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EXECUTIVE SUMMARY
This project is concerned with the improvement in performance of coal fired
fluidised bed combustion systems. Fluidised beds are capable of burning a wide
variety of fuels and they rely on good uniform distribution of combustion air across
the entire bed area. Many designs of air distributor have been tried over the years
ranging from porous ceramics to various forms of metal construction using stainless
steel.

Designs have incorporated plenum chambers at the base of the bed with

standpipes which permit the passage of combustion air whilst resisting the back flow
of bed sand particles, or, alternatively, a series of horizontal tubes (sparge pipes)
mounted in the base of the bed.
This project involves a fluidised bed combustor with a sparge pipe air
distribution system. It has been carried out in collaboration with British Sugar plc and
has focused on their fluidised bed hot gas generator (HGG) at the Cantley Works in
Norwich. The HGG at Cantley is rated at 40.6 MW thermal and is coal fired using
Thoresby washed singles. It produces hot gases which are fed to a rotary drier for the
drying of pressed sugar beet pulp, which is subsequently pelletised and sold as animal
feed.
The fluidised bed comprises four combustion zones each incorporating 17
sparge pipe air distributors. Sparge pipes are single pipes which have downward
facing holes on their underside, which allow air to exit and pass upward through the
sand bed. Although simple in design, sparge pipes can experience problems in service
due to thermal distortion, and erosion caused by high localised velocities. In addition,
bed sand particle can be entrained into some of the holes due to recirculation, causing
hole erosion and the deposition of sand inside the pipes. Air flow through the holes
can vary along the length of the sparge pipe and lead to poor distribution within the
fluidised bed, which can ultimately result in bed defluidisation and clinkering.
The main aim of this project has been to improve the performance of the
fluidised bed system. To achieve this aim several key objectives were set:
i)

to study the basic flow through a typical sparge pipe using computational
fluid dynamics (CFD) in order to investigate ways of improving the flow
distribution, increasing the overall combustion airflow and hence
increasing thermal output.

ii)

to investigate sparge pipe distortion and erosion
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iii)

to produce a modified sparge pipe design which will result in greater
reliability and improved flow characteristics.

Main Work Carried Out
Computational Fluid Dynamics (CFD)
This work was carried out to improve the air distribution and throughput from
the sparge pipes. The commercial CFD code ‘Fluent’ was used to model a large
number of sparge pipe designs, with variations in hole diameter and hole pitch. The
CFD model was validated using a full scale laboratory sparge pipe test rig and good
agreement was reached for velocity and pressure predictions. Modified sparge pipe
designs were trialled in the hot gas generator at Cantley, and a final recommendation
given for improved air distribution and pressure drop.
Laboratory Wear Tests
Distortion and erosion were investigated by means of a laboratory wear rig at
the University of Glamorgan. Wear patterns were produced using a multi layer paint
technique and profiles measured using a coordinate measuring machine.

Wear

patterns produced in the laboratory compared well with those present on pipes taken
from the HGG following an operating campaign. Further wear tests were carried out
to establish the effects of hole size, hole position and exit velocity on the wear rate.
Plant Tests and Measurements
Site monitoring of the HGG was carried out to investigate ways of improving
the thermal performance.

The output of the HGG was substantially below the

manufacturer’s intended rated output such that a parallel heavy fuel oil fired system
had to be used to make up the deficiency.
Modifications were made to the HGG such that secondary air was directed down from
above the bed in an attempt to lower the bed temperature, and give the opportunity to
burn more coal. This was only partially successful, but did give greater flexibility with
system operation and has been retained for ongoing use
A metallurgical study also established that pipes which had been used within
the bed and suffering severe distortion had not been supplied in the annealed
condition as specified. This was corrected early in the project and thermal distortion
has been significantly reduced.
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Conclusions
The overall result of the project was that an improved sparge pipe design has
been tested and proposals made for future development. The performance of the plant
has been investigated from several standpoints and is now more clearly understood.
The performance of the plant has significantly improved, such that in the last
operating campaign from September 2005 to March 2006 the necessity to burn heavy
fuel oil to supplement the output from the coal fired system has been minimal, and
significant fuel savings have been realised.

This improvement, together with

modifications to the drier internals, means that the HGG is now capable of drying
100% of the pressed pulp produced at Cantley.
The following are the main conclusions:
 CFD has been successfully used to design and test improved sparge
pipes with more throughput and better flow uniformity.
 Model and actual wear patterns are similar and the rate of wear can be
reduced by changing the angle of inclination of the downward facing
holes in the sparge pipe from 35 0 to 150, measured from the horizontal.
 Detailed plant measurements have indicated that the HGG at Cantley
typically operates at 66% of rated output. This is further reduced when
operating with 100% fluidising air, as opposed to the use of recycled
flue gas.
 A novel bed cooling system was installed and tested in 2004-05 and
provided greater operating flexibility and likely increased output.
 All new sparge pipes should be fully annealed to reduce distortion.
 Overall, as a result of the new sparge pipes, the novel bed cooling
system, higher bed temperatures, and drier modifications, the coal feed
rate has been increased from 80 t/day to 87 t/day.

This clearly

demonstrates the commercial exploitation of the above modifications.
 CO 2 emissions to atmosphere have been reduced due to the fact that
the oil fired system previously used to supplement the HGG output is
now rarely required.
 The research student on the project is in the process of writing up his
PhD thesis in a topic related to coal utilisation.
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1.

INTRODUCTION AND BACKGROUND
Fluidised beds have frequently been applied as combustors in boilers and hot gas

producers since they are capable of efficiently burning a wide range of fuels. A
common feature of all fluidised bed systems is the need for a distributor at the base of
the bed, to ensure an even distribution of combustion air (or gasification medium)
across the entire cross-sectional area. The practical design of these distributors is
complex, due to the variety of conditions and characteristics which need to be taken
into account during operation of the system, including:
 The distributor must have appropriate pressure drop characteristics to provide an
even air distribution over the whole range of air flows and temperatures which
will occur during start-up and load following.

However, the flow resistance

should be simultaneously minimised to reduce blower power consumption.
 Start-up of the combustor may often entail the passage of high temperature air
through the distributor to preheat the bed particles prior to the onset of fuel
feeding.
 During plant shut-down, heat will be transferred to the distributor from the hot bed
particles at a time when distributor cooling, by the combustion air, is lost.
These temperature effects during start-up and shut down can lead to thermal distortion
of the distributor and, in extreme cases, corrosion can also occur from alkali salts
released from coal mineral matter.

Erosion of the system can be an additional

problem with certain distributor designs.

Many forms of distributor construction have been tried over the years, ranging
from the use of porous ceramics, to (most commonly) various forms of metal
construction using stainless steel or a combination of mild and stainless steels. Metal
distributors have operated uncooled (apart from the flow of combustion air), but have
also been water-or air-cooled. They have consisted of plenum boxes surmounted by a
variety of upriser tubes (or standpipes) which permit the passage of combustion air
while resisting the run-back of bed particles. Alternatively a series of horizontal tubes
(sparge pipes) can be mounted in the base of the bed, and these can be either fitted
with standpipes on their upper surfaces, or simple downward facing holes are drilled
through the lower sidewall of the pipes. No single design has emerged as a clear
winner in all cases and operational considerations often limit the choice of distributor,
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e.g. a water-cooled design is often chosen if start-up of the fluidised bed requires high
temperature preheated air. However, if lower preheat temperatures are sufficient for
start up, a simpler uncooled stainless steel sparge pipe design can be more
appropriate.

1.1

Sparge Pipe Systems

One of the simplest, and hence cheapest, forms of air distributor is the sparge
pipe design, in which an array of horizontal pipes is fitted at the base of the bed and
air is supplied from one or more supply ‘headers’ see Fig. 1.

Fig. 1
Sparge Pipe Distributor at the base of the Fluidised bed

The pipes are drilled to provide a series of downward facing holes along their
length and after exiting the holes the air flows upwards to all parts of the bed area.
With suitable sliding supports, such a design can fluidise a large bed area. In addition
it can be used in conjunction with reasonable levels of preheat air at start-up while
accommodating the ensuing lateral and circumferential expansion. Alternative designs
use vertical standpipes on top of the sparge pipe, but this increases the constructional
cost and necessary physical headroom. Therefore the simple sparge pipe distributor
offers significant advantages over these alternative designs.
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However, in practice, this type of sparge pipe can experience problems.
Thermal distortion can often occur due to non-uniform heat transfer and temperature
gradients around the pipe, while the air distribution and pressure drop characteristics
are difficult to predict. The significant “kinetic head” effects within the supply header
and within the individual sparge pipes can make it difficult to achieve a substantially
uniform air distribution along the length of the system. An incorrect design can lead to
excessive air flow from some of the holes and hence high localised bed particle
turbulence, which can subsequently result in erosion of the pipe wall. This in turn can
make it necessary to prematurely replace individual sparge pipes with a consequent
increase in maintenance costs and reduction in plant availability. Conversely, if parts
of the bed experience air flows which are inadequate for all operating conditions,
there is a risk of ‘clinkering’ and bed defluidisation. Sparge pipes in these areas can
then suffer high temperature corrosion. Moreover depending upon exit hole diameter
and geometry and sparge pipe wall thickness, it appears that bed particles can be
entrained into some of the holes in these low velocity regions. This results in
deposition of sand particles inside the sparge pipes and consequent exacerbation of
pipe-wall temperature gradients and hence enhanced problems of distortion.

This project is concerned with the performance of a fluidised bed hot gas generator
(HGG) at British Sugar, Cantley works in Norwich. The fluidised bed is coal fired
and is designed with four combustion ‘zones’ within the bed area each with 17 sparge
pipes. Each zone is supplied by a separate plenum chamber with its own forced
draught combustion air fan. The gas supplied can be fresh air or a mixture of air and
recycled gas from the plant’s heavy fuel oil fired steam boiler exhaust. A schematic
of the plant is shown in Fig.2.

The sugar making campaign at Cantley typically runs from September to
March after which time the plant is shut down and necessary maintenance carried out.
The HGG has a thermal rating of 40.6MW, but operates significantly below this. The
hot gases produced are used to dry pressed sugar beet pulp which is pelletised and
sold as animal feed. Because of the underperformance of the HGG, British Sugar
have to supplement the heat output by operating a heavy fuel oil boiler, with the
associated increase in fuel costs.
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Fig.2
Schematic Layout of the HGG at Cantley

1.2

Aims and Objectives of the Current Project

The main aim of the project is to improve the performance of the Hot Gas Generator
This will be achieved by the following objectives:
 To obtain a more uniform air distribution through the holes of the sparge pipe and
hence through the fluidised bed.
 To increase the thermal output of the hot gas generator by increasing the overall
flow rate through the sparge pipes or by improving the method of operation of the
plant.
 To reduce the problems of erosion and distortion of the pipes
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2.0

Experimental Work

2.1

Sparge Pipe Air Distribution

This aspect of the research involved a computational fluid dynamics (CFD) simulation
of the flows through the current sparge pipe as well as through pipes with alternative
hole arrangements using FLUENT, a commercial computer code.
The existing sparge pipe has an external diameter of 88.9mm with 55
downward holes along each side of the pipe. The hole diameter was 10 mm and they
were spaced uniformly at a pitch of 30 mm along the length of the pipe. Initially a
two-dimensional model was formulated to provide a preliminary understanding of the
flows and also to gain familiarity with the CFD package. It was clear from this
preliminary study that a more sophisticated model was required to realistically
simulate the flow distribution within the pipe. Consequently a three dimensional
model was constructed using a non-uniform mesh of 60,000 cells with a finer grid
near and within the holes. A series of grid independence studies were employed to
develop an appropriate computational grid. This involves a total of approximately
180,000 cells with a fine mesh near and within the holes. The predictions for this pipe
were validated by comparison with pressure and flow measurements on a full scale
perspex model at the University of Glamorgan. The predicted and measured flows at
various positions along the length of the system were found to be in good agreement
with a maximum difference in mean velocities of approximately 1.5% whilst the static
pressures differed by up to 2%. The predicted variations in flow rates through the
holes for the existing pipe design are shown in Fig 3.

8
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Fig.3
Flow Distribution with the Existing Pipe Design

This initial three-dimensional simulation indicated that the flow rate through
individual holes varies by more than 3:1 along the length of the pipe so that there was
likely to be considerable maldistribution in the air flow through the fluidised bed.
Very high flows occurred through the holes at the far end of the sparge pipe with
much lower flows at the “entry” end with an overall flow rate through the holes of
0.345 kg/s. It should also be noted that since the hole pitch is uniform the flow
distribution per hole is the same as the distribution of air through the fluidised bed.
It was also apparent from these simulations that a large area of re-circulating flow
existed within the holes near the entry end of the sparge pipe. This recirculation is a
result of the high flow momentum in the sparge pipe at this location. Bed particles
which are drawn into this re-circulating flow will subsequently be re-entrained into
the relatively high velocity flow leaving the hole and this is a possible cause of hole
and pipe erosion at this end of the pipe, Fig. 4 shows the recirculation zone. Recirculation of the flow is not predicted for the holes near the far end of the pipe.
However the high flow rates leaving these holes and the associated high velocities
may well generate high turbulence and recirculation in the bed near the hole exit and
this may subsequently result in pipe erosion in this region, Fig.5 shows the velocity
vector profile of the holes at the far end of the tube. It is interesting to note that
erosion in practice generally occurred near holes at the two ends of the sparge pipe.
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Fig. 4
CFD Prediction showing re-circulating effect in first hole on the Sparge Pipe

Fig .5
CFD Prediction showing high velocities out of last hole on the Sparge Pipe.
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The existing design being used on site is a Schedule 80 pipe, with an outside diameter
of 88.9mm and wall thickness of 7.62mm. The holes in the pipe are 10mm diameter
on a 30mm pitch.

In an attempt to reduce the flow maldistribution, simulations were undertaken
for a wide range of hole geometries in which both the hole diameter and pitch were
varied along the length of the pipe. These were partially successful in providing a
more uniform flow through the fluidised bed. However, these improvements did not
increase the overall throughput of the system. See Fig. 6.
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Fig. 6
Flow distribution improvements using varying hole diameters

The performance shown in Fig 6 gradually evolved as a result of the wide
range of simulations. This design involves 8 holes per side with a diameter of 13mm
at the entry end of the pipe followed by four 12 mm diameter holes per side and then
five 11 mm diameter holes per side and finally 17 holes per side with a diameter of 10
mm instead of the 55 holes per side in the existing pipe. The hole pitch in the
proposed design was maintained constant along the length at 50 mm. This improved
design resulted in a much more uniform flow distribution through the bed. Recirculation in the earlier holes was still a problem and a number of modifications
including chamfering the holes and fitting nozzles to the early holes have been studied
with limited success. Nevertheless it was proposed that a small number of these
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“improved” sparge pipes would be installed in the fluidised bed in the campaign
starting in September 2004 to assess their wear performance in practice. The pipe was
tested at Cantley and although the design shows no increased throughput it did
improve the longitudinal distribution. The result of these tests was that the wear on the
pipes was marginally decreased when compared with the existing pipes, but the
distribution was improved. Further modifications were investigated in an attempt to
improve the throughput and distribution. This design used holes pitched at a constant
50 mm and reducing in diameter from 15-14-13-12-11-10mm. The distribution was
slightly improved from the previous design and the throughput was increased by
3.5%.

As this tube offered better distribution and higher throughput it was

investigated in greater detail. The inlet to outlet ratio needed to be addressed as this
posed a great problem to the service life of the tube. For the modified design the pitch
of the holes was reduced to 40mm while the diameters remained constant. Changing
the hole pitch from 50mm to 40mm showed positive results as the overall throughput
was increased by 4.6% and the exit velocities were reduced. However, the distribution
was not significantly improved – see Fig. 7.
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Fig.7
Comparison of Flow distribution using 15-14-13-12-11-10mm holes at 40mm pitch
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In a further attempt to increase the throughput an investigation was carried out
to study the effect of reducing the pipe wall thickness. This latest modified pipe
design was studied for varying pipe wall thicknesses of 7.62mm, 5.49mm and
3.05mm. All these represented standard pipe sizes. The result of the tests showed
that it was possible to increase the throughput by 24% from the existing design.

15-14-13-12-11-10mm holes at 40mm pitch and different tube wall thicknesses
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Fig. 8
Flow distribution showing the effect of change in wall thickness
These findings show that by reducing the wall thickness and maintaining an
equal pitch it is possible to increase the throughput of the HGG system by 24%.
Furthermore, the reduction in exit and in tube velocity would certainly extend the
working life of the tubes. However, the thin wall was not considered as a viable
option in practice due to the severe erosive properties of the bed. The wall thickness
of 7.62mm was therefore maintained and a further investigation carried out to study
the effect of a change of hole pitch.
The first 10 holes were pitched at 30mm, then the next 8 were pitched at
35mm, then the next holes were pitched at 40mm and 13mmØ for 6 holes, again
40mm pitch and 12 mmØ for 6 holes, then 40mm pitch and 11mmØ for 6 holes, and
finally 40mm pitch and 10mmØ for 9 holes and a 16mmØ end hole 30mm in from the
end of the tube. This tube gave a 7% increase in throughput as shown in Fig.9.
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Flow distribution showing the effect of hole pitch change
The existing sparge pipes had an end hole to allow for expansion and therefore
an investigation was carried out to study the effect of varying the diameter of this
hole. Three hole sizes were tested and their effect on the overall distribution and
throughput was analysed. The result is shown in Fig 10. It can be seen that a 13mm
diameter end hole increased the throughput by 6%, whereas a 15mm hole increased
the throughput by 9%. However, with a 16mm hole the throughput increased by only
7%. Fig.10 shows the result.
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Fig. 10
Flow distribution showing the effect of the end hole
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It was decided to test this design, with a 15mm diameter end hole on site for
the 2005-2006 campaign to see how the improved distribution and throughput would
affect wear and also overall availability of the plant. One complete zone of 17 pipes
was installed and tested for a whole operating campaign..
The newly designed tubes seemed to block up much quicker than the existing
design. It was thought that the main reason for this was the design of the tube was
making the flow resistance too low, so that the plenum pressure was reduced and the
majority of the fluidising air was lost through the early part of the pipe. For this
reason a new pipe was proposed that combined the flow resistance of the earlier
designs but increased the throughput in line with the newer designs.
The final tube design which was tested on the CFD software incorporated 20 x
13mm holes – 5 x 12mm holes – 8 x 11mm holes – 14 x 10mm holes at a constant
pitch of 35mm. The result was an increased throughput of 6.5% and a more controlled
distribution - Fig. 11.
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Fig.11
Flow Distribution showing the Effect of Pitch changes from 40-35mm

This design of tube has increased throughput and improved the overall distribution
characteristics of the fluidised bed and is thought to be the best design option based on
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the work carried out. These pipes will be installed in the HGG at Cantley for the 2006
– 2007 campaign commencing in September 2006.

3.0

IMPROVING THE THERMAL PERFORMANCE, RELIABILITY AND
OUTPUT OF THE FLUIDISED BED COMBUSTOR
As stated earlier, there was a strong incentive to increase the thermal

throughput of the fluidised bed combustor at British Sugar to a value nearer to its full
thermal rating of 40.6 MW.

To establish the performance of the HGG, two

performance tests were been carried out. Test 1 used the ‘normal’ operating
conditions whereby the bed is fluidised using a mixture consisting of flue gas recycled
from the exit of the site’s heavy fuel oil fired boiler, and fresh air provided by the
HGG’s forced draught (FD) fans. The coal burning rate was the maximum possible as
limited by the availability of oil boiler flue gas. Test 2 was carried out using 100%
fresh combustion air to fluidise the bed. Again the HGG was operated with the
maximum attainable coal burning rate (albeit lower than that in Test 1).
The test results were compatible both with British Sugar’s own estimates of
how the HGG operates and also with regard to data obtained from similar fluidised
bed equipment where British Coal’s Coal Research Establishment (CRE) have
previously carried out very thorough performance monitoring exercises. The amount
of fluidisation gases entering the bed was similar in both tests. However, in Test 1, an
oxygen content of 5.8% (vol.dry), and the remaining 20% being fresh air.

The

mixture of flue gases and fresh air had a temperature of 130°C and the mixed oxygen
content was 9.8% (vol. dry). In Test 2, all of the fluidising flow was fresh air, with an
oxygen content near 21% (vol.dry).
The coal feedrate is limited by the amount of coal which can be fed without
the fluidised bed exceeding a temperature of 885°C.With vitiated fluidising air
entering the HGG’s bed during Test 1, it was found possible to feed coal at a rate 37%
greater than when the bed was receiving fresh air, in Test 2.
On examining the data, it was found that more coal could be fed during Test 1
because the vitiated fluidising gases created starved oxygen conditions within the bed
which operated at 32% below the stoichiometric oxygen demand of the coal feed.
These conditions caused a substantial loss of combustion efficiency of the coal and
also encouraged a significant proportion of the heat (30%) to be released as a result of
16

the addition of secondary air in the over-bed ‘freeboard’ space. Both of these factors
assisted the maintenance of a bed temperature of 885°C by reducing the heat release
from the coal. A heat balance indicated that only some 83% of the coal was actually
combusted under these sub-stoichiometric conditions.
In Test 2, the bed operated with ample oxygen (140% in excess of the
stoichiometric demand). However, even with this surplus oxygen the coal still did not
burn away completely so that the calculated combustion efficiency was 96%. This is
in agreement with previous work on fluidised beds that has shown that a percentage of
the coal is always lost as fine unburned carbon, even under high excess oxygen
conditions. The lower coal feedrate in Test 2 was the necessary consequence of a
higher proportion of the feed coal actually burning in the bed. The coal feed rate is
restricted in this test by the limit on the combustion air flow (limited by sparge pipe
flow resistance) which means that there is insufficient flow to keep the bed at its
operating temperature.
Overall although the coal feed rate was 37% higher in Test 1 the greater loss
of unburned carbon in this test resulted in the downstream pulp drier receiving only
17% more thermal energy compared to Test 2. This was confirmed by measurement
of the relative feed rate of the sugar beet pulp entering the drier during the two tests.

3.1

Bed Cooling

Although fluidising the HGG’s bed with 100% air results in a much higher
coal combustion efficiency, the gross heat supplied in the hot gases to the pulp drying
plant was only 56% of the plant’s rated thermal throughput (40.6MW) under these
conditions, whereas the use of vitiated air, as in Test 1, resulted in a thermal
throughput of 66% of design rating.
Initially it was hoped that the HGG could be uprated to nearer its design
thermal throughput by achieving a higher fluidising gas flow rate through the sparge
pipe distributor. To achieve full rating, however, would mean increasing the sparge
pipe flows by some 50% Moreover the HGG has already reached the limit of the
available oil boiler recycle flue gas so that any additional sparge pipe flow will have
to be fresh air. Although this would be beneficial in providing additional oxygen to
the bed, so improving coal combustion efficiency, the problem of increased bed heat
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release (as in Test 2) would necessitate an even higher sparge pipe flow to achieve the
necessary bed cooling.
Although the improved design of sparge pipe described in Section 2 could
yield a modest increase in the air flow rate it appeared unlikely to provide the required
major improvement. A 50% increase in flow may be difficult to achieve even with
costly major changes such as the use of larger diameter pipes and larger, higher
pressure forced draught fans. Consequently an alternative method of uprating the
HGG was examined. It is known from experience elsewhere that a fluidised bed can
be cooled from above, by applying a blast of cold air downwards onto the bed surface.
Hence, it was planned to achieve this effect on the plant by modifying the existing
over-bed secondary air ports. The existing design are simple holes in the refractory
side wall of the HGG, some 1.2m above the bed surface. These holes were increased
in diameter and the cold secondary air directed onto the bed surface by stainless steel
pipework fitted internally in the HGG, see Fig.12.
The ports for the secondary air supply were originally a series of 14 horizontal
150mm diameter holes (6 one side and 8 the other) through the refractory side walls
of the HGG sited about 1.2m above the static bed surface. Additional stainless steel
pipework was fitted through these holes to direct the secondary air as a series of jets
into the “splash zone”, about 165mm above the static bed surface. The pipework was
stainless steel, 100mm n.b. tube to BS1387 (103.5mm ID).
The air flow through the secondary cooling system was limited by the
expedient use of the 14 existing refractory piercings, a factor known and agreed prior
to the above modification. Even so, the bed cooling secondary air flow possible
through this expedient pipework, was thought to be sufficient to check whether the
system is working.
Tests on the new arrangement were carried out in October and November
2004. In October the HGG was operating using 100% air as fluidisation gas while the
November tests used a mixture of air and oil boiler flue gases, the latter being the
more normal operating procedure. It is termed the Recycle Gas Mode. During both
tests there were encouraging signs that the secondary air was assisting bed cooling
(noted by three out of four recycle gas fan dampers moving to reduced openings), but
the results were not uniform over the four bed zones.

18

Fig.12
Secondary Air Over-Bed Cooling Pipework

In particular, Zone 2 obstinately refused to show signs of additional cooling, contrary
to the encouraging positive signs from the other three bed zones. The bed temperature
in Zone 2 was apparently unaffected by the cooling air and so curtailed that zone's
recycle gas fan damper closing sufficiently to accommodate any subsequent greater
heat release from additional coal feeding. Thus, the basic intention of cooling all bed
zones sufficient to enable a significant increase in coal feed was not achieved. On
plant inspection it was subsequently found that a blanking plate separating zones 1
and 2 plenums had been omitted, such that part of the zone 2 recycle gas was being
lost to the zone 1 plenum, therefore explaining the zone 2 operation.

The following Summary & Conclusions were drawn from the two periods of site
testing.

1. The new bed cooling air arrangement proved useful in providing additional
operating flexibility to the HGG, but its effectiveness was variable
between the four bed zones. This was more likely due to variations in the
way the four zones receive coal, recycle gas and combustion air, rather
than the effectiveness of the cooling air itself.
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2. The HGG is complex, with 6 fluidisation fans serving four bed zones, with
supply pressure and flow rate interactions between them. These
interactions contribute to the HGG operating unpredictably at its thermal
limit and makes scientific understanding difficult.
3. During the October and November 2004 tests, Zone 2 bed tended to run
consistently hotter than the other zones, but its fluidisation gas pressure
didn't correspond. Despite its Recycle Gas damper always being at or near
100% open, suggesting a high flow rate of recycle gas, there was no
correspondingly high fluidisation pressure. The possible reason for this is
mentioned earlier, with the omission of a blanking plate between zones 1
and 2.
4. Operating flexibility of the HGG was demonstrably enhanced by
permitting Zone 2 bed temperature to control at 900°C rather than 890°C.
At a meeting with British Sugar on 16 th December it was agreed to pursue
this and allow all bed temperature set-points to rise to 950°C.
5. The drying capacity of the rotary drum may have a limit close to the
current HGG's thermal capacity, which could mean uprating the drum if
the benefit of an uprated HGG is to be appreciated. During the October
2003 tests where the HGG was fluidised with a mixture of air and boiler
flue gas (Recycle Gas Mode), some 26MWth of heat was entering the
dryer and the drum inlet was 1040°C. The November 2004 testwork was
also in Recycle Gas Mode but, although at the same thermal input, the
drum inlet temperature was 'only' 985°C, probably due to some slippage of
cooling air into the HGG freeboard. It was noticeable that the pulp drying
efficiency seemed impaired in 2004 compared to 2003, suggesting that this
slight fall in dryer inlet temperature was significant to drum performance.

4.0

WEAR TESTS
Erosion and wear of both the holes and wall of the current sparge pipes can be

severe and extreme examples of damaged pipes are shown in Fig 13. Consequently to
simulate and investigate the wear characteristics of different sparge pipe designs a
“cold” wear test rig, which operated at near ambient temperatures, was designed and
constructed.

This consisted a of three parallel 700 mm long steel sparge pipes
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mounted in a fluidised bed so that interaction between adjacent pipes can be
simulated. The pipe and hole diameters, the hole pitch and spacing between adjacent
pipes were identical to those currently employed on the full size plant. Air was fed
separately to each pipe from a large centrifugal fan and the flow into and out of each
pipe was monitored and controlled by calibrated iris dampers. Consequently the flow
conditions at different positions along the full scale sparge pipe can be simulated by
varying the flows into, and out of, the pipes. A schematic representation of this test rig
is shown in Fig 14 and it is also illustrated in Fig 15.

Fig. 13
Worn and Distorted Sparge Pipes

It is important that this near ambient temperature fluidised bed test rig behaved
in a dynamically similar manner to the full scale hot gas generator. Following a
review of the literature a similarity analysis was undertaken taking into account the
following controlling parameters:
 The ratio of the fluidising gas densities
 The Archimedes, Froude and Reynolds numbers in the full scale
and model cases.
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This dimensional analysis showed that the surface mean diameter of the bed particles
should be 0.3mm with a fluidising velocity of 1.5 m/s so that the test rig was designed
to conform to these conditions.

Wear patterns over the surfaces of the test pipes were obtained using a
multilayer paint technique which had previously been employed by the Coal Research
Establishment to indicate regions of high wear on tubes immersed in cold fluidised
beds. Consequently the model test sparge pipes were sprayed with essentially uniform
layers of different coloured paints, using a specially designed small scale lathe, prior
to insertion in the test rig. The wear characteristics of the paints were temperature
dependent so that an electrical air heater was incorporated after the delivery fan to
ensure that the fluidising air temperature was maintained constant at 55
C throughout
the tests. The depth of the unfluidised bed above the sparge pipes was maintained at
150 mm to match that of the full scale plant.

Iris

Iris
Damper

Fig. 14
Schematic of the Test Rig
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Fig.15
The Near Ambient Temperature Fluidised Bed Wear Rig

The initial tests were set up to represent the far end of the sparge pipe and
hence the outlets from the test section were sealed and the inlet flow adjusted to match
the test conditions. The rig was run for 72 hours at the test conditions and then the
pipes removed for examination. Comparisons of the wear patterns on the model pipes
with the wear on pipes removed from the full scale hot gas generator can be seen in
Fig 16. The model wear patterns are similar to those on the actual pipes with, for
example, severe wear clearly occurring just above the holes in both cases. Moreover
as indicated in Fig 17 severe wear occurs at the inside of the holes and this agrees well
with the elongation of the holes which frequently ensues in practice. It was also noted
during the test that a comparatively large quantity of bed sand (2.3kg) had become
entrained into then pipes during the test. This entrainment is also observed on site and
as a result the sparge pipes require regular internal cleaning. It therefore appears that
the cold tests can reproduce the main features of wear on the actual sparge pipes so
that the technique was further developed to provide quantitative information on wear
rates.
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Fig.16
Model and Full Scale Wear Patterns

Fig.17
Model and Full Scale Wear Patterns at Sparge Pipe Holes

Different paint types were investigated to reduce the duration of the test and a
suitable paint was adopted by trial and error which typically reduced the test length by
about 50%. In addition the large test rig is cumbersome to operate since a large
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amount of sand has to be removed and subsequently replaced to allow periodic
observation of the wear patterns throughout the tests. Consequently a new more
flexible wear rig was designed, installed and commissioned to enable a more detailed
analysis of wear to be carried out over a range of different hole geometries and flow
condit ions. The rig consisted of 6 small individual beds each containing a short single
sparge pipe with two sets of holes. The side walls of these beds were positioned to
represent a single tube pitch. The six beds were supplied from a common constant
temperature air supply and as previously the flows into and out of the individual tubes
can be controlled separately. Multiple beds were used so that a number of tests can be
run simultaneously at the same conditions thereby reducing errors which can arise due
to differences in the wear characteristics of the paint from test to test. For the same
reason two of the beds were always operated at “standard” conditions to provide data
for comparison and relative assessment purposes. A general view of the multiple bed
rig is presented in Fig 18.

Fig.18
The Multiple Near Ambient Temperature Fluidised Beds.
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In addition to the visual observation of the wear patterns provided by the
coloured paints quantitative data on wear rates were obtained by a profilometric
technique. These measurements involved traversing a sensitive stylus over specific
regions of the pipe before insertion and after removal from the bed using an accurate
co-ordinate measurement machine. In this fashion repeatable and precise
measurements of the changes in thickness of the paint layers can be obtained, see Fig
19 which presents typical traverses. These changes can then be digitised and analysed
by commercial Autocad software to yield three-dimensional representations of the
wear over the surface of the test sparge pipe, see Figure 20. The patterns determined
from the profile measurements were found to agree closely with the visual paint
patterns.
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Fig. 19
Typical Wear Profiles

The multiple near ambient temperature fluidised beds were initially employed
to investigate the effect on wear rates of varying the angle of inclination of the 10 mm
diameter sparge pipe holes below the horizontal. The current holes are positioned at
an angle of 35and further tests were conducted with hole inclination angles of 25,
20 and 15
. The results, see Fig 21, clearly indicate, despite the scatter in the data, that
reducing the angle of inclination substantially reduces the maximum rate of wear.
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Three Dimensional Representation of the Sparge Pipe Wear Pattern
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Fig.21
Variation of the Maximum rate of Wear with the
Angle of Inclination of the Holes

Thus, for example, the rate of wear is reduced by about 60% at an angle of 15
when compared with that with holes inclined at the current position of 35
. The
position and shape of the paint wear patterns are also changed by varying the angle of
inclination see Fig 22. At the shallower angle of 15the region of paint wear is shifted
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towards the top of the tube and is more spread out and less severe. In contrast at the
current angle of 35the wear occurs just above the holes and appears to be less
widespread but more severe. Overall it appears that substantially less severe wear
would occur if the sparge pipe holes were inclined at a shallower angle of 15
. This
inclination is still sufficient to prevent sand infiltrating into the pipe when the bed is
not fluidised.

35Angle

15Angle

Fig 22
Paint Wear Patterns at Different Angles of Inclination

To complete the PhD aspects of the work the research student is extending the
wear investigation to study the effects of varying the hole diameter and pitch as well
as changing the air velocity exiting the holes. It should also be noted that the small
individual fluidised beds only contain a single pipe so that potential interactions
between the jets from adjacent pipes is not simulated. Consequently as the final part
of the PhD a few of the most promising hole arrangements will be assessed in the
large three pipe fluidised bed.

5.0 METALLURGICAL ASPECTS

A metallurgical study was carried out to investigate the distortion of the sparge
pipes. This involved detailed measurements of the distribution of hardness of two
distorted tubes which had been subject to a normal campaign in the hot gas generator.
These hardness surveys indicated that the tubes were hot formed without subsequent
annealing since the initial mean hardness of 213 Hv was considerably greater than a
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typical specification for annealed tubes of 144 Hv. Moreover the hardness varied both
along and around the distorted tubes which suggested that the tubes were subject to
uneven temperatures and heat transfer in service.
Metallographic examination showed a correlation between surface oxidation
and softening of the metal so that softening was a result of the temperatures
experienced in service. However there was little difference in grain size between the
hardest and softest regions which suggested that softening occured by stress relieving
(at temperatures above 540ºC) rather than annealing which was associated with
temperatures above 760 ºC. Therefore it appeared that tube distortion was more likely
to ensue with hot formed tubes since the residual stresses induced by this method of
manufacture would be relieved unevenly as a result of non-uniform in service
temperatures. The new tubes installed prior to the 2003-04 campaign were fully
annealed and exhibited greatly reduced distortion therefore confirming the
metallographic observations. Consequently it was recommended that all new tubes
should be obtained in the annealed condition.

6.0

DISCUSSION

This project has involved the use of Computational Fluid Dynamics (CFD),
laboratory tests and site measurements. All these have been reported in detail in this
report. The CFD work was validated using the full size experimental sparge pipe rig
and used to investigate the flows under certain conditions. Various hole sizes and
pitches were modelled with aim of improving throughput and flow distribution.
Improved sparge pipe designs have been trialled over several campaigns at Cantley
and now a final design has been agreed for future analysis.

Although limited increase in gas throughput has been achieved, a significant
improvement in flow distribution is now apparent.

The over-bed cooling system has demonstrated that a greater flexibility can be
achieved with the HGG operation, although actual site measurement and analysis is
difficult.
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It has been possible to reproduce the site pipe wear patterns in the laboratory
and the effects of varying hole diameter, hole pitch, and hole exit velocity have been
investigated. It appears that the rate of wear can be substantially reduced by reducing
the angle of inclination of the holes from the current 35to 15
. All this has provided
a greater understanding of the HGG operation.

A significant improvement has been made in pipe distortion, with the
metallurgical study concluding that pipes had not been supplied in the annealed
condition. This was rectified early in the project and has been implemented on site.

7.0

CONCLUSIONS
The aim of this Project was to improve the performance of the coal fired hot

gas generator at British Sugar, Cantley. The performance of the plant has been
investigated from several standpoints and is now more clearly understood.

The performance of the plant has significantly improved, such that in the last
operating campaign from September 2005 to March 2006 the necessity to burn heavy
fuel oil to supplement the output from the coal fired system has been minimal, and
significant fuel savings have been realised.

This improvement, together with

modifications to the drier internals, means that the HGG is now capable of drying
100% of the pressed pulp produced at Cantley

In achieving this the coal feed has been increased from approximately 80 tons/day in
2002/3 to approximately 87 tons/days in 2005/6.

The main conclusions can be summarised as follows:
 CFD has been successfully used to design and test improved sparge
pipes with more throughput and better flow uniformity. The latest
design for 2006-07 had 13-12-11-10mm diameter holes at a pitch of
35mm, and was predicted to provide 6.5% more flow with an
uniformity of 2.36:1
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 Model and actual wear patterns are similar and the rate of wear can be
reduced by changing the angle of inclination of the downward facing
holes in the sparge pipe from 35 0 to 150, measured from the horizontal.
 Detailed plant measurements have indicated that the HGG at Cantley
typically operates at 66% of rated output. This is further reduced when
operating with 100% fluidising air, as opposed to the use of recycled
flue gas.
 A novel bed cooling system was installed and tested in 2004-05 and
provided greater operating flexibility and likely increased output.
 All new sparge pipes should be fully annealed to reduce distortion.
 Overall, as a result of the new sparge pipes, the novel bed cooling
system, higher bed temperatures, and drier modifications, the coal feed
rate has been increased from 80 t/day to 87 t/day.

This clearly

demonstrates the commercial exploitation of the above modifications.
 CO 2 emissions to atmosphere have been reduced due to the fact that
the oil fired system previously used to supplement the HGG output is
now rarely required.
 The research student on the project is in the process of writing up his
PhD thesis in a topic related to coal utilisation.

8.0

INDUSTRIAL SUPERVISORS COMMENTS
The project has continued to progress successfully, particularly in developing

air distribution within a fluid bed combustor. The project has developed beyond the
distribution of air within the bed, to distributing air above the bed. Additional above
bed air has reduced the amount of air required by the sparge tubes and this has been
an additional factor in reducing sparge tube erosion.

This project has now come to an end, and the results are being applied to a
large industrial bubbling fluidised bed combustor where the benefits are for ‘all to
see’. The fluidised bed is now performing much more successfully than in the past,
and the research and development work to achieve the improvements can be
disseminated through BCURA.
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