmental
Protection Agency and the US Department of Energy, and continued throughout
the 1970's. From 1975 the CURL test plant was used as the design basis for
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the 2m x 2m Grimethorpe PFBC facility which. completed its first 1000 h of
operation at the end of 1981. At that time the Grimethorpe project was
equally funded by the UK, the USA and the Federal Republic of Germany, under
the auspices of the International Energy Agency. Currently, Grimethorpe is
involved in a E28 million, 2~ year, joint CEGB and British Coal development
programme, aimed at providing a basis for construction of a full scale
demonstration plant.
In parallel with this work on PFBC under license from Combustion Systems Ltd a joint British Coal, British Petroleum company set up to exploit the new
technology - Babcock Power converted a 13.5 MW(t) water tube boiler at their
Renfrew works to atmospheric fluidised combustion. This boiler was fired
successfully operating on the deep bed principle of the early British Coal
work, firing crushed coal and gave sufficient infonnation for Babcock to
design boilers of outputs up to 100 MW(t) primarily for large scale users.
Since the early 1970's the role for AFBC has been appreciated, not as a means
of firing utilities boiler plant, but as a combustion system for industrial
steam raising. An arrangement whereby low ash, washed coals are fed uncrushed
to the surface of shallow beds of graded sand, has been the basis for much of
British Coal's industrial fluid bed developments since 1972/73. The same
technique has also been extensively applied to furnace applications.
It
offers considerable scope for innovative design which, together with a ready
adaptability to fully automatic operation, allows coal to rival the uses and
convenience of oil and gas. This work complemented similar developments
described in Dr. Topper's paper towards fully automatic operation of
conventional combustion systems.
More recently British Coal, via the collaborating assistance which it provides
to UK boiler manufacturers, has become involved in the design and operation of
circulating fluidised bed (CFB) combustion. Although of greater complexity
and, in consequence, greater cost than similarly rated AFBC designs, the
various advantages of CFB should secure a niche in the UK market, perhaps for
boilers above 30 MW(t) rating. Certainly it is considered unlikely that AFBC,
with its problem of extensive bed plan area, can compete with pf firing above
100 MW(t). Therefore, the CFB concept seems suited to bridging a gap between
AFBC plants, below 50 MW(t), and, ultimately, PFBC.
2.

SHALLOW 'BUBBLING BED' COMBUSTORS

As described above, the bubbling bed system of combustion was initially
developed for power station boilers, but more recently the design has been
adapted, initially by British Coal's Coal Research Establishment (CRE), to
smaller industrial boilers and furnaces. The need in the UK is to provide a
compact, more flexible and less expensive combustion system capable of easy
automation, suitable for the industrial steam generation market which mostly
employs boilers ranging in size from about 2 to 15 MW(t). In the UK there has
been less emphasis than in· the USA on limiting sulphur emissions because the
coal supplied to the industrial customer is washed to low ash contents and
contains an average of only 1. 5% sulphur.
However, much experience is
available in the UK on sulphur capture from the earlier work on power
generation, pilot test rigs and overseas licensees. British manufacturers are
fully experienced in the design and operation of fluid bed boilers designed
for sulphur retention using limestone.
Small scale laboratory tests at CRE in 1972/73 showed that lumps of coal up to
SOmm in size and fed by gravity, could be burned in beds as shallow as 0.15 m
at combustion efficiencies up to 98% without grit recycling. The development
was then taken out of the laboratory and two vertical firetube boilers of
about 3 MW(t), one steam producing and the other for hot water supply, were
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designed, manufactured and installed in a market garden and a luggage factory
where they have operated reliably for nine heating seasons. A 'locomotive'
type boiler (Figure 1) of 10 MW(t) output, giving medium pressure steam, was
installed at a car components factory and has now been in operation for eight
heating seasons. To complete the range of initial demonstration industrial
boile~s produced under British Coal sponsorship, a 30 MW(t) coil type boiler
(Figure 2) working at a steam pressure .of 40 bar, built by ME Boilers Limited
of Peterborough, was commissioned at a steel works in Sheffield.
In general these prototype boilers burn either washed singles coals, sized
from 25 mm to 12 mm, or washed smalls of about 18 mm to 0 with moderate fines
content. They operate at efficiencies mostly above 80% over a wide range of
outputs and because the bed is shallow, fan power requirements ar.e much
reduced compared to the 1960's deep bed designs. A general arrangement of the
vertical shell hot water boiler is presented in Figure 3. Figure 4 . shows the
results of combustion efficiency trials carried out predominantly on this hot
water boiler. It also includes results from the other prototypes. A complete
range of UK industrial coal types have been tested, from anthracite, through
highly caking, to high volatile bituminous coals. No grit refiring took
place. Three parameters, (i) bed temperature (ii) in-bed excess air level and
(iii) coal reactivity (identified by the oxygen content of the coal, on a dry,
mineral matter free, basis), predominate as the factors influencing combustion
efficiency. Bed depth and fluidising velocity, the latter over a range 1 m/s ·
to 2. 5 m/ s, appear to be of secondary importance. Variations in coal size
grading, even when fines exceeded 60% below 3 mm, produced no obvious effect
on overall, ie bed plus free board, combustion efficiency. It was expected
that high fines content would result in a reduced combustion efficiency, but
it is now believed that the free moisture of the fuel acts to bind the fines
together and, further, makes them adhere to coarser coal particles, thus
avoiding premature elutriation.
The acceptable level of 'no-refire' combustion efficiency, obtainable with the
overwhelming majority of UK industrial coals, leads to grit recycling being
considered an unnecessary extra cost and complication on the size of boiler
plant to which shallow bed FBC is predominantly applied.
The shallow bubbling bed has also been utilised in hot gas generating furnaces
supplying hot combustion products for direct drying. Usually this type of
furnace operates at a specific combustion rate about half that of a boiler,
though recycling of combustion products can · increase this and reduce the
excess air level from the normal 200%. These furnaces again burn lump coal,
thus eliminating the need for crushing equipment, and the shallow bed design
permits low height freeboards, thus reducing furnace costs.
A combined
combustor/pyroliser recently developed at CRE gives possibilities of high
temperature operation both ln boilers and furnaces with greatly reduced NO
x
production. In addition, incinerators, thermal fluid heaters and calciners
further extend the range of products available.
3.

COMMERCIAL EXPLOITATION OF AFBC

There are now in the UK nearly 70 fluidised bed boilers, and nearly 30
furnaces, installed or on order. Table 1 summarises the MW(t) capacities
installed from the major manufacturers, while Table 2 gives an estimate of the
annual coal consumptions which these current orders represent when all plants
are operational.
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Table 1
U.K. F.B.C. Capacities Installed or on Order
MW
Babcock (inc. Babcock Worsley & FCCL)
Boilers
Furnaces
Foster Wheeler (Gibson Wells)
M.E. Boilers
Energy Equipment
Boilers
Furnaces
Wallsend Boilers
EMS Thermplant
Others

290
264
32
160
126
134
32
23
30

Table 2
Estimated Annual Coal Consumption of U.K. AFBC Installations
MW
Water Tube Boilers
Shell Boilers
Furnaces

3.1

Expected Annual
Coal Burn (tonnes)

555
140
398

400,000
40,000
80,000

Water-tube boilers

A Foster Wheeler Power Products subsidiary, Gibson Wells, has collaborated
with British Coal in the development of a packaged fluid bed water-tube boiler
(Figure 5). Their first commercial demonstration from this development was a
15 MW(t) twin bed boiler, supplying steam for a combined heat and power system
at a dyeworks, and the second was a single bed boiler of 7.5 MW(t), burning
coal and wool washings at . a textile factory. A third boiler, a twin-bed 10
MW(t) unit, was handed over to the customer, a surgical dressings
manufacturer, in June 1985.
A water-tube boiler, of 3 MW(t) rating, having been tested initially in the
works of Senior Green, designed and manufacturered by that company, is now
sited in the test boiler house at CRE.
This is a novel divided bed
combustor/pyroliser design producing high temperature off gases. It is now in
the later stages of development (Figure 6).
M.E. Boilers of Peterborough who, in collaboration with CRE, designed and
installed the 30 MW prototype coil boiler at the River Don works of Sheffield
Forgemasters during the late 1970's, now have a contract to supply four 34 MW
coil boilers . to Tate and Lyle, a sugar manufacturer in North London. These
coal fired boilers include a facility to burn heavy fuel oil in-bed, and
achieve 100% boiler rating, using 'Climbing Film Nozzles' (CFN's) developed by
British Petroleum (BP). The fluid bed technology and the CFN nozzle design is
licensed via Combustion Systems Ltd.
Fluidised Combustion Ltd (FCL) of fer water tube package boilers at the small
end of the industrial market, in sizes from 0.3 MW(t). They also supply
water-tube FBC waste incinerators, having had a 3 MW waste oil and acid tar
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fired unit in operation at a chemical works near Avonmouth since 1980. The
FCL bed design claims enhanced lateral mixing and large ash mobility by using
a 10° sloped distributor plate fed with air from a compartmented air plenum.
The latter enables the fluidising velocity to be varied across the bed, thus
promoting cross circulation of bed material (Figure 7).
Retro-fitting of existing water-tube boilers to FBC coal firing has been
carried out by the Energy Equipment Company, whose shallow bed design employs
both two-stage combustion and flue gas recycling for bed temperature control.
Babcock Power are currently converting a 30 MW(t) oil fired boiler to FBC
firing, utilising limestone bed material for sulphur retention, at the
Huddersfield works of ICI. This latter project is part funded by the EEC.
3.2

Locomotive Boiler Configurations

The locomotive configuration, where a box section combustion chamber,
providing a vertical freeboard space, is connected to a low cost horizontal
shell heat exchanger for gas cooling, has become a format adopted by various
manufacturers.
Babcock Powe·r have joined with the NCB in the design of a 'Compo' boiler
(Figure 8). This boiler has a vertical membrane wall construction for the
combustion chamber with the flue gases passing out to a conventional smoke
tube shell construction heat exchanger. After initial development of a 4.5
MW(t) unit in the CRE test boiler house, 14 such boilers of this design are
now in operation ranging in output from 4.5 MW(t) to 21 MW(t). The latest
installation, soon to come on stream, is a boiler plant of five 21 MW(t) units
at Reeds Paper.
For many years the Stone Johnston Boiler Company of Ferrysbury, Michigan, have
manufactured, under a CSL licence, a locomotive type boiler (Figure 9). They
Equipped with sulphur retention
have some twenty units in the field.
facilities, they burn a range of coal types. CSL also have licensees in
Japan, South Korea, India, Belgium, Italy, Finland and Turkey.
Energy Equipment, whose fluid bed system involves partial in-bed gasification,
have a number of boilers, including a 15 MW(t) locomotive type, operating at
customers' sites.
EMS Therm.plant have two ranges of locomotive style FBC boilers, their
'Therm.fire' and 'Thermatic' ranges.
The 'Thermfire' uses a refractory
enclosure for the combustion chamber with the hot combustion gases ducted to a
close-coupled waste heat shell boiler (Figure 10). In-bed tubes are cooled
via pumped boiler water, circulated from the boiler shell. A 5 MW(t) unit was
installed in S. Wales in 1984. The 'Thermatic' is a low pressure hot water
boiler range, rated l MW(t) to 3 MW(t). EMS currently license their FBC
technology in Holland, India, Peru and Turkey.
3.3

Vertical fire-tube boilers

A conventional horizontal, wet back, shell boiler, when in a vertical
orientation, is particularly suitable for firing with a fluidised bed
combustion system.
The shallow bed itself can occupy the base of the
fire-tube, with combustion being maximised as the gases pass up the vertical
length of the tube before entering the convection passes of the boiler. The
start-up burner and air supply chamber are convenieptly housed at the base of
the boiler and heat transfer tubes may be inserted from the side or, as
thermic syphons, form part of the boiler construction. Expansion of the bed
into the tubes, as the air flow and combustion rate increases, allows
modulation of output at constant excess air.
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Following the early work by British Coal on vertical shell boilers, a number
of companies are now producing a range of boilers from 1.5 MW(t) to 4.25 MW(t)
supplying steam or hot water. Typical examples of this type of installation
are the six boilers now in operation manufacturered by EMS Thermplant (Figure
11) and the similar number of thermic-syphon designs of Babcock Worsley
(Figure 12). The thermal range of the vertical she~l design is limited by the
British Standard design code, BS 2790, which prohibits use of a firetube more
than 1.Bm diameter, regardless of firing method.
3.4 Horizontal fire-tube boilers
In direct contrast to the suitability of the vertical boilers referred to
above, the matching of fluid bed combustion with the horizontal fire-tube
boiler is particularly problematical and is only possible at all because of
development of the shallow bed system. As stated above, the maximum diameter
of a fire-tube is only l. Bm and, most typically, is about . lm. Thus, a deep
bed system would virtually fill the fire tube, leaving no freeboard space.
Even with a very shallow fluid bed less than O.lm deep, the freeboard height
is hardly sufficient to allow complete combustion. Further, the combustion
gases rising vertically from the bed surface have to turn through 90° and
reach high velocities before leaving the combustion zone.
Despite these problems a number of UK manufacturers have developed such boiler
systems. NE! International Combustion and Energy Equipment .have a number of
boilers operating commercially with British Coal using these two companies
boilers at the pitheads of its new Selby coalfield. GWB Industrial Boilers
now part of Senior Green Ltd, with a demonstration unit rated at 1.2 MW(t) and
a 2.4 MW(t) (Figure 13) in operation at a commercial site, are also offering
this type of boiler under British Coal licence.
Babcock Worsley have a boiler which differs from the preceding arrangement in
that it has a large combustion chamber at the front, akin to a locomotive
design, with a smoke tube heat exchanger at the rear. Wallsend Boilers Ltd
have collaborated with British Coal to develop an open-bottomed boiler (Figure
14). Both these latter designs provide a higher freeboard space permitting a
normal 0.15m bed depth. The Wallsend boiler also has special flue gas headers
to remove combustion products vertically from the bed area, further helping to
resist bed carryover. A number of these units are in operation, ranging in
output from 1.5 to 7 MW(t).
3.5

Furnaces and calciners

In parallel with the boiler developments, Babcock Worsley and British Coal
have together produced a range of shallow bed coal fired furnaces (Figure 15)
to supply hot combustion products for direct drying of various materials such
as grass, roadstone, coal, clay and limestone. Some sixty units are now in
operation in the UK, West Gemany, Hungary, Denmark and Italy, of outputs
ranging from 2 MW (t) to 15 MW (t). Similar excess air furnaces have also
been supplied to British Sugar by FCCL, a subsidiary of Babcock Power Limited.
Fluid-bed furnaces are also supplied by Energy Equipment, with their partial
gasification system. They have units in operation drying grass and sugar
beet.
Recently, British Coal has developed a combustor/pyroliser which has
interconnected beds, one acting as a gasifier and the other as a combustor.
This furnace produces hot combustion products at up to 1600°C, compared to
between 950°C and 1000°C with a nomal fluid-bed furnace (Figure 16). This
technology is currently licensed to a number of manufacturers and, as noted
previously, has also been adapted to fire a Senior Green A-type water-tube
boiler. The first commercial application is, however, still awaited.
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At the other end of the temperature scale, Peabody Encomech and British Coai
have combined to develop a fluid-bed furnace with ceramic heat exchangers in,
and above, the bed. This design produces clean air at temperatures up to
650°C for food processing and drying sensitive materials (Figure 17). A
2 MW(t) unit, based on this design, has been in operation for two years at
Bass Maltings, Mirfield. An alternative approach, from General Combustion,
Beverley Division, under licence from British Coal, uses a thermal-fluid heat
exchanger in the bed and off-gases and is particularly applied where the
combustion furnace has to be remote from the process (Figure 18). A unit has
recently been commissioned for · drying plasterboard at British Plaster Board's
Kirkby Thore works. In a further development, British Plaster Board and
British Coal have jointly developed a fluid-bed calciner which co.nverts
hydrated gypsum to the hemi-hydrate form in a specially designed cuboid
calciner (Figure 19). Heat is transferred from a central fluid-bed ~ombustor
through its containing walls to the bubbling bed of gypsum which surrounds it.
The off-gases form the combustor pass through the gypsum bed, fluidising it
and giving up heat. The efficiency of a 5 t/h pilot plant, which has operated
successfully on a production l~ne for two years, approaches 90%. Two 20 t/h
units are now in operation, one at Gotham and the other at Gyproc Belge in
Belgium. The capital cost of these new units is significantly less than
conventional · 'kettles', which only operate at 50% efficiency on coal.
4.

DESIGN ELEMENTS

The following sections describe some of the more prominent design issues which
receive consideration while specifying an AFBC project.
They represent those
design elements which have occupied major parts of the fluid-bed development
programme.
4.1

Start-Up

There are three forms of start-up which are currently employed on fluidised
bed boilers and combustors in the UK. The earliest employed is pre-mixed gas.
In this system nozzles admit combustible gas into the fluidising air at the
distributor, so that a gas/air mixture enters the fluidised bed. The gas is
ignited by a small overbed torch and burns back into the bed. This has the
advantage that heat is only generated in the bed and therefore no insulating
lining is required for the plenum chamber. There is a concern, however, that
the ignition of the mixture in the bed requires some form of detection and
fail safe system. In general, it has been found that the designer has to rely
on ensuring that the overbed torch is alight, because flame detectors aimed at
the bed tend to get confused signals. Thus care is needed in specifying
safety systems, especially if unattended operation is required. Many plants
do, however, use this system with success.
A technique which has found more favour on British Coal associated boilers is
the use of the hot gas start-up system, whereby gas or oil are burned in the
forced draught air duct. The .hot gases produced are passed through the plenum
This is
chamber and via the normal distributor nozzles into the bed.
inherently more expensive because the plenum has to be insulated and the
distributor plate water cooled in order to prevent high temperature
distortion. However, the technique has the advantage that it creates a very
rapid start-up, is easy to automate and is very safe and reliable. For
furnace applications, where excess air is used to control bed temperatures and
there are no in-bed cooling tubes, hot gas start-up temperatures can be lower
and the need for a water cooled distributor avoided.
The third technique, particularly associated with Babcock Power, is the use of
a large overbed burner angled downwards such that the flame contacts the
fluidised bed surface. This is a slower method and is therefore more suited
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to the larger boilers where start-ups are generally less frequent. It does
have the advantage that a degree of alternative fuel firing is intrinsically
incorporated into the boiler. The design of a direct flame start-up system
requires careful consideration in order to avoid damage to the in-bed tubing
or other heat transfer surfaces.
4.2

Gas Cleaning

When burning washed smalls or washed singles in fluidised beds most of the
coal ash is broken down to fine particles which are . carried out of the fluid
bed by the flue gases. Add to this the fact that new technology inevitably
gets scrutinised rather more closely than well established methods of firing,
and the result is that fluid bed combustors have had to be equipped with
rather better standards of gas cleaning than have . been employed on most
industrial plant.
Work at CRE and at commercial sites has established that, for small fluid bed
boilers burning washed coals, cyclonic cleaners give dust collection
efficiencies which will meet the UK Clean Air Act, typically 500 mg/Nm 3 •
However, from about 10 MW(t) it is necessary to use cyclones in conjunction
with more sophisticated collection systems, usually a sidestream bag filter.
From 15 MW(t) it becomes more and more probable that total bag filters are
required. Some customers have opted for · small electro-static precipitators.
Thus, there is a whole range of gas cleaning apparatus in use on fluid bed
systems.
4.3

Bed Regrading

Although most of the ash in the coal leaves the fluid bed combustor in the
flue gases, there is usually a small proportion of dense or shale-like
material which does not break down to a fine powder and is, therefore,
retained in the bed.
Clearly, this cannot be allowed to accumulate
indefinitely and so it is common practise to use a bed cleaning system in
conjunction with fluid bed boilers and furnaces. There are two exceptions to
this:(a)

the relatively few units using very clean singles coals where it would
appear that all the ash does break down and exits with the flue gas.

(b)

there are some FBC's which are run on a campaign basis for several weeks
. at a time and then can be shut down. In this situation it is possible to
run without bed cleaning and merely extract the bed material at the end
of the campaign, re-grade it and return the undersize.

However, it is usual to specify some form of on-line bed regrading system
which requires bed material to be withdrawn, classified and the undersize
returned. Generally, this is an intermittent operation with the frequency of
use depending on the fouling characteristics of the coal employed. More
recently, some of the larger fluid bed boilers which have been put into
commercial operation use untreated coals, with perhaps 20% of the coal ash
being large, dense material. For these cases the bed cleaning systems have
had to be capable of operation for a much higher proportion of the boiler's
on-time.
Over the years a number of systems have been installed.
Initially, a
vibrating screen was used for this purpose. Special attention has to be given
to sealing the screen to contain the gaseous fumes, while still providing for
flexible vibrations.
British Coal currently offer licences for several
alternative systems which are being used successfully on commercial boilers.
The air classifier is one such concept, in which bed material is allowed to
fall down a tube against a counter-current flow of air which is set at such a
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velocity that undersized material is automatically conveyed back in the
opposite direction, and is thus retained within the bed, whilst heavier, dense
material, falls into a collection bin.
This can be done with the
classification device located beneath the air plenum. Alternatively, bed
material can be conveyed to some external location, classified and the
undersize returned.
Figure 20 shows a diagram of the external location
system, typical of that which has been used on small fluid bed boilers.
For the larger beds a more complex arrangement is required, to enable bed
material to be withdrawn from a number of points around the bed. Figure 21
shows a diagram of such a system with perhaps 6 points, where material is fed
from the drain ports via a series of L-valves operated in sequence. ·Bed
solids enter a pneumatic conveying line and are passed over a static inclined
screen, from where undersize material flows back into the fluid bed by
gravity.
Figure 22 is an attempt to illustrate the range of ash content and coal top
size which can be accepted by conventional flat plate distributors equipped
with bed cleaning devices, before bed fouling becomes so severe as to require
special design considerations. It must be admitted, however, that this simple
graphical representation can only be a guide. since the following factors
affect the severity of bed contamination.
i) The size grading of the ash within the coal. This grading is not,
necessarily, the same as that of the parent coal. Clearly, the greater
the quantity of large ash, the greater is the potential for bed
segregation.
ii) The friability of the ash. This appears to vary widely, both from coal
to coal and also from one size fraction of ash to another within the same
coal. It is an advantage if the ash is friable, particularly the larger
ash fraction.
iii) Shape and density. Low density platelets are inherently more mobile than
dense spheroids. Mobility affects the chances of large ash particles
approaching, and being removed by, a bed drain port.
For those circumstances where very high amounts of stone and shale are present
within the feed coal, CRE are involved in investigating two alternative forms
of air distributor. One of these uses directional standpipes with a slightly
sloping distributor which, together, encourage movement of oversize bed
material to a removal point. The second approach is the use of sparge pipes.
This design allows oversize bed solids to fall through the gaps between the
sparge pipes for removal by an underbed extraction system.
4.4

Coal and Ash Handling

The coal feeding method is always a crucial element in the reliable operation
of coal fired equipment and fluidised bed combustion is no exception. All
cµrrent shallow bed systems employ overbed feeding and this can be
accomplished in a number of ways.
On small fluid bed shell boilers and furnaces it is generally the case that
coal is fed either over the centre of the bed, via .some form of screw feeder
into a drop tube, or via a side mounted screw feeder. Rotary valves are also
used in conjunction with drop tubes when the coal is a good quality singles.
For smalls coal, one company offers a mechanical ram feeder which physically
ejects small packages of coal. Another company offers a system accomplishing
the same thing but using dense-phase pneumatic injection.

For the larger boilers, the lateral mixing of coal may not be sufficiently
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rapid to ensure even bed temperature distribution when point feeding systems
are used. Thus, it becomes important to use some means of spreading the coal.
The fact that these boilers are almost invariably specified for use ·with the
less easily handled smalls coals also leads to a requirement for a more
positive form of feeding. Babcock Power use a spreader feeder which they have
developed themselves, while at least one coal handling equipment manufacturer
sells this type of feeder for any installation. This latter has been jointly
developed by Redler and CRE (Figure 23).
As . already indicated, the coal's ash is collected predominantly from the gas
cleaning system as a gritty powder containing 25% to 40% carbon. This is
generally collected either in skips (for small plant) or conveyed by pneumatic
systems into ash silos where it can be conditioned by water sprays before
being discharged into a removal lorry. There are increasing numbers of FBC
systems in commercial use and pressures are developing for customers to
identify sales for this material wherever possible. A number of companies
have been successful in doing this, · finding applications in areas such as
brick making and aggregate firing.
4.5

Control Systems

By virtue of their good mixing characteristics, allied to even bed
temperatures and air distribution, fluidised beds are amenable to operating
with a high degree of automation.
It is now common practice to use coal and air flow rates linked in ratio as
the basic means of controlling a fluid bed boiler, with bed temperature being
allowed to 'float' between set limits before corrective action is taken. This
approach can be applied either in the form of several firing rate 'steps',
with the controller selecting a 'step' dependent upon the steam pressure
relative to a desired value, or in some form of continuous modulation, linking
steam pressure to coal feedrate and air flow · to flue gas oxygen. Further
sophistication has been incorporated in some cases by allowing anticipatory
action by early movement of air dampers or adjustments in coal feedrates to
anticipate changes in load, thereby improving rate of response. This type of
control is based on mathematical modelling of the fluid bed and associated
plant.
4.6

Erosion

This ·topic has undergone considerable investigation over the last 5 years
during which time regular ultrasonic thickness measurements have been made on
bed tubes and sidewalls in the majority of operating units.
These
measurements, together with cold model studies using multi-layer paint
techniques, have given a good insight into the erosion phenomena. Comparison
with results from similar cold modelling work in support of the Grimethorpe
PFBC facility suggests, however, that erosion incidences in UK AFBC shallow
bed boilers may not duplicate the experiences of AFBC deep-bed designs. In
particular, shallow bed boilers have little or no in-bed tubing within the
static bed region. This tubing is usually arranged as two layers of cross
tubing, starting some 50 mm above the static bed surface, and is only
subjected to particle splashing, the vigour of which varies with fluidising
velocity.
Sidewalls, whether of water-tube 'membrane' construction or flat-sided, seem
most vulnerable. Erosion is usually at its most severe in a zone lOOmm deep
extending upwards from the static bed surface. The depth of this zone, and
the region of worst attack, appears linked to the proximity of standpipes to
the sidewall. Cold modelling originally suggested, and practical application
confirms, that a series of shelves, or horizontal fins, welded to the
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sidewall, provides a very effective solution to sidewall erosion. ·
Optimisation has not yet been undertaken but, typically, 6 or 8 shelves,
spaced 50 mm apart with the lowest perhaps 50 mm below the static bed surface,
is effective. The shelves are fabricated of mild steel, 6 mm thick and stand
proud of the sidewall by, perhaps, 20 mm.
Concerning in-bed tubing erosion the position is as follows;
i) There is a tendency for splashing bed material erosion of over-bed tubes
to increase as the static bed depth increases.
ii) In-line tube arrangements are preferable to .staggered.
iii) Tube erosion appears to increase as tube diameter increases.
iv) Horizontal tubes are less prone to erosion than inclined tubes.
Practical experience has been gained of using v:arious tube metals, tube
coatings and metallurgical treatments, as well as the ·attachment of fins.
discs, pegs and ball studding.
A combination of these treatments and
recognition of the advice in i) .to iv) above, have been effective in
counteracting tube erosion.
5.

CIRCULATING FLUIDISED BEDS

Both Foster Wheeler Power Products and Babcock Power are actively involved in
the commercialisation of CFB boilers. CRE ha& provided practical assistance
to Foster Wheeler in carrying out two series of combustion trials on a 34
MW(t) CFB bo~ler in County Kerry, Eire. This boiler was built by Foster
Wheeler under licence from Battelle Development Corporation, using the
Battelle Multi-Solid Fluidised Bed Combustion (MSFBC) system (Figure 24). The
boiler was commissioned during 1984, with the 'normal' site fuel consisting of
a mixture of bituminous coal, wood and peat. During the testwork in which CRE
were involved, the combustion of anthracite duff, sized 40% below 1 mm, was
successfully burned in anticipation of a possible installation in South Wales
using this low cost fuel. A similar installation is now being progressed at
ICI Dumfries.
A significant disadvantage of the basic Battelle MSFBC arrangement is its high
capital cost. Foster Wheeler UK have, therefore, carried out a design study
on a 12 MW(t) CFB boiler which uses a modular construction and has compact
heat exchangers (Figure 25). Initial indications are that the cost is reduced
by over 40% compared to the standard MSFBC design.
Babcock Power have an exclusive UK license for the Stone and Webster Solids
Circulation Boiler system (Figure 26). This is an 'intermediate' design of
CFB where a circulating bed is superimposed on a bubbling bed, all contained
in a conventional, compact, boiler design. A commercial site is being sought
for the demonstration of this technology whilst a significant test rig is in
operation at the Babcock Research Centre.
6.

PRESSURISED FLUID-BED COMBUSTION

Although the FBC developments at British Coal's CRE have, over the last 13
years, b.e en devoted to the industrial market, about 80% of the coal sold by
British Coal is used for power generation by the CEGB and the South of
Scotland Electricity Board. This coal is fired as pulverised fuel, a technique
which has been so thoroughly optimised that a significant incentive would be
necessary to prompt any change. That incentive has come during the last .few
11

years in the form of the environmental debate regarding so and NO emissions.
2
These emissions can be controlled by using replacement low-NO
pf 21,urners and
adding flue gas desulphurisation (FGD) equipment, but such equ\pment increases
operational and investment costs while reducing thermal efficiency. Thus,
there are potential rewards to be gained in investigating technologies which
provide more economic control of emissions while retaining, or even improving
upon, ·present day power generating efficiency. AFBC is not considered a
realistic contender for the 600 MW{e) units which are standard in the UK, due
to the considerable bed plan areas which would be involved in this design of
unit.
PFBC is believed to offer an answer to .the control of acid gas
emissions while also, by means of a combined gas and steam turbine power
generating cycle (Figure 27) , showing 3 percentage points improvement in
generating efficiency over a conventional pf station with FGD.
Consideration of the attributes of PFBC began in 1967 at CURL and a l.2m by
0.8m pilot plant became operational in 1969. This plant served as the design
basis for the 2m by 2m test facility at Grimethorpe, S. Yorkshire, then funded
by an !EA consortium comprising Germany, UK and USA. The Grimethorpe facility
became operational during 1981 and completed its !EA test programme in the
four years ending 1984. The Grimethorpe PFBC Establishment is now handed over
to British Coal and is operated by National Smokeless Fuels Ltd, a
wholly-owned subsidiary.
The potential of the PFBC combined cycle option to operate at high efficiency
and reduce so 2 and NOx emissions, has led British Coal and the CEGB to start a
major joint programme on the development of the technology at Grimethorpe and
elsewhere. The £28 million, 2~ year, development programme has been devised
to provide the technical basis for · the construction of a UK demonstration
plant. In parallel with experimental trials at Grimethorpe, a 0.3m square, 20
bar, PFBC unit is being operated at CRE and laboratory and theoretical studies
are being carried out at CEGB laboratories. Throughout the programme there
will be strong links with UK manufacturers and the UK Department of Energy,
the latter having sponsored a design study for a 2000 MW(e) PFBC power
station.
Testwork is planned to investigate.
i) Performance of materials of construction, particularly in-bed tubes.
ii) Combustion performance of a range of coals and sorbents.
iii) Hot gas clean-up.
iv) · Gas turbine blade behaviour.
v) Staged combustion.
The investigatory work carried out by CEGB and CRE laboratories includes:
vi) Ash disposal and utilisation.
vii) Evaluation of alternative PFBC power generation cycles.
It is planned to follow the present phase of the joint programme with a second
phase of work which will last three years. This will concentrate mainly on
gas turbine compatibility tests and long term component reliability trials at
Grimethorpe and an extension of the laboratory studies referred to above.
Once the technical problems associated with tube wastage are overcome, and a
satisfactory life for a gas turbine is demonstrated, then PFBC is expected to
emerge as a strong contender for advanced power generation systems. It is
possible that the first UK demonstration of a PFBC will take the form of an
industrial power station. One approach would be to incorporate a PFBC into a
combined heat and power system serving a district heating scheme or an
industrial site.

12

The operating details of the current Grimethorpe PFBC facility are given in
Table 3. Following the IEA programme· a new tube bank was installed designed
for operation at a fluidising velocity of 0.8 m/s, 50% excess air, 850°C bed
temperature and a pressure of 10 bar. The output of the unit is now around 25
MW(t).
TABLE 3
Grimethorpe Combustor - Principal Parameters

COMBUSTOR PRESSURE VESSEL
Overall height
Outside diameter

14000 mm
4000 mm

COMBUSTOR FURNACE
Height
Cross-section
Full height of fluidised bed

8000 mm
1900 mm x 1900 mm
4500 mm approximately

RANGE OF OPERATING PARAMETERS
Air mass flow
Pressure ·
Coal heat input
Bed temperature
Excess air
Fluidising velocity
Coal as fired,. top size

7.

9 - 31 kg/s
6 - 12 bar

20
720
20
0.8
3.2

-

60 MW
950°C
100%
2.5 m/s
6.4 mm

CONCLUSIONS

The UK has a full range of fluidised bed boilers and furnaces in operatien on
commercial sites. Many of these units have now been in use for a number of
years. Substantial operational and design exp~rience has· been obtained by the
monitoring of performance and the overcoming of problems.
Much experience bas been obtained both of the lower cost shallow bed system as
well as with deep bed and sulphur retention facilities. ·Operating experience
is now being gained with circulating fluidised bed combustors and ultimately
with pressurised beds for combined cycle power generation. ·
UK manufacturers are in a very favourable position to supply fully automatic,
high efficiency and trouble free fluid bed fired boilers and furnaces, in a
variety of well tried designs, to customers for coal in both the UK and
abroad.
British Coal through its Coal Research Establishment and in collaboration with
boiler and equipment manufacturers intends to continue to improve the means of
utilising coal in an economic~ environmentally acceptable and thoroughly
competitive manner so that the commercial needs of the industrial market and
the customer for coal are satisfied, both now and in the future.
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