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ABSTRACT

Liquefied petroleum gas LPG as well as solid fui&ks coal and wood ships are used in fluidized
bed technology for a wide range of applicationse Tharacteristics of fluidized bed combustion
using limestone and sand as bed materials withicpegtdiameter of 0.7 - 1 mm were studied
experimentally. An experimental test rig has beesighed and manufactured to produce a good
fluidization in a wide range of operating condisorCold experiments were carried before hot
experiments to predict the suitable initial bedghg&i which has been seen to be 3-cm. LPG fuel,
has been used as a gaseous fuel and A/F ratiodepedi constant during all experiments. The
effects of bed material on gas temperature digiohwalong the combustor height are investigated
and presented in the present work. The combustfocoal and wood ships in fluidized bed
combustor was verified by adding a continuous fiates with lesser quantities of LPG. The
photos of the bed in cold and hot states are predefhe heat transfer to the combustor wall was
measured from the increase of the cooling watdradpy and then the combustion efficiency was
calculated. The results show the great dependenthefparameters under study on the bed
characteristics.
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1. INTRODUCTION sufficient rate up through a mass of solid particle

Fluidized bed combustion: The basic aim of FBC  held in a (often cylindrical) vessel. As the name
technology was to enable utilization of coals with indicates, the action of passing the fluid up tigrou
high sulphur content, while simultaneously fulfij ~ the mass of particles causes it to take on fluié i

its strict environmental protection regulationsofr ~ Properties. The size and shape of the particless/ar
the very beginning, work focused on the depending on the application but_ in most industrial
development of large boilers, mainly for utility Contexts particles are rounded in shape and have
electric energy production. Another objective waes t ~ diameters between 30 and 1000 um. In furnaces of
utilization of large amounts of waste coal, lefteaf ~FBC boilers with stationary, bubbling beds, specifi
the separation, washing and enrichment of high-rankconditions for heat transfer exist.Compared to the
coals. Utilization of wood waste in the timber C€onventional boilers there are two major difference
industry, peat and other waste fuels was favored.combustion temperature is lower (800-900 °C), and
Utilization of industrial and city waste was very SOlid particle concentration (not only in the flized
important, in addition to interest in using fuelscs ~ bed) is much higher. So, heat transfer by radiagon
as biomass and waste coals. Technical, economic and €SS important process in FBC boilers. In
ecological conditions for coal utilization, as wals ~ conventional boilers heat energy is transferrednzy
reasons for FBC technology development, differ for mechanisms—gas convection and radiation, while in
small and medium power plants and large boilers. AFBC boilers three mechanisms are in effect:

fluidized-bed (FB) is obtained by passing a fluicha radiation, gas convection and heat transfer byagnt
of solid particles [1].
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Fluidized bed combustion technology has proven to grade coals which high sulfur contents (reduced NOx
be a suitable technology for converting a wide eang due to lower combustion temperature). 7- Any type
of agricultural residues into energy due to itseirgmt of fuel (liquid, gas and solid) can be used. 8-ICoa
advantages of fuel flexibility, low operating can be used for open-cycle gas turbine with
temperature and isothermal operating condition. fluidized-bed firing system. 9- It can be more
Fluidized-bed conversion of solid fuels is a well- economically used for combined-cycle power plants.
established and widely used technology. Yet, 10- Lower exhaust gas temperature, thus the thermal
operational problems are encountered in industrial efficiency is higher. 11- Reduce $®y 90% when
practice. In particular, the thermal conversion of limestone is bed particulates. Ca £01/20, + SG
certain biomass fuels, which is becoming = Ca SQ+ CO..

increasingly ~ popular, increases the risk of Flyidized-bed disadvantages 1- Erosion all parts
agglomeration. This paper critically reviews the of flyidized-bed unit are subjected to erosion by t
current research status of this topic in terms of gg|ig particles. 2-4L0ss of fine solidsLoss of fine
agglomeration ~ mechanisms,  detection  and golids from the bed reduced the quality of
counteraction  strategies. Different methods to fjidization and reduced the area of contact betwee
counteract agglomeration phenomena are presentedsglids and the gas. 2oss of fluidizing gasloss of
they comprise operational measures, utilization of fluidizing gas will lead to collapse of the fluidid-
additives, alternative bed materials and improved peq. In this case, the heat will not be dissipated
reactor design [2]. For both ecological and el from the packed-bed as it was from the
economical reasons, fluidized-bed technologies aref|idized-bed. The heat transfer in fluidized-bed
frequently used for the incineration of sewage and compustors is better than any combustion system
paper sludges, and pretreated wastes. This efectiv hecause the heat transfer by radiation from solid
technology offers complete cqmbustlon, gen_eratespartides [1]Fluidized bed powder: Geldart
small amounts of flue gas with low contaminant cjassified powders into four groups according irth
concentration and requires no or very little aaxii  fyidization properties at ambient conditions. The
fuels. Fluidized bed technology has proved its wort  Ge|gart Classification of Powders is now used widel
in more than 60 facilities. The heat value of the jn all fields of powder technologyGroup A
particular waste stream being processed Wil howders, when fluidized by air at ambient condision
determine whether a stationary or circulating give a region of non-bubbling fluidization begingin
fluidized bed is preferred. Fluidized bed convemsio gt y ., followed by bubbling fluidization as

of carbonaceous solid mate_rlal_ (e.0. _coal, b"?mass,fluidizing velocity increasesGroup B powders give
etc.) at high temperatures is industrial practioe t ony pubbling fluidization under these conditions.
generate steam, electricity and hydrogen. The solidgg|dart identified two further groupsGroup C

fuel is added to a fluidized bed of inert solid erél, powders - very fine, cohesive powders, which are
which acts as a heat reservoir. Silica sand is mOStincapabIe of fluidization in the strict sensgroup D
commonly gsed as bed material. The actual a”_‘ountpowders are large particles that are distinguidhed

of the fueI.|ts¢If in the bed as _compared to thertin - iheir ability to produce deep spouting beds. The
bed material is relatively low, in the order of@vf  fiyidization properties of a powder in air may be
per cent. Thg fluidized bed material ensures g.OOdpredicted by establishing in which group it liesisl
mixing of the introduced fuel as well as the evolvi  iportant to note that at operating temperature and
heat. The homogeneous temperature distribution ISpressures above ambient a powder may appear in a
one of the important advantages of fluidized beds gjfferent group from that which it occupies at
over other reactor concepts. Depending on thesmpient conditions. This is due to the effect of ga
process, heat can either be directly utilized @ th properties on the grouping and may have serious
evolving gases can be processed to produce liquidimplications as far as the operation of the fluadiz
fuels. bed is concerned [4]. Gas-particle fluidization
Fluidized beds are used for a variety of applica&tio enables intimate contact between a particle and a
in the process industry, such as fluidized catalyti fluid, hence making effective use of the surfaceaar
cracking (FCC) including catalyst generation and of the particle. One complexity of a fluidized bisd
other strongly exothermal processes, drying, solid that its hydrodynamic behavior depends on the scale
fuel conversion and gas-phase polymer productionof the bed. From the point of view of plant design,
[3].Fluidized-bed advantages 1- Emissions lower is important to be able to predict the performaote
than the most common combustion system. 2-a large-scale system based on lab scale experiments
Uniform bed temperature (500-950°C). 3- Safe and This has led to some useful contributions in stogyi
simple operation. 4- Up to 40% lower maintenance the scaling laws of fluidized beds [5]. If we induce
cost, because there is no moving parts. 5- No or ve into the moving gas stream a number of particles
little auxiliary fuel is required, which helps teduce with a range of particle size some particles mdly fa
operating cost. 6- Lowest air pollution even fowlo and some may rise depending on their size and their
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radial position. Thus the entrainment of partidles Two different ways have been used to supply
an upward-flowing gas stream is a complex process.gaseous fuels for burning in fluidized beds:
We can see that the rate of entrainment and tlge siz premixing and non-premixing. The most important
distribution of entrained particles will in general thing for combusting gaseous fuels efficiently d@s t
depend on particle size and density, gas propertiesmix gaseous fuels with air well. But this is nosga
gas velocity, gas flow regime—-radial velocity pl®fi  for non-premixed combustion especially for gaseous
and fluctuations and vessel diameter. In additipn ( fuels possessing a high calorific value. The most
the mechanisms by which the particles are ejectedeffective method for improving the combustion is to
into the gas stream from the fluidized bed are premix air and gaseous fuels before they are
dependent on the characteristics of the bed — inintroduced into a bed. So far, the combustion of
particular bubble size and velocity at the surface] gaseous fuels reported for bubbling regime fluidize
(i) the gas velocity profile immediately above the beds is mostly for premixed combustion. Whereas,
bed surface is distorted by the bursting bubbléés T premixed combustion may cause some troubles in
empirical approach defines coarse particles asoperation safety. When a fluidized bed operates at
particles whose terminal velocities are greatentha high temperature continuously for a long time, heat
the superficial gas velocity{U> U and fine particles may transfer downward from the bed to the
as those for which YJ< U; and considers the region distributor because the fluidized red-hot particles
above the fluidized bed surface to be composed ofcontact with the distributor directly or the deflined
several zones: 1- Freeboard. Region between the bethyer covering the distributor, so the temperainire
surface and the gas outlet. 2- Splash zone. Regiorthe distributor rises. The pre-mixed gaseous fuel a
just above the bed surface in which coarse pasticle air in the plenum chamber under the distributoddou
fall back down. 3- Disengagement zone. Region explode if the temperature of the distributor ressch
above the splash zone in which the upward flux andcertain value. This makes a serious problem in the
suspension concentration of fine particles decsease applications of gas fluidized bed furnaces. The
with increasing height. 4- Dilute-phase transport backfire explosion can be prevented effectively by
zone. Region above the disengagement zone in whicmon-premixed combustion, but the literature has
all particles are carried upwards; particle fluxdan shown poor gas mixing and inefficient combustion,
suspension concentration are constant with heightespecially in shallow beds. The LPG combustion in a
[6].Gas Distributor: The distributor is a device fluidized bed furnace with the jetting-mixing noezl
designed to ensure that the fluidizing gas is aéway distributor was investigated [12]. The fluidizeddbe
evenly distributed across the cross-section obtt: combustion of gases (FBCG) in a bed of an inert
It is a critical part of the design of a fluidizdxbd material differs from flaming combustion in a
system. Good design is based on achieving a peessurnumber of respects: efficient combustion is possibl
drop which is a sufficient fraction of the bed a® for gaseous fuels over a wide range of calorific
drop. Readers are referred to Geldart for guidsline values, the process temperature can be much lower
on distributor design. Many operating problems can than in flames, and it can be varied independenftly
be traced back to poor distributor design [7]. In a the gas composition. Good gas-solids mixing and low
gas—solid fluidized bed, gas mixing has been pollutant emission could make the process attractiv
regarded as an important property. For commercialfor recovering energy from waste gas streams
applications, the high efficiency of fluid—solid carrying combustible contaminants. In order to use
contact is usually emphasized. Therefore, how to FBCG, the process must be understood and
enhance the gas—solid mixing in a fluidization controlled [13].

operation is focused [8].It was suggested that the

radial gas mixing increased with the fluidizing 2. EXPERIMENTAL SET UP
velocity and reaches maximum value when turbulent Test rig: The apparatus used is a vertical combustor
fluidization regime is approached. Radial gas ngxin which is first fed with mixture (LPG and Air) from
has been also studied extensively in fast orthe bottom through a distributor plate, which is
circulating fluidized beds [9-10]. consists of numerous nozzles (50 nozzles each has 7
Combustion of gaseous fue|Methane, LPG (||qu|d holes with 2mm diameter.). The Comb.us-tor is f|”ed
petroleum gas) and aromatic hydrocarbon vapors in aby sand or limestone particulates for limited heigh
bubbling fluidized bed has been burned in a The initial height of the bed determined from cold
laboratory size quartz reactor. Gaseous fuels sed u  tests. These particulates are the fluidization oredi

in fluidized bed technology for a wide range of The pa(tlculates diameters are in range of (70@100
applications, e.g., co-firing, gas re-burn and atire HM). Fig.1 shows the schematic diagram of the
combustion for heating fluidized beds in some apparatus.

industrial processes. But the combustion of gaseousAir supply system: The combustion air is admitted
fuels in fluidized beds has received less atterdioch from a centrifugal air blower to the combustor
is still at the stage of laboratory investigati¢h]. through a 4" steel pipe. The air mass flow rate was
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controlled by gate valve. The combustion air flow 3. EXPERIMENTAL RESULTS AND

rate is measured by means of a calibrated orifice DISCUSSION
meter, which is connected to a U-tube water 31 cold Tests
manometer.

For a typical experiment the cold bed materialeraft
Fuel supply system:The gaseous fuel flows from a gglection for type, mass and particle size placéd i
pressurized gas cylinder, with LPG at about 3 bar. the combustor. Two cold tests were made by sand
The average heating value and density are 45883.8ng |imestone particulates to determine the best
KJ/Kg, 2.4 Kgini respectively. The fuel flow rate is  injtial height of the bed particulates, which malkes
measured by means of a calibrated orifice metergooq fluidization. Fig. 5 shows the fluidization thie
before entering the mixing chamber. bed and the corresponding height with increasieg th
Distributor plate: The aim of the distributor plate is mixture (air and fuel) flow rate for sand partidels
to ensure that the mixture distributed across tk@a a while Fig. 6 show the fluidization of the bed arme t
of the bed uniformly. The distributor diameter 801  corresponding height. The best initial height
mm. The distributorplate consists of 50 nozzles; observed to be [5cm]. The bed height of fluidized-
each nozzle has 7 holes each with 2 mm diameterbed by limestone particulates is greater than ek b
Six holes are distributed radially and one axiallge height of fluidized-bed by sand particulates, it
nozzles are distributed in a radial manner withaéqu observed to be [7cm]. Figure (7) shows the bed
distance along the cross section area of theheight against the mixture of air and LPG.
distributor. Fig. 2 shows the distributor plate and 3 5 Hot Tests

nozzles. In hot tests, the LPG fuel was burned with sand and

Flame trap: The idea of flame trap is to prevent the |imestone as bed materials. Heat balance was oade t
combustion wave to reach the mixing chamber wherejngicate the combustion efficiency from the

the gaseous fuel and oxidant are mixed and beingo|iowing relation:

explosive. The flame trap composed of multi copper g .

tube, which quenches the flame wave by increasing _ MwC, AT, +MyC AT,
the cooling area, which is presented, by circuraerti  7c = CV

area of the tube, and it is shown in Fig.3shows the .
flame trap. Where m, - cooling water mass flow rate kg/sec.,

The combustor: The combustor is a vertical Cpw = Specific heat of water kJ/kg.K\T,, = cooling
cylindrical steel tube of 213 mm diameter and 1200 Water temperature difference, yn+ flowing gases
mm height. The combustor is surrounded by a mMass flow rate kg/sec, = specific heat of gases
cylindrical water jacket for cooling. The combustor KJ/kg.K, m - fuel mass flow rate kg/sec and C.V. =
contains on one vertical side, 10 tapping holes®f  heating value of the fuel kJ/kg.

mm diameter arranged axially along the combustor t03.2.1 Sand hot tests

measure any desired phenomena, and it has in ongoyr experiments were conducted to show the effect
side a glass window to see the fIU|.d|zat|on in cold of changing the momentum fluxes of air-fuel mixture

and hot states. There are two feeding cones on thenass flow rate (with constant air to fuel ratio) the

top, one for solid fuels (wood ships and coal). The fiyidization ~ characteristics, gas temperature

other cone for make-up the fluidized-bed parti@sat  yistribution along the combustor height and the

Fig. 4 shows _the combustor details. Ir_1 the present;ompustion efficiency. Figures (8) to (11) représen
work a fine wire thermocouple of Platinum - 6 % the fluidization characteristcs and the gas

Rahdium Vr. Platinum - 30 % Rahdium of 0.3 mm in temperature distributions, while the calculated
diameter is used for gas temperature measurements &ompustion efficiency is presented as values with
some sections inside furnace volume. The probe hasyery experiment. Figure (16 - a) represents the
14 mm in outer diameter and 0.5 m length. The heatcompustion efficiency for the four experiments,
transfer to the combustor wall was calculated from whjle figure (17 - a) represents the recorded
the increase of enthalpy of the cooling water. The maximum gas temperature through the tests. From

water inlet and out let temperatures were measuredne opservation from these figures, it can see the
by standard K type thermocouple. From the fgjiowing:

measured values of hot gases leaving the combustor

and the heat transferred to the combustor walks, th . 2;2?] dggg ttﬁ;nfg;m[fmd'S;rs'tf[:“r:n;;g?;\lvtgﬁ :sgri
combustion efficiency at each run was calculated. ) 9 P .
observed just above the fluidized height and

progressively decreased as the distance from the
bed increased.

= The maximum gas temperature values are slightly
increased with increasing the mixture mass flow
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rate about 50 g/s and decreased with moreFor hot tests

increase in the mixture flow rate.

Increasing the mixture mass flow rate giving

more effective fluidization and the gas

temperature values at the combustible exit are

progressively increased due to the increase of the,

input heat values of the mixtures.

As the combustible mixture increased, the

combustion efficiency is increased as the result of
intense combustion resultant from the higher .

fluidization.

3.2.2 Limestone hot tests
Another four experiments were conducted using

limestone as bed material instead of sand with the,

same operating conditions. Figures (12) to (15)
represent the fluidization characteristics and ghe

temperature distributions. Figure (16 - b) représen
the combustion efficiency for the four experiments, 5. REFERENCES

while figure (17 - b)
maximum gas temperature through the tests. From

represents the recorded
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Fig. 1 Experimental test rig

1-Gas bottle 6- Distributor plate 11- Orifice meter
2- Pressure regulator 7- Glass window 12- Air duct
3- Orifice meter 8- Cooling water out 13- Control valve
4- U-tube manometer 9- Flame trap 14- Air blower
5- Gas distributor 10- U -tube manometer

Fig. 2 Distributor plate and nozzles
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Fig. 5 Sand cold tests
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Fig. 6 Limestone cold tests
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Fig. 8 Gas temperature distribution along combustor heigldta photo for fluidized bed
Fuel: LPG, m = 0.6335 g/s, m=25.4 g/s. Bed material: Sand
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Fig. 9 Gas temperature distribution along combustor heaghita photo for fluidized bed

Fuel: LPG, m = 1.027 g/s, m=41.1 g/s. Bed material: Sand

[ee]
o

]
o
T

D
o
T

(8]
o
T

i
o
T

w
o
T

N
o
T

[y
o
T

0
500

600

Gastemperature°C

700 800 900 1000

Fig. 10Gas temperature distribution along combustor heagldta photo for fluidized bed

Fuel: LPG, m = 1.313¢g/s, 3 =52.52 g/s. bed material: sand
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Fig. 11 Gas temperature distribution along combustor heaglta photo for fluidized bed
Fuel: LPG, m = 1.608 g/s, m= 64.34 g/s. Bed material: Sand
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Fig. 12 Gas temperature distribution along combustor heagldta photo for fluidized bed
Fuel: LPG, m = 0.6335 g/s, m= 25.42 g/s. Bed material: Limestone
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. 13Gas temperature distribution along combustor heaghta photo for fluidized bed

Fuel: LPG, m = 1.0275 g/s, m= 41.1 g/s. Bed material: Limestone
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Fig. 14 Gas temperature distribution along combustor heaglta photo for fluidized bed

Fuel: LPG, m =1.313 g/s, m= 52.52 g/s. Bed material: Limestone
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Fig. 15Gas temperature distribution a long combustor heaghd a photo for fluidized bed
Fuel: LPG, m = 1.4665 g/s, m= 58.66 g/s. Bed material: Limestone
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Fig. 16 Combustion efficiency
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Fig. 17 Maximum temperature

Fig. 18A photo for fluidized bed using coal Fig. 19A photo for fluidized bed using wood ships
M pg = 0.3121 g/s, mea= 1.092 g/s, m=41.1g/s. M pc=0.3121 g/S, Mood ships=1.092 g/s, i=41.1 g/s
Bed material: sand Bed material: sand
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