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Since the publication of the first edition of this book
in 1980 there have been significant advances in the
technology of fluidised bed combustion which was
pioneered by the National Coal Board to help
industry increase the efficient use of energy. Many
commercial units are now operating in the UK and
overseas, several UK manufacturers of equipment
have become established, and UK technology has
been licensed in Europe, USA, South America,
South Africa, India, Australia, Japan and Korea.
Studies of pressurised fluidised bed combustion
now being made by the NCB and Central Electricity
Generating Board will help to establish this new
method of power generation for the future.
The NCB's Coal Research Establishment (CRE)
are in the forefront of all these developments. The
aim is to ensure that efficient, easy-to-operate and
environmentally acceptable equipment is available to
take advantage of all market opportunities for coal.
This book is a factual and illustrated guide to the
research, development and the commercial
application of fluidised combustion technology;
assisting coal-the most prolific fossil fuel resource in
Britain and the world-to be used effectively, far into
the future.
It was compiled by an editorial group comprising
James Harrison, Assistant Director of the Coal
Research Establishment; Douglas Willis,
Development Manager, NCB Marketing
Department; and Norman Woodhouse, the
Board's Director of Public Relations. They were
assisted by specialists in fluidised bed technology
within the NCB and companies jointly involved; by
Kenneth Lidbetter, Head of Photographic Section at
CRE; and by consultant designer Patrick Christie,
who prepared the drawings and designed the book.
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There is general recognition that before the end of this century the world
demand for oil and gas is likely to outstrip supply. With production of these
fuels passing its peak as reserves become depleted, and in response to price
differentials, coal will return to its former dominant position. The change is
already well advanced in the UK. To accelerate this change and to secure
the full economic benefit of using coal, new industrial coal-burning systems
are being developed.
Efficient coal-burning equipment, usually with mechanical firing, has
long been available for the general industrial market. Large boilers and
power stations use pulverised fuel.
Mechanical stokers are well proven and reliable, and as a result of
improved designs and controls and automatic ignition ·systems, are now
easy to operate. Improved methods of maintaining moving parts and cleaning boiler surfaces enable plant to be operated at high thermal efficiencies.
In boilers fired by pulverised fuel, finely ground coal is burnt in a stream
of air in a combustion chamber. The combustion temperature is high and a
large combustion chamber is provided to allow. heat to be transferred to
steam-raising tubes.
In order to keep coal competitive and to meet the exacting requirements
of increasingly sophisticated factories and industries, scientists and engineers set out to develop a new coal combustion system. The requirements
were that the system should be efficient, cost effective, flexible both in performance and in the type and quality of coal used, and also environmentally
acceptable.
A technology well suited to meet all these needs is based on the combustion of coal in a fluidised bed, successfully researched and developed by the
National Coal Board.

Coal combustion

Fluidised
combustion
offers these
advantages:

a. A wide range of coal quality and types can be burnt efficiently and with a high
degree of amenity.

b. Automatic systems for coal and ash handling can be incorporated, making
the plant easy to operate-comparable to oil or gas-fired installations.

c. Control systems using microprocessors and automatic ignition equipment
give excellent control with a minimum of manual supervision.

d. The absence of moving parts in the combustion zone results in a high degree
of reliability and low maintenance costs.
e. Routine overhauls are infrequent and high efficiency is maintained for long
periods.
f.

Sulphur emissions to the atmosphere can be reduced at minimal cost and
with little loss of efficiency by the addition of limestone or dolomite to the
fluidised bed.

g. A wide range of industrial wastes can be burnt in coal-fired fluidised bed
plant, saving the cost of separate disposal and contributing to energy efficiency.
h.

A fluidised bed combustor can respond to changing heat demands more
easily than stoker-fired systems. This makes it very suitable for applications
such as thermal fluid heaters, requiring rapid rates of response.

i. By operating the fluidised bed at elevated pressure it can be used to generate
hot pressurised gases to power a gas turbine. This can be combined with a
conventional steam turbine to improve the efficiency of electricity generation
to give a potential fuel saving of at least 4%.
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Principles of fluidised beds
Solid particles can be moved by a fast stream of air or
other gas-for example, sand blown by the wind on the
sea shore and dust sucked into vacuum cleaners. The
particles will not be moved unless the air flow is fast
enough. If the air velocity is high the sand will be carried
for long distances, but at a lower velocity eddies will be
formed in which the sand moves around but does not
travel far. This ability of moving air to entrain small
solid particles and keep them in motion enables a fluidised bed to be formed.
Imagine a box containing sand resting on a mesh. If
air is blown slowly upwards through the mesh, it percolates between the sand particles without disturbing
them. When the velocity of the air stream is gradually
increased, a point is reached when individual particles
are forced upwards; they become supported by the air
stream and begin to move about, although the bed continues to have a fairly well defined surface.
At still higher velocities an important change occurs;
the bed becomes turbulent with rapid mixing of the particles. Bubbles, similar to those in a briskly boiling
liquid, pass through the bed and the surface is no longer
well defined but diffused. A bed of solid particles in this
state is said to be 'fluidised', because it has not only the
appearance but also some of the properties of a boiling
fluid.
There are lower and upper limits of air velocity
between which satisfactory fluidisation of sand or any
other granular substance will take place. The minimum
velocity of the air stream causing fluidisation is termed
'minimum fluidising velocity'. For a bed of any material,
the larger the particles, the greater the velocity of the air
or other gas required to fluidise it; for particles of a
given size, the heavier they are, the greater the fluidising
velocity needs to be.
In practice, a fluidised bed will contain particles of
different sizes. The operating limits are set, on the one
hand, by the minimum of air velocity needed to keep
the particles fluidised and, on the other hand, by the
maximum velocity that can be used before an excessive
quantity of material is blown out of the bed.
For a given height of containing vessel, there is a
maximum depth of fluidised bed which can be maintained at a given fluidising velocity, depending on the
size of the particles. If more particles are added,
entrainment will occur until the level reduces back to
the equilibrium depth. If the equilibrium depth is not
adequate for the design requirements, it is possible to
obtain a deeper bed by continuously separating the
entrained particles and returning them to the bed. The
greater the difference between the required depth and
the equilibrium depth, the greater will be the rate of
recycling of the particles which is necessary.

vessel. However, in this case the appearance of the bed
if different. Instead of there being a bubbling bed with a
well defined surface, the fine particles fill the entire
vessel, but with a relatively low concentration. The
actual concentration depends on the rate at which particles are recycled. This type of bed is a "fast fluidised
bed" or a "fast recycling bed". The designs in which the
solid material forms a well-defined bed are said to be
"bubbling beds" and such is the rate of development in
fluidised bed combustion that they are sometimes
referred to as "conventional bubbling beds".
In some applications the natural solids mixing in a
fluidised bed is enhanced by using a non-uniform distribution of air to the bed often coupled with an inclined
air distributor. This type of system is referred to as a
"circulating bed".
A fluidised bed of solids behaves in many ways like a
liquid and has the following important characteristics:
D A bubbling bed finds its own level. If the vessel containing the fluidised bed of solids is tilted from a
horizontal position, the surface of the bed remains
level.
D Provided the fluidised state can be maintained, the
bed can be transferred from one container to
another as though it were a liquid.
D Solid particles in a fluidised bed are violently
churned about; rapid mixing occurs and any added
particles are quickly distributed through the bed.
D Objects can float or sink in a fluidised bed according
to their density, as in a liquid.
D When a fluidised bed is heated, the thorough mixing
enables heat to be rapidly transferred from one part
to another, ensuring near uniformity of temperature
as in a stirred liquid. This is in contrast to conditions
in a bed of stationary particles, in which heat is
transferred by the much slower process of conduction from one layer of particles to another.
Temperature differences in beds of stationary particles can therefore be very high.
The mixing which occurs in a fluidised bed causes
heat to be rapidly transferred to a cooler surface
immersed in it (for example, a water tube). The constant movement brings a continuous supply of hot
particles to this surface.
The evenness of the fluidised bed temperature
enables automatic control to be more precise than in
other coal-burning systems.

By using a high rate of recycle, it is even possible to
maintain a bed of fine particles of a size which would
otherwise be entirely entrained from the containing
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1. Fluidisation of solids
a.

Sand particles resting on a mesh (left) become fluidised when air
is blown through (right) and take on the appearance and some of
the properties of a boiling fluid.

b.

Granular solids remain in layers when one is poured on to
another (left). Rapid mixing occurs on fluidisation (right).

c.

A bed of stationary particles supports objects whatever their
density (left). On fluidisation, an object of lower density (the
green ball) floats and of higher density (the red ball) sinks.

d.

In a bed of stationary particles (left), heat is transferred slowly
and there are big differences in temperature. In a fluidised bed
(right), rapid mixing ensures uniformity of temperature.

, a

b

2 . Fixed, bubbling, and fast fluidised beds
As the velocity of a gas flowing through a bed of particles
increases, a value is reached when the bed 'fluidises' and
bubbles form as in a boiling liquid. At higher velocities the
bubbles disappear; and the solids are rapidly blown out of the
bed and must be recycled to maintain a stable system. The
graph shows how the pressure drop through the bed changes
w ith increasing gas velocity.
Bubbling bed

Fixed bed
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Combustion of coal in fluidised beds
The nuidisation principle has been successfull y app lied
to coal co mbustion. The basic concept is that coal is
supp lied to a ho t bed o f ine rt particles (for example.
coa l ash o r silica sand) whic h is nuidised b y the air for
combustio n. Because of the th orough mixing, the coal is
qui ckly distributed througho ut the bed and is rapidl y
burnt. producing heat a t a high rate for stea m raising.
water hea ting or o the r purposes. T he tempe ratu re of
the bed is virt ua ll y unifo rm.
For satisfac to ry opera tio n th e b ed is kepi below th e
te mperature al which coal ash begins 10 fuse or sin ter.
For most UK coals th is temperature is abou t 950°C.
The ash produced consist of mineral matte r in lum p
fo rm ; b urnt-out shale wh ich is fri able a nd gradua ll y di sin tegrates to fin e pa rticles which a re e lut riated; a nd fine
ash within the coal which is immediate ly e lutriat ed .
Wh e re lumps of mineral matte r a re left in the bed, these
have to be removed by an appropri a te bed cleaning
sys te m.
Con trol o f the bed te mpe ra ture withi n close li m its
presen ts no difficulty. Hea t can be transfe rred at a high
rate from the bed to water tubes imme rsed in it an d
approxi ma te ly ha lf o f the heat generated can be
extrac ted in these tubes. This is an im po rta nt feature
red ucing the a mou nt of heating surface required for a
given ou tput in comparison wi th co nventio nal fi r ing
and bringing about a red uctio n in boile r size. A lternati vely, whe re th e hea t is req uired in the fo rm o f clean ho t
air, the tubes in the b ed may be o f ceramic mate ri a l with
the ai r inside the tubes. Where the ho t gases from the
b ed are requ ired for direct use in a proce. s, add itio nal
air may be passed th rough the bed to be heated d irec tly.
Coal is suppli ed conti nuously at the rat e required 10
m eet th e d esired hea t o utput. In the initial stages o f
d evelop m en t, coal was fired in a crushed la te (usuall y
less th an 6 mm) and fed pne uma ticall y into the bed at
several poi nts. If the coal has a high ash content, it can
be c rushed so tha t the la rger as h particles a re the co rrect size lo fo rm the bed, which consists mainl y o f coal
ash with o nl y 0.5 ·to 1% o f coal. Ash is removed continually to mai nt ain the required bed level.

3 . Fluidised bed combustion of coal

While th e use of crushed coal is s till prefe rred in
so me circumstances, particu larly in countries whe re
the coal has a high (over 50':f.,) as h con tent. it is now
mo re usua l to use coals in th e sizes in which it is no rma ll y comm e rciall y available fo r industrial use . In the
U K man y collie ries p rod uce a wide iange of fu lly
washed and sized qualit y ind ustrial coals eithe r of the
·singles' type (nomin ally 25 mm to 13 m m) or of the
·smalls' type (25 mm to 0 o r 13 mm to 0). ·Singles· coal is
prefe rred for sma lle r sites because it is easie r to hand le
a nd the cost of storage and handli ng faci lities is mi n imised. ·smalls' coal is pre ferred when the tonnage used
is suffi cie nt for its lowe r price to offset the cost of the
mo re expensive storage and handling fac ilities. With
these coals the bed wil l con tain up to abou t 5% coal al
a ny one time, since the large lum ps take longe r to burn
o ut. If an un washed or part-washed coal is fired. the
large stones wo uld interfe re with fl uidi satio n and must
be selecti vel y re moved .
Because the concen tration of coal in th e bed is sma ll ,
the burning coal is surround ed by inert ma te rial. so th a t
the re is no te nd e nc y fo r coal particles to stick together.
The low co ncentration o f fuel a nd rapid mix ing in the
bed all ow a wide range of coals to be burned in a given
design of combustor and special designs ca n b u rn low
qual ity fuels. This is in con trast to pul ve rised fuel firing
where coal of fa irly uni form properties an d ash conten t
is necessa ry. Low-qualit y fuels, rega rded in th e past as
unsuitable fo r combusti o n, o ffe r p o te ntial for use in a
nuidised bed co mbustor.
In co ntrast to conventional coal fi ring, n ui dised bed
combusto rs can use most commercia ll y available
grades o f coal withou t furthe r trea tme nt, in this way
providing fl exibility o f fuel sup ply and saving costs.
Combustible was tes suc h as packagi ng ma te rials. wool
g rease o r co tto n fibres can also be disposed o f in nuidised bed boile rs-saving th e cost of a separate
incinerator.
Prac ti cal expe rience has shown that cont ro l o f the
combustio n te mperat ure to a maximum of 950°C has
avoided proble ms of slagging. Correc t d esign can the re-
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a. Coal is supplied continuously to a hot fluidised
bed of ash or other incombustible material.
The coal is rapidly distributed throughout the
bed and burnt, producing heat at a high rate
for steam raising, water-heating or other
purposes.
b. Heat is transferred at a high rate from the bed
to steam-raising or water-heating tubes
immersed in it.
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fore give good availabi lity and eliminate the necessity
for regular boiler cleaning. A knowledge o f the properties of the coal to be burnt is, however, important whe n
designing for maximum availabilit y.
The movement of particles through the system is
beneficial in minimising build-up of deposits. However,

it is essential that high local velocities are avoided so
that average particle velocities are well below those at
which steel is erod ed by impact.
The contributio n to the improvement of the environment by fluidised bed combustion can be significant.
The technique enables coal to be burnt in a to tally

,. . .____________ y

Flue gas

4 . Features of a "bubbling" bed boiler
Fluidised bed boilers can operate at near
atmospheric or at elevated pressure and
have these essential features:
Distribution plate (A) through which air is
blown for fluidising.

~--- V Water

Immersed steam-raising or water-heating
tubes (B) which extract heat directly from
the bed.
Tubes (C) above the bed which extract
heat from the hot combustion gas before it
enters the flue.

0
Air

6

Ash

enclosed system with th e coa l being delivered by pipe
to th e boiler or furnace. The high d egree o f control
which can be achieved e nables the combustio n process
to be regul ated to produce beneficial results- for exa mple, in minimising emissio ns of oxides of s ulphur or
nitrogen.
Techniques for absorbing sulphur dioxide in the
fluidi sed bed by the additi o n of limesto ne o r do lomite
have been demonstrated and commerciall y app lied.
This method is econo micall y and technicall y p referable
to processes in which sulphur di oxide is washed fro m
flue gas. Sulphur retentio n is mo re important where
sulphur contents of the coal are high and the United
Kingdom is fortu nate in having large coal reserves with
s ulphur co ntents averagi ng o nly abou t 1.5%.
Much work has also bee n carried o ut by the NCB in
coll aboration w ith manufacturers in improving the perfo rmance, both technically and eco no micall y, of
mechanical arresto rs and bag filters for dust removal.
New d esigns have been introduced and as a result of
exte nsive pe rformance testing o n industrial sites, informatio n has been obtained which enables advice to be
given to designers and po tential customers.

5 . Sulphur re t ention

The graph shows the extent to which the proportion of
sulphur retained in bubbling fluidi sed beds depends on
the quantity of limestone added, the depth of the bed
and the fluidising velocity. Temperature, the particle size
and reactivity of the limestone also affect the process.
Recycling beds are also very effective in retaining sulphur.
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Early development of fluidised combustors
Until the middle of this century, coal supplied almost all
the energy needed for electricity generation and other
industrial purposes in the UK. However, in the decade
beginning in 1960, oil-then relatively cheap and abundant-began to replace coal and there was a gradual
contraction of the industrial market for coal. Power
stations were also affected by competition from cheap
oil but to a much smaller extent than general industry.
The market situation changed abruptly at the end of
197 3 when, following the Arab/Israeli war and restrictions on supplies by the Organisation of Petroleum
Exporting Countries (OPEC), there was a rapid rise in
oil prices. A further increase occurred in 1979 with the
start of the Iraq/Iran conflict. Coal again became
increasingly competitive in price, and as reserves are far
greater than oil and natural gas, interest in coal was reawakened and its future importance was recognised by
the governments of many countries.
The process of fluidisation has been known for many
years and in the early 1950s the NCB developed a low
temperature carbonisation process based on the fluidised bed concept. This became the basis for the
manufacture of the reactive domestic smokeless fuel
··Homefire".
Several fluidised bed combustors had been developed, mainly for burning waste or low quality material,
before the NCB intensified research and development
work. The best known early system was the Ignifluid
combustor, developed in the 1950s in France to burn
anthracite and coals with high ash and moisture content. The NCB system differed in some essential
features from these earlier combustors and offered
important advantages.
The new approach by the NCB arose from collaborative work in the 1960s with the Central Electricity
Generating Board (CEGB) to investigate new concepts
for power station boilers, and with the then British Coal
Utilisation Research Association (BCURA), located at
Leatherhead, Surrey, to design new industrial boilers.
Because of involvement in other development programmes, the CEGB withdrew from participation in
this work. The NCB established a comprehensive programme at their Coal Research Establishment (CRE)
at Stoke Orchard, Cheltenham to develop the system
and, in addition, continued to support work at BCURA
particularly on pressurised operation. In 1972 the
BCURA site became the Board's Coal Utilisation
Research Laboratory (CURL). Subsequently the work
was transferred to CRE. No other organisation could
have been better placed for this work than the NCB.
They were already pioneering processes based on the
treatment of coal in fluidised beds and their scientists
and engineers were pre-eminent in knowledge and
experience of treating coal in this way.
Investigations into the basic chemical, physical and
engineering aspects progressed at CRE and this work
confirmed the advantages of the system and led to the
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design of pilot scale combustors. By 1970 large experimental units were in operation at CRE and at BCURA's
laboratories. They included a prototype boiler and also
a pressurised combustor providing data for the designs
of advanced systems of power generation incorporating gas turbines in conjunction with steam turbines.
The readiness with which fluidised combustion
can be adapted to reduce the emission of sulphur dioxide from burning coal was soon recognised as an
environmental advantage of great importance in the
USA, where there are large deposits of high sulphur
content coal. Programmes on the environmental and
materials aspects of the system were carried out at CRE
and the Leatherhead laboratory with financial assistance from the Environmental Protection Agency and
the Electric Power Research Institute of the USA. They
showed that commercial fluidised combustion plant
can be designed to meet the environmental legislation
in the USA, and can be built with conventional constructional materials. A contract was also placed by the
Office of Coal Research of the USA with BCURA to
continue the development of the pressurised fluidised
bed combustor.

It was realised that fluidised combustion would interest countries other than the USA both to facilitate the
use of coal and to dispose of some waste materials. To
expand and to exploit its experience of fluidised combustion, the NCB in 197 4 joined with British Petroleum
(BP) and the National Research Development
Corporation and set up Combustion Systems Limited
(CSL). CSL, now operated by NCB and BP International Limited, promotes the international
application of the technique.
Another organisation concerned with fluidised bed
combustion is Coal Processing Consultants Limited
(CPC), a company owned by NCB (Coal Products)
Limited. This company provides advice and consultancy services on all aspects of coal preparation and
utilisation technology, particularly fluidised combustion.
The NCB"s involvement with other organisations is
shown in Annex 1.
The initial development of fluidised bed combustion
was directed primarily towards power generation, for
which the coals supplied are typically of a ··power
station blended smalls" type, containing both inherent
mineral matter within the fuel, and some fine separate
mineral particles. To ensure satisfactory operation the
coal was crushed so that both the fuel and mineral particles were of a size which could be fluidised, typically a
maximum of 6 mm. For efficient combustion it was
found necessary to inject the coal at the bottom of a bed
having a depth of about 1 m, with a maximum fluidising
velocity of about 1m/s. Research on this concept was
carried out during the period 1964 to 1972. Subsequently, it was demonstrated on a large scale in 1975
by Babcock International PLC (then Babcock and

W ilcox Limi ted) unde r licence fro m Comb ustio n Syste ms Limited , by conve rt ing a n existing 13.5 MW
boile r.
This cross-tu be b o ile r o riginall y had a s preade r
sto ke r whic h was re placed by a 3. 1 m squa re fl uid ised
bed in whi ch ho rizon tal lo ops o f pipes were fu ll y
imme rsed. Sin ce co nversio n, the boile r has operated
sa tisfacto ril y a nd been used b o th for facto ry hea ting
a nd fo r trials. O pera ting expe rie nce has co nfi rmed th e
many ad va nt ages o f fluid ised co mb usti on a nd the
boile r has burned a wide varie ty of coals.
When it was recogn ised in 1972 that the re we re
im p roving prospects fo r coal in industry, a new progra mme was initia ted to develo p flui d ised bed
co mbustio n fo r ind ust rial boile rs a nd fu rnaces. A n
impo rta n t diffe re nce fro m powe r gene ratio n is tha t
ind ustrial users a re accustomed to firing coal in stoke rs
w itho ut a n y o n -site pre pa ra tio n. A ny. require men t fo r
coal c r ushing wo uld be regarded as a disad va ntage,
rathe r tha n the ad van tage which it offers in compa riso n
wit h th e need fo r pulverising in con vent io nal powe r

generatio n b o ile rs. H owever, the coal supplied to
ind ustrial users is no rmally washed an d of good q ual ity.
T he possibility th a t it migh t be burnt without c rushing,
thus reducing the capital cost of the p la n t, was therefore
examined.
Sma ll-scale trials fi ring com me rcial size grades we re
ca rried o ut in 1973 a nd it was d e monst rated that disc re te pieces o f coal would 'float' in a vigoro usly
fl uidised bed o f refracto ry material, suc h as silica sand.
Furthermore, because fewe r coal fines we re being fed
lo th e bed , the comb ust ion was efficient even with a
highe r fluidi si ng velocity an d a shallower bed. Use of
highe r velocities allows a red uction in the a rea of the
bed , red ucing boiler const ructio n cost, a nd the
shall owe r b ed res ults in a lowe r p ressure drop, enabling
less powerfu l fa ns to be used. Fu rthermore, the co mm e rcial size g rades could be fed a bove the bed using
sp eade rs, simp lfyi ng the coal feeding syste m.
Above-bed feedi ng of com me rcial sjzes o f washed
coal was fi rst demo nstrated in a bo ile r a t CRE in 1974.
A shallow fl uidised bed, 0.8 m b y 0 .5 m, was fi tted in

6 . Converted cross-tube type boiler

Spreader stoker boiler converted to fluidised combustion at the
Renfrew Works, Scotland of Babcock Power Limited. The rated output
with the original stoker was 13.5 MW as saturated steam.
The fluidised bed (A), installed in a refractory chamber, is 3.1 m
squa re. Coal crushed to below 6 mm is fed pneumatically below the
bed. Air for fluidising is distributed into the bed from the air box (8).
which is compartmented; this allow s independent operation of
various sections o f the bed to assist control of output, which can be

varied over a wide range.
The boiler is of the cross-tube type. Water from the drum (C) is
heated in the horizontal tube loops (D) immersed in the fluidised bed.
The saturated steam generated in these loops is returned (to C).
Additional steam is produced in tubes and heated by hot combustion
gas above the bed (E fed from C). About ha lf the heat generated is
absorbed in tubes (0). The arrangements of the tubes (E) was not
changed when the boiler was converted.
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the front part of a standard hot-water boile r designed
fo r conventional coal firing having a combustion cha mber 1 m by 2.5 m by l m high. The rated o utput was 350
kW and this was ach ieved with high combustion
efficiency. The boiler was initially operated under test
witho ut wa te r-heating pipes in the bed. Pipes were
inse rted later, dou bling the output and improving the
boile r e ffi ciency. Performance was similar to that p reviously o btained with crushed coal in a d eep bed and
ta ll combustio n chamber.

wo uld facilitate a redu ctio n in em1ss1o n o f sul phur
oxides, if this were required. However, if a site is immediately adjacent to a source o f low-cost low-qualit y fue l,
it is clearly worthwhile to u ti lise it. F luidised bed
combustion provides the o nly viable metho d fo r man y
low quality mate rials.

T he successful test work using this boile r led to the
NCB's present programme of fluidised bed combusti o n
d evelopment and explo itatio n. Industria l plan t i now
available which offers an alternative co mbustio n system to mechan ical stokers o r pulverised fuel. As wi ll be
described in the next section, firing systems have been
develo ped for the different boile r configuratio ns wh ich
are con ventio nally preferred for various ou tp uts a nd
require ments. In additio n, novel boiler d esigns have
been develo ped specifically fo r flui d ised bed comb usti o n.
At indust ria l s ites, the grade of coal to be used is
selected o n econo mic grounds, taking into acco unt the
cost of transpo rt, storage and hand ling. Fo r most industrial s ites in the UK, the most economic fuel is a washed
coal, rather than an unt reated coal with high ash
con te nt. For such sites, fluidised bed combusti o n o ffers
the adva ntages of full auto ma tio n, rapid dynamic
response and minimum maintenance. It a lso allows the
incineration o f waste materi als ava ilabl e at the site a nd

1 . Horizontal shell boiler configuration
In a conventional horizontal shell boiler the combustion gases flow
through tubes which extend over the whole length of the boiler and
are immersed in the water. This results in a compact design. However,
the gases have to pass horizontally over the bed (A) before they can
leave the combustion chamber (B). This can lead to carry-over of
material which must be separated and recycled.
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Development of industrial boilers
The National Coal Board aim, by carrying out basic
research and development work and by collaboration
with manufacturers, to produce new equipment which
makes the use of coal more attractive to existing and
potential customers. The Board are not themselves in
the business of manufacturing coal handling equipment
or combustion plant. Their success is, therefore,
measured by the ability to persuade manufacturers to
develop new equipment and, by demonstrating it in
collaboration with the manufacturer, to introduce the
equipment into the commercial market. Success in this
means that more coal will be used. If the equipment is
not likely to burn NCB coal, licence fees are payable to
the Board.
The development programme is entirely directed
toward the aim of producing systems which can be sold
with the normal commercial. guarantees by manufacturers. In this aim the NCB are exceptionally well
placed, not only because of their wide experience of the
industrial market and its requirements, but because of
the resources and facilities of CRE, which is one of the
world's premier establishments devoted to coal utilisation research and development.
Following the successful demonstration of the
shallow fluidised bed principle in 197 3/4, the NCB
initiated a major development programme to apply it
throughout the entire output range of industrial boilers.
Although a significant proportion of the energy consumed in the UK industrial market is used in large
water tube boilers with a high utilisation factor, there is
a very much larger number of small shell boilers in the
size range 2-15 MW. Hence it was decided that the
initial effort would be primarily towards the smaller
shell boilers. The intention was · to develop firing
systems for shell boilers which would be commercially
viable while, at the same time, gaining expertise for
scale up to larger units. Scientists and engineers at CRE
followed two parallel paths in the development of fluidised bed firing systems for shell boilers.
The first path was aimed at the development of a
system suitable for retrofitting the conventional horizontal shell boiler which is widely used in the UK.
There are approximately 40,000 such units used by
industry for steam and high pressure hot water generation and many more smaller units for low pressure
water heating. Many of the units are oil- or gas-fired
and despite the relatively short service life of these
boiler types, as compared with water tube boilers, and
their low initial cost, there appeared to be a market
opportunity to convert the users to coal firing.
The second path was to initiate the development of
novel designs of shell boiler, with the objective of providing a taller combustion chamber than in a conventional shell boiler. This led to the re-introduction of
vertical shell designs for outputs up to about 4 MW, and
various novel concepts for higher outputs which were
developed with different manufacturers.

a. Conventional horizontal shell boilers
Work to develop a fluidised bed firing system for conversion of horizontal shell boilers was carri~d out at
CRE using a 3 MW Thompson Cochran Multipac-a
conventional boiler designed for oil firing. Interest in
the commercial exploitation of the system was followed
up by GWB Industrial Boilers Limited and a collaborative programme was initiated, using a 1.2 MW GWB
Vekos Powermaster boiler at their Dudley factory.
Work on the boiler at CRE produced useful design
and heat transfer data and enabled assessments to be
made of the likely cost of modifying existing commercial boilers. This data was supplemented by surveys of
actual commercial sites to assess the costs of installing
the necessary coal handling, grit arresting and other
ancillary equipment in purpose-designed oil- or gasfired boilerhouses. This work showed that while retrofits were possible, there would be significant down
rating of a purpose-designed oil or gas-fired boiler and
that the costs of modifying them meant that in all the
cases examined it would be economically more sensible
to install new plant.
Conversion systems are available from some UK
manufacturers but those presently on offer are more
expensive than conventional coal burning combustion
equipment. The horizontal design of boiler is, despite
the low cost of manufacturing the shell itself, a difficult
design for the economic application of fluidised bed
combustion because of the limited furnace tube diameter and the high horizontal gas velocities which
therefore exist over the bed. To minimise the cost of
conversion, heat transfer tubes were not installed in the
bed and so advantage was not taken of the high heat
transfer rates. Because of the limited furnace tube
diameter, only shallow beds can be used and this in turn
limits the use of heat transfer surface in the bed.
GWB Boilers have demonstrated designs for 1.2
MW and 2.4 MW in a collaborative development programme with the NCB. Stone Danks Limited have also
developed a horizontal shell boiler, using the NCB's
design information, under licence from Combustion
Systems Limited. Both of these manufacturers have
incorporated in-bed tubes in their designs.
The Energy Equipment Company Limited have
developed a range of horizontal fluidised bed fired boilers. Their 'Finafire' series incorporates some in-bed
tubing, while designs without in-bed tubes have been
developed by NEI Cochran Limited and The Energy
Equipment Company Limited. Several of these boilers
have been installed for heating purposes in the Selby
coalfield as part of a programme to examine the potential of new technology.

b. Vertical shell boilers
The vertical shell boiler design, which was at one time
very popular, seemed to suit the fluidised bed ideally,
because it provided a vertical combustion chamber.
11

Two o f the ea rl y prototype comme rci al units built by
the NCB in 1976 were o f this design. One was a low
pressure ho t water bo iler of 2.2 MW o utput, incorporating a pumped horizo ntal coil cooli ng circuit in the
bed. T his was set to work at in 1977 and has been a useful test and development prototype as well as providing
heat on a commercial basis for the growing of tomatoes
at the CWS nurseries at Marden, H e refordshire.
The second NCB vertical prototype, installed at the
Antler luggage factory in Bury, was fo r steam raising
and also operated fro m 1977. It incorporated the rmosyp hon tubes in the bed, th rough which th e
water/ steam ci rcu lated by natural convection.

8.9 . Vekos Powermaster boiler
(GWB Industrial Boilers Limited)

This boiler, a converted standard Vekos Powermaster unit, has an
immersed coil (C) added to the water circulation loop and a specially
developed over-bed baffle to minimise the carry-over of material from
the fluidised bed (A). The conventional convection tubes (B) absorb
the remaining heat from the fluidised bed. Automatic ignition, control,
and bed cleaning (D) for the removal of large ash particles are
provided.

9

GWB have developed 1.2 MW and 2.4 MW versions of the boiler and
the photograph (9) shows a 2.4 MW unit on test at the GWB works at
Dudley.
8
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10.11. 'Finafire' boiler
(The Energy Equipment
Company Limited I

The Energy Equipment Company
Limited are developing a range of
horizontal shell fluidised bed boilers
which use recycled flue gas to control
combustion in the bed and to burn off
unreacted carbon and gases over the
bed. Vertical thermosyphon tubes are
used.
These boilers, marketed under the
name 'Finafire'. are available in 12 sizes
with steam capacities from 1 to 11.5
tonnes/ hour at 10 bar and as hot water
boilers in 12 sizes from 0.6 to 7.3 MW.
The units are designed to burn coal, oil
o r gas in the same furnace and a
turndown ratio of 2: 1 is claimed.
Start-up is achieved by burning natural
gas in the bed and full output can be
achieved rapidly due to the high
circulation rate of boiler water.
Photograph (1 1) shows a 'Finafire'
boiler with a capacity of 4.5 t/h o f
steam.
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A special aspect o f flu idised bed combustion is that,
to modulate outpu t, it is necessary to include in the
design a method of modulating heat transfer to the inbed tubes. In the Antler prototype, the tubes were
positioned so that as the air supply was raised to
increase output, the natural expansio n of the bed
covered additional tube surface to increase heat transfer. While the arrangement of thermosyphon tubes in
this first design was simple, the installation successfully
demonstrated the potential for the concept. The technique has been re fined in later designs to give a
continuous turn down o f 2.5: 1 at near constant excess
air and bed temperature and it is now employed in most
fluidised bed boilers in the UK.
These two prototype vertical designs led to the joint
development with Wallsend Slipway Engineers
Limited of their vertical boiler design, a prototype o f

which was installed at the Edmonton district heating
scheme. EMS Thermplant Limited, under licence from
the NCB, also developed a vertical boiler design, the
'Therm raiser'. This design used simple 'hairpin' tubes in
the bed to provide the necessary in-bed heat transfer
surface-simplifying the boiler construction without
losing the advantages of turn-down by modulation of
the bed height. The first The rmraiser boilers were
installed at Tredomen Engineering's South Wales
works in 1980, and other units are now operational,
demonstrating commercial reliability.
Commercial boilers similar to the Antler plant have
also been developed and the design is now licensed by
the NCB to Babcock Worsley Combustion Limited.
Robert Jenkins Limited, of Rotherham, have also taken
a licence o f this design and a re planning to develop a
range of boilers.

12. Prototype hot wate r boiler

A prototype vertical shell hot water
boiler supplies heat to 4~ acres of
glasshouses for tomato growing on the
Fromington site of the ONS nurseries
at Marden, Herefordshire. It has been in
operation since 1977 and has been
used as a major test site for a wide
variety of types and sizes of British
coals and for the incineration of
combustible wastes. A low-cost bag
fil ter which eliminates virtually all solids
emissions has been developed at the
site. Since early 1982 the boiler has
operated automatically. In the event of
a malfunction, an automatic telephone
system calls for assistance and can
indicate the likely cause of trouble to
the maintenance engineer.
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13.14. Prototype vertical shell steam boiler
(Antler limited)

In this design sorne of the combustion heat is extracted directly from
the fluidised bed (A) by water flowing in partially immersed thermosyphon tubes (B) by natural circulation. Heat is further extracted from
the hot combustion gas passing through tubes (C) to the flue. (Only a
few of tubes B and C are shown).
Turn-down is achieved by positioning the in-bed tubes so that they
are progressively uncovered by the natural fall in bed level when the
fluidi sing velocity is reduced.
A 2.8 MW boiler which has been progressively developed by the NCB
is operating at the Bury works of Antler Limited, Britain's largest luggage manufacturer. (Photograph 14).
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15.16. EMS (Thermplantl Limited
'Thermra iser ' ve rtical boiler

Prototypes of the EMS (Thermplantl
Limited design of vertical boiler were
installed at the NCB's Tredomen Works in
1980. The design allows simple boiler construction with straight smoke tubes and
easily fined in-bed hairpin coils. The fluidised bed unit can be readily removed
from beneath the boiler.
The photograph (161 shows two 4.25 MW
'Thermraiser' vertical shell boilers with
start-up equipment shown in the
foreground installed at an Avon Cosmetics
plant at Northampton. Steam is generated
at 10 bar and supplies the process and
space heating needs of the site. A special
feature has been a simple adaptation to
enable this plant to meet a very low
operational requirement in summer.
16
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c. Novel horizontal shell boilers
For outputs above 5 MW it is necessary to use a horizontal shell boiler in o rder to provide the required area
of water surface fo r steam release. Various novel
designs of horizontal shell boiler have been developed
in o rder to accommodate the vertical combustion
chamber which is preferred fo r fluidised bed combustion.
Among the boiler concepts examined by the NCB
was the locomotive-type design which , with its gene rous sized combustion chamber, seemed to be suitable
fo r the application of fluidised bed combustion. The
NCB commissioned the design of a 10 MW demonstration unit by a consultant, the late John Coltman. T he
detailed drawings fo r the plant were prepared by the
Combustion Division of Vosper T hornycroft (UK)
L imited (now part of Wallsend Slipway E ngineers
Limited). It was installed in the Rist Wires & Cables
factory of the L ucas Group in Newcastle-under-Lyme
in 1978. T he design is 'double ended' with a central
combustion chamber. T he boiler provides steam at 16
bar pressure fo r process use and heating in the factory.
It has been a most useful development and demonstration plant and has prompted the commercial development of several novel hori zontal shell a rrangements,
such as the 'single-ended' locomotive design.

The Stone Johnston Corporation of the USA (formerly the Johnston Boile r Company) took out a licence
through Combustion Systems Limited and develo ped a
range of locomotive-type boilers. T hey have sold about
20 of these boilers which normall y have a multi-fuel
capacity, and mostly incorporate limestone addition for
sulphur retention. The Energy Equipment Company
Limited also o ffer a boiler of the locomotive design
based upon the use of a fluidised bed in which recycled
fl ue gas is used to extract heat from the bed, rather than
in-bed tubes. T he bed is operated sub-stoichiometrically and the resultant gas and fine carbon particles are
burnt over the bed using secondary air. E nergy E quipment are now a member of the Petrofina Group.

17. Prototype locom ot ive-t ype st eam boiler
The horizontal shell has a rectangular fluidised bed combustion chamber (A). Some of the combustion heat is extracted directly from the
bed by immersed tubes (B). through which there is natural thermal
circulation of water. Hot combustion gas, passing through the horizontal gas tubes (C) to the flue, heats the surrounding water.
The bed unit can be readily withdrawn for maintenance. The nominal
output is 10 MW, wit h t urndow n ratio about 2.4: 1.
This system, developed by the NCB, operates at the Newcastle-underLyme w orks of Rists Limited.
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18.19. Locomotive -type steam boiler, USA
(Stone Johnston Corporation)
Developed by Stone Johnston Corporation under licence
from Combustion Systems Limited, this boiler combines a
vertical combustion chamber (A) with horizontal
convection gas tubes. Designs are commercially available
in sizes from 1 MW to 15 MW output and for operation at
steam pressures up to 20 bar. About 20 units are in
operation.
Water is heated partly in tubes (8 ) immersed in the
fluidised bed ; in tubes (C) placed cross-wise to (8) in t he
combustion gas above the bed ; and by convection tubes
(D) immersed in the water. Tubes are inclined to the
horizontal to induce natural thermal circulation of the
w ater. The boiler operates with limestone injection for
sulphur dioxide retention; the bed contains limestone,
sand and ash. The bed unit can be withdrawn readily for
maintenance.
The photograph (19) show s a Johnston boiler with a
capacity of 5700 kg/ h of steam at 11 bar at
Ferrysburg, Michigan,

Another novel approach to the design of a ho rizonta l
shell boiler has been the joint development of the
'open-hearth' boiler with Wallsend Slipway E ngineers
Limited. A 4 MW prototype unit of this boiler was thoroughly tested at CRE before being launched commerciall y and several companies now have units installed ,
while the prototype boile r has also been transfe rred to a
custome r site. These units have a fully automatic control system, with the capability of maintaining a
constant oxygen content in the flue gas and use mode rn
microprocessor technology to obtain automatic operation and load following over a 2.5: 1 continuous turn
down which can be extended by the use of slump controls or multiple beds.
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d. Modular boilers
Recent developments in the design of conventional
natural circulation water-tube boilers have been to
simplfy a nd 'package' the designs so that bo ilers can be
delivered as complete units or as modules, which can be
assembled with the minimum of wo rk on site. This has
significantly reduced the costs of these units and has
enabled coal to compete in the small water-tube boiler
market whe re few new coal-fired units have been
installed in the last two decades. While most of these
designs a re suitable fo r use with conventional travelling
grate or spreader fired units, all of the majo r manufacturers have produced in collabo ration with the NCB
designs which a re suitable for the application of

21

20. 21 . 22. Open hearth horizontal shell boiler
(Wallsend Slipway Engineers Limited)

22

Wallsend Slipway Engineers Limited manufacture a range
of compact horizontal shell boilers having 'L' shaped
Thermosyphon tubes arranged symmetrically along the
length of an open bottom furnace to provide in-bed and
above-bed heating surface with consequent high overall
heat absorption within the furnace.
Each end of the furnace is closed by refractory lined
doors. Combustion gases leave the furnace via multiple
gas off-take ports in the furnace roof exhausting into two
large bore horizontal headers. This feature provides a
vertical gas flow from the bed and in conjunction with the
large furnace volume significantly reduces particle carry
over from the combustion zone.
From the two large bore headers t he hot gases flow
through two passes of conventional small bore
convection tubes.
The fluidised bed unit is mounted on wheels and can be
readily withdrawn for inspection and maintenance as
shown in photograph (21 ). This 4 MW prototype boiler at
the Coal Research Establishment was used to develop
commercial units such as a 1.5 MW boiler installed at
South Yorkshire Passenger Transport Executive depot in
Sheffield (22 ).
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fluidised bed combustor units, generally incorporating
in-bed tubing.
Babcock Power Limited (Shell Boiler Division)
approached the NCB in 1978 with a modular boiler
design which originated from their experience in
designing special boilers for dealing with a wide range
of unusual fuels abroad. This design used their expertise in making and forming membrane-type walls of
water-tubes to produce a generous combustion chamber and then marrying this to a shell boiler for
convective heat recovery from the flue gases to give a
'composite' package. The NCB agreed that this had
significant potential and a joint development produced
the 'Fluidburn' range of boilers. A 4.5 MW prototype
boiler was thoroughly tested in a three-year programme
at CRE and this has resulted in a significant number of
commercial orders in sizes up to 16 MW output.
Designs are available for outputs up to 30 MW. The
unit incorporates modern microprocessor control technology providing continuous turn down of up to 2.5: 1
with a single bed. The turn down range can be extended
by the use of bed slumping or by multiple beds while the
use of a large diameter shell boiler enables easy application of the thermal storage principle to deal with peak
steam loads in excess of the rated output. The
composite unit is capable of pressures up to 40 bar and
is very suitable for combined heat and power applications. A fully water-tube design, the LS, has also been
developed for higher pressures and outputs above 30
MW.
One of the earliest of the new designs of water-tube
boiler was the Gibson Wells Modular Boiler. Gibson
Wells Limited (now a wholly owned subsidiary of
Foster Wheeler UK), developed a design incorporating
simple straight tube panels for the combustion chamber
and convection sections, with a transverse steam drum.
When superheated steam is required, a convective
superheater is fitted between the combustion chamber
and the first convective module. The automatic start:up
system uses an external oil or gas-fired burner to preheat the combustion air to around 900°C providing a
rapid start-up system. The water-cooled air distributor
is an integral part of the boiler water circulation circuit.
(This system was developed by the NCB for use on
several of their prototypes and is widely used in commercial designs). Two prototypes have been
constructed and installed on customer sites for development and demonstration. These are now being
followed by orders for commercial units.
EMS Thermplant Limited have developed, under
licence from the NCB, designs of water tube boilers
which complement the vertical 'Thermraiser'. The
'Thermfyre' (a horizontal design), the 'Therment', and
the 'Thermtube' have been developed particularly for
the export market and can burn a wide range of fuels.
Another modular design for fluidised bed firing is the
Senior Green's ·~ Frame" boiler. A prototype unit
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incorporating a fluidised bed has been in operation in
the Green's works for about three years and more
advanced designs have been prepared for commercial
sale.
Fluidised Combustion Limited produce a range of
water-tube boilers in which a sloping distributor base is
used to promote lateral mixing in the bed. This arrangement results in rapid distribution of the feed, uniform
bed temperature, and high combustion efficiency. It is
particularly suited to burning waste oils or high volatile
solids, with coal providing the base fuel. They have also
produced a simplified design for the heating market in
which their sloping bed distribution is used in a welded
steel boiler. Three units each of about 1 MW capacity
have been installed in Yorkshire schook

e. Site-erected water tube boilers
The demand for new large water tube boilers in the UK
is limited, but each boiler represents a major use of
energy. Water tube boilers at 220 sites account for over
halfof the total UK industrial fuel use. Recent orders
have, to date, adopted conventional stoker firing techniques. There is, however, a growing interest in the use
of fluidised beds. This is not to burn low quality coals,
because NCB industrial coals are prepared to fixed
specifications, but to gain other operational advantages
of fluidised beds. These have been described and can
be generally summarised as fuel flexibility, control of
emissions, rapid dynamic response with automatic control and minimum maintenance requirements. The
major UK manufacturers of large water tube boilers
can all offer designs incorporating fluidised beds.
Depending on the output, steam conditions and overall
design concept, these may incorporate either natural,
or pumped water circulation.
To demonstrate the application of fluidised bed combustion to a large water tube boiler, the NCB sponsored
the design and manufacture of a 30 MW boiler, which
has been installed at the River Don Works of Sheffield
Forgemasters Limited. The design selected was a coil
boiler with forced water circulation, supplied by ME
Boilers of Peterborough. The requirement to fire coal
and/or coke oven gas and to provide rapid load
response was a significant challenge and the unit has
presented a number of development problems. These
have been solved by modification to the design and the
unit now represents highly automated commercially
operable plant with significant advantages to potential
customers. Further orders for this design are expected.
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23. 24. Composite w ater tube/shell
boiler (Babcock Power limited)
A composite water tube/horizontal shell
boiler concept has been jointly designed
and developed by Babcock Power Limited
and the NCB for outputs up to 30 MW. Five
units are in commercial operation (1985)
and others are being manufactured.
The combustion chamber (Al contains the
fluidised bed and the combustion gases
pass to a shell type convection section
(B)- an arrangement which reduces the
cost of manufacture. Tubes (C) surround
the bed in a "water wall" through which
water circulates by gravity. Alternate tubes
cross the combustion chamber to extract
heat directly from the fluidised bed.
Overbed burners provide the automatic
start-up system and the simple fluidi sed
bed and plenum can be withdrawn from
beneath the boiler.
The photograph (24) shows an 8.5 MW
'Fluidburn' steam boiler which was
installed at the Duxford, Cambridgeshire.
works of Ciba-Geigy Limited in 1983 to
provide process steam at 17 bar for the
resin and plastics manufacturing
operations. It has a turndown ratio of 3: 1
and is designed to operate on singles
grade coal.
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25. 26. Modular water tube boiler
(Gibson Wells Engineering Limited)

Gibson Wells Engineering Limited (a Foster Wheeler subsidiary) have
developed a design of water tube boiler in which straight convection
tubes are used. The fluidised bed version incorporates NCB
technology. Coal is burnt in one or more fluidised beds which are
contained by water tube walls and the hot gases produced flow over
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superheaters and the main tube banks before entering an
economiser. Commercial units include a 15 MW boiler providing
superheated steam for a 1.2 MW (electrical) steam turbine at
Stevenson Dyers Limited, at Ambergate, and a 7 MW saturated steam
boiler at Illingworth Morris Limited, Bradford.
Photograph (26) shows the laner boiler which uses washed smalls
grade fuel, and can also dispose of waste liquid wool grease.
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27.28. Fluidised bed coil-type
w at er tube boiler
(M.E. Boilers Limited)
The prototype boiler, designed by
M.E. Boilers Limited and installed at
Sheffield Forgemasters Ltd.
River Don works at Sheffield (27),
burns commercially available washed
coal sized 18 mm to zero. The fluidised
bed consists of silica sand and the coal is
dropped on to it from above. Boiler height
is about 12 m and the bed d iameter 5.3 m.
Output is 30 MW of steam at 45 bar
superheated to 440°C.
Steam y

Coa~
Rapid response to changes in steam
demand and high turn-down ratio (6:1) are
achieved by dividing the circular bed into
three compartments (A). which can be
operated independently. Rapid increase in
output from low load is assured by
maintaining any slumped beds at a
temperature above 700"C so that they can
be brought back into operation
immediately. This involves cyclic operation
of all three bed compartments.
Based on the River Don development, Tate
and Lyle Limited have now o rdered four
large M .E. fluid bed coal fired coil boilers
for their Silvertown sugar refinery.
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f. Thermal fluid heaters
The advantages of fluidised bed combustion have
enabled coal-firing to be applied to the rmal fluid
heaters. These have some similarities to boilers and,
since the rmal fluids are a competitor to steam in many
appl icatio ns, it is appropriate to refer to the m he re.
Thermal fluids are sensitive to overheating which
wou ld cause chem ical breakdown and depositi o n of
carbon inside the tubes. Conventional methods of

burning coal are difficult to apply in such a way that the
oil is no t overheated, particularly if the circulating
pump sho uld fail. The rapid d ynamic response of fluidised beds makes them ideal fo r matching to the rmal
fluid heaters. A range of standard designs has been
developed, the principles of which have been demonstrated in a rig at the Coal Research Establ ishment.
Two UK licensees, ie Babcock-Wo rsley Limited and
General Combustion Limited are producing thermal
fluid plant.

29. Thermal fluid heater
Some industrial processes require heating fluids at temperatures up
to 300°C and to meet this with steam would require the use of very
high pressures. Special thermal fluids which are stable at high
temperatures can be used and a coal-fired fluidised bed heater has
been developed for this purpose in association with Beverley
Chemical Engineering Limited. The heat transfer fluid is heated in
tubes in the bed and in the flue gas. Applications for the plant are
being examined in the plasterboard, dairy, textile, malting and
bitumen industries.
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Hot gas furnaces
Fluidised bed combustion is ideal for the production of
hot gases for many industrial and agricultural drying
processes. In these systems coal, no rmally up to 25 mm
in s ize, is burned in a fluidised bed of sand. If the product will tolerate a small level of ash contaminatio n, it is
most econo mic to dry it by direct contac t with ho t
combustio n gases. Otherwise air or some o ther gas
must be heated indirectly in the fluidi sed bed furnace.
As in boile rs, when burning a normal quality coal the
combustio n gases remove about half of the heat which
is generated in the bed a nd, in o rder to maintain the bed
temperature below 950°C, it is necessary to provide
some means for removing the remainde r. For indirect
d rying applicatio ns, tubes are immersed in the bed to
remove the required quantity of heat by heating clean
air. For direct contact drying, the heat can be removed
by supplying additio nal fluidising air, in excess of that
required for combustio n. E li minati o n of in-bed tubes
results in a low capital cost but , because not all of the air
is utilised for combustio n, the combustion rate per unit
area of bed is less tha n in a boiler having the same air
suppl y. For this reason, the bed area of the furnace is
about double that of a boiler of equi valent o utput, if the
same fluidising velocit y is used .
The direct systems, those in which the bed is cooled
by the combustion gases and add itio nal air, were
initiall y applied to grass driers, the first conversio n
being made in 1974. T his early work led to man y o the r
applicatio ns. One of the main collaborators with the
NCB in developing furn aces for d irect contact dryi ng
has been GP Wo rsley Limited (now Babcock Worsley
Limited) who have sold a tota l of 4 l units in the UK and
abroad for d rying lucerne, grass, clay, stone, coal, cha lk,
slag, coffee residues a nd waste derived fuels etc.

30. Fluidised bed furnace

The essential feature o f the equipment is its simplicity and complete auto matio n which enables the unit to
be sta rted up auto matically (by ho t gases fro m an
exte rnal oil o r gas-fired burner fitted immediately beneath the fluidised bed) and controlled by a simple
controller to meet process requirements. No skilled
operating labo ur is required.
A s lightly different techno logy is being offered by
The E nergy E quipment Company Limited. In this, recycled drie r exhaust gas is supplied to the bed instead
of add itional ai r and substoichiometric combustion
occurs, producing a fuel gas which is burnt by supplying
seco ndary air above the bed. An E ne rgy Equipment
furn ace, supplying hot gas for dryi ng grass and lucern e,
has been operating since 1980. Two units have also
been installed in France fo r grass drying, burning coal
a nd waste products.
British Sugar Corpo ration are in volved in a majo r
conversio n of their d riers to coal and several la rge
installatio ns are in hand by E nergy Equi pme nt a nd
•Babcock Power.
Develo pments in furnaces for drying applicatio ns
continue with the aim o f improving pe rformance and
reducing costs. In pa rticular, the increase in burning
rate possible by using higher fluidising velocities and
coarser bed mate ri al, alread y demo nstrated o n pilo t
rigs at CRE, promises to red uce the size of units fo r a
given o utput.

Generating higher temperatures
The sta ndard fluidised bed furnace can produce ho t gas
at temperatures up to abo ut 1050°C. To meet the
requirements fo r highe r p rocess gas temperatures, a
two-bed combustor/ pyrolyse r has been developed. A
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In a furnace generating hot gases for direct
contact drying, the heat released by burning coal
is sufficient to heat more air than is required for
combustion. Typically only about half of the
oxygen in the air is utilised for combustion
depending on the temperature of the hot gas
w hich is required. The furnace can produce gas at
temperatures in the range 750'C to 1050' C. If the
drying process requires a lower temperature the
hot gas can be diluted with cold air or recycled
drier exhaust gas.
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a.

31. Commercial hot gas furnaces
a. Coal drier
Ryans Limited have installed a fluidi sed bed
furnace for drying small coal at Cardiff Docks.
b. Clay drier
A 15 WiW two cell fluidised bed furnace supplies
combustion gases at iooo·c for drying clay for the
cement kiln at the Stamford Works of Ketton
Cement Limited.
c. Roadstone heater
A successful application of fluidi sed bed furnaces
is for direct contact heating of crushed stone
before it is coated to produce tarmacadam. A 7.5
MW furnace is installed at Amey Roadstooe's
Blodw ell Quarry near Oswestry, Salop, and two
similar plants have also been installed at their
Greenwich site.
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pilo t rig at CRE has provided data for scale up to a
commercial sized unit. Stable gas temperatures of up to
1300°C have been obtained in runs on the pilot plant
a nd it is expected that higher temperatures will be
achieved. The development has great potential for
application in the process industries.

Indirect air heaters
The indirect system, in which the bed is cooled by air
(or othe r gas) passing through ceramic tubes in the
fluidised bed, has been developed as a result of collaboration between E ncomech Engineering Services
Limited (now Peabody Encomech Limited, a company
who are widely experienced in the use of ceramic recuperators), and the NCB. A 150 kW pilot plant was built
and tested at CRE in 1980 and the performance of this
unit was so impressive that, after only 12 months operation, it was possible to scale up to a commercial size unit
of2.3 MW.
The design incorporates a relatively deep fluidised
bed containing closely packed ceramic tubes on a staggered pitch. Many more tubes are required than in a
boiler because the heat-transfer coefficients are lower.
Fluidising velocities up to 1.5 m/s are used and coal up
to 25 mm top size is fed on to the bed by a simple screw
feeder. Prior to testing this unit there was limited information on the likely performance o f such a bed with
closely packed tubes in terms of both heat transfer and
combustion efficiency.

The first installation at a commercial site began o peration at Bass Mattings, Mirfield, in the Spring of 1983.
The application was to convert a mattings (where a
barley malt is produced, mainly for beer manufacture)
from direct oil-firing to indirect coal-firing. The application is of impo rtance because, over the last 30 years,
there has been a move away from the traditional malting systems to the use of more sophisticated kilns in
which hot gases from burning gas o r light oil have been
used directly. As part of a continuing programme to
improve product quality, the malting industry is moving
towards the use of indirect heating systems. The introduction into the market of the Peabody E ncomech
indirect heating system, based upon fluidised combustion of coal, has made this improvement with significant
o pe rating costs benefits and resulted in a new market
opportunity for coal.

32. High temperature gas generator
Gas temperatures up to 1300°C have been obtained in an NCB pilot
plant which incorporates two adjacent fluidised beds. Coal is fed to
one bed which is supplied w ith less air than is needed for complete
combustion and hence produces a combustible gas, at about 850' C.
The residual char is transferred to the second bed w here it is burned
producing a hot gas containing about 10% oxygen as in a standard
fluidised bed furnace. The off gases from the two beds are then
mixed and the fuel gas burns to produce a temperature of about
1300' C. This temperature is needed in the brick-making, lime-burning
and calcining industries.
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33.34. CRE Encomech rig

To investigate the production of clean hot air at temperatures up
to 600' C, a 150 kW rig was designed and built at CRE (34) in
collaboration with Encomech Engineering Services Limited.
Horizontal ceramic tubes are immersed in the fluidised bed
combustor and additional ceramic tube banks are installed in the
off gases (33).

35
35. Peabody-Encomech
clean hot air producer

Units of this design can produce
1 to 10 MW of hot air temperatures up to 250' C with high
thermal efficiency. Higher
temperatures, up to 600' C,
can be obtained by
connecting the tube banks
in series.

Hot air
exit to
process

Fluidising
air inlet

Cold process
air inlet
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36. Mirfield furnace of Baas Malting• limite d
Following the successful development of the Peabody Encomech
design, a 2.3 MW unit has been installed by Bass M altings to produce
hot air for a malting kiln.

Flue gas

Calciners
Fluidised beds can be used to improve
dramatically the way in which some
industrial proceses are carried out. For
example, the manufacture of plaste r
involves heating (calcining) finely
divided gypsum and diffe rent systems
and fuels have been used in the past to
achieve this. A joint development with
British Gypsum and Babcock Worsley
has res ulted in a new design of plant in
which a fluidised bed of coal is surrounded by a larger bed of fluidised
gypsu m. H ot gases fro m the coal are
used to fluidise the gypsum and heat is
also transferred through the wall separating the two beds. A 5 tonne/ hr
prototype has been in routine operation
since 1982 and a full size 20 tonne/ hr
production unit was commissioned in
1984. Patent protection is being sought
in the major industrialised countries.
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37. Gypsum calciner
(Manufactured by Babcock Worsley limitedl
A 1 MW, 5 t/h pilot scale gypsum calcining
furnace has been developed in collaboration with
British Gypsum Ltd. at East Leake.
Thermal efficiencies nearly twice as high as in
traditio nal designs have been achieved. A 20 t/h
commercial unit is being m anufactured to replace
existing oil-fired plant at Gotham Works.

Fluidised
p laster bed

Central
coal fired
fluidised bed
Air
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Fast recycling beds
Coal-burning fluidised beds can be operated over a
range of air. velocities from about 0.1 to 10 m/s. At low
velocities a 'bubbling' bed is formed and fine ash is
entrained in the gas at a rate corresponding to a few
percent of the coal feed. This fine ash often contains
some unbumt carbon and it is usually separated from
the gas and returned to the bed. As the air velocity is
increased the bed remains 'bubbling', but a progressively higher proportion of the solids becomes
eritrained in the gas.
At still higher velocities all of the particles are
entrained and a bed can only be maintained by continuous recycle. The bed is fundamentally different in that
bubbles disappear, the bed expands to fill the entire
combustion chamber and the particles form clusters or
strands that continuously break up and reform in the
turbulent gas stream. Soli~s carry-over is rapid and the
rate of recirculation can be up to 40 times that of the
coal feed. Such a system, in which the bed particle size
is relatively small, is termed a 'fast' or 'recycling' fluidised bed. Heat can be recovered by tubes immersed in a
separate bubbling bed of the hot recycled solids and
from the hot flue gas, as shown in the diagram.
The particular advantages of this arrangement over
'bubbling' beds are:
1. The separation of the coal combustion and heat
exchange processes makes the selection of materials
of construction straightforward, particularly for the
high temperature tubes. In the heat exchange vessel
the fluidising velocity is low and although a small
amount of combustion occurs, the environment is
oxidising. This makes the system particularly suited
to boilers that require high levels of superheat or to
gas heaters, both of which involve a high tube metal
temperature.
2. Because of the continuous recycling of particles, the
system can bum unreactive solid fuels such as
anthracite, petroleum coke or low quality coal at
high efficiency.
3. Rapid changes of fuel type or wide variations in
moisture content can be accepted by varying the
heat extraction rate from the recirculating solids.
4. The temperature of the heat exchange bed can be
altered by varying the circulation rate, making the
plant suitable for use as a process heater for temperature sensitive liquids.
S. Due to good mixing of solids and gas, high solids
recycle rates, and the small size of particles used, the
retention of sulphur with limestone is very effective,
minimising the quantity of absorbent required for a
given level of retention.
6. Air can be introduced at different levels in the bed
minimising the production of nitrogen oxides.
7. For heat outputs above 30 MW the manufacturing
cost of fast fluid bed boilers can be less than 'bubbling' bed units.
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The main disadvantages are the need to handle and
control recycling solids without excessive erosion of
components, and the relatively high fan power needed.
Following considerable development effort on small
scale plant several organisations now market full scale
units.
Foster Wheeler Power Products Limited is a licensee
of the Multi-Solids Fluidised Bed Combustion
(MSFBC) process developed by the Battelle Institute in
the USA. In this system a fast recycling bed of fine
material is superimposed on a bubbling bed of dense
material. The combustor operates at high fluidising gas
velocities and heat generated within the dense bed by
combustion of fuel is removed by recycling fine material. The fine solids are then cooled by heat transfer
surface in an external heat exchanger before recycle to
the combustor at a controlled rate. A 50 MW boiler of
this design has been built in Eire by Foster Wheeler
Power Products Limited. The NCB and Foster Wheeler
have a joint technical collaboration agreement to
develop the MSFBC process in the UK.
GEC Limited in the UK have proposed a concept in
which the combustion gases from a fast fluidised bed
are used to produce steam in a heat exchanger in the
off-gas, and the recycling bed material is used to heat
compressed air in an external heat exchanger bed. The
heated air is used to generate electricity in a gas turbine.
This arrangement avoids problem~ of turbine fouling
and erosion which might occur with direct use of combustion gases in turbines. The unit is aimed at the
market for combined heat and power (CHP) supplies
for industrial sites. Discussions have taken place
between the NCB and GEC on specific applications for
the concept.
A. Ahlstrom Oy in Finland have developed fast fluidised beds for the combustion of peat and wood wastes
and have also applied their system to coal-fired boilers.
Plants with capacities up to 70 MW have been built in
Scandinavia, Austria and the USA.

An 84 MW fast fluidised bed boiler built by Lurgi
was commissioned in August 1982 and produces steam
and hot molten salt for use in an aluminium works. This
plant is fuelled by coal containing 50-60% of ash. Two
similar boilers for combined heat and power schemes
in Germany have been ordered. These units incorporate expertise gained from fast fluidised bed plants
calcining fine aluminium oxide.
Stone and Webster have developed a circulating bed
concept and are building a 100 MW plant of their
design in Mexico to bum asphaltene solids. Babcock
Power have a licence for the development of this technology over a large part of the world.
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38. Battelle multi solids fast fluidised bed boiler
The multi solids fast fluidised bed process centres around a
combustor operating at high fluidising gas velocities in which a fast
recycling bed of fine material is superimposed on a bubbling bed of
larger particles. The combustion temperature is controlled by the rate
of recirculation of fine material. Hot fine material is separated from the
flue gas by a cyclone and is partially cooled in a separate low velocity
fluidised bed heat exchanger, where the heat is given up to the
steam. The cooled fine material is then recycled to the dense bed.
Combustion and heat transfer processes are therefore separated.
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Combustion of low calorific value material
Burning combustible material in a fluidised bed of inert
particles is self-s ustaining when the heat from combustion equals or exceeds the heat removed in the off gas
a nd lost through the bed containing walls. Many substances with a calorific value too low for use in
conventio nal processes can be burnt in a fluidised bed
combustor. This is an important advantage, extending
the range of low grade materials tha t can be used as fuel.

evaporation of the spray droplets and combustion of
the coal in them. The bed is maintained at 850°C by
combustio n of the coal in the ta ilings. The system has
the potential of being a n important source o f a colliery·s
energy requirements, 1 tonne of process steam being
generated for each tonne of tailings treated, while producing an as h tha t can be easil y and safely tipped at a
disposal site.

The amount of useful heat that can be produced by
the combustion of low quality material depends on its
net calorific value and the combustion conditions.
Table 1 shows the amount of useful heat that can be
obtained by burning some materials of low calorific
value in a fluidised bed. Materials with a calo rific value
below 5 MJ/ kg (2 150 Btu/ lb), are probably not worth
treating for their energy content, although there may be
o ther reasons for processing them- for example, incineration of sewage slurry.

NCB fluidised bed technology has also been
licensed, through Combustion Systems Limited, fo r
other waste utilisation processes. such as sewage sludge
disposal and domestic refuse incineration.

The ability to burn coal high in ash and moisture contents-in this way extending the range of coal deposits
that can be used- is another reason for international
interest in fluidised combus tion. A considerable quantity of low grade coal is available throughout the world
but, until recently, it was considered unsuitable for
combustion. Coal with an ash content in excess of 30%
is unsuitable fo r conventional boilers but can be burned
e ntirely satisfacto rily in a fluidised bed. Coal as high as
55% in ash has been burned with a carbon loss of only
3%, achieved by operating wi th fines recycle and a high
bed temperature ( 1050°C).

39. Tailings combustor
Fluidised combustion has been shown to be suitable for the disposal
of 'tailings' from coal preparation plants.
Thickened tailings (A)-typically 50% water, 35% mineral matter, 15%
combustible material-are sprayed on to a fluidised bed (B) of coarse
ash particles, formed by evaporation of the water and combustion of
the coal in the spray droplets. Evaporated water is removed with the
flue gas (C).

•

Tailings

At CRE several experimental combusto rs have been
used for research into the combustion o f low quality
fuels. One plan t, a 0.6 m square unit, is capable of burning a wide range o f fuel types and is fitted with
sophisticated mic ro processor based instrumentation.
This plant has burned coal wastes containing up to 82%
ash (calorific value 4 MJ/ kg, 1720 Btu/ lb).

Flue gas

Table 1. US8ful heat from the fluidised combustion of low
grade fuels

Material
Scottish oil shale
High ash coal
Peat (dry)
English oil shale
(Blackstone)

Gross calorific value
MJ/kg
Btu/ lb

Useful heat

2850
4730
6020
8600

65
82
82
79

6
11
14
20

%

Fluidised combustion conditions:
8oo·c
Bed temperature:
Fluidising velocity:
1 m/s
Combustion efficiency:
98%

With suppo rt from the European Coal an d Steel
Community (ECSC), the NCB have pioneered a system
fo r the disposal of waste slurry from coal preparatio n
plants. This slurry (colliery tailings) is a fine suspension
of mineral and coal particles. Thickened tailings (50%
water, 35% mineral matter and 15% coal) is sprayed on
to a fluidised bed of coarse ash particles formed by
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High ash coals
Fluid ised bed combustio n processes are also being
develo ped to burn high ash coals witho ut crushing.
These coals contain la rge sto ne particles which will
tend to form a static layer o n the distributor. T hey also
contain large shale particles which contain a propo rtio n
o f combustible mate rial dispersed thro ugho ut. These
also tend to sink but must be maintained in the bed until
combustio n is complete. This is do ne by creating a
strong circul atio n pattern within the bed, usua ll y by
having an inclined d istributo r with a higher velocity at
the lower end such tha t the ash a nd shale a re refluidised
at this point. Combustio n reduces the particle densit y
and the burnt o ut shale does no t sink. Instead it accumu lates and the average particle size grad ually
increases until it is no longer fl uidised a t the operating
velocity.
To prevent in terfere nce with flu idisatio n, it is necessary to make provisio n to remove bo th the low density
burnt-out sha le, which is d istributed th ro ugho ut the
bed, and the sto nes which will segregate . Bed ma te rial
withdrawn thro ugh a pipe in the distributo r pla te will
contain stones fro m the immed iate vicinity and also
s hale. H owever, the rate of remova l. wh ich is necessary
to maintain the required bed level may no t be suffi cient
to prevent excessive accumulatio n of oversize, pa rti cula rly if limesto ne is no t being added fo r sulphur
retentio n. In this situatio n, it is necessary to remove bed
material at a higher rate, separate the oversize with a
screen o r air classifie r, a nd return material of the correct size.
If there is a high concentratio n o f sto nes in the feed,
an inclined distributor to a single offtake may no t be
adequate to prevent accumulation in a static layer. In
this situation, it is preferable to use a pipe grid air d istributor above a hoppe r base.
F luidised bed cold models and pilo t plant studies
have been used at C RE to develop equipment using the
approaches o utlined above, and proprieta ry designs
have b een marketed by manufacturers. In these trials,
run-of-mine coal ( 40% ash) and coarse collie ry d iscard
(8 2% ash), sized up to 25 mm diamete r, have been
burned at combustio n efficiencies o f up to 95%. T he
experience fro m this research effo rt enables the most
suitable equipment to be selected fo r the effective utilisa tio n of a particular low quality fuel, but the overall
economics must of course take into account any additional transpo rt and handling costs associated with high
ash, low calorific value fuels.

40. Distributor arrangements for fluidised bed
combustion systems burning high ash coals

Special plant may be needed to extract spent bed material w hen
burning high ash coal. Several designs show promise. As
illustrated below a range of equipment is required to deal with
the different problems that arise.

Conventional flat
distributor
If the fuel is crushed so
that it does not contain
large pieces of shale or
stone a conventional flat
distributor is suitable.

Air
Recirculating system
If the fuel is not crushed
a sloping distributor can
be used to maintain
shale in motion and
allow combustible
material within individual
lu mps of shale to burn
away.

Air

Air

Bed cleaning system
If the pieces of shale are
mobile in the bed they
can be selectively
removed by passing a
stream of bed material
over a screen and air
classifier.

Induced discharge of
large ash
Heavy shale can be
directed to a discharge
point by a sloping base.

Large ash

Air

Pipe grid distributor
Alternatively a pipe grid
distributor can be used.

+

Large ash
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41. CRE fluidised bed combustion facility for low calorific
value fuel

This test rig contains a 0.6 m square fluidised bed and can burn up to
1 tonne/ hour of washery discard or low calorific value fuels up to
25 mm in size. A wide range of operating conditions can be used.
Inset-Microprocessor-based control panel.
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Power generation
Nearly three-quarters o f Britain's coal output is used by
po wer stations to generate three-quarters of the nati o n's
e lectricity. A s alread y desc ribed , initial investigatio ns
in Britain into the fluidised bed combustion of coal
were made with the o bj ective of producing an alternative techno logy to pulverised fuel firing for raising
steam fo r electricity generatio n at la rge power stations.
T he develo pment of fluidised bed combustio n bo ile rs
for power gene ratio n is continuing, pa rticula rly in the
USA w here a 20 MW(e) pla nt has been built by the
Tennessee Valley Autho rity and the Electric Power
Research Institute. A 160 MW(e) demo nstratio n unit is
planned .
In conventio nal power generati o n, electri city is produced by gene rato rs dri ven by turbines im pelled by
steam raised in bo ilers. T he p ropo rtio n of the po te ntial
heat in the fuel that can be conve rted to electricity using
a steam turbine (the efficie ncy of gene ration) does no t
exceed abo ut 38.6'Yo. T he maximum efficiency o f
power generati o n is res tricted by the uppe r tempe rature at which the turbo-generato r can be o perated ; the
higher the uppe r o perating temperature, the greater the
efficiency. The use of a fluidised bed combustion bo ile r,
while giving signifi cant ad vantages over a bo ile r with
conventio nal pulverised coal firing, does no t change
this e fficiency o f power gL'nera ti o n.
However, flui d ised combusti o n allows a new
approach in which ho t combustio n gas at elevated pressure is used to drive a gas turbine, in addi tio n to using
steam to dri ve a steam tu rbine. In this 'combined' o r
'ad vanced' cycle power gene ratio n, a higher propo rtio n
o f the potential heat in th e fuel is converted to electricity than in the conve ntio nal system using only a steam
turbine.
Fluidised combusti o n is the on ly coal firing technique which produces Combustio n gases suitable for a
gas turbine. With conventio nal coal firing, sod ium salts
are distilled fro m the ash and would subsequentl y condense o n the turbine blades, causing unacceptable
corrosio n. However, a t the controlled lower combustio n tempe rature in a fluidised bed, the vaporisati o n of
sodium salts is reduced and most remain in the ash particles, which can be removed fro m the gas prio r to the
turbine.
In additio n to the ad va ntage of improved gene rating
efficiency, pressurised fluidised bed combustio n provides other important ad vantages :
a. E missio ns o f sulphur dioxide and nitrogen oxides
can be furthe r reduced.
b. Because the combustio n air is supplied at e levated
pressure, appropriate to the turbine, it occupies a
smaller vo lu me, typicall y abo ut one-tenth of that
supplied to an atmosphe ric pressure bo ile r of the
same o utput. Acco rdingly, the size of the co mbustio n chamber can be reduced with savings in cost.
It is expected that combined cycle power gene ration
using pressurised flui dised bed combustion will

increase generating efficiency from the present 38.6%
to abo ut 40%, saving some 4% of fue l require ments.
The fuel saving wo uld be increased to about 9'Yo by
compa riso n with conventio nal boile rs if flue gas desulphurisatio n has to be introduced .
The re a re several possible combined cycl es incorpo rating bo th a steam turbine and a gas turbine. Fo r
example, the gas turbine could be supplied with ho t air
heated in tubes in the combustor, rather tha n using the
hot combusto r gas directly. A jo int stud y bei ng carried
o ut by representatives of the U K Depa rtment of
E ne rgy. CEGB and NCB has a lready indicated that the
cycle o f most inte rest to the U K woul d be o ne in which a
gas turbine driven from a pressurised fluid ised bed combustor was combined with a steam turbine dri ven by
stea m raised in the fluidised bed itself. (Illustration 43).
42. Efficienc y of g enerating electric power from coal
The diagram shows the results of a NCB study of the relative thermal
efficiency of generating electric power from coal using different
cycles.
The best existing power station cycles have an efficiency of about
38.6%, but this falls to about 36.7% if flue gas desulphurisation plant
is fined.

A pressurised fluidised bed combustion combined cycle has the
potential to give higher efficiencies w hile retaining sulphur in the
fluidised bed.
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Development of pressurised fluidised bed
combustion
A majo r development programme is being undertaken
by the NCB and the CEGB in a jo int project based on a
la rge expe rimental combustor built at Grimetho rpe in
Yo rkshire. The majo r objectives o f the work a re to
demonstrate component reliability and flexibility of
respo nse, as a preliminary to demonstrating the process
on a comme rcial scale.
T he programme builds on that carried out under
inte rnational auspices (US, UK and West Ge rmany collabo rating under an In tern ational E nergy Agency
agreement).
The core of the Grimethorpe plant is the combustor
which was designed on the basis o f work at CRE and
CURL, particularly on information gained from operation of the pressurised combustion test rigs at
Leatherhead . T he combusto r which is inside a pressure
vessel, has an inte rnal bed area 2 m by 2 m and operates
at pressures between 6 and 12 ba r with a bed temperature between 800°C and 950°C and has a maxi mum
output of about 80 MW (thermal). Coal is crushed to a
particle top size in the range 6 mm to 1.5 mm a nd
dolomite can be blended with the coal feed for sulphur
dioxide retention. Construction of the Grimetho rpe
facility was completed in 1980 a nd a series of test p rogrammes has been carried out since that time.
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Combustor

An impo rtant facto r in the operation of adva nced
cycle power generatio n incorporating gas turbines is
the effect of the hot gas quality on the turbine blades. At
the low combustion temperature, fluid ised bed combustor off-gas contai ns little of the alkali salts and
vanadium that cause blade fou ling. A lso, because the
ash has not been fused, it is less abrasive than from conventional firing, although most m ust be removed before
the turbine. To study these effects in detail over a long
peri od , the combustion gases from the G rimethorpe
boiler are passed over a cascade of stationary gas turbine blades. It has been shown that currently available
blade materials will operate at gas temperatures of
800-8 50°C and materials fo r higher tempera tures a re
under deve lopment.
The IEA internationally fu nded programme was
completed in the midd le of 1984. A £25 mill ion UK
programme, jointly funded by the CEGB an d the NCB,
began in 1985. It is the intention of the two Boards to
43. Pressurised f luidised bed system for advanced cycle
generation of electricity

The gas turbine is driven by the off-gas from a combustor supplied
with high pressure air. The combustion chamber is reduced in size
because of the smaller air volume and is contained in a pressure
vessel.
The steam turbine is driven by steam raised in tubes immersed in the
fluidised bed. By combining the two turbines in this way, electricity is
generated more efficiently than in conventional systems.

Gas turbine & generator

Gas cleaning

I

I

.

.

Electricity

~--- Heat

exchanger

Q

Coa~

I

Exhaust
gas

I
Electricity

I

I

Air Q
Exhaust steam

Condenser
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Water

44. Exp erimental com bu stor
designed t o operate at a
pressure o f 20 bar
This experimental combustor rig
was initially installed at CURL but
has now been moved to CRE where
a new programme of test work w ill
be carried out. The pressure vessel
is refractory lined and contains a
bed 0.3 m square.
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involve UK industry- particularly gas turbine and
boiler manufacturers- at an early stage. This will
ensure that commercial explo itation o f the development in the 1990s can be based on hardware with the
largest practical British component and help provide a
marketable technology using British coal. It is hoped to
be able to collaborate with US organisations carrying
out similar work which will enhance the value of the UK
programme.
Power generation with fluidised combustion offers
the prospect of cost savings over conventional systems
because of the reduction in both capital and operating
costs. The extent o f the savings is being assessed from
working experience of the Grimethorpe and other
combustors. The advantage of PFBC over conventional methods of combustion for powe r generation is
greater if the emission of sulphur oxides is to be limited.
This aspect will be particularl y impo rtant if European
Community regulatio ns are enfo rced to limit the sulphur dioxide emission from large boilers. Some recent
estimates of these cost advantages are shown in table 2.

Table 2. Cost advan tages of f luidised bed combustion f o r
power generation
% saving on capital
cost of pulverised
fuel station

% saving on operating
cost of pulverised
fuel station

Fluidised bed
combustion

With
sulphur
removal

Without
sulphur
removal

Atmospheric (1)
Pressurised (2)

22
20

12

9

2

9

10

4

With
sulphur
removal

Without
sulphur
removal

Note
(1) From the Economics of Coal-based Electricity Generation, D. F.
Henning, R. Johnston, M. Teper. NCB (IEA Services) Ltd. EAS Report
E1/79.
For atmospheric pressure fluidi sed bed combustion-Systems compared are : Conventional pulverised fuel boiler with steam cycle,
atmospheric fluidised bed boiler w ith steam cycle. High sulphur coal
(3.5%) with 85% sulphur removal and a low sulphur coal without
sulphur removal are assumed.
(2) From NCB studies.
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Flue gas

0
Air e )

Waterwall
outlet

45

46

45.46. Pressurised fluidised bed combustor at
Grimethorpe

c

The fluidised bed (A) is in a combustion chamber with water·
containing walls (B). This chamber is supported in a
pressure-withstanding shell (C). Pressurised air passes
between the shell and combustion chamber walls to the air
distribution plate for fluidising and combustion.
Water flowing through immersed tubes (0 ) extracts heat
directly from the fluidised bed .
Crushed coal enters the bed through nine feed points.
Dolomite can be introduced with the coal for sulphur dioxide
retention. There is an automatic coal/ dolomite blending
system.
The pressure vessel (46) shown during installation has an
overall height of 14 m and a diameter of 4 m. The internal
section of the fluidised bed is 2 m square.

+
A

Water-wall
inlety
Water c )

Coal

38

Ash

Coal

47. Base of pressurised combustor
at Grimethorpe

The base of the combustor vessel showing
some of the coal inlet pipes.
48. Grimethorpe control room

The control room of the Grimethorpe
facility showing the extensive
instrumentation which has been installed.
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Overseas developments
Many overseas manufacturers have developed, or are
in the process of developing, fluidised bed combustors
often benefiting from the pioneering work in Britain. In
some cases, they are closely linked with the National
Coal Board or with joint venture operations with which
the Board are associated. These joint venture companies include Combustion Systems Limited (CSL),
and EMS Thermplant Limited (EMS).
CSL were set up in 1973 in collaboration with BP
International Limited, the objective being to link NCB's
process development efforts on fluidised bed combustion with similar work evolved by BP. This makes
available a comprehensive package of information that
overseas manufacturers can use in the overall exploitation of commercial designs of fluidised bed combustion
equipment. Most licensees of CSL have already
produced commercial products in this way and increasing interest continues to be shown by other potential
collaborators.
While much of the interest relates to the utilisation of
bituminous coals, there are also considerable prospects
for the application of the same basic technology to
lower quality fuels and waste materials. The wideranging suitability of fluidised bed combustion is
currently being exploited by licensees of CSL.
CSL have established licensees for boiler applications in the USA (Stone Johnston Corporation), in
Japan (Hitachi Zosen and Yoshimine Boiler Company), in Korea (Hyundai Heavy Industries) and in
India (IAEC). The activities of these licensees also
include applications of fluidised bed combustion boiler
projects to lower quality coals (eg, in South America
and India) and to less reactive material (eg, anthracites
and petroleum cokes) as in Korea and Japan. In addition to these overseas licensees, CSL have licensing
arrangements with Babcock Power, Stone Danks
Limited, ME. Boilers Limited, and EMS Thermplant
Limited, in the UK.
As fluidised bed combustion techniques apply
equally to the utilisation of waste materials and in other
processing applications, CSL have also been successful
in granting licences to organizations with interests in
these particular areas. On the basis of a fluidised bed
sewage sludge incinerator that was designed, built and
operated successfully in the. UK for many years, FBC
information has been licensed to organizations such.as
Hitachi Zosen in Japan, Kinetics Technology International (KTI) in Italy, and Motherwell Bridge Tacol in
the UK. KTI also envisage the utilisation of fluidised
bed combustion to process heater designs whereas
another process engineering company (Seghers Engineering, Belgium) have already successfully applied
CSL's technology to limestone calciners on a fully commercial basis in Senegal and Madagascar.
There is growing interest by other overseas companies in using fluidised bed combustion know-how,
particularly in areas with indigenous low quality coal
40

reserves and a need to utilize waste materials while
meeting local environmental standards. Opportunities
are foreseen to apply further UK developed expertise.
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Clay drying 25 26
·
Coal ash 5 32
Coal Processing Consultants Limited (CPC) 8 Annex 1
Coal quality 2 5
Coal Research Establishment (CRE) 8 9 24 25 27 28
Annex 1
.
Coal size 5
Coal sulphur 7
Coal Ut!l!sa~on Research Laboratory (CURL) 8 35
Coal Util1sat10n Research Laboratory pressurised combustor
35
Coil boiler 23
Colliery washery tailings disposal 32
Colliery waste slurry 32
Combined cycles for electricity generation 36
Combustion of coal in fluidised beds 5
Combustion Systems Limited (CSL) 8 40 Annex 1
Conversion of boilers 9
Costs/cost savings 37
CRE See Coal Research Establishment
Cross-tube type boiler 9
CURL See Coal Utilisation Research Laboratory
CURL pressurised combustor 35
Curtiss-Wright's pressurised combustor Annex 5
CWS nurseries 14
Deep fluidised beds 7
Development of fluidised combustors 8
Development of industrial boilers 11
Dolomite 2 36
Drying25 26
Edmonton district heating scheme 14
Efficiency, thermal 2 35
Electricity generation 35
Electricity generation, efficiency 35
Electric Power Research Institute (EPRI), USA 8 35
EMS (fhermplant) Ltd 16 20 40

Energy Equipment Company Limited 11 13 17
Environment 2 See also Sulphur dioxide; Sulphur retention
Erosion6
European Coal and Steel Community (ECSC) 32
Fast recycling fluidised beds 30 31
'Finafire' boilers 11 13
Fluidised bed boilers, See Industrial fluidised bed boilers
Fluidisation, definition 4
Fluidisation quality 4
Fluidised bed boilers, features 6
Fluidised bed combustors, pressurised 36
Fluidised bed depth 7
Fluidised bed regrading mechanism 33
Fluidised bed temperature 5 25 36
Fluidised bed, characteristics 4
Fluidised beds, definition 3
Fluidised beds, principles 3-4
Fluidised combustion advantages 2
Fluidised combustion principles 3
Fluidised Combustion Contractors Limited (FCCL) Annex 1
·
Fluidised combustion for industry 11
Fluidised combustion under pressure 35-39
Fluidised Combustion Limited 20
'Fluidburn' boilers 21
Fluidising velocity 4
Foster Wheeler 22 30
Fromington nurseries of CWS 14
Furnaces, See Hot gas furnaces
Gas turbine blade fouling 35
Gas turbines 35
General Electric, USA 42
Gibson Wells Ltd 20 22
Grass drying 25
Grimethorpe Colliery 36
Grimethorpe pressurised combustor 35 36
Grimethorpe project Annex 1
GWB Industrial Boilers Ltd 11 12
Heat transfer 5 11
High ash coals 33
Hitachi Zozen 40
Horizontal boilers 11 17
Hot gas furnaces 25-29 Annex 4
Hyundai 40
IAEC40
Ignifluid combustor 8
Incineration by fluidised combustion 14
Industrial fluidised bed boilers 11-23
Industrial fluidised bed boiler types:
Horizontal 11 17
Locomotive type 17 18
Vertical 11
Water tube 20
Modular 18
Industrial market 5
International Energy Agency (IEA) 36
Johnston Boiler Company 17 18
Ketton Portland Cement Company 26
Kinetics Technology International 40
Limestone 2 17
Locomotive-type boilers 17 18
Low calorific value materials 32-34
Lurgi fast fluidised bed boiler 30

41

Manufacturers (British) of fluidised combustion equipment
Annex2
Marden, Herefordshire, CWS nurseries 14
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Oil supply 8
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Peabody Encomech Ltd 27
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Power generation 35-39 See also Electricity generation
Pressurised fluidised combustion 5-39
Recycling of bed material 30
Renfrew Works of Babcock Power 9
Rists Limited 17
Robert Jenkins Ltd 14
Segers Engineering 40
Selby coalfield 11
Senior Green ~ frame' boiler 20
Sewage sludge disposal 32
Shallow fluidised beds 7
Sheffield Forgemasters Ltd 20 23
Stone Danks Limited 11
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Stone Johnston Corporation 17
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National Coal Board (NCB)

The NCB, established by Act of Parliament in 1946,
manages Britain's coaJ mining industry on behalf of
the nation. The Board are responsible for working
and getting coaJ, securing the efficient development
of the country's coal resources, and making coal
available of such qualities, quantities and prices as

seem to them best calculated to further the public
interest. The Board employ about 200,000 people,
operate coUieries and opencast coal sites; coking,
manufactured fuel and by-product works; and a
range of anciUary activities.

Coal Research Establishment (CRE)

Coal utilisation research in the UK is carried out at
the NCB's establishment at Stoke Orchard, near
Cheltenham, Gloucestershire. CRE's aim is to
promote the efficient use of coal as a fuel, to make it
more attractive to the consumer, to increase the

value of by-products of coal processing and to
examine ways of converting coal to gas, liquid fuels
and chemical feeds tocks. More than half of the 430
staff are qualified scientists and engineers.

Marketing Department of the NCB

CRE co-operate with the.National Coal Board's
Marketing Department and manufacturers to
advance the technology and the development of
fluidised bed combustion systems. This initially
involved negotiating with industrialists for the
installation of prototype boilers and drying furnaces

and subsequently developing them to the commercial
stage. Marketing Department encourage companies
to convert from other fuels to the most modern coalfired plant which includes the installation at selected
sites of the latest NCB fluidised bed systems.

Grimethorpe PFBC Facility

The PFBC facility is at a site adjoining a power
station at the NCB's Grimethorpe Colliery,
Yorkshire. It was set up with the encouragement of
the International Energy Agency and was funded
jointly by the UK, the USA, and West Germany. The
project was operated by a whoUy owned NCB

company-NCB @A Grimethorpe) Limited. After
complelton oftheIEA programme in 1984,
ownership of the facility passed to the NCB and a
further two year programme of work financed by the
Board and the CEGB is being undertaken.

Combustion Systems Limited (CSL)

CSL, jointly owned by the NCB and BP Inte rnational
Limited were set up to exploit expertise of fluidised
combustion acquired from R&D programmes and
other activities. Licences have been granted to

several UK and overseas manufacture rs and the
company are involved in many international
development projects.

ANNEX 2

UK Manufacturers of fluidised bed
coal burning equipment

FURNACES

BOILERS

Babcock Power Limited
165 Great Dover Street
London SE l 4 YB
Phone: 01 407 8383
Babcock Power Limited
Shell Boiler Division
65 Livery Street
Birmingham
West Midlands B3 1 HA
Phone: 021 236 7881
Babcock Worsley Limited
Worsley House
Liverpool Road
St. Helens
WAlQ lPQ
Phone: 0744 6121 JI
Stone Danks Limited
257 Halesowen Road
Netherton
Dudley
West Midlands DY2 9PG
Phone: 0384 446 17
The E nergy Equipment
Company Limited
Energy House
Hockliffe Street
Leighton Buzzard
Bedfordshire LU7 8HE
Phone: 0525 377600
EMS Therm plant Limited.
Pheasey House
Farrier Road
Great Bar
Birmingham 842 7NJ
Phone: 021 360 8888
Fluidised Combustion Limited
Broadcasting House
Newport Triangle
Newport Road
Middlesborough
C leveland TS l SJ A
Pho ne: 0642 225926
F luidised Combustion
Contractors Limited
165 Great Dover Street
London SE I 4 YB
Phone: 01 407 8383

Foster Wheeler Power
Products Limited
P.O. Box 160
Greater London House
Hampstead Road
London NW l 70N
Phone: OJ 388 1212

Babcock-Worsley Limited
Worsley House
Liverpool Road
St. Helens
Lanes WAlQ lPQ
Phone: 0744 61211

Gibson Wells Engineering Limited
Josephs Well
Hanover Walk
Park Lane
Leeds, W. Yorkshire LS3 lAE
Phone: 0532 45011

The E nergy Egui)Jment
Company Limited
Energy House
Hockliffe Street
Leighton Buzzard
BedsLU7 SHE
Phone: 0525 377600

GWB Industrial Boilers Limited
P.O. Box 4
Burton Works
Dudley
West Midlands DY3 2AD
Phone: 0384 55455

Encomech Engineering
Services Limited
99- 101 East Street
Epsom
Surrey KT17 l EA
Phone: 03727 24344

M.E. Boilers Limited
M.E. House
Fengate
Peterborough
Cambridgeshire PEl SBQ
Phone: 0733 68471

Fluidised Combustion
Contractors
165 Great Dover Street
London SEl 4YB
Phone: 01 407 8383

NEI Cochran Limited
Newbie Works
Annan
Dumfriesshire DG J 2 SQU
Phone: 046 122 111

INCINERATORS

Senior Green Limited
Calder Yale Road
Wakefield
West Yorkshire WF I SPF
Phone: 0924 378211
Stone Boilers
P.O. Box 5
Gatwick Road
Crawley
West Sussex RHlO 2RN
Phone: 0384 278566
Wallsend Slipway
Engineers Limited
Po int Pleasant
Wall send
Tyne and Wear NE28 6QN
Phone: 0632 628961

Motherwell Bridge Tacol
Limited
Green Dragon House
64/70 High Street
Croydon
CRO lNA
Phone: 0 1 686 6817
Peabody Encomech Limited
Brenchley House
123-135 Week Street
Maidstone
Kent
ME141RF
Phone: 0622 671381

Fluidised bed coal-fired boilers operating
at atmospheric pressure

ANNEX 3

UNITED KINGDOM
M anufacturer

Funct ion

Reed Paper and Board Ltd. Retford

Babcock Worsley Ltd

Space heating and Process steam 3

Queens University, Belfast

EMS Thermplant Ltd

Space heating

Avon Cosmetics Ltd. Northampton

EMS Thermplant Ltd

Space heating and Process steam 2 x 4.5

Client

Thermal output MW

VERTICAL SHELL BOILERS

1 x 2,3
1 x 4.5

2 X3

NCB Engineering, Tredomen, Wales

EMS Thermplant Ltd

Space heating

Fisons PLC. Loughborough

Babcock Worsley Ltd

Space heating and Process steam 1.8

Pierpointe Bryant, Warrington

Whites Combustion Ltd
(Now Robert Jenkins Engineering Ltd)

Space heating

2.4

Antler luggage Ltd, Bury, lanes

NCB Clonsast

Factory heating

1.5

Hyams Ltd, Royton, lanes

Allied Boilers Ltd

Factory heating

2.3

G. J. Tod Ltd, Knutsford

Allied Boilers Ltd

Heating

1.8

NCB Brookhouse Colliery, S. Yorks

Allied Boilers Ltd

Heating and baths

1.8

CWS Ltd, Marden, Herefordshire

NCB

Heating glass houses

2

New Cheshire Salt Works, Northwich

Energy Equipment Co Ltd

Process steam

2 x 7.5

Rists Ltd, Newcastle-u-lyme, Statts

NCB

Space heating
(Demonstration prototype)

10

J. S. Buchanan Ltd, Glasgow

Energy Equipment Co Ltd

Process steam

15

British Steel Corporation, Rotherham

Babcock Worsley Ltd

Process steam

2 x 4.6

Dunlop Belting Ltd, Speke

Wallsend Slipway Engineers Ltd

Space heating and Process steam 7

GKN Brymbo Ltd, Wrexham

Wallsend Slipway Engineers Ltd

Process heating

2X7

Isaac Spencer Ltd, Lancashire

Energy Equipment Co Ltd

Process steam

3.5

Dunlop Oil & Marine Ltd, Grimsby

Wallsend Slipway Engineers Ltd

Space heating and Process steam 5

Rists Ltd, Newcastle-u-l yme, Statts

Wallsend Slipway Engineers Ltd

Space heating, ex CRE prototype

4

Danks of Netherton Ltd, Dudley

Danks of Netherton Ltd

Demonstration prototype for
site heating

5

NEI Cochran Ltd, Annan

NEI Cochran Ltd

Development/demonstration
and space heating

5

Thorn EMI, Dudley

Thorn EMI Ltd

Development

2.4

S. Yorks Passenger Transport,
Shettield

Wallsend Slipway Engineers Ltd

Space heating

1.5

NCB Wistow Mine, Selby

Energy Equipment Co Ltd

Hot water for space heating
and baths

3 x 1.5

NCB Gascoigne Wood, Selby

NEI Thompson Cochran Ltd

Hot water for space heating
and baths

2 x 1.5

Access Card Co Ltd, Southend

Allied Boilers

Space heating

4.3

NCB Riccall Mine, Selby

Energy Equipment Co Ltd

Hot water for space heating
and baths

3 x 1.5

NCB Stilling fleet

NEI Thompson Cochran Ltd

Space heating

2 x 1.5

HORIZONTAL SHELL BOILERS

Fluidised bed coal-fired boilers operating at atmospheric pressure

Client

Annex 3 continued

M anufacturer

Funct ion

Thermal outp ut MW

Sheffield Forgemasters Ltd, Sheffield

NCB/ME Boilers Ltd

Demonstration and providing
steam for industrial purposes

30

Reed International Ltd, Maidenhead

Babcock Power Ltd

Process steam

5 x 21

WATER TUBE BOILERS

F. B. Chemicals, Widnes

Babcock Power Ltd

Process heat

15.6

Stevensons Dyers Ltd, Ambergate,
Derby

Gibson Wells Ltd

Steam for combined heat
and power systems

15

Bowater Scott Ltd

Babcock Power Ltd

Process heat

3 x 14

British Sidac Ltd, Cumbria

Energy Equipment Co Ltd

CHP scheme

3 x 16

British Tissues Ltd, Glamorgan

Babcock Power Ltd

Process steam

2 x 15

Capper Pass Ltd, Hull

Babcock Power Ltd

Process steam

15

Babcock Power Ltd, Renfrew,
Scotland

NCB/ Babcock Power Ltd

Development/demonstration
and factory heating

13.5

Pirelli Ltd, Burton-on-Trent

Energy Equipment Co Ltd

Process steam

12.5

Ciba-Giegy Ltd, Duxford

Babcock Power Ltd

Process steam

10

Robinsons Ltd, Chesterfield

Gibson Wells Ltd

Process steam

10

University of Nottingham, Nottingham

Energy Equipment Co Ltd

Hot water for space heating

18 (3 units)

Illingworth Morris Ltd, Bradford

Gibson Wells Ltd

Process steam

7.5

Eli Lilly Ltd, Basingstoke

Babcock Power Ltd

Process steam

4.5

Coal Research Establishment

E. Green & Son Ltd

Demonstration/ pyrolyser/
combustor

3

Ectona Fibres Ltd, Workington

Energy Equipment Co Ltd

Space heating and Process steam 15

Tate & Lyle. Silvertown

M.E. Boilers Ltd

Process steam

4 x 3.2

Hayward Tyler Ltd, Keighley, Yorks

Stone-Plan Fluidfire Ltd

Demonstration unit
and space heating

3

Barnsley Technical College, Barnsley

Fluidised Combustion Ltd

Test unit

0.4

Knaresborough School

Fluidised Combustion Ltd

Heating

1.2

Kirklees Metropolitan Authority

Fluidised Combustion Ltd

Heating

1.5

Overseas fluidised bed boilers include : BELGIUM
Prayton Ruyel

Energy Equipment Co Ltd

Process steam

40

Olefina, Brussels

Energy Equipment Co Ltd

Process steam

11

Department of Defence, Summerside

Foster Wheeler Boiler Corporation

Development

14

Department of Energy, Mines and
Resources, Ottawa

Department of Energy, Mines and
Resources, Ottawa

Research

0.7

Queens University, Kingston

Queens University

Research

0.7

Power stations burning low
grade fuel

Up to 150

2000 industrial boilers

3-30

CANADA

CHINA

DENMARK
Energi A/S, Skanderberg

Burmeister & Wain

District heating

11.6

Energi, A/S, Ainge

Burmeister & Wain

District heating

4.7

Fluidised bed coal-fired boilers operating at atmospheric pressure
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Manufacturer

Function

Metsaliiton Oy, Aanekoski

A. Ahlstrom Oy

Commercial

76

A. Ahlstrom Oy, Kattua

A. Ahlstrom Oy

Commercial

65

Kemira Oy, Oulu

A. Ahlstrom Oy

Commercial

55

Hyvinkaar Lampovia Oy, Hyvinkaar

A. Ahlstrom Oy

Commercial

25

Energy Equipment Co Ltd

District heating

2 x 30

Energy Equipment Co Ltd

Commercial

12

ENEL, Port Vesme

ENEL/Ansaldo

Commercial

58

ENEL, Livorno

ENEL/Ansaldo

Commercial

1.5

Mitsiu Toatsu Chemicals, Sunagawa

IHI Heavy Industries Co

Commercial

23

Babcock Hitachi, Wakamatsu

Babcock Hitachi KK

Development

18

Sumitomo, Akabira City

Sumitomo Coal Mining Co

Commercial

7

Shell Nederland, Pirnus

Foster Wheeler Boiler Corporation

Commercial

37

Netherlands Energy Research
Foundation, Petten

Netherlands Energy Research
Foundation

Development

2

Applied Combustion Systems Ltd

Development

2

Norwegian Institute of Technology,
Trondheim

Norwegian Institute of Technology

District heating

2.5

Hamjern A/S, Hamar

Hamjern A/S

Research

2.0

Norwegian Institute of Technology,
Trondheim

Norwegian Institute of Technology

Research

0.5

Deutsche Babcock Werke AG

Commercial

115

Hyltebruks AB

A. Ahlstrom Oy

Commercial

48

AB Enkoeping

Vaermeverk heating

Commercial district

25

City of Vastervik, Vastervik

Generator lndustrie AB

Commercial

23

City of Sandvikan, Sandvikan

Generator lndustrie AB

Commercial

17

Chalmers University, Gothenberg

Generator lndustrie AB

Commercial

14

Sulzer Bros Ltd

Development

4

Tennessee Valley Authority, Paducah,
Kentucky

Babcock and Wilcox Co

Development plant

50

Department of Energy, Rivesville Power
Station, West Virginia

Foster Wheeler Corporation
Pope, Evans and Robbins Inc

Demonstration

30

Client

Thermal output MW

FINLAND

FRANCE
Villeurbanne
HUNGARY
Translecktro
ITALY

JAPAN

NETHERLANDS

NEW ZEALAND
Applied Combustion Systems Ltd,
Christchurch
NORWAY

PHILLIPINES
Atlas Consol Mining and Development
Corporation, Cebu
SWEDEN

SWITZERLAND
Sulzer Bros Ltd, Wintherthur
UNITED STATES OF AMERICA

Fluidised bed coa l-fired boilers operating at atmospheric pressure

Client

Manufacturer

Annex 3 continued

Function

Thermal output MW

Water tube boiler

30

Iowa Beef Processors Inc, Amarillo, Texas Wormser Engineering Inc

Commercial

22

Idaho National Engineering Laboratory

Idaho National Engineering Laboratory

Commercial

22

Kentucky Agricultural Energy Corp,
Franklin, Kentucky

Foster Wheeler Boiler Corporation

Commercial

20

Central Ohio Hospital, Columbus, Ohio

Fluidised Combustion Contractors Ltd

Commercial

20

Gulf Oil, Bakersfield, California

Pyropower Corp

Commercial

17

Texas Tar Sands, Maverick City

Energy Resources Co

Commercial

17

Conoco Inc, Uvalde, Texas

Strothers Wells Corp

Commercial

17

U.S. Navy, Great Lakes, Illinois

Combustion Engineering Co

Development

17

Campbell Soup, Maxton, North Carolina

Stone Johnson Corp

Commercial

17

Campbell Soup, Napoleon, Ohio

Stone Johnson Corp

Commercial

17

Campbell Soup, Salisbury, Maryland

Stone Johnson Corp

Commercial

17

UNITED STATES OF AMERICA-continued

Department of Energy,
Georgetown University, Georgetown,
Washington DC

Foster Wheeler Corporation
Pope, Evans and Robbins Inc

Central Soya Co, Marion, Ohio

Stone Johnson Corp

Commercial

12

Providence College, Providence,
Rhode Island

Stone Johnson Corp

Commercial

7

IBM, Charlotte, North Carolina

Stone Johnson Corp

Commercial

7

Van Buren County Alcohol Inc,
Bonaparte, Iowa

Dedert Corp

Commercial

7

Erco Systems Inc, Cambridge Mass

Energy Resources Co

Prototype

7

Lowell Technological Institute,
Lowell, Mass

Wormser Engineering Inc

Commercial

7

Owen Spencer School, Spencer, Indiana Stone Johnson Corp

Commercial

7

Nelson Industries, Portville, Indiana

Stone Johnson Corp

Commercial

7

Electric Power Research Institute,
Alliance, Ohio

Babcock and Wilcox Co

Prototype

7

Ferrysburg, Michigan

Stone Johnson Corp

Commercial

4

Department of Energy, Morgantown

Department of Energy

Test facility

4

Department of Energy,
Linden, New Jersey

Exxon Research and Engineering Co

Test facility

4

Struthers Wells Corp, Winfield, Kansas

Struthers Thermo-Flood Corp

Test facility

2

Department of Energy, Columbus

Battelle Columbus Laboratory

Test facility

WEST GERMANY

Elektrizitatswerk Westeral GmbH, Hameln Deutsche Babcock AG

Commercial

128

Saarbergwerke AG, Volklingen

Saarbergwerke AG

Combined cycle demonstration

80

VAW, Luenen

Lurgi

Commercial

84

Federal Ministry for R&D/Ruhrkohle AG, Deutsche Babcock AG
Dusseldorf

Combined heat and
power demonstration

35

Federal Ministry for R&D/ Ruhurkohle AG, Standardkessel-Thyssen Energy
Konig Ludwig
Consortium

District heating demonstration

6

Hastra, Luneburg

Commercial

6

Deutsche Babcock AG

Fluidised bed furnaces

ANNEX 4

M anufacturer

Funct ion

Total thermal
output MW

British Sugar PLC,
Bury St. Edmunds

Fluidised Combustion
Contractors Ltd

Beet pulp drying

42

British Sugar PLC,
Newark

Fluidised Combustion
Contractors Ltd

Beet pulp drying

35

British Sugar PLC, Brigg

Energy Equipment Co Ltd

Beet pulp drying

44

2

British Sugar PLC, Cantley

Energy Equipment Co Ltd

Beet pulp drying

42

2

Dengie Crop Dryers Ltd,
Essex

Energy Equipment Co Ltd

Grass drying

9

Kenon Cement Ltd,
Leicester

Babcock Worsley Ltd

Clay drying

15.0

Amey Roadstone Ltd,
Shropshire

Babcock-Worsley Ltd

Stone drying

7.5

Energy Equipment Co Ltd,
Nottinghamshire

Energy Equipment Co Ltd

Grass drying

7

Amey Roadstone Ltd,
Greenwich

Babcock-Worsley Ltd

Stone drying

12.3

Ryans Ltd, Cardiff

Babcock-Worsley Ltd

Coal drying

6

Northern Crop Dryers Ltd,
Melrose Farm, Yorks

Babcock-Worsley Ltd

Grass drying

5

2

Standing Stone Farm
East Lothian

Babcock Worsley Ltd

Grass drying

5

2

Vitagrass Farms Ltd,
Cumbria

Babcock-Worsley Ltd

Grass drying

5.0

2

Bass Ltd, Mirfield,
Yorks

NCB/Encomech Engineering
Services Ltd

Malting

2.3

British Gypsum,
East Leake, Nons

Babcock-Worsley Ltd

Calcining furnace

1.1

F. L. Smith Ltd,
Ribblesdale, Yorks

Babcock-Worsley Ltd

Coal drying

1'.8

2

Hem Heath Colliery

Babcock-Worsley Ltd

Coal drying

20

2

British Gypsum, Nottingham

Babcock-Worsley Ltd

Gypsum calcining

3.0

Blue Circle Industries,
Durham

Babcock-Worsley Ltd

Clay drying

9.0

Tollemache Ltd.I
Knowsley County Council

Babcock-Worsley Ltd

Waste derived fuel drying

3.0

2

Tollemache Ltd,/
W . Midlands County Council

Babcock-Worsley Ltd

Waste derived fuel drying

3.6

2

Babcock Worsley Ltd,
St. Helens

Babcock-Worsley Ltd

Combustion testing

1.0

Coffee residue drying

10.0

Client

Number of
furnaces

UNITED KINGDOM

Cherwell Valley Silos Ltd, Oxford Babcock-Worsley Ltd

2

2

Fluidised bed furnaces

Annex 4 continued

Function

Total thermal
output MW

Fluidyne Engineering Corporation, Department of Energy
Minneapolis, USA

Demonstratio·n plant

6

Chalons-Sur-Marne, France

Energy Equipment Ltd

Grass drying

19

Frankfurt, West Germany

Lurgi-Gesselschaft fur Chemie
und Huttenwesen GmbH

Combustion of low grade fuel

33

Bruno Fechner GmbH,
Ruhrgebiet, Germany

Babcock-Worsley Ltd

Coal drying

10.8

2

DLG Aggersund,
N. Jutland, Denmark

Babcock-Worsley Ltd

Chalk drying

10.8

2

Vepex Contractors,
Tatabanya, Hungary

Babcock-Worsley Ltd

Grass drying

6.0

2

Slagment Ltd,
Natal, S. Africa

Babcock-Worsley Ltd

Slag drying

13.5

Unicem Ltd,
Turin, Italy

Babcock-Worsley Ltd

Slag drying

10

Client

Manufacturer

Number of
furnaces

OVERSEAS

2

Experimental fluidised bed combustors
operating under pressure

ANNEX 5

Location

Description

Thermal
output MW

National Coal Board/CEGB

Grimethorpe,
Yorkshire

Test facility

80

To provide information for the
design and operation of
pressurised fluidised bed
combustors

National Coal Board

Coal Research
Establishment

High pressure unit to 20 bar

1.2

To provide research data

SERC

Rutherford
Laboratory

Test facility

0.1

To provide research data

Organisation

Funct ion

UNITED KINGDOM

UNITED STATES OF AMERICA
Department of Energy/
Curtiss-Wright

Wood Ridge,
New Jersey

Open cycle gas turbine plant
with pressurised fluidised bed
combustor

40

Demonstration plant

New York University

Westbury,
New York

Experimental unit operating
at 10.3 bar

7

Research rig

Department of Energy/
Combustion Power
Company

Menlo Park,
California

Pressurised fluidi sed bed
combustor

4

For investigation of techniques for
cleaning off gas and to investigate
gas turbine blade erosion

Curtiss-Wright Corporation

Wood Ridge,
New Jersey

Pressurised fluidised bed air
heater coupled to a Rover gas
turbine

2.3

Development

Linden,
Environmental Protection
Agency/Exxon Research and New Jersey
Engineering Co

Pressurised test rig

NASA, Lewis
Research Centre

Cleveland, Ohio

Test rig to 8.3 bar

0.5

Decomissioned

General Electric

Malta, New York

For studies of combustion, heat
transfer, and sulphur dioxide
absorption-decomissioned

Test rig to 10 bar

0.45

Research unit

Test unit to 11.4 bar

0.15

Research rig

Malmo

16 bar test facility

15

Development unit

Warsaw

6 bar test rig

3

Research unit

Nanjing

6 bar test rig

Argonne National Laboratory Argonne, Illinois
SWEDEN
AEP Stal Laval/Deutsche
Babcock Werke AG
POLAND
Technical University
CHINA
Nanjing Institute
of Technology

Research unit

Suggestions for further reading relating to coal,
energy and fluidised bed combustion
Coal and energy
Sir Derek Ezra
Ernest Benn London second edition 1980
x+190pp
Fluidised beds-combustion and applications
J. Howard (Editor)
Applied Science Publishers,
London 1983 379 pp
Fluidised combustion of coal
D. G. Skinner
Mills and Boon London 1971 59 pp
FBC-the next stages
M. J. Edwards
Coal and E nergy Quarterly Spring 1980
number 24 pp 16-27
The potential for PFBC
Dr. J. Gibson
Coal and Energy Quarterly
Winter 1980 number 27 pp 9-16
Fluidized bed combustion of coal for power
generation
D. Anson
Progress in Energy Combustion Science
volume 2 1976 pp 6 1- 82
Fluidized-bed energy technology: coming to a boil
W. C. Pafterson and R. Griffin
Inform Incorporated NewY'ork 1978
viii+ 118 pp
Fluidization
J. F. Davidson and D. L. Keairns (editors)
Proceedings of the Second Engineering Foundation
Conference April 1978 Cambridge England
Cambridge University Press 1978 xi + 407 pp

For further information on the
National Coal Board's involvement
in fluidised bed combustion
please contact:
Director
Coal Research Establishment
National Coal Board
Stoke Orchard, Cheltenham
Glos GL52 4RZ
England
Telephone: Bishops Cleeve 024-267 3361
Telex: 43568 (CBCRE G)

ANNEX 6

Power from coal
Proceedings of Institution of Mechanical Engineers
Conference 10 April 1979 London
Fluidised bed combustion of
coal and waste materials
Y. Yaverbaum
Noyes Data Corporation
Park Ridge New Jersey USA
1977 xii+ 267 pp
Institute of Fuel
Fluidised Combustion Conference
Symposium Series Number 1, London 1975
F luidised Bed Combustion Conference
Institute of E nergy
Symposium Series No. 4 London, November 1980
Fluidised Bed Combustion Conference
Institute of Energy
Symposium Series November 1984
Proceedings of the Sixth International Conference
of F luidised Bed Combustion, Atlanta 1980
Proceedings of the Seventh International Conference
on F luidised Bed Combustion
Philadelphia, Pennsylvania, October 25-27, 1982
Proceedings of the 6th Conference of the
International Committee for Coal Research 1982
Fluidised Bed Combustion Symposium,
Beijing, C hina, August 1983
McGraw Hill Publications Co. Inc, New York

