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ABSTRACT
A Bubbling Fluidized Bed Combustor (BFBC) is designed and set-up to investigate
the combustion processes of sub-bituminous Egyptian coal particles and wood. The effect of
changing the coal particles size, with keeping the fluidized air velocity constant, on: gas
temperatures, heat flux to the combustor wall, radiant-convective overali heat transfer
coefficient and combustion level of coal particies is investigated.
The highest combustion level is found at coa) particles size of 17 mm. The heat

transfer coefficient in the case of coal combustion is extremely greater by 500% than that of
wood combustion.

KEYWORDS: Combustion, Fluidized bed, Egyptian Coal, wood.

1. INTRODUCTION development of the fluidized bed concept
Fluidized Bed Combustion (FBC) started in 1922 for gasification of lignite
is a leading technology for the combustion {4]. in the 1950s, the pioneering work on
of a range of fuels [i&2], fossil and coal-fired fluidized bed combustion
others, because of several inherent started in Great Britain [5]. Application of
ad\;antages 1t has over conventional fluidized bed for the incineration and co-
combustion  systems  including  fuel firing began in 1960 {6].
flexibility, low NO, emissions, in situ The  fluidized  bed  boiler
control of SO, emissions [3], excellent represented a potential lower cost, more
heat transfer, high combustion efficiency. effective, and cleaner method to burn coal.
and good system availability. The [n a typical FBC system, coal, an inert
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material such as sand or ash, and
limestone are kept suspended through the
action of combustion air distributed below
the combustor floor. Fluidization depends
largely on the particles size and air
velocity [7-9]. Combustion experiments
were carried out to evaluvate a suitable
combustion coal-chars reaction rate model
[10]. Ignition tests were conducted with a
high volatiles bituminous coal [11] and
their blends in bench scale fluidized bed
combustor [12].

Although FBC offers a number of
significant advantages, there are also some
disadvantages with the technology. In
most bubbling fluidized bed combustor
(BFBC), heat transfer surfaces include
immersed tube banks in the dense bed [13-
15], water walls in the dense bed, and
tubes in the convective pass. Corrosion of
metal components immersed in the bed at
metal surface temperatures of $00°C and
above was recorded [15]. At metal
temperatures  in excess of 650°C, the
corrosion can be severe, especially in the
presence  of limestone [16]. The
disadvantages also, include the necessity
for handling large amounts of solids: fuel,
limestone, and inert bed material.

To eliminate the effect of these
disadvantages, the present work is carried

“out to investigate the validation of: (1) the
usage of the combustor wall as a heat
transfer receiver in the free board section
rather than the immersed tubes in the
dense bed which exposed to corrosion, (2}
The usage of refractory bricks which lined
the bed and act as a thermal flywheel,
rather than the large amount of the inert
bed material. The effect of changing the
coal particles size (0.7, 1.7, 3.7, 5.5, 9, and
17 mm) with keeping the fluidized air
velocity constant (I m/s) on: gas
temperatures, heat flux to the combustor
wall, radiant-convective overall heat
transfer coeflicient (hg.c) and combustion
fevel of coal particles is investigated.

Aly Kamel Abd El-Samed

2. THE EXPERIMENTAL SET UP

The  bubbling fluidized  bed
combustor (BEBC) is a vertical steel vessel
with the following major components as
shown in Fig.1-A: (1)- a fluidized bed of the
coal particles, which is lining with refractory
bricks (7) such that the net inner square
section is [7emx17cm, (2)- a free board
section, In which most volatile matters
burns, (3)- A plenum or windbox, into
which fluidizing combustion air is received,
(4)- an air distribution plate, which transmits
the combustion air from the windbox to the
fluidized bed uniformly, (5)- a cyclone
vessel, (6)- a screw feeder of the coal
particles, which is provided with a vibrator
to provide overfeed steady flow. The
combustor is surmounted by a conical hood
15cm height. The flue gases are led up
through the conical hood to the cyclone unit
where fly-ash trapped in the ash collector
(8), while the flue gases exhausted from the
exhaust stack ({1). The free board section is
pierced with a glass window (10} and seven
ports for insertion of water cooled
measuremenis probes (o measure  gas
temperatures and heat flux to the combustor
wall. The ports are drilled along the free
board in the vertical direction.

The combustion air is supplied (12)
from an air blower to the windbox (3)
through two opposite tubes of 7.5 cm
diameter baffied apertures located at
different levels to ensure swirling and
uniform upward air-flow into the combustor
bed. As the air velocity is increased through
the bed, there is a point at which the gas-air
drag force overcomes the force of gravity on
the coal particles. At this point, the inter-
particles distance increases, the bed
expands, and the particles appear to be
suspended in the gas/air stream. This is the
onset of fluidization, and the air velogcity at
this point is referred to as the minimum
fluidizing velocity. Bubbles passing through
the bed occupy 20-50% of the bed volume
and give intensive agitation and mixing of
the bed particles [17]. Many preliminary
trials are done to determine the suitable
operating conditions. The suitable static
head of the coal particles bed is found to be
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3 cm and the fluidized air velocity is found
to be 1 mfs enough to achieve the
ftuiclization to the coal particles.

Four gas burners, at the top of the
bed, are used in order to heat up the
refractory bricks uniformly. When the air
temperature is reached 500°C at the
fluidized-bed, the four burners are shut
down and the calibrated coal particles are
fed uniformly onto the distributor plate
meanwhile, the combustion air is flowed and
distributed underneath the particles. After
completion of coal feeding, one of the
bumiers is re-lighted to ignite the coal
particles. Once the coal particles are ignited,
the burner is shut down and combustion of
coal particles continue with the help of the
thermal flywheel effect of the refractory
bricks. Combustible gases leave the bed (1)
and pass through the freeboard (2) to
complete their combustion there, where
char-coal particles entrained in the gases fall
back by gravity to be fluidized in the bed.

A vertical thermocouple probe (13)
is let down from the top of the combustor to
measure the centerline gas temperatures
along the free board at different incremental
fevels, Gas temperatures are not measured at
the bed section (1) because of the
continuous breakage of the thermocouple
junction due to particles impingement and
alse, the high fluctuation of the gas
temperature values due to the effect of
bubbling burst.

The combustor free board section
(2) acts as integral afterbumer, where
released volatile matters are burnt followed
by the combustion of lighter char-coal
particles which significantly are burnet for
Jonger residence time.

The combustor is logged with
thermal insulation to minimize the heat loss
to surrounding.

Measurements of gas temperatures
along the combustor centerline and near the
wall are measured using fine thermocouples
wires  (Platinum and 13% Platinum-
Rhodium) of 100 wum diameters. The
fluidized air velocity is measured using

M. 40

thermal anemometer which is used to
calibrate U-manometer.

A heat flux meter, as shown in Fig.]-
B, is designed and manufactured from steel
such that its circular cross section area
equal | cm’ and the distance between the
two junctions of the thermocouples is 5 ¢m.
The top of the meter must be surfacing to
the inner wall of the combustor when
measuring the heat flux. Conducted heat
transfer through the combustor wall could
be determined from the following equation
by substitute the measured temperature
difference along the heat flux meter;

heat flux = kAT,
x

k = thermal conductivity of the metal of
the heat flux meter, W/m.°C

AT, = differential temperature along the
heat flux meter, °C

x = longitudinal distance, m

\W/m?

3. CALCULATIONS

3.1. Radiant-Convective Overall Heat
Transfer Coefficient (hg.c)

The obtained flames are high
luminous because of the incandescent solid,
char-coal, particles. The heat transfer to the
combustor wall is occurred as a result of;
radiant heat transfer from the char-coal
particles, radiant from combustion gases
products and convection heat from gases.
The following equations are re-arranged:

¢ Radiant heat transfer from particles-

flame, d rname

G peprome = TE &, (T; - Tf) W im®

where:

¢ = Stefan-Boltzmann constant (5.669){10'8
Wim® K)

T, = absolute temperature of the char-coal
particles or flame, X,

T\, = absolute temperature at the wall, K

& =emissivity of the flame,

gw = emissivity of the wall,

= Radiant heat transfer from gases, ¢
R.gas fOr grey enclosure,
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where:

&g = emissivity of the gases at T,

ag = absorptivity of the gases at 75,

T, = absolute temperature of gases, K,

e Convective heat transfer from gases

to wall,
q gas = h (Tg - Tw)
where:
h = coefficient of heat transfer by

convection from gases to the combustor
wall,

Under steady state condition
assuming the total rates of heat flow is the
same through the gases medium in the
combustor and the metal medium of the
heat flux meter. The total heat transfer to
the combustor wall could be given by:

q wotal =  Rflame T G Rgas T 4§ Convicted gas

= constanty (7," — T5,") + constant; (T(.;"f
- T2 + constants (Ty — To,)
Assuming T, = T, , the right side of the
above equation can be reduced to
q 1ot = constant (T — T.,)

=hpc(Tg—T.)
where;
hec = radiant-convective overall heat
transfer coefficient.

By equating the above equation to the total
heat transfer through the heat flux meter,

q ol = hR-C (Tg - TW)

kA >
= heat flux = L Wim®
x
where:
k= thermal conductivity of heat flux

meter metal (steel, 49 W/im.’C)

AT, = differential temperature along the
heat flux meter, °C

x = longitudinal distance, (0.05 m)

kAL

h,, . =
R-C x,{Tg _?—‘w j

Wim*"C

3.2. Combustion Level

Ash mixture of the coilected fly-
ash and the bed-ash is formed. This
mixture is composed of a proportional
gravimetric percentage of each ash. The
total combustion level fraction is
determined by ashed the prepared mixture
{used ash as a tracer) to determine how
much combustibles percent are lost using
the following relation {18]:

Ar’}
]_
. A o
Combustion level = ~——= %o
(1-4,)
where: ’
Ao = initial ash percent.
A = ash percent at a certain section.

This expression is a measure of the
combustible mass loss of the solid material
produced by devolatilization and char
reaction. Ash weight percent is determined
by using an electrical oven and an electronic
balance.

4. FLUIDIZATION PROCESS AND
PARTICLES CMBUSTION

A simulated transparent vessel is
prepared, Fig.2, to siudy the fluidization
process using colored plastic particles
instead of coal. As air 15 blown upward
through the distribution plate, bubbles are
formed above the plate and rise up with
growing in size. When the buoyancy force is
sufficient to overcome the weight of the
particles, the particles bed is suspended in
the air stream. As soon as maximum bubbles
sizes are formed, they became unstable and
split out. Further increase in the air velocity,
creation of “bubbling” within the vessel is
increased and occurred very similar to that
of the boiling water. This fluidization
generates tremendous turbulence within the
bed resulting in significant mixing of
particles with air. That is considered a very

good characteristic for coal particles
combustion.
When air temperature at the

fluidized bed is reached 500°C, the coal
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particles are fed to the bed and mixed with
the hot combustion air. One of the four gas
burners is re-lighted and only used to ignite
the coal particles. Consequently, the coal
particles are dried and then devolatilized -
driving off- the brown volatile matters
which are burnt and forming floating flames
on the bed surface. The flames are extended
up to the end of the free board and occupied
most the combustor wvessel. Unconfined
volatiles flame is shown in Fig.3-A. After
the evolution of the volatile matters is
stopped, the flames are dragged down
toward the bed where the remaining char-
coal particles are oxidized within the bed for
longer period forming very luminous flames.
Unconfined char flame is shown in Fig.3-B.
Shattering is happened for the coal
particles due to the effect of the thermal
siress and the increase of the internal
pressure [19]. This is applicable most for big
particles, in particular for the tested size 17
mm. There is further breakage termed
“attrition” which is occurred as a result of
particles-particles and particles-fixed surface
collisions. This causes hasting particles
combustion leading to an increase of gas
temperatures in the bed and free board.

3. DISCUSSION OF THE
EXPERIMENTAL RESULTS

For the bubbling fluidized bed
combustor; gas temperature distributions,
heat transfer to the combustor wall, and
combustion level of the coal particles are
investigated experimentally for the different
particles size at constant fluidized air
velocity of 1.0 m/s.

5.1. Gas Temperatures

Coal particles with different size of
1.7, 3.7, 5.5, 9, and 17 mm are fed onto the
distributor  plate  meanwhile the hot
combustion air is blown upward with a
smal} beginning velocity which is increased
gradually until it reaches 1.0 m/s. After
ignition, coal particles combustion s
phenomenally by two main regimes: the
combustion of volatile matters regime which
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is extended from the bed to the free board,
and the char-coal regime which is occurred
mainly within the bed. Gas temperatures
along the free board at centerline and wall
during the two regimes arc measured and
plotted as profiles in Figs.4-7

For the devolatilization combustion
regime, Figs.4 and 5, it is found that the
centerline and near wall gas temperatures at
the fluidized bed surface (at bed vertical
distance/bed width, ratio L/iw = 0.9, 1.2) are
found to be the maximum values which are
decreased by moving upward, away from
the fluidized bed surface. Except for the
coal particles size. 7 mm, the gas
temperatures are increased gradually until
reach the maximum values at L/iw = 2.1,
where the amount of the released volatile
matters are bigger and scems to have
heavier molecules. So the volatiles matter
takes longer time to be break down into
lighter molecules which are bumet later
downstream. As coal particle sizes are
decreased, the gas temperatures at
centerline and wall are increased. The
highest temperatures are found to be for
particles diameter 1.7 mm while the lowest
for particles diameter 17 mm, The
temperatures rend at centerline is matched-
up with those at wall. The average gas
temperature along the free board at the
centerline is found to be 875°C for small
particle sizes (1.7, 3.7, and 5.5 mm) while
it is 575°C for bigger particle sizes (9.0 and
17 mm). The average values at wall are
found to be 680°C for the small particles
and 350°C for the big particles respectively.

For the char-coal reactivity regime,
Figs.6 and 7, the reaction is transferred
from diffusion control to chemical control.
As coal particles size is increased from 1.7
to 3.7 and 5.5 mm, the centerline and wall
gas temperature values along the free board
section are decreased. But, further increase
in the particies size to 9 and 17 mm leads to
an increase in the gas temperature values.
The maximum values are found to be for
particles size 17 mm, where at that size the
particles are shattered for smaller particles
and the remainder volatile malters have
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more opportunity to escape and to enhance
the reaction. The average gas temperature
along the centerline free board is 720°C for
small particles while for big particles size it
is 900°C and the corresponding values at
wali are 620°C and 700°C, respectively.

It is noticed that the overall average
gas temperatures along the free board for
char-coal reactivity regime is higher than
that for volatile matters combustion regime.

5.2. Heat Transfer to the Combustor
Wall

Heat flux, KWa’mz, to the combustor
wall is deduced from the temperalure
difference which, are measured along the
heat flux meter. [n general, the largest
values of heat flux are found to be near the
bed surface. Moving away to the upper
direction, the values are decreased as
shown in Figs.8 -11.

For the devolatilization reghme,
Figs.8 and 9, as coal particles size is
increased from 1.7 mm to 3.7, 5.5, 9, and
17 mm the heat flux and the radiant-
convective overall heat transfer coefficient
(hr.c) values are decreased. The maximum
average value of heat flux is 142 KW/m?,
and the maximum radiant-convective
overall heat transfer is 1070 W/m?.°C
which, are found to be for the smallest
particles size of 1.7 mm.

For the char-coal reactivity regime,
Figs.10 and 1], the heat flux values are
matching-up with the values of hp.¢c and
their descending order is corresponding to
the particles slzes order of 17, 1.7, 3.7, 9,
and 5.5 mm respectively. The maximum
average value of heat flux and radiant-
convective overall heat transfer cocefficient
are 142 KW/m* and 950 W/m2°C
respectively which are found to be for the
largest particles size of 17 mm.

5.3, Combustion Level of the Coal
Particles

The obtained results of the
combustion level are presented in Fig.i2.
As coal particles size is increased from 1.7
mm to 3.7, 55, 9, and 17 min the

corresponding combustion levels are §0%,
91%, 96%, 97% and 98% respeclively.
That is because smaller particles have more
opportunity to escape with the flue gases
without completion of combustion. So, for
the highest demand of combustion level it
is recommended to choose particles size of
17 mm and not less than 5.5 mm,

6. COMPARISON WITH WOOD
COMBUSTION

Sawdust of a wood is collected and
sieved 10 optain available size of 0.7 mm.
Also, coal is crushed and sieved to obtain
the same size. A comparison between coal
and wood combustion is held at constant
fluidized air velocity of 1.0 m/s. For the
case of coal combustion, mean values are
considered (i.e. the mean value between the
devolatilization regime and the char-coal
regime) where wood has nearly one
combustion regime.

For coal combustion, the behavior
of gas temperatures along the centerline
and near the wall is the same. The highest
values at centerline and wall are 1170°C
and 960°C respectively, which are found to
be near the bed as shown in Fig.13. Moving
upward away from the bed, the
temperatures are decrcased. The average
gas temperature values along the combustor
at centerline and wall are 980°C and 830°C
respectively. The temperature difference of
the gas at centerline and wall along the
combustor is kept constant at about 130°C.
The radiant-conveetive overall heat transfer
coefficient has the same trend of gas
terperatures as shown in Fig.14. The
maximum value of hg.c is 1420 W/m*°C,
and the average value along the free board
is about 1050 W/m”.°C. The coal particles
of 0.7 mm are burnt, mostly, at the free
board because their buoyancy force is
higher than their weight. As a result these
particles have more opportunity to escape
without complete combustion and causing a
reduction of combustion level to 64%.

For wood combustion flames which
shown in Fig.15, the behavior of gas
temperatures at centerline and wall is the
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same, both of them are increased gradually
up to certain value and kept nearly constant
then decreased gradually at the end of the
Tee board, Fig.13. The influence of the
thermal response of wood combustion is
delayed, that shifted the maximum gas
remperature  downstream away from the
ved. The difference between the gas
temperatures at centerline and near the wall
along the free board is kept constant at
about 400°C. Thjs big difference could be
due to the little heat released of wood
combustion which is not enough to
compensate the losses of heat to
surrounding. As a result, the gas
temperatures at  wall are low and
consequenily the average value of the
radiant-convective overall heat transfer
coefficient along the free board is too low
and equal to 200 W/m*°C, as shown in
Fig.14.

lt is noticed that, for coal
combustion the average gas temperatures
along the free board at centerline is greater
than those for wood combustion by 170°C,
and this difference at wall is 450°C. Also,
the average radiant-convective overall heat
transfer  coefficient (hgc) for coal
combustion is 5 times of that of wood
combustion.

7. CONCLUSIONS

1. The designed system is valid to burn
solids, coal and wood particles,
properly and efficiently.

2. The combustion mechanism of the
fluidized  coal particles  is
phenomenally by two combustion
regimes; the devolatilization and the
char regimes.

3. As coal particle sizes are increased
from 1.7 to 3.7, 5.5, 9, and 17 mm,
during the devolatilization regime,
the gas temperatures at centerline
and wall are decreased. The average
gas  temperatures  along  the
combustor at centerline and wall for
small particles size (1.7, 3.7 and 5.5
mm} are 875°C and 680°C
respectively. For large particles size
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(9 and 17 mm) the corresponding
temperatures are 575°C and 350°C
respectively. While during the char
regime, the average 2as
temperatures far the small particles
are 720°C and 620°C respectively
and for large particles are 900°C and
700°C  respectively. The overall
average gas temperature along the
combustor for char regime is higher
than that for devolatilization
regime.

As coal particle sizes are increased
from 1.7 10 3.7, 5.5, 9, and 17 mm,
during the devolatilization regime,
the heat flux and the radiant-
convective overall heat transfer
coefficient (hgc) to the combustor
wall, are decreased. The maximum
average values of the heat flux and
the overall heat transfer coefficient
are found to be for the smallest
particles size 1.7 mm and their
values are 142 KW/m® and 1070
W/m?.C respectively. While during
the char regime, the maximum
corresponding average values are
found to be for the biggest coal
particles size 17 mm and their values
are 142 KW/m? and 950 W/m™.C
respectively.

As coal particle sizes are increased
from 0.7, to 1.7, 3.7, 5.5, 9, and 17
mm the obtained combustion levels
are increased from 64% to 80%,
91%, 96%, 97% and 98%
respectively. Hence for the highest
demand of combustion level it is
recommended to choose particles
size 17 mm and not less than 5.3
mm.

A comparison is held between coal
and wood combustion for the same
particles size of 0.7 mm. For coal
combustion, the average gas
temperatures along the combustor at
centerline and wall are 980°C and
830°C respectively, and the average
value of radiant-convective overall
heat transfer hg.c is 1050 W/m?.°C.
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For wood combustion, the produced
gas temperatures values are Jower as
well as hg.c which has a value of 200
W/m*°C (ie. one fifth of the
corresponding  value  of  coal
combustion).
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1- Fluidized Bed

2- Free Board

3- Wind Box

4- Air Distribution Mesh
5- Cyclone

6- Coal Feeder

7- Refractory Brick

8- Cyclone Fly-Ash collecto
9- Bed-Ash Collector
10- Glass Window

[ 1- To Chimney

12- Air Supply Tube

13- Thermocouple Probe
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(B) Heat Flux Meter {A) Fluidized Bed Combustor (FBC)

Fig. 1 Fluidized Bed Apparatus
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